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In recent years, the ever-increasing socioeconomic pressures for developing cleaner and more efficient means for
converting chemical fuel energy into useful mechanical work have resulted in a dramatic growth in internal
combustion engine research and development activities. As a natural outcome of this vigorous activity, a large
number of technical papers dealing with various mechanical aspects of engine design, as well as with the basic
thermo-fluid engine processes have been presented at the Fall and Spring Technical Conferences organized by the
Internal Combustion Engin@CE) Division of ASME. In 1999, the ICE Division has renewed its commitment to
identify quality papers of long-term reference value for the journal. Therefore, a major section of this issue of the
ASME JOURNAL FOR GAS TURBINES AND POWER is devoted to a selection of the highest quality ICE
Papers presented at those meetings, and other papers of long-term reference value which were submitted directly to
the journal. The contributions of the ICE Division Associates, the support of the ICE Executive Committee, and the
ASME Editorial Staff, and above all the contributions of the authors and referees are gratefully acknowledged.

The papers that have been included in the special ICE section of this volume have been arranged in four topical
areas: engine design, intake and exhaust system dynamics, in-cylinder processes, and alternative fuels combustion
and emissions. As a special note, the lead paper for the ICE section, authored by Dan E. Richardson and entitled
“Review of Power Cylinder Friction for Diesel Engines,” was presented at the 1999 Spring Technical Conference,
Columbus, Indiana. This paper was selected as the most valuable technical paper presented at an ASME-ICE
Division Meeting during 1999.

Dennis N. Assanis

Associate Editor
ICE Division
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Review of Power Cylinder Friction
for Diesel Engines

Power cylinder friction is a major contributor to overall engine friction. For engines of
the future to become more fuel efficient it will be necessary to reduce power cylinder

D. E. Richardson friction. To be able to reduce the friction it is important to fully understand it. This paper
Cylinder Systems Development, is a review of power cylinder friction with a specific emphasis on diesel engines. This

Cummins Engine Company, paper first describes how significant the contribution of power cylinder friction is com-
Columbus, IN 47201 pared to all the other losses of the engine. It compares the mechanical friction of the

engine to the total energy produced by the engine. Then a comparison is made of the
power cylinder friction to overall mechanical friction. A comparison of different methods

of friction measurement is be made. The advantages and disadvantages are given for each
method. There is also a comparison of motoring versus firing friction tests. An equation is
given to estimate the effect of bore and stroke on power cylinder friction. Other equations
for estimating power cylinder friction are also shown. More sophisticated cylinder kit
models are reviewed. Finally a review is made of methods for reducing friction. These are
based on a broad review from various compan|&0742-47980)01604-5

Power Cylinder Friction in Diesel Engines Summary of Power Cylinder Friction Contribution.  Table
The main focus of this review is primarily to examine those‘z1 gives the percent contribution of each power cylinder compo-
factors that will affect power cylinder friction in Diesel engines.nent with rgspegtbto(%]) total power cyllnger friction,(2) to.ﬁ:
The power cylinder components considered are: Pistons, Pisﬁ)%e.rlgﬁlpro uce f Y ]E _et'englng, afﬁﬂ wor lzuft}put ptOerrli b Ie
Rings, Liners/Bores, Connecting Rods, Piston Pins, and O‘m’a' a el energy for inction reduction would have 1o fall below
Spark Ignited'Sl) engine operate on many of the same principleg. ese values.

Therefore, much of this review will be quoting from researctMethods for Measuring Friction in an Engine

centered on Sl engines. Measuring power cylinder friction is difficult. It can be seen in

Table 4 that the total power cylinder friction is a small percentage

Power Cylinder Friction Contribution Mg‘:_’:t‘_";ﬁa'
icti
The power cylinder is a major contributor to the overall me- (4-15%
chanical friction of the engine. However compared to the total
energy produced by the engine, the amount is small. This makes

measurements of power cylinder friction difficult.

Mechanical Friction. The distribution of total energhl,2] in
a typical fired enginédiesel or S) is shown in Fig. 1. McGeehan
[3] reviewed the literature for piston and ring friction. He stated
sourceg4—7] that suggest that piston assembly friction could ac-
count for 58 percent to 75 percent of the total mechanical friction
of an internal combustion engine. However, the sources quoted
are based on technical papers written before 1969. Recent litera-
ture and experience at Cummins Engine Company suggests that
the total friction due to Pistons, Rings, and Rod will contribute
only 40 to 55 percenit8—12| (Fig. 2.

Power Cylinder Friction. Early motoring tests at Cummins Fig. 1 Distribution of total energy in a fired engine
found that the contribution of each cylinder kit component to mo-
toring friction is shown in Table 1.

On Engine A, at the timg1983, it was determined that the
contribution of each ring to the total ring pack friction is shown in
Table 2.

Table 3 shows more recent data giving a breakdown of power
cylinder component friction.

Other researchefd.3,14] have found similar results. The combi-
nation of all the sources suggests that the typical frictional distri-
bution between pistons, rings, and rods are shown in Fig. 3. The
distribution of the ring friction is given in Figure 4.

Other
Losses
(47-58%)

(38-41%)

Pistons,
Rings,
Rod
(40-55%)

Other

Contributed by the Internal Combustion Engine Division of The American Soci- (40'60%)
ety of Mechanical Engineers for publication in the ASMBURNAL OF ENGINEER-
ING FOR GAS TURBINES AND POWER. Manuscript received by the ICE Division
January 15, 1999; final revision received by the ASME Headquarters April 2, 2000.
Technical Editor: D. Assanis. Fig. 2 Distribution of the total engine mechanical friction
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Table 1 Power cylinder motoring friction contributions

Table 4 Percent friction

Motored: Engine A Engine B Engine C

Rings:
Piston & Skirt:
Rod Bearing:

28%
47%
25%

45%
32%
23%

52%
25%
23%

Fired: Engine A Engine B

Rings:
Piston & Skirt:
Rod Bearing:

20%
62%
18%

36%
44%
20%

Table 2 Ring friction contribution

Top Ring:
2nd Ring:
Oil Ring:

13%
12%
75%

Table 3 Power cylinder motoring friction contributions
data)

(recent

Motored: Engine Ring

Rings:
Piston & Skirt:
Rod Bearing:

37% Top:
30% 2nd:
33% Qil:

27%
22%
51%

Rods
(18-33%)
Rings
(28-45%)

Piston
(25-47 %)

Fig. 3 Distribution of piston /ring/rod friction

Top Ring
(13-40%)

Oil Ring

(50-75%) Second Ring

(10-22%)

Fig. 4 Distribution of ring friction
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% Total
Energy

1.6-8.3

% Power
Cylinder

100
18-33
25-47
28-45
Top 3.6-18.0
Second 2.8-9.9 .05
Qil 14.0-33.8 0.23-2.8

% Work
Output

Piston/Rings/Rods
Rods 29—
Piston 40—
Rings 45—
.06—

o0000,

2.
3.
3.
1.
—0

mmﬂ@ﬂ
S0Pk
SRR
7
©
IS

of the Total EnergyIMEP) of the engine. When compared to the
actual output power of the engine the percentage is a little higher.
Individual components are even less. The accuracy of the mea-
surement technique and equipment is very important to be able to
quantify power cylinder friction.

The second problem with measuring power cylinder friction is
isolating it from all the other friction. For example, it is difficult to
separate piston friction from friction due to the overhead and very
difficult to separate it from the ring friction. Some of the tech-
niques for quantifying power cylinder friction are as follows:

1 Component removal—Remove a component and measure the
overall change. This is not always possible. Also, removing com-
ponents can affect the friction of the other components.

2 Difference testing—Measure the difference between two de-
signs. This will not give the absolute magnitude of the component
friction but will indicate the effect of a change.

3 Analytical modeling—Use an analytical model to predict the
contribution of each component to friction. The model might be
calibrated or verified by comparing to experimental data from a
“difference test” or a “component removal” test.

Performance Measurements. Friction of the power cylinder
may be evaluated by its effect on the overall engine performance.
Here are two methods that can be uséd: FMEP or P-V Dia-
grams on(2) Brake Specific Fuel ConsumptigBSFQ. However,
in both cases, it is possible to test only relative differences be-
tween changes in the power cylinder. It is not possible to deter-
mine the absolute magnitude of friction.

In both of these cases it is necessary to accurately measure the
performance of the engine. Therefore an engine must be run under
very controlled circumstances. Little changes in parameters like
intake manifold temperatures or pressures can significantly affect
the results. Furthermore, the engine must be run in a well cali-
brated test cell to be able to detect the small differences that are
present.

Even with the most care, test cell variability can be large com-
pared to the desired measurement. Therefore it is imperative that
multiple tests be made for each configuration and a statistical
analysis used to determine the significance.

FMEP or P-V Diagram. Mean effective pressurMEP) is a
method to normalize loading on an engine per unit displacement
volume. As a result, this is used to factor out the effect of engine
size.

It is possible to calculate the total work done by the cylinder
pressure and combustion by integrating the Pressure-Volume
(P-V) diagram. This will give the Net Indicated Mean Effective
PressuréNIMEP).

360 nr P
NIMEP= fo (nr~D)dV’ 1)

where:

OCTOBER 2000, Vol. 122 / 507
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NIMEP=net indicated mean effective pressure is attributed to the frictional contribution of that component. This

P=cylinder pressure is an example of a “component removal” test described above.
V=cylinder volume In the end the piston is removédith the connecting rodand
nr=number of revolutions per cycle the engine is motored again. The difference in torque is assigned
D=engine displacemeritolume to the piston and the rod. It is not possible to directly isolate the

For a four stroke engine it is sometimes useful to divide thiiston friction from the rod friction. Analytical techniques may be
integral into two sub integrals. The Pumping Mean Effective PredSed 10 ry to separate these contributions.
sure (PMEP is determined by performing the integration of the 1N€ Problems with motoring teardown tests are
intak_e and exhaust portiqns of the cycle. This the wor_k _that_ iS 1 The effects of high cylinder pressures are not measured.
required to purge the cylinder of exhaust gases and fill it with 5 The test will not be operating at realistic temperatures com-
fresh. The Gross Indicated Mean Effective PresSGBMEP) is pared to the fired engine.
obtained by integrating over the compression and expansion por3 |t js not possible to truly isolate the contribution of each

tions of the cycle. It is an indication of the amount of work genyqividual component. For example, if one ring is removed, it will
erated during the compression-combustion-expansion process.gjow more oil to flow to the remaining rings. This will reduce the
The indicator of how much energy is delivered by the engine [§,erall friction.
Brake Mean Effective Pressu(BMEP):
Some of these issues are discussed in more detail below in

BMEP=( BP-nr), @) comparing motoring friction with fired friction.

D-rpm Pressurized Motoring Tests.To try to quantify the effects of
where pressure it is possible to motor the engine while supplying high
BMEP =brake mean effective pressure pressure to the intake manifold. Then during compression, high
BP=brake power cylinder pressures will be developed. The cylinder pressures can
nr=number of revolutions per cycle be controlled by the amount of boost or intake manifold pressure.
D=engine displacemerfolume By supplying sufficient boost pressure, peak cylinder pressures
rpm=revolutions per minute can be duplicated.

The mechanical frictional energy loss is called Friction Mean The problems with this test technique are

Effective PressuréFMEP). It is related to NIMEP and BMEP by 1 High temperatures of a fired engine are not included.

the following: 2 Air pumping losses and overhead friction will reduce the
NIMEP=BMEP+ EMEP 3) accuracy of the measurement.

or

FMEP=NIMEP—BMEP, ) Firing/Motoring Tests
where o . Hot Shutdown. To quantify the effects of high temperature
NIMEP =net indicated mean effective pressure in a motoring test it is possible to fire the engine until stable
BMEP =brake mean effective pressure temperatures are reached. Then the fueling to the injectors is
FMEP =friction mean effective pressure stopped and the engine is motorfgk8]. Before the engine com-

To be able to use FMEP in evaluating power cylinder frictionPonents have cooled the engine is motored and motoring torque is
it is necessary to measure cylinder pressure. This is required fgforded. o .
the integration of Pressure and Volume to obtain the NIMEP. The problems with this test technique are

Figure 2 shows that the power cylinder friction is approximately i g cylinder pressures of a fired engine are not included.
40 to 55 percent of the total mechanical friction or FMEP of the 5 A;; pumping losses and friction of all the other components

engine. that are required to fire the engine will reduce the accuracy of
Brake Specific Fuel Consumption (BSFCWhen cylinder the measurement.

pressure data are not available, it is possible to use BSFC meayiang Line. The Willans line is a method that can be used
ng;ements_toBdg't:ecmgnte a ch?ngedl_?f povvter cy]!]ndert_frlctlon. Ththen sophisticated instrumentation is not available. Engine load
Ierence in & etween two diiferent connigurations can q measured and plotted at constant engine speed as a function of
used to quantify the frictional changes. However, the power cyly, ine " 16l rate(or torque [16,17. The curve is then linearly
inder friction contribution is so low compared to the power outp xtrapolated to zero fuel floor torque which results in a nega-

of the engine, these measurements can be difficult. In some ¢ h . .

. ' - . . load. This represents the losses of the engine. This method
only light load conditions are studi¢ds] to amplify the effect of 05"t only the mechanical friction but includes the pumping
a small friction reduction. If higher loads are studied, many repe ses also

;ens;f ?éethrgqr:'srﬁﬁsand statistical analysis should be employe %he concern with this test technique is that it requires extrapo-
Yy : lation which can be unreliablel6].

Motoring Friction Measurements Free Deceleration Curves.The engine coast down test can be
Motori Teard Motori d . performed without a motoring dynamometer. The engine is run at
otoring Teardown. Motoring teardown engine tests arep |oad and the appropriate speed until all temperatures are sta-

commonly used and probably the easiest technique to evalugie,eq The fuel is then cut off and the engine is allowed to
engine friction[10,12,16. This type of testing involves rotating decelerate. Haindd 7] states that

the engine with a motoring dynamometer and recording the torque

required to maintain a constant speed. By removing components “Total resistive torque can be calculated by the engine effec-

from the engine it is possible to determine their contribution to tive moment of inertia and the tangent to the deceleration

friction. curve at the speed point of interest. This has the advantage of
To measure power cylinder friction, the engine is first motored being a simple test to run, and yielding values for the whole

without the head. Then each of the piston rings are removed in- speed range. However, it must be borne in mind that transient

dividually and the engine motored again. The difference in torque conditions are not likely to give the same friction values as

508 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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steady state. Also, cylinders are not operating at the pressufiéstion variations. This requires significant computation that
and temperatures prevailing during normal running and thisakes the results difficult to obtain. However, very little modifi-
will influence the results.” cation to the engine is required.

Morse Test or Electronic Cylinder Disablementin this test Summary of Methods of Friction Measurements. Perfor-
the engine is run at constant speed while the brake power is beingnce tests have the advantage of directly measuring the desired
measured by a dynamometer. Fueling to one or more cylinderseffiect of reducing friction. Unfortunately, the potential changes in
a time is cut off(17] and the resultant loss in power is measuregiower cylinder friction are small and difficult to measure.
Unfortunately, these cylinders will not have the effect of the high Motoring friction tests are relatively easy to perform and have
cylinder pressure. It is also necessary to measure the cylindégh measurement accuracy. Unfortunately their results may not
pressure under “both normal and disable cycles.” The energge representative of what is actually happening in a real engine
losses from the lack of fueling and the air pumping losses can thieacause of lower cylinder pressures and/or lower temperatures.
be determined. Friction of the ring-pack and piston can be measured directly.
. - . , However, direct measurements require major modifications to the
Direct Friction Measurements. The following techniques engine. Techniques are available that require less modification but

are ways that offer the potential to measure power cylinder frige, e greater error due to the calculations required.
tion directly under fired conditions. These techniques were also

reviewed by other$18,19. However, separating the friction due
to each individual component of the power cylinder is still very . . . )
difficult to impossible. Comparison of Motoring and Fired Engine Tests

The disadvantage to most of these methods is that they aresince motoring friction tests have been used to evaluate fric-
much more complex than the previously mentioned methods. Thign, it is necessary to review how accurate they might be. This
requires significantly more in terms of instrumentation, setupype of testing does not have the high cylinder pressures and/or
and/or analysis. high temperatures of an operating engine.

Moveable or Floating Bore. Many measurements of cylinder  Motoring Versus Fired: Moveable Bore Technique. At the
kit friction have been made by mounting the cylinder elasticallyvusashi Institute in Japan various studies have been made where
Friction is determined by measuring the forces acting on the cWylinder kit friction has been measured. The “moveable bore”
inder liner as the piston reciprocates. It has been used by variggshnique was used for their measurements. They compared the
researcher§l8,20-24. measured friction of a motored engine without gas pressure to a
This technique is probably the most accurate method to quéfred enging[20]. The following was their statement:
tify power cylinder friction. The friction is measured directly and
does not require complex calculations. However, the problem with
this technique is that extensive and costly modifications to the
engine are required. Also great care is needed to balance the pres
sure effects on the liner.

... the value of thémotoring friction force was nearly the
same to the . .piston assembly under firing operation. This is
due to the differences in temperatures on the sliding sur-
faces ... If thedifference in oil temperature was taken into
account, the friction force of the ring pack can be converted

Reciprocating Liner. Another method used was to mount the into a value which is about 85 percent of the value of piston
piston elastically and reciprocate the lif€2,25. The friction is assembly friction force under the sartfiged) conditions.

then measured in the piston. It is not possible to fire the engineThis indicates that while increased cylinder pressures may tend
under these conditions. However methods have been proposegotoncrease the power cylinder friction, lower viscosities due to
try to simulate cylinder pressures on the back of the rings.  higher temperatures will decrease friction. The net result is that
Instantaneous IMEP. Uras and Patterson developed a tec the absolute value of the motored friction is almost the same as
e friction in the fired engine.

\r/]\)ﬂnge ggg?: t:ue eé”\f/fgﬁ?;gﬁ: d Ig/lnEtEe égﬁﬂ%ﬁti?@eﬁé’;%men In another repor32], friction was measured on a diesel engine
gaug " with a bore of 137 mm and a stroke of 135 mm. The engine piston

The forces acting through the connecting rod are measured. Pfr?éa three compression rings and an oil ring. It can be seen in Fig.

sure and inertial forces are calculated and subtracted from %l(?h S
. = e - at as the load of the engine increages load to full load,
results to obtain the friction contribution. However, the validity o} ion significantly increaseéapprox. 40 percentluring the ex-

this measurement depends highly on the accuracy of the cylin elnsion stroke.

pressll;re and conne(;]tlng :jod fc;rche measgrerr\:ents. The actual friG a1t (3) of the figure the coolant water temperature was held
tional forces are on the order of the error In the pressure measygngiant. In regions other than the expansion stroke, the full load
ments. This also requires detailed calculation of the pressure ang actually had lower friction. This is presumably due to the

inertial forces. higher temperatures causing a reduction in oil viscosity.

Fixed Sleeve. Ku and Pattersor{30] tried a fixed sleeve N part(b) of the figure the cylinder wall temperature was held
method for measuring friction. This is a “derivative of what hagonstant(viscosity constant The results show very little differ-
been called the ‘moveable bore’ method.” In this method a thighce in friction other than during the high pressure regions of the

liner is mounted rigidly inside a “modified steel replica of theStroke. , )
removable production liner.” Other engine tests were conducted on gasoline endidls

The friction forces are measured by strain gages mounted in tHgure 6 shows the effect of engine load on measured friction.
liner. Gas forces will act on the upper portion of the flexibldeasured friction is shown at no-load, half-load, and full-load. It

sleeve and need to be subtracted from the total measured forgPuld be remembered that gasoline engines will have lower cyl-
This requires the measurement of cylinder pressure. inder pressure than diesel engines. However, the measured friction
This configuration also requires a smaller piston and rings to fifoUnd Top Dead Center FiringDCF) changes significantly.

inside the apparatus. Therefore it is not possible to test actualt iS noted that friction in the intake and exhaust strokes of the
production hardware. cycle are not significantly affected by engine load.

Other researchers have also used the moveable bore technique
(P-w) Method. Another technique to quantify cylinder kit fric- for measuring cylinder kit friction. In one papgt8], motoring
tion is referred to as théP-w) method. This technique, developedfriction was compared with firing friction of the power cylinder at
by Rezeka and Heneif81], measures the instantaneous changéthe same conditiongoil, water temperature, and speedThe
in angular velocity of the flywheel that are caused by cylinder kitonclusions were:
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Fig. 5 The effect of engine load on cylinder kit friction (Move- Z
able Bore [32]): (a) constant coolant water temperature; (b) ‘; 80 {201 W
constant cylinder temperature. 2 /7 oy ‘ ,/ - {
o ofo o2 { &
x ] P
u 1 ~\
14 A
o 80450 = |
Hydrodynamic forces during intake and exhaust strokes are 50
reduced by 10 Newtan. . . Atdead centers boundary friction 40
peaks increase due to the reduced viscosity, and at power TD( 5,4
the pressure effect is added. Overall friction losses are reduce €05 T80 s pyes =
and the essential part of the difference is due to temperaturec THETA (DEG)
increase and to its effects on the effective viscosity. ,
Fig. 8 Motoring versus firing friction—1100 rpm (Instanta-
This indicates that under some conditions that the overall frigeous IMEP [29])
tion of the fired engine may appear equivalent or even less than
the motored friction.
Motoring Versus Fired: Instantaneous IMEP. At the Uni- (LBF) | \NTAKE —t-— cOMP POWER EXHAUST —]
versity of Michigan, researchers have connected strain gages t« & 80
the connecting rod of the engine. Through the strain measure- ] IReaNG
ments they can calculate the friction force of the power cylinder. 40 |®°
They measured friction of a gasoline engine under motored and a0
fired conditiong 26]. Their statement on the differences is w 160 PISTON N IS

There is ample evidence to suggest that piston ring friction & 80
losses are different under motoring and firing conditions. As & 8

expected, losses under firing were considerably higher than o
motoring. The difference between FMEP’s of firing and mo-

toring is about 20kPa at 500 RPM.
In another papef29], graphs showing motoring friction com-

3
i .-I‘!I

i

no-load

=E--

half-load

full-load

o

w
4
a

60

e
2

Fig. 9 Motoring versus firing friction—1640 rpm

neous IMEP [29])

8O

720
THETA (DEG)

(Instanta-

pared to fired friction are given at three spe¢880, 1100, and
1640 rpm, Fig. 7, Fig. 8, and Fig).9They state:

Fig. 6 The effect of engine load on cylinder kit friction

able Bore [21])

2500 rpm, 30# oil, tc=90°C
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(Move-

Differences between motoring and firing are noticeable espe-
cially on the power and exhaust strokes. Intake and compres-
sion strokes are more simila.. Firing friction forces are

noticeably greater during the power stroke at 500 rpm. This is
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(N) ' friction can be small to very large. In general it can be said that

400 - s around Top Dead Center Firin@DCF) the friction force will be
Firing peed - 1000 rpm . . . . .
(tof) 300 |--——- Motoring | Water Temp - 80°C greater in a fired engine due to the increased cylinder pressures
60 Oil Temp - 100°C and temperatures. However, around the dead centers an increase
20 Brake Vac — 300 mmHG in friction force might not translate into significant frictional
40

power losses. This is because the piston is moving very slowly at

8 oho this point in the cycle.

S \\”\* At other parts of the cycle that do not have the high cylinder
S ofo pressures, temperature effects will dominate. Temperature of a
};;, bo fired engine will be greater than a motored engine. This will cause
w

20}40 a small reduction in friction force. However, since this happens

when the piston is movingmid stroke relatively fast, the effect
on friction power will be greater.
Various analytical modelgl4,33,34 from different companies

40
20

6o® Intake

30 Sompression] _Expansion 1 Sxiaust have predicted that the piston skirt can deform under the high
° 180 rank Aol (Degree) 720 pressure loads in a diesel engine. A motored engine will not have
these high pressure forces, the deformations will be small, and the
Fig. 10 Motoring versus firing friction—1000 rpm (Fixed effect on the lubrication might not be observed. A piston skirt
Sleeve [30]) might not have any skirt to bore contact in a motored engine, but

in a fired engine there might be significant contact. Skirt to bore
contact will result in high friction.
attributed to the higher cylinder pressurést 1100 and 1640 It should also be noted that the higher temperatures of a fired
rpm) the differences between motoring and firing friction ar@ngine will affect clearances. In particular, the piston skirt clear-
considerably less at these speeds except around top and kose will become smaller. This will result in some increase in
tom centers. friction. It will also affect piston secondary motion.

Some inaccuracies are observed in this type of measuremeniviotoring Versus Firing: Model Predictions. A direct injec-
Nevertheless, it can be seen that a fired engine can have highei diesel engine was modeled to predict ring pack frictioat
power cylinder friction than a motored engine. piston friction. Three cases were modeled

Motoring Versus Fired: Fixed Sleeve Method. At the Uni- 1 Fired

versity of Michigan, researchers have also connected strain gageg Motored (at typical cylinder kit temperatures for a motored

to a thin walled cylinder liner to measure the cylinder kit friction  test, this assumes that the oil has been heated so that the ring
[30]. Figure 10 shows a graph comparing motoring friction and  pack temperatures are 77°C

fired friction at part load. This work was done on a gasoline en- 3 Motored(at firing temperatures
gine. The statement in the paper is ) ) . ) .
. - . . . Figure 12 shows the predicted instantaneous ring pack friction
As might be expected, the firing friction differs, and is much,ce prediction over the entire cycle. This is different from the
larger than motoring friction during the expansion strok&ger cylinder friction measurements shown previousig. 5 to
Elsewhere, the differences are more minor. Fig. 10 because it only includes the friction due to the rings. The
Once again it can be seen that the cylinder pressures and tenedel predicts significantly higher frictional forces around Top
peratures from combustion will affect the friction measurement&ead Center FiringTDCF) (during times of high cylinder pres-

. o sureg for the fired case. The motored case at firing temperatures
Motoring Versus Fired: High Pressure Tests. A test was jjysirates the effect of temperature. It has lower friction at the mid
run at Cummins where the motoring friction was measured Withroke hecause of the reduced viscosity of the oil. Yet there are
pressurized intake manifold. This made it possible to increasgyp; peaks at the ends which indicate some asperity contact with

cylinder pressure by changing the intake manifold pressure. Fiin thinner oil around the dead centers.
ure 11 shows that an increase in the peak cylinder pressure Capg jnstantaneous friction power loss is shown in Fig. 13. It can
increase the measured frictional horsepower. be seen that the power loss goes to zero at the dead centers. The
Motoring Versus Firing: Discussion. It can be seen above largest differences only occur from30 to 90 deg. This is only
that the differences between fired cylinder kit friction and motoredoout 17 percent of the cycle. It can also be seen that the motored
case at firing temperatures results in lower instantaneous power
loss over most of the cycle.

35 1
~—93 bar (1350 psi) | . ] 3 ]
s 30 1 ~#-147 bar (2125 psi)| - - o g - 100
= | . . .
T | [Fred (Full oz
Qo 25 | 60 b - - ci- - - e oo e - o ] N - - -
3 ' 3 o
& 201 g 20! - - - -
0 15 4 5 0 b
.§ % < [Motored High Temp , o0
T ol £ - ;
60 A 1-- -
54 . ; : ‘ , ‘ i 100
800 1000 1200 1400 1600 1800 2000 2200 360 270 180 90 0 9 180 270 360
Engine Speed (rpm) Crank Angle (degrees)
Fig. 11 Pressurized motoring friction test at two different peak Fig. 12 Predicted instantaneous ring pack friction force (fired,
cylinder pressures (93 and 147 bar) motored, hot motored )
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Friction Correlations

The review by McGeehah3] reports that the cylinder bore
lubrication is predominantly hydrodynamic with localized contact
between ring and bore at TDC firing,35,36. Also, the degree of
contact may increase during transient conditions. This is very ap-
parent in examining a worn cylinder bore. There is very little wear
anywhere on the bore other than at top ring reversal.

2000

1500

1000

500

Friction Power Loss (W)

Stribeck Relation. Based on the Stribeck relationship, Mc-
: - N i Geehan’s review3] gives various equations based on different
360 270 -180  -90 0 9 180 270 360 researchers results. The basic equation is

Crank Angle (degrees) e X
fzc(—) , 5)
Fig. 13 Predicted instantaneous ring pack friction power loss pw
(fired, motored, hot motored ) where
f=coefficient of friction v =piston speed
5 700 c=constant ) p=effective pressure on ring
§ 500 | p=Dynamic viscosity w=width of the ring
< x=exponent0.33-0.66
K] 500 +
T 400 Many empirical constants are given for the above equation corre-
Z‘; 300 1 sponding to different ring face profiles. He also says that frictional
o 2001 losses are proportional to
£ 100 4
3 o Fpco®S(uw)°%, ®)
= Fired (Ful
Load) Motored (std where
T(F"ed “;bw""g Fp=friction power u=Dynamic viscosity
orwe) o) v =piston speed w=width of the ring

Fig. 14 Predicted average ring pack friction power loss (fired,

matored, hot motored ) Parallel Plate Approximation. Using basic lubrication prin-

ciples of oil being sheared between parallel plates, Patton d]al.
developed the following proportionality for piston friction:

FpxBV2, @
The total or average friction of the ring pack is shown in Fig,here
14. It can be seen that just by removing the cylinder pressures, £ _ fyi~ti _
o ; N Fp=friction power B=bore
friction will be reduced by 40 percent. Then when motoring at the V,=Mean Piston Speed
cooler temperatureftypical of a motored tegt the friction in- _ ) . -~
creases 30 percent over the motoring case at fired temperaturddlis relationship can be modified further to be

FpxBS’RPM?, 8)
Motoring Versus Firing: Conclusions where
. . S . . ) Fp=friction power B=bore
» Cylinder pressures will be significantly higher in a fired en- R%M=revoll?tions/minute S=stroke

gine than motored engine. It was seen that changes in cylinder
pressure can have a large effect on the cylinder kit friction force, Based on the above equation it is possible to write the follow-
especially around TDC. However, since the piston is not movirigg relationship:

very fast, the increase in friction power loss will be small. Also

— — 13 2
the time of high pressure occurs during only 15 to 20 percent of Fp=1.48<10""BSRPMnC, )
the cycle. Some data showed that even during the mid-stroke thibere
friction force differences were large. This will cause a large in- Fp=friction power of the B=bore (mm)
crease in friction power loss. Modeling suggests that the friction piston rings and rod&KW) — S=stroke(mm)
increase due to pressure alone can be up to 40 percent. RPM=revolutions/minute nc=number of cylinders,

» Cylinder temperatures will be higher in a fired engine than
motored engine. This will result in lower viscosity oil and reduce
friction. The reduced friction force occurs during mid-stroke when
the piston i_s_moving. The resulting reduction_ in friction power is Correlation Results
then magnified. Modeling suggests that this effect may be as
much as 30 percent or more. Comparison of the Equation and Measured Datdhe equa-

» High cylinder temperatures also reduce clearances. This wilbn given aboveEq. 9 is compared to the motoring friction data
cause some increase in friction and have some effect on pisemshown in Fig. 15, Fig. 16, and Fig. 17. These graphs show the
secondary motion. piston and rod friction from motoring teardown tests. The corre-

» The overall average cylinder kit friction of a fired engine willlation used(Eq. 9 for the piston friction in the graphs was based
be 0 to 20 percent more than the friction of a motored engine.on a best fit for all the data. The figures show data for seven

» Even though the overall friction measurement might not bdifferent engines. Other engines were also tested but not shown
significantly different, the mechanisms of friction clearly are. Awere. Of all the engines tested, the maximum deviation from this
fired engine will have more friction around Top Dead Center Fibest fit line was 2.8 hp or 13 percent. All of the engines were run
ing (TDCF) and less friction in the regions of low cylinder pres-n one test cell at Cummins Engine Co. Oil temperature was con-
sures. It is only through understanding these differences and d®lled to 220 to 225 degrees Fahrenheit. The heads were removed
signing the power cylinder appropriately that friction will beso there was no coolant flow through the engine. Multiple torque
reduced on the power cylinder components. readings were taken at each speed and then averaged.

here the constant (1.48L0 % was determined by a best fit
rough a series of motoring teardown te&tse below.
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Piston Friction Correlation (Engme Type 1)
—0— Eng 1 -I—-Eng 2 e Eng 2 Repeat -~ Eng 3 +Correlahon| F pee

1+ S*RPM, (10)

*
R PM)
where

Fp=friction power S=stroke
RPM=revolutions/minute

The original equation given by Patton et al. used mean piston
speed. The mean piston speed is proportional to the StrékeM
and therefore was used in the above equation.

Motoring Friction (KW)

Pressure Effects On Ring Lubrication. A relationship re-
; ; ; ; ; : lated to the physics of the compression process and based on the
800 1000 1200 1400 1600 1800 2000 2200 work of Bishop[6] was used by Patton et 4B].

Engine Speed (RPM) P
(1.33-0.0238/,)
Fig. 15 Motoring friction and correlation for engine type 1 Fp=BSRPM )[0 088 ¢ +0. 182 ”1, (11)
where
14 _ Piston Friction Correlation (Engine Type 2) Fp=friction power B=bore
—8—Enga -8 Engs ‘ ‘ | RPM=revolutions/minute S=stroke
121 TaTEne Ropeat coEngdCor r .=compression ratio P;=intake pressure
s ‘ ‘ Vp,=mean piston speed P,=atmospheric pressure
g 107
£ Windage Calculations. Thring [37] used the following for-
3 87 mula to estimate the windage effects. This is the force that results
‘é, 6 when a solid body(such as a connecting rpdnoves through a
5 fluid.
-
= 1 s
25 FdZEPcU CyA (12)
o P P
800 1000 1200 1400 1600 1800 2000 2200 =[1— Coil + COII 13
Engine Speed (RPM) Pc= 100 Pa 100 Po ( )
Fig. 16 Motoring friction and correlation for engine type 2 where
Fq=drag force v=velocity of moving component
p,=density of fluid cq=drag coefficient
. Plston Frlctlon Correlatlon (Englne Type 3) o pd=density of air A=frontal area
—e—Engs ~%— Engs Repeat ‘ po=density of oil
167 | Th ERG7 ton (Engo) —8—Correiation (Eng7)| - - - - : Pc,; =percent of oil in gases
s 14 o b
€ 5l | .
5 Analytical Models
E ] Detailed analytical models have been developed to predict the
2 89 lubrication of the pistons and rings. These models are based on the
S 61 fundamental equations for lubrication and kinematics.
3 ol Some of the analytical models that have been used are
2§ » CASE—developed at Michigan State Universitgyriginally
o : ‘ , ‘ ‘ developed by Larry Bromlich at Computedt88]
800 1000 1200 1400 1600 1800 2000 2200 * MIT—developed through a consortium with industry
Engine Speed (RPM) [34,39,40Q.
_ _ o _ _ * RINGPAK and PISDYN at Ricardo Software. RINGPAK
Fig. 17 Motoring friction and correlation for a DDC engine models the lubrication of the ring pack. PISDYN models the

lubrication of the pistori41-43.
* GLIDE—developed by AVL. There are separate models to
predict ring dynamics and piston dynamieg}].
* FLARE—developed by GM14,45,44
Ranking the Engines.The correlation given abovéEq. 9 is

governed by the effects of engine sidegore and stroke Any . o
deviations from the equation are effects of how the system I}éethods for Reducing Friction
being lubricated. This offers a method for comparing engines of The following recommendations and contributions were made
different size. In some cases the actual motoring torque is high@rthe literature from various companies for reducing friction.
than the correlation, Fig. 15. This indicates a power cylinder that
has higher motoring friction than the average. Others show lowerCummins Piston Ring Division[47,48

torque than the correlation Fig. 17, indicating lower friction than . .
the average. * More conformable low tension oil ring

* Reduced compression ring cross-section
Ring Mixed Lubrication. Patton et al[9] also proposed a « Connecting rod guided by pisto(constrain the rod from
relationship for a piston ring in mixed lubrication. This is an ar-  moving along the axis of the engine with the piston rather
bitrary equation that gives an increase in friction force as the than between the crank throws
engine speed goes down. » Reduced the piston mass
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MAHLE [13,49. Methods to reduce friction

* Ring Tension(0.018 hp/Ib total, 1600 RPM
e Ring Tension(0.045 hp/lb total, 4500 RPM
Fitting Clearance—0.8 hp

Optimized Skirt Profile—0.8 hp

Skirt Area Reduction—No Benefit

Skirt Ovality—No Benefit

Coated Skirt(Teflon and Xylajr—No Benefit
» Coated Pistor{Grafa)l—Shows a Benefit

Benefit
* Piston Weight—No Benefit
AVL [50]. Methods to reduce friction

Smaller preloadtension on the rings
Smaller rings

Increase cold clearandwiill increase noisg
* Reduce contact surfadevality or skirt pads
* Reduce piston mass

Increase liner temperature

* Reduce liner distortion

Predominate Factors Affecting Friction

« Skirt profile (Contact area between piston and liner
e Clearance

 Piston Mass

e Liner Temperature

» Piston Construction

Karl Schmidt [15].

» Reduced wall pressurgension on the rings

e Reduced axial ring heighfl.5 to 3.5 percent reduction in
BSFO

* Reduced skirt area in the axial direction

e Separated bearing areas in the axial direction on the skirt

* Emralon Coated Skirt—Shows improveméatitomotive

* Reduced piston assembly mass

» Coolant out temp.(10°C change>0.4 percent BSFC

change

Oil temperature(10°C change>0.3 to 1.5 percent BSFC

change

T And N Technologies[51].

Methods to reduce friction

Methods to reduce friction

e Oil Temperature
» AEconoglide piston—Reduced skirt-to-bore contact af8a.
percent reduction in piston friction

Chevron Research[3]. Methods to reduce friction

* Reduce axial ring width

» Reduce bearing surface area of skaxial)

* Reduce piston weight to reduce side load
Wrist-pin offset(1.6 mm, 1/16 in
Barrel-faced profiles

* Reduce linear speed

e Smoother cylinder bore finishes

boundary lubrication
Predominate Factors Affecting Ring Friction

* Gas loading

¢ Number of Rings
* Ring size

* Ring design

Ford Motor Co. [8,10,57. Methods to reduce friction

514 / Vol. 122, OCTOBER 2000

Coated Cylinder Liner With Low Tension Rings—Shows a

Articulated piston has lower friction than a monoblock piston

Additives that reduce the coefficient of friction in mixed or

* Reduce ring tensioi44 percent reduction in tensien>22
percent reduction in ring friction

Reduce ring axial width

Reduce skirt aregcircumferentially—No Effect

Reduce mass—25 percent Reduction0.1 psi MEP

Moly coated top ring

Ring materials and coatings

Reduce the number of rindd percent reduction with 2 ring
versus 3 ring

» Optimized ring face profiles

Low friction skirt and roller follower coatings—8 percent

General Motors [14,45. Methods to reduce friction

Reduce oil ring tensiof0.02 hp/Ib

Reduce top ring tension

Reduce top ring axial width

Increase skirt clearandéiction changes of 35 to 40 percent
Reduce skirt widtH Circumferential—Little Effect

Skirt cam drop(ovality)

Reduce reciprocating mass

Reduce oil temperature

Pin offset

Southwest Research Institutg 37]. Methods to reduce fric-
tion

* Reduce oil ring tension
* Reduce windage or percent of oil in the air
* Reduce maximum cylinder pressure

Musashi Institute of Technology [20]. Methods to reduce

friction

Reduce axial width of rings

Reduce axial width and contact pressure
Reduce viscosityviscosity has a significant effect
Increase the piston clearangeegligible effect
Surface finish(negligible effect

Friction Reduction Summary. Almost every company sur-
veyed claimed that reducing ring tensiail ring in particulay
and top ring width would reduce friction.

Efforts to reduce piston skirt friction yielded mixed results.
Some said that reducing the contact area of the piston skirt would
reduce friction while others said it would not. In most cases, when
the skirt area was reduced axially generally a friction benefit was
observed. When the skirt area was reduced circumferentially there
was little benefit. This may be because a piston is typically made
with a large ovality. Increasing the ovality or cutting back the
sides might have a minor effect that might not be measurable. See
the section below on Piston Skirt Friction for additional informa-
tion about reducing the skirt contact area.

Increasing skirt clearance was another way to reduce friction,
but it was noted that this might increase cavitation problems. Re-
duced mass of the piston was cited by many as a way to reduce
friction. Piston mass is also discussed below.

Individual Components: Piston

Piston Skirt Friction.
dent on two factors:

Piston skirt friction is strongly depen-

1 Whether the skirt contacts the cylinder bore
2 How the skirt shears the oil

Skirt/Bore Contact. A well designed piston skirt will have
very little skirt to bore contact. This is because the lubricating oil
film will support the piston and prevent contact with the bore.
However, if the piston skirt breaks through the lubricating film,
the resulting asperity contact will cause high friction. Analytical
models[14,33,34 are available that attempt to predict the lubri-
cating film between the piston skirt and the cylinder bore.

Transactions of the ASME
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If there is skirt/bore contact, reductions in friction may be ob-

tained by:

Table 5 Top ring design features

Engine:

1 Changing the profile of the piston skirt to prevent contact Cylinder Pressures:
Top Ring Nominal Width:

Nominal Width
Nominal Centered Barrel

2 Putting a low friction coating on the piston

It should be noted that low friction coatings on the skirt will

have very little effect on friction if the skirt does not contact the Noﬁﬁ]m Skewed Barrel

cylinder bore.

Skirt and Oil Shearing Area. The second major friction loss

shearing area may be reduced in a number of ways:

Case

Top Ring Reduced Width:
Nominal Width
for piston skirts is through the shearing of the oil. To reduce this Nominal Centered Barrel

it is necessary to reduce the shearing area of the oil. The skirt Drop
ominal Skewed Barrel

Diesel Engine
Ratind800 RPM, Full Load
(Normalized Dimensions

1.0

1.0

0.83 Bottom, 2.5 Top, Peak @1/3
width toward bottom side
(Normalized Dimensions

0.84
0.83

0.66 Bottom, 2.1 Top, Peak @1/3

Case width toward bottom side
Axial: Reduced skirt length
_ _ Axial profile (Double hump, barrel shape 500 . ]
Circumferential: Increased ovality Standard Cross| \
Circumferential profile 300 gegtion crossl - 1
Regions where the skirt is cut back P Rodued Cross
Other: Pads 8
e 100 — — — - — — 1
In all cases the skirt profiles, shape, and stiffness should bed
designed to enhance the hydrodynamic oil film. If reducing the é -100 |- _
skirt shearing area induces skirt to bore contact, then no friction u%_ |
reduction will be observed. There may even be an increase in  -300 —— = — —
friction. If skirt to bore contact already exists in a piston design, | |

attempting to reduce the shearing area will have little to no effect.  -s00

The skirt fatigue strength should also be evaluated with each new -180

design.

Crank Angle (degrees)

180

Piston Mass. The engine is a reciprocating machine. There- ig 19 Predicted instantaneous friction force on top ring

fore, most of the energy that is spent in accelerating the piston is
regained during the deceleration. If the piston mass is increased,
differences in the overall losses are due to increased friction

caused by higher side loads from the piston or inertial loads on the g Section ‘
pin. In a medium speed diesel engine, these forces are not as largg 2000 .. ... Reduced Cross| ~ T~ f<\\— — — —
as the forces caused by the cylinder pressure and the effect isy Section : 4
small. The effect may be larger in small high speed engines. g 1’0 = — — — = — TF —i— — 7
L . § 1000 — — — J I I S WU
Individual Components: Top Ring £ | A ]
Analytical modeling was performed to analyze how to reduce 8 50 — — — — — - — — R T T
top ring friction in a diesel engine. The cylinder kit model used * |
was the Ricardo RINGPAK model version 2.0. The following ‘ ‘ ,
180 -90 [0} 90

configurations were modeled:

1 Standard Ring

2 Standard Ring with Barrel Skewed Toward the Bottom

3 Reduced Width RingFig. 18

4 Reduced Width Ring with Barrel Skewed Toward the

Bottom. 24
The details are given in Table 5 and Fig. 18. _
]

Analysis. The predicted instantaneous friction of the top ring % 2

2500 |

— Standard Cross

Crank Angle (degrees)

180

Fig. 20 Predicted instantaneous power loss on top ring

22— — — — — — — —

is shown in Fig. 19. The two cases shown are based on the nomi- §18 — — — — — — — —

nal barrel drops. The predicted instantaneous power loss is shown 8 ¢ g

in Fig. 20. In both graphs the peak values for the reduced width *
top ring were 15 percent lower than the standard ring.

1.2

0.16 Normalized

1.0 Normalized

Standard Width
14— — A
Skewed Barrel X

Redl.;ed
Width

___ | Reduced Width
Skewed Barrel

Low

T

Nominal

Tolerance Range of the Barrel Drop

Fig. 21 Top ring friction versus barrel drop
I friction for six cylinders )

High

(cycle averaged

The model predicts a fairly large effect on friction due to the
barrel drop. This can affect the conclusions about the reduced
cross-section ring. The results are shown in Fig. 21. In this figure,

the overall friction losses for a six cylinder engine are plotted. It

Fig. 18 Schematic of the reduced cross-section ring that was
modeled (dimensions are normalized )

Journal of Engineering for Gas Turbines and Power

can be seen that there is very little predicted benefit of the reduced
cross-section ring at the low end of the barrel drop specification.
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At the nominal barrel drop there is a 0.11 KW.15 hp benefit. regions “B” and/or “C” will be reduced. This will result in an
There is a 0.34 KWO0.45 hp benefit in friction at the high end of overall decrease in the net radial force acting on the ring and as a
the specification. result friction will be reduced.

Since the barrel drop was so significant, a skewed profile wasThe region where the oil film contacts the ring face is labeled
modeled. It can be seen that the results are significant. In this cdBe” In the figure it is shown as a linear distribution of pressure
the benefit of the reduced cross-section and skewed barrel veasthe face of the ring. This is not correct. It is only for illustra-
0.37 KW (0.5 hp. The benefit of just the skewed barrel with theion. There is a hydrodynamic wedge effect created by the profile
standard width is 0.30 KW0.4 hp. of the ring which gives a non-linear pressure distribution. The net

It should be noted that the skewed barrel profiles used in thesalial force acting on the ring in this region depends on this pres-
calculations were not optimized. Also the manufacturing feasibisure distribution.
ity was not investigated. The section below where the oil film contacts the face of the
ring is labeled “C.” In this region the low pressure below the ring

cts on the face and the high pressures of combustion act on the
ck of the ring. The difference in these forces results in a net
radial force acting on the ring. Minimizing this region will reduce
the radial forces on the ring and reduce friction.

Pressure Forces Acung on the ngThe barrel Shape and |tcan be See.n that the skew barrel maximizes section “A” and
height will affect the pressure forces acting on the piston ring. Rinimizes section “B.” Both of these are favorable to reducing
schematic of the effect is shown in Fig. 22. In the figure it i§iction of the ring. _ _
assumed that the pressure above the ring is greater than the prekigure 23 shows a comparison of the net pressure forces acting
sure below. This is the case with the top ring near Top Ded the top ring for different barrel drop configurations. It can be
Center(TDC). seen that the small barrel drop and skew barrel both significantly

The region on the top side of the ring where oil does not conta@duce the radial gas pressure force acting on the ring.
the ring face is labeled region “A.” In this region the pressure in

front of the ri d behind land h 't radial T Instantaneous Friction Force. Figure 24 shows the predicted
ront orthe ring and benind are equal and have a net radial 10Tt antaneous friction force for the top ring with various barrel
of zero. In regions “B” and “C” there is a pressure difference

. N drops. Figure 25 shows the corresponding power loss. It can be
that results in a net outward force. If region “A” is increased the'%ee?l thatgthe small barrel drop has tFP)we IowgesE[] friction around the 0
deg. However, because the piston is moving so slowly at that time
the overall effect of friction power is not as significant. The
skewed barrel has the lowest friction power lost.

Discussion on the Effect of Barrel Profiles. The effect of the
barrel drop is not as simple. The only way to accurately predict i
overall effect is through a cylinder kit model. However, the fol
lowing attempts to explain some of the effects.

Top Ring Friction Summary

) * It is possible to reduce friction by reducing the cross-section
Ly of the top ring. This result is strongly affected by the barrel
- drop of the rings.
e
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Fig. 24 Effect of ring face profile on predicted instantaneous

Fig. 22 Schematic of pressure forces acting on the top ring friction force of the top ring

(1. large barrel drop, 2. small barrel drop, 3. skewed barrel )
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Fig. 25 Effect of ring face profile on predicted instantaneous

Fig. 23 Radial gas pressure force acting on the top ring friction power loss of the top ring
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37 grade can be as much as five times greater than the effects of ZDP
[1-0 Normalized Land Width| (zinc dialkyldithiophosphaje or overbased metal detergent.”

e - They found that ZDP additives actually increase friction and are
52_7 | “antagonistic to friction modifiers.” It is also reported “that SAE
z 5W-30 oils are not inherently more fuel efficient than their
ool e 10W-30 counterparts in the Sequence VI tests.” But the “SAE
& 0.72 Normalized Land Width 5W-30 oils are somewhat more responsive to friction modifiers

17— — — — — than 10W-30s.”
Research by Moord57] with a capacitance film thickness
‘ ' transducer showed that fuel economy and cylinder wear were im-
% & ™ 8 % 105 proved when a SAE 10W-30 oil was used rather than 15W-40
Tolerance Range of the Barrel Drop (V0|VO ™D 100G).

A study at Chevrori58] on 44 diesel engine field test engines
found no statistically significant difference in fuel consumption
between SAE 15W-40 and SAE 30. The study did show a 30
nercent oil consumption advantage of the SAE 15W-40 over

AE30. They also demonstratgsd] with 15W-40, SAE 40, and
15W oils that the there was a significant effect of the multigrade
oil (i.e., V.1. improvey in minimizing oil consumption and soluble

o C Ol Pi fraction of the particulate. Also there was no statistical difference
Indlyl@ual .Cc.)mp.onents. QII Ring ) ) between exhal?st particulates of SAE 10W-30 and 15W-40 oils.

Oil ring friction is predominately affected by ring tension. The Chevron also tested three oils using a Mack EM-6-300L with
face of the oil ring usually comprises very small rails or landsjgh top ring pistons. The oils tested were 10W-30, 10W-40, and
These are too small to generate a hydrodynamic oil film whictg\w-40. Tests showed that all oils provided low oil consumption
results primarily in asperity contact between ring face and borgng equal wear. Radioactive wear testing on a DDC series 60
Reducing tension will reduce the friction losses. Too much redugiese| engine showed no difference in wear between an SAE
tion in tension will cause an increase in oil consumption. Figurgs\w-40 and 20W-40 oils. But an SAE 10W-30 resulted in higher
26 shows the analytical predictions for two cases with differer,uphg face wear than both.
land widths. ) ) This result seems to contradict the work done by MJ&€

There are future technologies that are being developed to §@ted above. However, the difference may be caused by a number
able to reduce oil ring tension without a loss in oil consumptionyf things. It is possible that the differences in lubricant formula-

Fig. 26 Effect of oil ring tension on friction for two cases

» A skewed barrel for the top ring profile offers another pote
tial reduction in friction. The friction reductions due to ring
face profiles will diminish as the ring wears.

One of these new technologies is the plastic oil fiAg]. tion, engine loading was different, and/or design of the power
. o cylinder could have caused this difference.
Individual Components: Liner or Bore Furuhama and Sasal21] found that oil viscosity was “useful

Low friction liner or bore coatings may reduce friction duringfor improved fuel economy.” However, there is a risk of break-
times of metal to metal contact. This can occur with the skirt ar@down in the oil film. They found that a multigrade 10W-30 oil
the rings. The top ring primarily contacts the bore near Top Deaipuld help prevent breakdown of the oil film at the combustion
Center Firing(TDCF). However the piston is moving very slowly, Top Dead CentefTDC) when compared to a single grade oil.
so the friction power differences will be small. The biggest reduc- In the hydrodynamic region, Gauthier et L8] state that the
tion may occur by reducing the friction between the oil ring facgolymer in a multigrade oil “induces a considerable decrease in
and the bore. Because of the high unit pressures of the oil rirfgjction loss and energy consumption as compared to the Newton-
there is significant potential for metal to metal contact. ian oil with the same final viscosity. However, this reduction is

A coated liner was engine test¢d9] by Mahle. The results obtained through a large decrease in effective viscosity and in
showed very little reduction due to the coating itself. Howevethickening effect of the polymer.” In the boundary lubricated re-
they claimed that because of the coating it was possible to ugi@ns (around the dead centgrié was found that friction force
rings with lower tension without losing oil consumption. Becauswith polymer thickened oil is not very different from the friction
of the lower ring tension the friction was reduced. But it was onljorce with the base oil alone. In fact, it was found that the polymer

possible, they claim, because of the liner coating. type oils give an increase in boundary friction.
As indicated above, lower viscosity oils may lead to increased
Individual Components: Oil wear. In particular, wear will increase around Top Ring Reversal

) ] ) o ~of the cylinder bore. This increase in wear may be reduced or
Oil Formulation. A reduced viscosity oil offers the potential gliminated by:

for reduced friction because of the lower shear force. A significant

trend has been observed in the automotive industry to reduce oit Improved oil formulations

viscosity for improved fuel economy. This is an important trend * More wear resistant materials

that will most likely be followed by the Diesel engine industry in * Improved piston and ring designs

the near .ﬁ‘“”e-. . . . . Oil Degradation. Researchers at Shell investigated the ef-
A significant literature review of “The Relationship Betweeny, s of |ybricant degradation on the friction in the piston ring

Oil Viscosity and Engine Performance” was made by Stewa\rkf

ack[60]. They sampled oil from behind the top ring in an oper-
and Selby{53]. The report shows a number of examples of ho;"angine. The viscometrics of the oil was measured and put in

reducing oil viscosity will reduce engine friction. It was alsqy,qir | prication model. In the extreme case, degradation increased

_shown that reducing the viscosity could cause signific_amt increaﬁcﬁg predicted friction losses of the ring pack by up to 40 percent.
in wear. However, cases were also shown where different addi-

tives to the oil could lessen or eliminate the effect of the low Oil Windage. Friction can also be affected by crankshaft
viscosity on wear. moving through the oil in the crankcase. This may be through the

Other researcher$4,55 also found an improvement in fuel liquid oil or the oil that is in vapor form. The effect of the crank
economy with low viscosity oils. It was found that an appropriatspinning through air and oil vapor was studied by Thr[i3F].
friction modifier in the oil formulation could further improve the The crankcase oil level can significantly affect the windage losses.
results. Kennedy and Mool&6] claim that “the fuel economy It has been found that it is possible to reduce parasitic losses in
effects of friction modifer, viscosity index improver, and viscositysome engines by just reducing the oil level.
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Oil Temperatures. Oil temperatures effect the viscosity of Piston Friction of Piston Rings in a Firing Engine,” SAE Paper 379F.

; ; ; e [5] Cleveland, A. E., and Bishop, I. N., 1960, “Several Possible Paths to Im-
the oil. This will affect the friction power IOSSEEQQ] of the power proved Part-Load Economy of Park-Ignition Engines,” SAE Paper 150A.

C)_’lir_‘der- Higher temperatures Will reduce the ViSCOSit_y and reduceg) Bishop, I. N., 1965, “Effect of Design Variables on Friction and Economy,”
friction. Temperatures of the oil on the bore are primarily con-  SAE Paper 812A.
trolled by the coolant temperature. If temperatures become tod?] Ricardo, H., and Hempson, J. G. G., 1988g High Speed Internal Combus-

P : H P f tion Engine 5th ed., Blackie, London, pp. 139-141.
hlgh’ loss of lubrication can result leadlng to hlgh wear and/or[B] Ting, L. L., 1985, “A Review of Present Information on Piston Ring Tribol-

scuffing. ogy,” SAE Paper 852355,
oil S Fricti ducti . ibl ith | [9] Patton, K. J., Nitschke, R. G., and Heywood, J. B., 1989, “Development and
. I . um_marY' i rcuon reduction 'S_ possi _e_Wl a lower Evaluation of a Friction Model for Spark-Ignition Engines,” SAE Paper
viscosity oil. It is important that a multigrade oil is used to help  g9083s.
maintain low oil consumption. Increased wear is also a conceri0] Kovach, J. T., Tsakiris, E. A., and Wong, L. T., 1982, “Engine Friction Re-
that will need to be addressed. duction for Improved Fuel Economy,” SAE Paper 820085.
[11] Hami, K., et al., 1990, “Development of a Friction Prediction Model for High
i Performance Engines,” Lubr. Engdy, No. 7, pp. 567-573.
Overall Conclusions [12] Koch, F., et al., “PIFFO—Piston Friction Force Measurements During Engine
Operation,” SAE Paper 960306.
« Power cylinder friction constitutes a significant portion of the[13] Betz, G., Gabele, H., and Assmus, H-O, 1989, “Friction Power and Noise

total mechanical friction of the engine. However, as a percent of _Behaviour of the Piston Assembly,” IMechE, C375/019.

f P | Goenka, P. K., and Meernik, P. R., 1992, “Lubrication Analysis of Piston
the total energy developed by the engine it is a small percentaéf@l Skirts,” SAE Paper 920490,

(1-6 to 8.3 percet)ni Each individual component Wlll_result In-an [15] Essig, G., 1984, “Recent KS Work on the Reduction of Passenger Car Engine
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. L - . [17] Haines, S. N. M., and Shields, S. A., 1989, “The Determination of Diesel
* Power Cy“nd_er friction can be dIf‘fICu!t to measwe' Various Engine Friction Characteristics by Electronic Cylinder Disablement,” Journal
methods were given. The method that is used will depend on of Power Engineering203 pp. 203-204.
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i
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Predicted Effects of Cylinder Kit
Wear on Blowby and Oil
Consumption for Two Diesel

D. E. Richardson Engines

Cylinder Systems Development,
Cummins Engine Company,

Charleston, SC 29405 Durability is very important for current diesel engines. Diesel engine manufacturers are
e-mail: dan.e.richardson@cummins.com trying to make the engines live as long as possible before overhaul. The time to overhaul
for an engine is usually dictated by high oil consumption or blowby. Therefore, it is
S. A. Krause necessary to understand how wear affects the cylinder kit dynamics, oil consumption, and
Federal-Mogul Power Train Systems blowby in an engine. This paper explores the effect of power cylinder component (rings
e-mail: steven_krause@fmo.com and cylinder bore) wear by using a cylinder kit dynamics model. The model predicts how

wear will affect ring motion, inter-ring gas pressure, blowby, etc. The parameters studied
were: liner wear, ring face wear, and ring side wear. Two different engines were mod-
eled. The characteristics of these two engines are very different. As a result, the effects of
wear are different and the corresponding durability will be different. This illustrates the
need to model each individual type of engine separately. The modeling shows that top
ring face wear is very significant for maintaining good oil and blowby control. Liner wear

is important, but does not have as large an effect as ring wear. The effects of side wear
are significant for these two cas¢§0742-47980)00203-9

Background the wear exactly, and approximations had to be made. This section

To meet the durability goals that are required to be competiti\fjeescrlbes the assumptions that were used for the wear

. o |culations.

e e 1 oo gy Thee are o engine that were stuced. Detas o the engine

tribute signifiéantly to the p’)erceived durability of the overall en.[atlngs and sizes are not given. This IS becau;e the objective is to
. . . d ; ) |Hustrate a technique not give a detailed review of the perfor-

gine. When an engine has high blowby or high oil (:onsumptlomance characteristics of a particular engine

the engine is perceived as “worn out.” As a result it is necessal )

Y Both engines studied have low oil consumption. However, rin
to understand how cylinder kit wear affects the performaudle . g b ption. HOw , 1INg
consumption and blowbyof the engine. motion and gas flows through the ringpacks are significantly dif-

This report addresses the issue through cylinder kit modeli ferent. This is because both engines rely on different mechanisms

The advantage of the cylinder kit model is that many differe lower oil consumption. As a result, both must be studied sepa-

cases can be tested in a relatively short period of time. This alsoreflstely'

only a fraction of the cost of engine tests. It is also easy to sepa-_iner Wear
rate out the contribution of each component. ] ) ) )

The parameters that are studied are: liner wear, ring face wearDiesel Engine No. 1. Actual liner wear data from an engine of
and ring side wear. There are other factors that will affect oife same type that had relatively high liner wea6 microns
consumption and blowby that are not included in this reporflaximum depthwas obtained. The wear trace from this one case
Some of these factors are carbon on the piston and liner, turtyéas then scaled up to simulate increased wear. Two methods were
charger, valve guides, etc. used for scaling the wear profile. In one case the width of the wear

A significant amount of work has been done developing cylif?and was held constant and the depth of wear was incre&aged
der kit models[1—4]. The cylinder kit dynamics code that wasl)- In the other case both the width and depth of the wear band
used for this analysis was the Ricardo RINGPAK, public domaifere increasedFig. 2. The amount that the wear depth was
version[4]. Much of the modeling work in the past has beefncreased was arbitrarily chosen to be 50, 100, and 150 microns.

either to validate the model or to help solve a problem. In particu- Diesel Engine No. 2. A similar approach was used for mod-

lar, oil consumpti_on and blowby have bqen_ a particular focus inng the liner wear on Diesel Engine No. 2. The graphs shown in
the work. The unique aspect of this work is it attempts to take the

predictions to investigate the effects on long term durability of the
power cylinder. s

Top Ring . . 2nd Fiing

o

&
S

Modeled Cylinder Kit Wear

To run the cylinder kit models it is necessary to specify the type
of wear that is present. In some cases it was not possible to mode

Wear Depth (microns)

=3
3

@
=3

o
o
R
@

Contributed by the Internal Combustion Engine Division GiETAMERICAN 2 s % &

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME GURNAL OF
ENGINEERING FORGAS TURBINES AND POWER Manuscript received by the ICE X X . . .
Division November 2, 1998; final revision received by the ASME Headquartefsig. 1 Diesel engine No. 1 linear wear used in model  (width
November 22, 1999. Technical Editor: D. Assanis. constant )

Distance From Top of Liner (mm)
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Fig. 2 Diesel engine No. 1 linear wear used in model (width Fig. 5 Increase in ring end gap because of the worn liner (die-

increasing ) sel engine No. 1, Ref. Fig. 2, 150 micron wear depth )

50 " " "

E o _ / Top Ring "\ . . / 2nd Ring \ . .

g ‘ ' T :

E \ /;

£ -50

g

a

§ -100

S
- e ‘ ‘ ‘ Unworn Worn

0 5 10 15 20 25 30 35 Profile Profile

Distance From Top of Liner (mm)

Fig. 6 Schematic of unworn and worn top ring face profiles
Fig. 3 Diesel engine No. 2 linear wear used in model  (width
constant )
1 It was assumed that the face profile of the ring was nearly flat
(Fig. 6) due to wear.
2 The ring end gap was increased by the corresponding amount
of the wear. This was determined by the following formula:

@
3

:/—\Top Ring 4/3—‘\2ndj Ring

o

Increase in Gap Width27(wear Depth. 1)

Ring Side Wear. The wear of the side of the ring was mod-
eled by decreasing the width of the ring in the model. This was
done at wear depths of 26, 50, 100, and 150 microns also.

Wear Depth (microns)

Distance From Top of Liner (mm)

Fig. 4 Diesel engine No. 2 linear wear used in model  (width Results

increasing ) Summary of Diesel Engine No. 1 Results. Diesel Engine
No. 1 was modeled at 1800 RPM and 1460 N-m torque.

Fig. 3 and Fig. 4 are based on actual measured liner wear for o_n@iesel Engine No. 1 Ring-PacI_< DynamicsThere are two dis-
engine. The data were then scaled to obtain wear depths of 26, 80t modes of ringpack dynamics that occurred as a result of
100, and 150 microns. varying amounts of wear on Diesel Engine No. 1. These modes
i i .~ will be labeled Mode 1 and 2 as described below. The predicted
Comments. It should be noted that in the figures, the ringnier.ring gas pressure is shown in Fig. 7 and the corresponding
locations when the piston is at Top Dead CerifédC) are shown ring motion is shown in Fig. 8.
schgmatlcally. In the case yvhere the width of the wear band_ doegyoge 2 ringpack dynamics is characteristic of the more highly
not increase, the second ring does not reach the worn portion, @4, 1op ring face and liner on this engine. It can be seen that in
the liner on Diesel Engine No. 1. On Diesel Engine No. 2 thginde 2. the inter-ring gas pressure is higher than the cylinder
secc_)nd ring only sh_ghtly enters the worn region. For both Dies kessure for much of the cyci€ig. 7). This holds the top ring up
Engine No. 1 and_DleseI Engine No. 2 |n.the. case y\{here the widtl} ihe top side of the ring groov€ig. 8. This type of behavior
of the wear band increases the second ring is significantly affectegl;ses an increase in blowby because of the high inter-ring gas
by the liner wear. pressure. Also, the high inter-ring gas pressure might be bad for

Description of Liner Wear Modeling. The cylinder kit dy-
namics code that was used for the modeling did not inherently
include the effect of liner wear. To be able to model this effect, a0 : ‘ ‘ : :
the source code of the program was modified. The program was ‘ N L 172

2.07

altered such that end gap of the rings would increase because ¢ Figh Wear' Miods 3

the wear step. As a result, the end gap only increases around TDCg *° ( High Inter-Ring Pres. )1'382

This is shown in Fig. 5 for the largest wear case of Diesel Engine ¢ 15 AVR 1038

No. 1 (see Fig. 1 § : : \f R
The model does not include the effect of the radial inertia of the * ™ [ A i ' """ L e

. (Lo Wear: :
ring as it conforms to the wear scar. This can affect the oil film 50 - o - Modo 1 } - :
thickness predictions. 0 ) ; ; ; : : : 0

-360 -270 -180 -80 0 80 180 270 360
Ring Face Wear. Wear of the ring face was considered at the Crank Angle (degrees)
same levels as the liner wear. Wear depths of 26, 50, 100, and 150
microns were modeled. Two factors were included in the modgig. 7 Predicted inter-ring gas pressure-diesel engine No. 1
for ring face wear. engine (mode 1 =Ilow wear, mode 2 =high wear )
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Fig. 9 Predicted effect of wear on blowby-diesel engine No. 1

Fig. 8 Predicted top ring motion-diesel engine No. 1 engine engine (1800 rpm, full load, single factor effect )

(mode 1 =low wear, mode 2 =high wear )

oil consumption. It provides a continuous spray of gases and &ilPecause in Mode 2 the gas flow from the second land into the
from the second land to the combustion chamber through the ef@mbustion chamber will increase. This reverse flow is called
gap over much of the cycle. “blowb_ack.” Qil _W|II be carried W|t_h the gases that blowback into

Mode 1 ringpack dynamics is characteristic of unworn anQpe.cyllnder..Thlls has the pptentlal for being bu'rnged and causing
lightly worn top ring face and liner. In Mode 1 the top ring lifts up@n increase in oil consumption. The model predictions on “blow-
partially, but does not stay up. As a result the inter-ring gas pre3ack” are shown in Fig. 10. . .
sure closely follows the cylinder pressure after 90° ATDC. This |t can be seen that as wear of the top ring face and liner in-
results in lower blowby because the gas pressure that builds up@gases, the blowback will increase. The sudden increases in
the second land vents upward around the back of the top riRpwback are due to the change in the mode of ringpack dynam-
rather than downward past the second ring which is blowby. THES- Also it can be seen that wear of the second ring will cause a
type of behavior might be better for oil control because there apst decrease in blowback. This |s.because.of the increased down-
only a couple of brief times that the top ring lifts partially. Oil andvard flow of the gases due to the increase in gas flow area caused
gas flow will be restricted when it has to flow around the back ¢y the worn ring face. ) ) ) )
the ring as opposed to a direct flow through the end gap. Also, t_heAnoth_er _parameter that is considered _to affe_ct oil consumption
gas forces blowing gas and oil upward are smaller than in Modd the oil film thickness under the top ring. Figure 11 shows a
type behavior. As wear increases on the top ring face and linecRmparison of the predicted film thickness for the unworn and
causes the ring pack dynamics to switch from mode 1 to mode¥orn rings. The figure predicts radial ring collapse for both the

In each of these Modes of ringpack behavior, the second rif§rn and unworn rings. This can occur when the pressure below
motion is very stable. The second ring remains seated on th& top ring becomes larger than the pressure above the ring. This
bottom side of the ring groove throughout the cycle. As a resufy/P€ of pressure imbalance will try to force the ring up off the
the ring acts as a good gas seal which results in relatively |gypttom side of the groove and/or collapse the ring radially inward
blowby when compared to Diesel Engine No(sze below. In
Mode 2 there is a very small lift of the second ring that occurs
about —100° BTDC. This causes the sudden drop in predicted
inter-ring gas pressure at that time.

—e— Liner Wear —a— Liner Wear (Expanding)
7|4 Top Ring Face Wear —x—Second Ring Face Wear™ ~ ~ "4
_||—%— Ring Side Wear

o @

o

Diesel Engine No. 1 Blowby Predictions—Single Factor Effects
The effect of each type of wear was considered independent of all
the other types of wear. For example, when top ring face wear was
modeled, the liner and second ring were not considered to be
worn. This was done to determine the contribution of each factor
to the increase in blowby. The model results of Diesel Engine No.
1 are shown in Fig. 9.

It is noted that liner wear does not significantly affect the pre- Wear Depth (microns)
dicted blowby until the wear becomes greater than 100 microns.

At this point the mode of ring dynamics change from Mode 1 typgld- 10 Predicted effect of wear on blowback-diesel engine
behavior to Mode 2. No. 1 engine (gas flow from the second land to the combustion

Top ring wear starts to affect blowby after only 50 microns o?hamber)

wear. Once again this is because of the change in ring dynamic
behavior from Mode 1 to Mode 2. Radial Fing

The second ring face wear has the most significant effect on _, ( Collapse )
blowby for Diesel Engine No. 1 engine. Blowby increases con- § s 3 3
tinuously as the ring wears. The ring pack behavior caused by thisg 74 - -} -
type of wear is always Mode 1. It never transitions to Mode 2. § s+-
The increase in blowby is solely due to the increase in the gasg *
flow area through the second ring. 4

There is no significant effect on ring motion or blowby due to
side wear on the top or second ring.

Predicted Blowback (g/sec/cyl)
oo oo
N A O 0 =

[=]

st Unw orn
Worn

Qil Film
1%

Diesel Engine No. 1 Oil Consumption PredictionsThere is °
currently no reliable model to predict absolute levels of oil con-
sumption changes. However, inferences can be made about the
effect of the ringpack dynamics on oil consumption. Fig. 11 Predicted oil film thickness under the top ring-diesel

As mentioned above, it is thought that the Mode 1 type afngine No. 1 engine (unworn ring versus worn ring—2150 mi-
ringpack dynamics will be better for oil control than Mode 2. Thigrons wear )

4 ' ' ' , 4 ;
-270 -180 -80 0 80 180 270 360
Crank Angle (degrees)
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[5]. If inertial and/or oil suction forces prevents the ring from Diesel Engine No. 1 Conclusions
lifting upward, the ring will collapse radially inward. When the
ring collapses, oil and gases will blow past the front of the rin
and into the combustion chamber. Once the oil has been blo
into the combustion chamber it is susceptible to being consumed. .
It is thought oil consumption will be lower when the radial ringCrease n blowby._ . . .
collapse occurs late in the cycle rather than early. This is becausé The change in ring pa(_:k dynam|cs pr(.ed|cted.as. a result of
there will be less opportunity for the oil that is blown upward td/€a" causes an increase in oil consumption. This is due to an
be burned if it occurs later in the cycle. It can be seen that thacrease n oil blown into the combustion chamber by the high
unworn ring will perform better than the worn rifgecause radial '"te'-"INg gas pressures. . .
collapse occurs later in the cygleThe earlier radial collapse of ° The changes in blowby and oil consumption because of wear
the worn ring occurs primarily because of the higher inter-ring g&4!! likely result in a perception that the engine is "worn out.
pressures caused by the increased gas flow areas. Once again, tiiid 2c€ Wwear of the top ring will result in the change of ringpack

is an indication that oil consumption will get worse with the Wongynamlcs sooner than .Ilner wear. Th!s indicates that‘ It is more
fing. important to have low ring wear than liner wear to achieve better

It is also observed that the oil film thickness under the top rin .ra'l:)ility. f th dri il It | h .
just after TDC(0 deg is large for the worn case. This is caused b baceHwear ort f secon :('”3 wi r_esudt Ina arhge ¢ af!ge_f'.”
the flat profile of the worn ring face and the pressure forces t lpwby. However, the ringpack dynamics do not change signifi-

act on the ring. This will be described in more detail for Diesefantly- As a result, it might not adversely affect oil consumption.
Engine No. 2(Fig. 17. This could also be a cause for increase blowby is the major consideration in the perceived durability,

oil consumption.

» There are two distinct types of ring motion on Diesel Engine
. 1 that can result from wear. When wear reaches a certain
(avel, the ringpack dynamics change. This causes a sudden in-

is might be important. If oil consumption is the major factor,
then second ring wear is not so important.
Diesel Engine No. 1 Experimental Result§he advantage of « Top and second ring side wear does not significantly affect
the cylinder kit model is that it is very inexpensive to run differenblowby or ringpack dynamics in the predictions.
cases. However, it was necessary to verify the model at a few key Oil film thickness predictions suggest that the oil consump-
conditions. As a result, two engine tests were run with “artificiafion will get worse as the top ring face wears.
wear” machined into the liners per the dimensions shown in Fig. « Model predictions were verified with of engine tests. These
1. Two cases were tested: 100 and 150 microns liner wear defd#sts showed the step change in oil consumption and blowby pre-
These two wear amounts were chosen because the model shodieted between 100 and 150 microns of liner wear.
a step change in ring dynamics and gas flow between these tw
values. The results are seen in Table 1.
In Table 1 and Fig. 12 it can be seen that the step changezi
blowby and oil consumption that was predicted between 100 andpjesel Engine No. 2 Ring-Pack Dynamics. There is only
150 microns of “nel’IWeal’ was Observed experimentally. Theredﬁe type of general ring motion and inter-ring gas pressure behav-
a very good correlation of the predicted blowby and actual.  jor on Diesel Engine No. 2. This is true regardless of the wear that
occurs on the cylinder kit parts. The predictions of inter-ring gas
pressure are shown in Fig. 13 and ring motion is shown in Fig. 14.
It can be seen that the inter-ring gas pressure is very low on Diesel
Engine No. 2. This is because the second ring is unstable between

c?Summary of Diesel Engine No. 2 Results. Diesel engine No.
vas modeled at 1800 rpm and 1460 N-m torque.

Table 1 Percent increase in blowby and oil consumption due

to wear
100 microns 150 microns
Blowby Increase ‘ : : ; : 207
Predicted 9% 63% 3 By SN L Ll 172
Actual 19% 100% . . . : . :

w
&

5
3
Pressure (MPa)

Oil Consumption Increase

Pressure (psi)

Predicted Small Increase Step Change Increase inter-Ring
Actual 7% 225% 0.60
0.34
o ‘ ; } ; ‘ } } o
-360 -270 -180 -90 o 90 180 270 360
250 R Crank Angle (degrees)

Blowby Incroase ‘ Fig. 13 Predicted inter-ring gas pressure-diesel engine No. 2
200 %Blowby Predicted | * engine
——%0/C Increase

3 :
? 150 - ‘
o ‘ ‘ ‘ ‘ :
g i Up . . . (TopRing )
=1004 - - - - - - - - T = : : : : ‘
o € : : ' ' ' '
o ' § :
: ; £ pown .
- S T CTTE R H
j ; H !
: ‘ P
g
£

T T 1

0 50 100 150 Down [
Radial Liner Bore Wear (um) 60 270 -180

(Second (7
Ring A/J

Q 0 180 270 360

Crank Angle (degrees)
Fig. 12 Predicted increases in blowby and oil consumption
with linear wear (experimental and predicted ) Fig. 14 Predicted ring motion-diesel engine No. 2 engine
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280 _ . : flow area increases due to wear, blowby will go up. On Diesel
—_ —e&— Liner Wear —u— Liner Wear (Expanding) . . .
B o] oS ipimeer  kSendgtelien| | Engine No. 1 this effect is moderated because of the seal caused
s ‘ ‘ : ; : by the second ring.
Boof peazeea o 2. 2 : The second thing that should be noted is that the wear of the
5 : : - ‘ ring will cause higher increases in blowby than a corresponding
H 1% , . T wear of the liner. This is because when the top ring face wears,
B0l & . s e s x o aranas the gas flow area at the gap is increased over the entire cycle.
a : - However, liner wear only increases the gap flow area around
80

TDC. Once again, this illustrates that it is more important to have
low ring wear than liner wear.

It is interesting to note that second ring face wear had no sig-
Fig. 15 Predicted effect of wear on blow by-diesel engine No. nificant effect on blowby. This is because the primary gas flow is
2 engine (1800 rpm, full load, single factor effect ) around the back of the second ring. The increase in gas flow area
in the end gap caused by wear of the second ring face, does not
affect blowby.

The side wear of the top and second rings does not affect the
predicted blowby.

Wear Depth (microns)

Diesel Engine No. 2 Oil Consumption Prediction$No signifi-
cant changes in the ring motion or inter-ring gas pressure are
predicted as a result of wear. Since the inter-ring gas pressures are
so low on Diesel Engine No. 2, thereris predicted “blowback”
(see above for description on Diesel Engine Npfat any of the
cases modeled. As a result there should be no loss in oil control as

Predicted Qil Film Thickness (microns)

0 1 1 1 l ; 1 1 the engine wears due to gas flows and ringpack dynamics.
o Eo e w0 . w0 w0 w0 Figure 16 shows the predicted oil film thickness under the top
Crank Angle (degrees) ring for the unworn and worn rings. The worn ring shows an

Fig. 16 Predicted oil film thickness under the top ring-diesel increase n f!lm Fhlckness Ju.St after TDO qeg' This may cause

engine No. 2 engine (UNworn ring Versus worn ring—150 mi- an increase in oil consumption. However in other locations the oil

crons wear ) film thickness for the worn ring is low when the piston is descend-
ing and high when the piston is rising. This is an ideal type of
scraping action for the ring and might lower oil consumption.
Because of these two conflicting results it is not possible to pre-

—50 deg and 70 deg. As the ring moves up and down, the gash&! the final effect on oil consumption. _

vent around the back of the ring. As a result, the primary leakageAn unusual spike occurs in the oil film thickness starting at 0
path for blowby is around the back of the ring. In short, the se€eg for the worn ring case. To model a worn ring, a very flat face
ond ring on Diesel Engine No. 2 does not seal the inter-ring gaseglof”e was used. It !S b.e“eved that the Splke in oil film 'th|Ckness
This causes Diesel Engine No. 2 to have higher blowby thdhcaused the combination of the flat profile and changing bound-
Diesel Engine No. 1. This same type of inter-ring gas pressufé conditions at top ring reversal. At the ring reversal the high
(and ring motion has been observed experimentally on anoth@essure above the ring will extend over a larger portion of the

engine[5]. As a result it was felt that this type of prediction is'ing face and cause the ring to move back. This is shown in a very
accurate. simple schematic in Fig. 17.

Diesel Engine No. 2 Blowby Predictions—Single Factor Effects
The prediction of blowby caused by the wear of each component
is shown in Fig. 15. It should be noted that the blowby on Diesel « Blowby on Diesel Engine No. 2 is much more sensitive to
Engine No. 2 is much more sensitive to top ring face wear angear than Diesel Engine No. 1. For equivalent amounts of wear
liner wear. The increases in blowby are much more significattie blowby increase in Diesel Engine No. 2 will be significantly
than what was observed on Diesel Engine No. 1. This is becausere than Diesel Engine No. 1.
the second ring does not seal gases. Any increases in the amoumtBlowby is affected more by top ring face wear than liner
of gases that flow into the inter-ring region will result in blowbywear. This indicates it is more important to have low ring wear
on Diesel Engine No. 2. As a result, when the top ring end gapan liner wear for good blowby control.

Diesel Engine No. 2 Conclusions

BTDC Phigh ATDC Phigh

Plowh l Plowh

Fig. 17 Simple schematic of radial pressure forces acting on the ring face
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e The ringpack dynamics on Diesel Engine No. 2 are vergnd ring face wear on Diesel Engine No. 1. On Diesel Engine No.
stable and are not significantly affected by wear of the compa@; the second ring face wear has no significant effect on blowby or
nents. As a result, there might not be very much change in eihgpack dynamics.
consumption. * Top and second ring side wear do not significantly affect
blowby or ringpack dynamics in the predictions for Diesel Engine
No. 1 and Diesel Engine No. 2. However, if the side wear be-

« Wear of the top ring face and wear of the liner increaseéomes too large, pounding of the ring might cause a breakage that
blowby on Diesel Engine No. 2 engine more than Diesel Engirtéll cause a loss of blowby and oil control. This was not modeled.
No. 1. However, the ringpack dynamics do not change on Diesel* The predicted effect of wear on Diesel Engine No. 1 and
Engine No. 2 while they do no Diesel Engine No. 1. This indiDiesel Engine No. 2 engines were very different. As a result, it
cates that Diesel Engine No. 1 oil consumption might deteriora¢@n be seen that the results shown here are not directly transfer-
more with wear than Diesel Engine No. 2. able to different engines. Each engine needs to be modeled to

- If blowby is the major factor in perceived durability, thendetermine the effect of wear on its durability.

Diesel Engine No. 2 will have less apparent durability than Diesel

Engine No. 1. If oil consumption is the major factor in perceived

durability, Diesel Engine No. 1 will have lower apparent durabilReferences
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A Probabilistic Approach to
Engine Balance

The paper presents an original probabilistic model of the balance of internal combustion
engines. The model considers the manufacturing tolerances and predicts the most prob-
able value of the first-order residual unbalance for engines that—theoretically—have the
first order forces and moments balanced. It has been found that, assuming normal distri-
butions of the geometric and mass parameters of the reciprocating mechanisms of a
multicylinder engine, the unbalancing forces and moments are statistically distributed
according to a Rayleigh law. The mode of the Rayleigh distribution, which represents the
most probable value of the residual unbalance, is expressed in terms of the statistical
characteristics of the parameters subjected to manufacturing tolerances. In this way, the
tolerances and, especially the ones admitted for the reciprocating masses, are directly
correlated to the expected value of the residual unbalance making it possible to establish
reasonable limits for these tolerances. Validation of the probabilistic balance model is
demonstrated by computer simulati¢80742-47980)01704-X]

Dinu Taraza

Mechanical Engineering Department,
Wayne State University,

Detroit, MI 48202

Introduction to the different cylinders of the same engine. At the same time, the

The classical theory of the reciprocating internal combusti%ﬁngmzro?;?ég??ir?r:éhiitgiigﬁfirﬁecg;‘s;ggred perfectly equal to

engine balance is based on the assumption that all reciprocatin ’ . .
mechanisms of a multicylinder engine are perfectly identical. hnﬁa\ctually, all these magnitudes are subjected to manufacturing

this case, for certain angular arrangements of the cranks aroy ?ergng??hznsdaﬁzeei“?r?gy different values for the different cyl-
the axis of the crankshaft some harmonic components of the e gine-

sultant Reciprocating Inertia ForcgREIF) may be perfectly (My)i=m,*Amy,

balanced. r-=TJ+Ar )
Actually, the manufacturing tolerances of the parts belonging to = : @)

the reciprocating mechanisms of the same engine determine 0;=0,=A0

slightly different values of the reciprocating inertia forces for the | mass production, the machined dimensions could be consid-
different cylinders of the engine. In this situation, a perfect bals,oq a5 distributed ac,:cording to a normal law
ance is no more possible and residual unbalances subsist for har-

monic orders that, according to the classical theory are completely 1/7-72
balanced. f(z)= exp{ -5 (_) , (3)
This situation is especially important for all engines having the V2mo, 9z

second order REIF balanced according to the classical theoryv\{oé reZ represents the mean value of the random variatded
balance. For these engines, the major unbalance is caused byU %s standard deviation. According to the properties of the nor-

first order residual unbalance of the REIF which is several tim?ﬁzal distribution, 99.73 percent of all possible values of a normally
larger than the unbalance predicted by the classical theory. distributed random variable are situated in the intealBo, .

In order fo be able to predict the_most probable valu_e of t onsequently, the nominal dimensions specified on the technical
residual unbalance and to correlate it to the manufacturing tolef-,

ances, a probabilistic approach is used to formulate a rando, Oraevrv;rr:%gagibggclci)rﬁtlg-ered as mean values and the corresponding
vector interpretation of the first order REIF. ’

1
(rm:§Amt,
Random Vector Interpretation of the First Order REIF 1 A 4
According to the classical theory of balaride?] the first order =38t “)
REIF corresponding to cylinderj" may be interpretedi as the
projection on the cylinder axis of a constant modulus vector Ue=§A9
|F |=(mt,)jrjw2, 1) In this situation, the vector representing the REIF for the cyl-

|.

: inder “j” will have a modulus equal to the product of two nor-
which rotates with the same speed as the crankshaft and is ®@lly distributed random variable and will be situated in the tol-
rected along the axis of the crank corresponding to cylingér « €rance field of the angular position of the crank corresponding to

The classical theory of balance doesn't make any differeng¥linder “j” (Fig. 1. _
between the reciprocating masseg and crank radii belonging ~_The modulus of the random vectff;;| representing the REIF
of cylinder “j” results as a product of two independent random
The first order residual unbalance is treated for normal reciprocating mechanis%rlablesi norma”y. dl.smbUted' Accordm.g tq the algebra of n(.)r-
without off-set. mal functiong[4], this is also a normally distributed random vari-

Contributed by the Internal Combustion Engine Division ¢iETAMERICAN ~ @ble whose mean value and standard deviation(see table in
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF  Appendix A):
ENGINEERING FORGAS TURBINES AND POWER. Manuscript received by the Inter-

nal Combustion Engine Division June 1, 1999; final revision received by the ASME E —m T w? (5)
Headquarters August 31, 1999. Technical Editor: D. Assanis. Iy tr
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F =F sing;= w?myr sin g,
X

o?, =, si? 6+ FLofcos g, 7

E'J :E“ cosgj = wzﬁ,r_cosa
y - - N
0F, =0?, o8 6,+F} it o) (8)
iy i
This pair of random vectors, resulting from the projection of the

same random vector are correlated random variables, the coeffi-
cient of correlation being3]

_ 2 2
tan26, 7F1, ~ 7F
Py~ o e ©
ijj 2 (TF ‘ O-FI

lix iy

and the covariance corresponding to this coefficient of correlation
is

Fig. 1 The random vector interpretation of the first order REIF, sin 2; -
considering manufacturing tolerances = == 152 _F242
9 9 Kyy, ijyj‘TFliX‘TFij > [O'FIJ_ F|j‘79 . (10)

The resultant random vector representing the first order residual
unbalance is obtained by calculating, first, its components on the
coordinate axes as sums of the components of the random vectors
corresponding to the engine’s cylinders. The components of the
resultant random vector are correlated random variables and their
covariance is equal to the sum of the covariances of all pairs of

component$3]:
Uﬁ‘ é N 1 N
) 2 _pF2,.2 i og.
y Kyy= Z Kyy,= 50, ~F} of] Z sin26,.  (11)
=1 j ) =1
B Consequently, if the following condition is fulfilled:
fi
y _ N
Eh —
] .
2, sin26;=0, (12)
j=1
X
- W the components of the resultant random vector have a covariance
'y MHJ9 and, respectively, a coefficient of correlation equal to zero.

Condition (12) is fulfilled for all engines that are theoretically
Fig. 2 Statistical distribution of the random vector interpreting balanced _W'th. respect to the Secon_d-(_)rder REIF. In this case the
the first order REIF for an arbitrary cylinder “ " angular direction; are uniformly distributed around the crank-
shaft's axis and the resultant random vector doesn’t have any
preferential orientation. In contrast, if the second-order unbalance
subsists, the first order vectors are opposing each ¢#sein the
case of the four stroke, four cylinder in-line engirand all the
U|j:w2\/mt2r0r2+720§1+ oton=w’mioi+1%07. () cranks of the crankshaft are situated in the same plane that deter-
] N mines a preferential direction for the first order random vector.
The tolerances affecting the angular positions of the cranks de-ps it was mentioned before, the first order residual unbalance is
termine a normal distribution of the random vectBi;| around especially important for engines that are theoretically balanced
the direction specified by;. Consequently, this random vectorwith respect to the second order REIF. In this case, the compo-
will be distributed according to a two-dimensional normal law, iteents of the resultant random vector may be treated as indepen-
tip being situated in the dispersion ellipse having as half axeégnt random variables and their statistical characteristics may be
3‘7\Fij\ and Fj o, (Fig. 2). calculated according to the formulas presented in the table in Ap-
The first order residual unbalance has two aspects: the untgndix A.
ance produced by the resultant of all first order random vectorsBecause the engine is theoretically balanced with respect to the
and the unbalance produced by the external moment of these \Viéigt order REIF,
tors with respect to the middle point of the crankshaft's axis.

j=1 j=1
Residual Unbalance of the First Order REIF the mean values of the components of the resultant random vector
In order to determine the first order force unbalance producc‘g‘criB equal to zero:

by the REIF in a multicylinder engine the resultant of all random — -
vectors corresponding to the engine’s cylinders must be calcu- | =E = "rwzz sing;=0
lated. This calculation may be performed by adding the projec- !

; . N N 13)
tions of the random vectors on the axes of the coordinate system. — e — —

The projected vectors will be also normally distributed random |y=2 L 2 cosf;=0
vectors (see Fig. 2 and their statistical characteristics may be =t =1
determined according to the table in Appendix A and the standard deviations of these components are
Journal of Engineering for Gas Turbines and Power OCTOBER 2000, Vol. 122 / 527
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2

o2 =
R
vy

N

2
[ox
1Ry
ly

w
9

N
+(MyTA0)2, coéa
i=1
4

9

N
+(MyrA6)ZY, sir? 6
=1

N

N

4 JR—
(ﬁﬁArZJrTZAmﬁ)Zl Sir? 6,
=

. B
= (W"ArZJr?ZAmﬁ)El cog 0,
~

(14)

R

For all engines that are theoretically balanced with respect to
the second order REIF the following condition is fulfilled:

M

Rl =Or,

N

Fig. 4 Rayleigh density of probability function

cos 25,: 0,
j=1
and taking into account the trigonometric relations +R2  R2
N _ 1 N o hzzﬁ = 0_—2| (18)
> sir? 0=5 N-, cosZB,-) R TR
=1 =1 (15) The probability expressed by relatiéh?) represents the distri-
N — 1 N — bution function of the modulus of the first order random ve&pr
21 cog 0,~=§ NJrE1 Ccos 20 and its differential with respect t&, is the probability density
j= i=

finally, the following formula is obtained:

2
w N _
OR=0R, =OR =7 \/§[m_ﬁAr2+r7Am§+(mtrrA9)2].

(16)

function of |R,|:

IR R?
f(|R|)=—exg —
O'RI

2
20%,

. (19)

Function (19) is the well known Rayleigh distribution and is
represented in Fig. 4. The mode of this function expresses the

In conclusion, the components of the first order resultant randamost probable value of the random variabR| and is equal to
vector are degenerated random variables having the mean vahe radius of the unity dispersion circle:

equal to zero and the dispersion ellipse of the resultant fRjce
reduced to a circle with the center in the origin of the coordinate

axes(Fig. 3.

M‘RI‘:O-RI- (20)

The median of the probability density functidh9) is equal to

The p(obabi_lity that the mod_ulus of the first order random Veghe expected mean value of the random varidBié and is given
tor R, will be included in the interval between zero affg| is

given by[3]:

P[0<|Rl|$|R|]:1—e‘“2’2,

7

by [3]:
Mg =1.250g . (21)

If the manufacturing tolerances are expressed as fractions of the

where parameteh represents the ratio between the area of thgyrresponding nominal value

circle of radiusR and that of the unity dispersion circle of radius

OR| -

30%; | 30k

Ory

r
30%,

X

N

30k,

Fig. 3 Statistical distribution of the resultant first order ran-

dom vector
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e=Ar/r

8m:Amtr/mtr’ (22)

and|F,|, the nominal value of the first order REIF is taken as a
reference, the most probable value of the first order force unbal-
ance may be expressed as

|RI| 1\/N 2 2 2
W—g 5[8r+8m+(Aﬁ) ]

Based on Eq(23), the manufacturing tolerances, and especially
those regarding the reciprocating masses, may be judiciously de-
termined in order to assure a smooth running of the engine.

(23)

Residual Unbalance of the First Order External Mo-
ment Produced by the REIF

In order to determine the most probable value of the first order
residual moment of the REIF additional magnitudes subjected to
manufacturing tolerances shall be considered: the distances sepa-
rating the cylinders along the crankshaft's axis. These distances
are usually expressed with respect to either the middle, or the last
journal bearing depending on whichever controls the axial posi-
tion of the crankshaft.

With respect to this reference, the position of the axis of cylin-
der “j” may be expressed as:

Transactions of the ASME
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3F|j0 the half axes equal tod,;, 3Fjo, and 3.

The moment of this random vector with respect to the reference
point O is also a random vector, normally distributed in the plane
xOy (Fig. 5), its mean value and standard deviation being:

M|j:bjF|j:aUTbjw2

_ g2 2 2.2 2 2
om, = \/Fljgbj"'bj O’FIJ+O'bjO'FIJ (26)

m

= w2\, 1)70%, + (7 02+ T2 7

— The tip of the random vectoM ; is included in the dispersion
M‘Jy ellipse having the half axes equal torg,; and 3Vl o, respec-
tively (Fig. 5. The projections of this vector on the axes of the
. coordination systerrOy are normally distributed random vectors
!

having the following statistical characteristics:

[ I\WH = I\WH €0s6; =My b, w? cosf;
ot =oh, oS 0+ M o sirt o, 7)

L Ix

Fig. 5 Random vector interpretation of the first order moment M, =M, sing;= ﬂ,?bjwz sin ¢
of the REIF, for an arbitrary cylinder “ ;" by !

0%y =0, St 6+ M7 0% cod 6, (28)
L iy i
and, again, considering the manufacturing tolerancesaslim- by 2 M, e

its, the standard deviation of these random variables are: The components of the resultant first order moment vector may

Ubj:%Abj i=1,2,...N. (25) be calculated by adding the respective components of_th(? indi-

vidual random moment vectors corresponding to the engine’s cyl-

Consequently, the first order random vector representing threlers. Based on formulas presented in the table in Appendix A,

REIF of cylinder “j” will be tridimensionally normal distributed, the statistical characteristics of the components of the resultant
its tip being situated inside the dispersion ellips@tty. 5 having first-order moment vector are

i=1 x =1
N N N N (30)
o3, 7 | TS, o 03 T oty S, 5 o8 0+ (S, B i 91}
X )= X 1= 1= 1=
N N
M|y=2 M, = w2myr > ;siné,
=1 W j=1
N N N N (31)
O'f,ll =2 o-f,ll =w* ﬁfr?ZZ oﬁj sir? Q-ﬁ-(ﬁﬁaf-ﬁ-?o%)z b? sir? 0j+(mtrr_09)22 b]2 cog 0;
y j=1 iy j=1 j=1 j=1
I
N and the components of the first order moment vector are degener-
KMIZE K, ated random variables having their mean values equal to zero:
i=1 i
a N M, =M, =0 (34)
w e I I .
27 ﬁfr?ZE Uﬁj Sin 20j+(ﬁt2r0'r2+?20'ﬁ1 g y
j=1

N N Taking into account relation@}), (5), (22), (30), (31), and(32)
Yy 3 — the standard deviations may be written as
X; b sin 291—(murvg)2j§:‘,l b?sin20;|. (32) y

— 12( N N
1|F _
2 _ ! 2 2 2, .2
If the first-order external moment of the REIF is theoretically M, ~ E{? [12—:1 (Abj) +J§::1 (Abj)“cos 2 +[er+ep

balanced the following condition is fulfilled:

N N
+(A0)7], b*+[s2+£2—(A60)%]Y, b?cos 2,
i=1 =1

N N
b; cosf, =D, b; sin§=0, 33
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tan2a0= ————. 38
2 2
O-Mlx_ ‘TM|y

Considering Egqs(35)—(38) this angle may be calculated by the
following relation:

l —
a= ztan

1

(Abj)Zsin 26;+[ 2+ 2~ (A0)?]Z ] b7 sin 26,

(Ab))? cos 20, +[s2+£2— (A6)*]= ! b? cos 2,

N
>
j=1

N
>
j=1

Fig. 6 The first order vector moments for a four stroke, six
cylinder engine (39)
and the half axes of the dispersion eIIipse:Nf:: » 3oy, may be
¢ 7

determined fronj3]:
] [ ﬂ N N [afﬂlgzafﬂlxcosz atoy s’ a+Ky, sin2a

oY == > (Ab)2=) (Abj)?cos 29, +[e2+62 ) v (40)
ly 213 j=1 j=1

o, :0-2M| sir? a+a'f,|l cog a—Ky, sin2a’
7 X y

) N - 2 o ) N = — The probability that the module of the vector representing the
+(A6) ]2 bi—[er+en—(A0) ]E b} cos 29, first order external moment would be included in the interval be-
J:]_ J:l . . . ..
tween zero antM| is given by a relation similar t¢17) where the
(36) parameteh? takes the following expression:

and the covariance as M2
—2( N h?=——— (41)
1/F 5 TOWM, O,
Ku=5|73 [2 (Ab;)? sin 26 e
=1 and the probability density function of this random vector is given

N - by a modified Rayleigh distribution
+[sf+s;—(Aa)2]2 b? sin 2@]. (37) M| M2
=1 f(|M||)=#exp e o | (42)
Equation(37) shows that, even if the second-order REIF are M oM M oM

theoretically balanced, the components of the resultant first orderagain, the most probable value of the residual first order exter-
external moment are correlated random variables. This situationig moment is equal to the mode of this function

determined by the fact that the moment vectors corresponding to

different cylinders have different magnitudes and the residual |M'|:‘/‘7M| oM, (43)
value of their sum will have a preferential direction determined by . £
the larger pair of opposite vecto(Big. 6). and its mean value is
In this case the system of coordinates is not a principal system —
Y principa Y my, =1.25M,. (44)

for the dispersion ellipse. The axes of the principal syst€w

(Fig. 7) are rotated with respect to the considered system by anFormulas(20) and (43) could be used to estimate the most

anglea [3]: probable value of the first order unbalance caused by the resultant
force and external moment of the REIF.

Numerical Simulation

In order to determine the significance of the residual first order
unbalance and to check the validity of the formulas established by
the probabilistic approach a particular case has been analyzed.

The considered engine is an automotive, four stroke, six cylin-
der diesel engine characterized by the following parameters:

Oy, m,=1000+5¢g &,=0.005
oy, r=50=0.05mm &,=0.001
0;=jx120°+15 A#=0.00436 rad
i=1,2,....6.

The cylinders are symmetrically situated with respect to the
middle journal bearing which is also the axial bearing of the
crankshaft:

Pup | b,=300+0.2 mm bg=—300=0.2 mm
Fig. 7 Position of the principal axes of the dispersion ellipse b,=180+0.2 mm bg=-180+0.2 mm
530 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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Table 1 Comparison between simulation and calculation 200

based on the probabilistic model of the REIF &
Calculated with formula () Numerical simulation g
w 150
I
R, =R, =0 (13) | R, =9.064x107|F,| &
Q
Ry, 21339 x107|F| S 100
Tk, =Tk, ZIZTIx07|F|| op, =3894x107°|F] &
(16) - - 1 ]
ax, =3931x107|F w50
= =
mp, 2484x107(F;| @1 | my =496x107F] 2
p— —_— 0 1
M, =M, =0 @ | M, =-9092x10°/F,| m 0 0.004 0008  0.012

> R1/| F1]
M; =-5194x107°|F| m
y I

Fig. 10 Histogram of the modulus of the first order random

om,, =0836x 1077 m (39) oy, =0832x 107|F;| m vector R,
~ -3 36
o, =0766x 1077, m (36) o, =0776x107°|F| m
Ky, 2193710 Ff m? BT | o = _1973% 1078 2 m?
a=-955° @¢9 | a=-1187° 160
my, 2100x 1075 m @8 | =1015x107|Fy| m 0
’ i d & 140
(@]
i
8:: 120
S 100 |
100 8 80 |
g 8 60
Z 80 | O 1
© % 40 |
8 60 | % 20 ;
3 | Z 9|
w40 4 0 0.008 0.016 0.024
8 _ M1/{F1| [m]
W
m 20 Fig. 11 Histogram of the modulus of the first order random
% vector M,
z ]
-0.

) ) i i b;=60£0.2 mm by=-60+0.2 mm.
Fig. 8 Histogram of the x-axis component of the resultant first

order random vector R, According to the classical theory of balance, the most signifi-
cant unbalance of this engine is the sixth-order force unbalance
which has a value six time larger than the module of the sixth
order harmonic component of the REIF. For the considered engine
(A=0.25 the sixth order harmonic component is 0.0000F2

w 120 and the resulting unbalancefRy,|=6x0.000072F |=4.32
0l X1074|Fy|. _
2 100 Using formula(23) the most probable value of the first order
'ﬁ':J residual force unbalance is determined:
¥ 80 A
3 | 1 F, \/6 . - o .
8 60 | ” |R,|f§ 5(0.00 +0.005+0.00436)=3.87x 107 °|F|.
5 40 | 1 In spite of the fact that the manufacturing tolerances are ex-
o | | tremely low, the residual unbalance is almost nine times larger
o 20 11 than the theoretical unbalance of this engine.
% ] il For checking the results obtained by the probabilistic approach,
z i a computer code was developed to simulate by random number
0. generation the manufacturing tolerances. The simulation was cali-
brated to produce standard deviations for the manufacturing toler-
ances in accordance with relatio® and (25) and the data re-
Fig.9 Histogram of the y-axis component of the resultant first sulting from this simulation showed a good agreement with the
order random vector R, calculation made with formulas developed in this paper. At the
Journal of Engineering for Gas Turbines and Power OCTOBER 2000, Vol. 122 / 531
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same time, the simulations show that, in mass production, some o = angular velocity of the crankshaft
engines will exhibit an even larger unbalance than the one pre- o = standard deviation
dicted by formulag23) and (43). Indices
A typical result obtained in such a simulation considering 1006l
random generated samples is presented in comparison with the
probabilistic calculations in Table 1. m
The histograms obtained from the simulated data are presented
in Fig. 8—11. As it could be seen they approximate fairly well the
predicted probability density functions.

= relative to an arbitrary cylinderj
= relative to the reciprocating mass
= relative to crank radius

= relative to Ox axis

= relative to Oy axis

= relative to the first harmonic order
Conclusions F relative to force

J

r

X

y

I

M = relative to moment

The classical theory of balance assumes all reciprocating ; = relative to Q axis

mechanisms of a multicylinder engine perfectly identical. In this 5 = relative to Oy axis

case, many harmonic components of the REIF may be balanced. ¢ = relative to the angular position of a crank
The manufacturing tolerances introduce small differences be-

tween the dimensions and masses of the reciprocating mecha-

nisms of the same multicylinder engine. In this situation, residugl .

unbalances of the REIF subsist for harmonic orders that theoregﬂppend'x A

cally should be balanced.
The residual unbalance is especially important for engines t ed as a result of algebraic operations applied to normally

are theoretically balanced with respect to the second order RE}fgyinuted random variables  [4]

i@:le Al Statistical characteristics of random variables ob-
In this case the most significant unbalance of the engine is the

residual first order unbalance which is several times larger than| Algebraic Statistical characteristics
the unbalance predicted by the classical theory of balance. °Azzfta,t'°" Independent random variables
ftuon

Applying methods specific to the theory of probability and
mathematical statistics a probabilistic model of the REIF and

methods to determine the most probable value of the residuall Z =% Ty o. = /0-2 + o2
unbalance are established. z r Y

The formulas developed in this paper may be used to correlate| Subtraction

Z=x+y

rox—>

the manufacturing tolerances with the expected residual _
unbalance. z=x-)y _ 2, 52
O, =40x 10}
T —_—
Nomenclature Multiplication | = _ x.y
b = distance measured along the crankshaft's axis Z=Xx.y - )
_ : . _ 2 2 2 2
r = crank radius O,=+\x 0,+y 0, +0,0
| = length of the con-rod _ — — Y 4
m, = reciprocating mass Function y=f(x)

= force

F

K = i y=f(x) = f'(x

f 2 covarance oy =[/@lo
N
R

= total number of cylinders of a given engine
= resultant
Am = mass tolerance References
Ar = tolerance of the crank radlus_ ) [1] Baranescu, G., 1975 ,eoria Echilibrajului Motoarelor cu Ardere Interna in
A@# = tolerance of the angular position of a crank Linie (Theory of In-Line Engines BalanteAcademia RSR, Bucharest.
e = relative deviation with respect to nominal value [2] Taraza, D., 1985Dinamica Motoarelor cu Ardere InternéDynamics of I. C.

_ _ ; ; ; Engine$, EDP, Bucharest.
A=rl ]9 - gﬁaﬂftgggiig‘a reciprocating mechanism [3] Ventsel, H., 1973Theorie des Probabilite€Theory of probability MIR, Mos-

cow.
p = coefficient of correlation [4] Haugen, E. B., 196&robabilistic Approaches to Desigiwiley, New York.
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Validation of a New TVD Scheme
Against Measured Pressure
Waves in the Inlet and Exhaust
System of a Single Cylinder

M. Vandevoorde Eng"]e

R. Sierens
Recently a new TVD scheme was presented by the authors and a comparison was made

E. Dick with other algorithms for two engine related test cases (the shock tube and the tapered
pipe). It was shown that the new scheme combines high accuracy with exact conservation
Department of Mechanical and Thermal of the mass flow, even in tapered pipes. In this paper the pressure waves in the inlet and
Engineering, exhaust system of a single cylinder engine are measured and compared to calculations
University of Gent, Belgium with the new algorithm. The comparison is made under motoring and firing conditions of
the engine with two different external mixture formation systems (different fuels: gasoline
and methane). Modifications on intake and exhaust pipe configuration clearly show their
influence on the pressure wave development. The importance of the loss coefficients for
the flow through the inlet and exhaust valves (mass flow coefficient) is demonstrated. A
test rig has been built to obtain these coefficients under steady-state conditions as a
function of valve lift and mass flow rate. It is shown that for this engine configuration the
measured steady-state loss coefficients are not reliable at low valve lifts. This can be
explained by the influence of the Reynolds number and the appearance of a transition
zone. For all mentioned comparisons the agreement is excellent. The next phase will be to
evaluate the code for multi-cylinder engines under atmospheric and turbo-charged con-
ditions.[S0742-4798)0)00204-0

Introduction with the new TVD scheme for two test cases: the shock tube and
the tapered pipe. None of the earlier methods combine high accu-

For more than 30 years, single pylmd(_er engines have been u§g&, for pressure wave calculations and correct calculations for
for validation of computer codes simulating the gas exchange Ly

cess of IC enginete.g.,[1]). Of course, over the years improve- pered pipes. Even the classic TVD schemes have local discreti-

ts h b de in th ing techni i zation errors at places with an area variation.
ments have been made In the measuring tec _n|qmgs, rans- —  The new TVD scheme has both a high accuracy for the first test
ducer$ and the data acquisition system. But mainly, the engine

E}ase(shock tubg and an exact conservation of the mass flow in

its most simple configuration is still an adequate tool to validaﬁeIe second test caggpered pipe The new scheme is described
new computer algorithms. in detail in[5].

The first gas dynamic computer code for the calculation of the |4 this paper, the new TVD scheme is tested against measure-

unsteady flow in engine intake and exhaust system was basedQths in the inlet-and exhaust system of a one-cylinder engine.
the method of characteristi¢solution of the differential charac-

teristic equation)s The_n Lax-Wendroff methods where_ intro-1  Numerical Algorithm
duced, where differentials are replaced by differences with a sec- . - . o )
ond order accuracy. Flux correction techniques are necessary td N€ one-dimensional unsteady gas flow in a pipe is described
reduce the inherent overshoots. Further, the centered L& the following basic equations
Wendroff schemes were thgndeq to firs.t order upwind sch.emesq-he Continuity Equation

Recently TVD(Total Variation Diminishing schemes were in-

troduced for the simulation of the gas exchange process in IC dpS dpuS

engined2,3]. TVD schemes are an extension of first order upwind ot + ox 1)
schemes by the use of non-linear techniq(ike so-called limit-

er9 to achieve second order accuracy. The Momentum Equation

The authors have developed a new cell-vertex TVD scheme IpuS  IpuS pS  4S  pu u

with the superbee limiter in two stage forf4,5]. Basically the ——+p—Ff——0, )
method is a one-dimensional variant of the polynomial Flux Dif- ot X (28 ax 2 |uf

ference Splitting(FDS) technique as developed [6-8]. In [4] :

the authors have made a comparison of different numerical aIgo-The Energy Equation

rithms (the method of characteristics, different Lax-Wendroff JpES dpEUS JpusS

schemes, first order upwind schemes, the classic TVD schemes o + o ox +0apS (3)

Contributed by the Internal Combustion Engine Division GiETAMERICAN The nomenclature is as follows:

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF
ENGINEERING FORGAS TURBINES AND POWER Manuscript received by the ICE _ e
Division June 1, 1999; final revision received by the ASME Headquarters July 17> — specific internal energ&d/kg]
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T o, T T e LT T T n + n 1. + n + n
i AFia2 ' AFir1i2 ¢ AFis3n2 : FR=Di_10nAF_ 15— EL'm(Di71/2nAFi—1/2-Di—1/2AFi—3/2)
-1 If i+ 42 1
oo R SRR ' +ELim(Di;1/2nAFin—1/2’Df—llznAFir'+1/2)- (11)
Fig. 1 Cell-vertex finite volume method The superscriph means that the variables have to be taken at
time leveln. The flux difference\F are calculated by
Pt Py
AR, 1p=F1  —F'—(§,1—-S) ——, 12
f = friction coefficient[—] 1= PR (578 = (12)
Op = g‘:ggg:gﬁ%%‘jr of the pipgm] with the fluxesF defined in(6). Lim is the limiter used. The
B superbee limiter gives the best overall performance with this TVD
g = heat transfer added through the walitkg.9)] scﬁeme[4] and it%s defined as foIIOWS'p
S = section of the pipgm?] :
t = time[s] superbega,b) = signa)max 0,max min(2abs(a),signa)b),
u = (convective velocity along the x co-ordinatiem/s| . .
|u| = absolute value ofi min(abs(a),2 sigria)b))).
x = co-ordinate aslong the axis of the pipe] The matriceD;_,,, andD;", ;, originate from a flux difference
p = density[kg/m®]

splitting technique. The technique used here is the polynomial
This set of hyperbolic partial differential equations expresséiix-difference splitting technique developed by one of the present

the conservation of mass, momentum, and energy for a systenthors[7], adapted for the cell vertex TVD scheme[Bl.

with friction, heat transfer, and a variable section. After division Second order accuracy for the time derivative is obtained by

by the sectior5, the equations can be written in short form as multistage algorithms: the time step fromto n+1 is hereby

divided into several stages. If the coefficients in these stages are

‘9_§+ Ei_ E: 4) well chosen an increase in the number of stages can result in an
gt Sox S ’ increase in the allowable CFL number and an increase in time
. . accuracy.
with the vector of conserved variables Equation (9) symbolically gives the one-stage scheme. The
£=[p, pu, pE], (5) two-stage cell-vertex TVD scheme with second order time accu-

racy is written as
the fluxvector

At At
F=[puS (puu+p)S, pHus]", (6) = seay (FL-FRT 5 B (13)
the pressure term At
JS T in+1:§in_ SiAX (FE“'Z—Fg+1’2)+AtBi”+1/2. (14)
P—{O,p&,o , 7
It is this two-stage form that is used for the calculations in this
and the source term paper.
) T The thermodynamic cycle of the cylinder is calculated from the
B=|0 _f& 19 ®) moment the inlet valve closdsrapped conditionsuntil the ex-
' 2 |ul S’ ar| - haust valve opengelease conditionswvithout or with combustion

) " (motored or fired engineThe thermodynamic model for the two-
The new TVD scheme is a so-called cell-vertex finite volumgsne combustion is based on the model by Tabaczynski et al.
method. In a cell-vertex formulation, the control volumes arf_11], but will not be described further. The only importance
formed by the cells in the grid. In one dimension these are thgye js that the thermodynamic model correctly predicts the re-
segments between the vertices of the grid as shown in Fig. 1. TB&se conditions. When one or two of the valves are open, the

term vertex is added to the denomination of the method to indicgiGinger conditions are calculated as a boundary condition for the
that the variables are stored at the vertices of the grid. gasdynamic model.

An obvious difficulty with the cell-vertex finite volume method
is the way in which updates of the variables in the nodes are to Be o .
constructed from the flux balances. The flux differernce in Description of the Test Rig
each volume has to be distributed to the nodes of that volume.The experiments are carried out on a single cylinder four-stroke
This distribution is done using upwinding technique, so that @FR engine with the following characteristics:
node intercepts the information from the physically relevant direc-
tion. Second order accuracy for the space derivative is obtained by bore: 82.55 mm

the use of non-linear combinationflimiters) of the flux stroke: 114.2 mm
differences. swept volume 612.5 cin
The second order accurate scheme is described by compression ratio: 6.29
At engine speedconstant 600 rpm
ntl_gn_ T (EM_ED) 4 AtBD ©) inlet valve opengIVO): 12°caafter TDC
' I gAx - R : inlet valve closegIVC): 30°ca after BDC
with exhaust valve open&VO): 31°ca before BDC
exhaust valve close&EVC): 5°ca after TDC
n_m~- n 1. + n + n The engine is connected to an electric brake. Figure 2 shows the
FL=Disu2ndFiaet LMD 12p AP 12, Dit AR 172 geometry of the inlet and exhaust system of the engine. The first

1 part in the inlet system is a buffer vessel of 209 1. It is installed to
T - n - n minimize the flow pulsation for a diaphragm type flow meter
5 LMDyt 12pAF 7 172, Dit 12pAF iy 372 - (10) placed in front, but the pulsation remained too large to do a cor-
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1 pressure measurement o)
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Fig. 4 Gas supply ring (methane)

I

Fig. 2 Geometry of the inlet and exhaust system

rect mass flow measurement. This is due to the strong activation

of a single cylinder at low engine speed. The buffer vessel is l /
connected to the cylinder head via a tapered pipe 830 mm),
an elastic pipgL=730 mm,J=231.75mm, 180 deg behdnd

again a straight pipéL =188 mm, &=31.75mm. The intake !/———ﬂ“\

port channe(L =60 mm,J=231.75 mm has a 90 deg bend in the o
cylinder head. The venturi is positioned at 198 mm before the
intake valve(intake port included Fig. 5 Disposal of exhaust gases (methane)
The exhaust system consists of a 90 deg bend through the ex-
haust port channe(L =60 mm, J=31.75mm followed by a
straight pipe(L=470 mm, J=31.75mm and a sudden section
change to a straight pipg. =350 mm, =53 mm. The end of pressurgheight position of the fuel reservoias it is done in the
the second pipe is connected to a buffer vessel of 25 I. In thi®rmal use of a CFR engine for defining the octane number of a
buffer vessel water can be injected by a spray to reduce the dasl.
temperature. For the pressure measurements however no watg{ second set of tests is carried out with methane. In this case
has been injected. Finally there is a pipe leading from the buffer tioe fuel is added to the air with a simple fuel pressure line to a
the atmospheré. =7250 mm,=53 mm). ring around the air intake pip@ig. 4) at the same location as the
Three high pressure piezo-electric transducers are installed: ae@turi for gasoline use. The methane is stored in a pressure ves-
inside the cylindefType Kistler QC32c, flush with the wajlone sel and the amount of fuel is again obtained by increasing the
in the intake channeltype Kistler QC32c, 90 mm before the pressure in the CH4 line to the ririgough regulation by a relief
intake valve and one in the exhaust chaniisipe AVL 8QP500, valve after the vessel, and fine adjustment by a second valve just
100 mm after the exhaust valveTo obtain accurate pressurebefore the ring In the latter case modifications are done to the
measurements water cooled transducers are (thede are cer- exhaust systertFig. 5). The pipe coming from the exhaust buffer
tainly necessary for in-cylinder and exhaust measuremefit® is made shortefL =3500, =53 mm and for safety reasons a
quartz transducers used for the dynamic measurements haviarais located at the end of it to prevent any methane to accumu-
natural frequency of 70 kHz and a linearity better than 0.2 percdate. The fan decreases the pressure in the exhaust system with
FSO. Calibration is done for the combination transenly 3 cm H20.
ducer+cables-charge amplifier before each set of tests. For the The experiments are done under motoring and firing conditions
in-cylinder measurements the log p-log V diagrams of the motosf the engine.
ing and firing cycles are used to verify the absolute pressure level,
the position of the TDC and the compression ratio. Also for the
in-cylinder measurements under firing conditions, thermal shoek Steady Flow Discharge Coefficients
error can not be avoided, but the transducer used is one of the best
on the market in this respect, as own research has3.1 Definition and Background. The mass flow rate
indicated[12]. through a poppet valve is usually described by the equation for
A PC based data acquisition system is used to store the presstompressible flow through a flow restriction. This equation is de-
data at a sample interval of 1 deg crank angle. The sample pulsiged from a one-dimensional isentropic flow analysis.
are given by a CAMcrank angle markgrencoder combined with  The real mass flow is smaller than the theoretical mass flow
an interpolator. The position of TDC has been located using ankcause of a reduction in effective flow area due to the flow sepa-
VL 428 TDC sensor, with an accuracy higher than 0.1 deg ca.ration from wall and valve, heat transfer and friction and by a
Different fuels can be used in the engine by changing the ewenuniform distribution of the flow around the contour of the
ternal mixture formation system. A set of tests is carried out withalve. The real gas flow effects are included by means of an
gasoline. An adjustable amount of fuel is added to the air in experimentally determined discharge coeffici€at, where
venturi (Fig. 3). There is no throttle valve in the inlet pipe. The

fan

regulation of the amount of fuel is done by increasing the fuel Cp= _mreal (15)
Mineror
with
air 3 Cp = discharge coefficierft—]
& m = mass flow[kg/s]|
. and subscripts
gasoline
real = measured on the test rig
Fig. 3 Venturi (gasoline ) theor= from theoretical calculation
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i\ " _} ‘3\\ Fig. 7 Test rig for steady-state flow through a valve

Fig. 6 Discharge coefficient of an inlet poppet valve [13]

The air delivered by the compressor is blown through the cyl-
inder head of the engingrom inlet valve to cylinder liner, from
cylinder liner to inlet or exhaust valve and from exhaust valve to

In addition to valve lift, the performance of the inlet valve asseneylinder liner, so taking into account also back-flow situatjoirs

bly is influenced by the following factors: valve seat width, valvehis way, a complete range of flow levels at each valve lift incre-

seat angle, rounding of the seat corners, port design, and cylindeent can be used for the measurements.

head shape. The real mass flow is determined by measuring the pressure
The value ofCp and the choice of a reference area are linkedrop across a diaphragm. It is good practice to limit this pressure

together: their producCpAg, is the effective flow area of the drop to about 125 mm 0. For smaller pressure drops, air can be

valve assembhAc . Several reference areas may be chosen, bmeated as an incompressible fluid. A disadvantage of the dia-

only two different approaches are commonly used. phragm is that the pressure difference across the device varies
The first approach is to use the curtain afea, where with the square of the flow rate. It follows that a turn down in flow
rate of 10:1 corresponds to a reduction in pressure difference of
Ac=mD,L, (16) 100:1, implying insufficient precision at low flow rates. This is
] solved by using different orifice diameters for different mass flow
with ranges
Ac = curtain area[m?] The relevant mass flow range for this engine is from 0 to 0.02
L, = valve lift, [m] kg/s. This range is subdivided into three smaller ranges that each
D, = valve diameter[m] can be measured with one orifice giving allowable pressure drops.

the results of steady flow tests on a typical inlet valve configur
tion with a sharp-comered valve s¢ag|. The discharge coeffi- y,,5,4h the inlet valve. This is no problem since the two flows
cient based on valve curtain area is a discontinuous function of

e h e to be compared by the Mach and Reynolds humber and not
valve lift/diameter ratio. The three segments shown correspond the absolute value of the pressure.

differt_ant flowr:egimeks] as Iindir(]:at%d. A(‘jt very IC.’W Iiftr']s_, rt]he lflow The calculation of the mass flow from the pressure drop across
remains attached to the valve head and seat, giving high va uestﬁ)é orifice is done according the 1SO 5167-1 norm.

the discharge coefficient. At intermediate lifts, the flow separates,, many engine designs the port and valve assembly are used to

from the valve head at the inner edge of the valve seat as show ate a rotational motiofswirl) inside the engine cylinder during

An abrupt decrease in discharge coefficient occurs at this poiffy gy iction process, or the cylinder can be shaped to restrict the
The discharge coefficient then increases with increasing lift singg through one side of the valve opening to generate swirl
the size of the separated region remains approximately consta; '

while the minimum flow area is increasing. At high lifts, the flowl-h

separates from the inner edge of the valve seat as V\.’e.”' head including the intake and exhaust port channels. So the pres-
The second approach is to use the geometric minimum floW e 410y across a valve includes these channels. The disadvan-
areaAM. The geometric minimum flpw area s a cqr_nplex funcfage is that the losses in these pipes are included in the flow
tion of valve and valve seat dimensions. The transition points {)oficient Ideally losses should be determined separately from
Fig. 6 can also be seen as sudden changes in geometric MINIMUA yalve flow coefficient, so that the effect of the shape of the

area. In this way, th€p, value is a much more continuous funCpa1e and exhaust port on its own could be investigated.
tion of the valve lift/diameter ratio.

In either way it is clear that the effective flow arda shows a 3.2 Steady Flow Results and Discussion.The result of the
discontinuous behavior, and in this paper the first approach nseasurements for the flow from the inlet to the cylinder are
used. shown in Fig. 8 and Fig. 9. Figure 8 gives tly, value for a

In order, first to obtain the mass flow coefficients for the valvesertain valve lift, as a function of the Reynolds number. The Rey-
of the CFR engine, second to verify if these coefficients can b@lds number is calculated based on the diameter of the pipe
used to predict dynamic behavior, and third to investigate thmefore the valve and the velocity before the valve. It is clear that
Reynolds number influence on these flow coefficients, a test figr a certain valve lift there is a significant effect of the Re num-
was constructed. Figure 7 shows the test set up, for the norrber. For low valve lifts(0.5,1,1.5 mm the value ofCy increases
inlet flow through the inlet valve wittR the rotary compressor with the Re number to a limit value at high Re numbers. For
(type Vortech V-], the valves V1 and V2 to regulate the massnedium valve lifts(2,3 mm) the Re effect has become less, where
flow, the diaphragm type mass flow meterand the systen$to for high valve lifts (5,6 mm) there is a minimum irCp with Re
set the inlet or exhaust valve lift to a certain position. The statimumber. The importance of the valve lift itself @y remains.
pressures are measured at different locations as a function of Eigure 9 displays the same results as a function of valve lift only.
valve lift and of the mass flow rate. From Fig. 8 it is clear that for most valve lifts the largesg

e measurement of the flow coefficient is done on the cylinder
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Fig. 11 Discharge coefficient for exhaust valve
Fig. 8 Discharge coefficient for inlet valve

The Cp coefficients used for the simulations however are not
the same as the measured ones. The coefficients used are shown in
values occur at high Re number only, or at high and very low Reg. 9 and Fig. 14(full line). The coefficients used in the simula-
number togethefe.g., 5 mm. That is why in Fig. 9 the large€lp,  tion were determined starting from the measured ones in steady
coefficients for each valve lift correspond to measurements wiffow with introduction of changes in order to take account of

flow of high Re number or very low Re number. transient effects in such a way that agreement with the measure-
The lowestCp _coeffnments for each valve lift correspond toments could be obtaine@ee section 4 For the inlet valveFig.
measurements with flow of low Re number. 9) the usedCy, value stay relatively higlfabout 0.5 at valve lifts

For the exhaust valve the Reynolds number is calculated baggdow 2 mm but dropgbetween 2 and 3 myrto approximately
on the diameter of the pipe after the valve and the velocity aftéfe measured values. So for high valve lifts the largest of the
the valve. The results are shown in Fig. 10 and Fig. 11. At lomeasured values are found. As explained in a previous paragraph,
valve lifts, theCp value increases with the Re number to a limithese measurements can correspond to flow with high Re number.
value at high Realike the inlet valve. At 4 (and § mm valve lift |t seems as if th€, value for low lifts is to be held until a sudden
the Cp, value at low Reynolds is high, but there is a sudden trafransition reduces th€p, value. In Fig. 12a) the Reynolds num-
sition to a lower value at about Re 7500 followed by a restoratigser (from simulation in the last node before the intake valve is
at higher Re. At 6 mm valve lift, th€;, value increases very fast shown together with the valve lifdimensionless At high valve
with (low) Re number, followed by an abrupt decrease and restgits the Re number is also high. This explains why after the tran-
ration. Figure 11 displays the same results as a function of valggion the measure€, values with high Re number are found.
lift only. From Fig. 10 it is clear that for most valve lifts the Because the inlet valve opens relatively l41€°ca after TDQ
lowestCp, values occur at low Re number, so in Fig. 11 the lowesind has no overlap with the exhaust valetoses at 5°ca after
Cp coefficients for each valve lift correspond to measuremermt®C) there is a large acceleration of the flow into the cylinder
with flow of low Re number. when the inlet valve opens. This acceleration introduces sudden
transition phenomena where on the steady test rig the transition
(when the flow is gradually increaseés much smoother. This
explains the necessary difference between the measured and used
Cp values at low valve lifts.
- =< mean of measurements Also for the exhaust valve, other coefficients than the ones

sed in simulation measured on the static test rig are used for the simulations. Again
046\ " i at low lifts the measured and used coefficients are not the same.
X

0.8 T T T T T T
0 O O measurements

For low valve lifts theCp values used are lower than the mea-
sured ones, and for lifts above 2 mm the lowest of the measured

Discharge coefficient CD [-]

0.4 g N values are used. The lowest values of the measurements corre-
T f- - Y—F3= T—F1-4 spond to flow with low Re number Fig. {1 shows the Reynolds
o 8 number in the first node after the exhaust valfrem simulation
02 '1 ’2 13 '4 '5 Io 7 together with the exhaust valve liftimensionless At high valve

lifts, the Reynolds number is loweven reversed flow occurs
This explains the trend to follow the measuréd values with

low Reynolds numbers for high valve lifts. The blow down pulse
at the opening of the exhaust valve gives flow conditions that are
07 T T T T T T very difficult to reproduce at a steady test rig. It is not surprising

Valve lift [mm]

Fig. 9 Discharge coefficient for inlet valve
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Fig. 10 Discharge coefficient for exhaust valve Fig. 12 Reynolds number and valve lift
Journal of Engineering for Gas Turbines and Power OCTOBER 2000, Vol. 122 / 537

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



that in the region of low valve lifts differences occur between !4 T T T ! ! ' '
measuredCp values and values necessary for good simulations;

results. 2" 1
The coefficients used in the simulation program have beerg |
tuned to reproduce the correct pressure traces inside and out ttg ' t

cylinder. It has to be noted that the same set of coefficients is use \ ) . . i ) |

for all the simulations. As will be shown later, tii, coefficients = % 100 200 300 400 500 600 700
have a large influence on the pressure traces. crank angle [°]
4  Simulation Results Fig. 14 Comparison of measured and calculated pressure in

. . . . . th haust pi ithout exhaust buff |
For the complete test rig as shown in Fig. 2 the simulation® < aust PIPe (without exhaust buffer vessel )

results are shown in Fig. 13. Figure (&8 shows the measured

(full line) and calculateddashed ling pressure at the position Ofg&?}ca remains almost constant to 100°dzor the second half of

the pressure transducer in the inlet pipe. There is a strong pres ; - o X
drop due to the large section reduction in the venturi. The secti intake strok¢100°ca—210°cathe piston speed decreases and

before and after the venturi ha&31.75 mm while in the “throat” . . . i
section of the venturi this is reduced @12 mm. There is a small Pressure follows the sam@creasing trend until the inlet valve
amount of back flow through the inlet valve near its closing poirﬁjoses'

(210°ca. The shape of the calculated mass flow curve is the same
as the Reynolds curve in Fig. @&. It is clear on Fig. 12a) that
the calculated mass floReynolds numbgrbecomes negative
when the inlet valve closes. On the pressure trace a pressure b
up (larger than atmospheric pressuige noticed near closing of
the inlet valve. This is due to the inertia effects of the flow. Afte
closing of the inlet valve, the pressure waves can travel back a

When the exhaust valve opens, a large pressure differ@nices
ﬁ]ﬂa in the cylinder versus about 1 bar in the exhaust systeer
IS valve exists. A largésteep pressure wave is released in the
xhaust pipe. The in-cylinder view of this phenomenig.

forth from the buffer vesselbecause of the large volume this is
almost an open end boundarto the inlet valve(closed end
boundary. An error in the length of the complete inlet pipe woul
be easy to find since the simulated and measured pressure tr d
would not be in phase. Due to friction and passage through tﬁ@v
venturi the amplitude of the pressure wave declines.

Figure 13b) shows the low pressure part of the cylinder pre
sure. Via the valve boundary condition the flow in inlet and cyl
inder are linked. In this boundary condition a mass flow coeffl
cient is necessary. Because the inlet valve opens relatively Ifl@ . ,
(12°ca after TDQ and has no overlap with the exhaust valv race in the cylinder.
(closes at 5°ca after TDGhere is a pressure drop in the cylinder
when both valves are closed. Next the inlet valve opens with
large acceleration of the flow due to the large pressure differen . .
before and after the valve. This is why in Fig.(@2the maximum very long (7.25 m pipe connected to it. In order to show the
flow rate occurs early in the intake strokeax flow reached at

e large pressure difference is levelled, so intake and cylinder

The thermodynamic cycle calculation is not the subject of this
paper, but provides the correct release conditions for the flow.

é(b)) is characterized by a steep pressure drop followed by pres-
sure oscillations due to reflections of the pressure wave in the
exhaust system through the exhaust valve in the cylinder. Figure
d13(c) shows the measured and calculated pressure in the exhaust
&’-8@’ at the location of the pressure transducer. The steep pressure
e is noticed as soon as the exhaust valve opens. This wave
owever is partly destroyed by reflection on the sudden section
Lhange. This sudden section change causes a reflection and a
transmission of an incoming wave. When this abrupt pressure
phenomenon has settled, only travelling waves can be seen in the
aust pipe. These waves can also be noticed on the pressure

The pressure in the exhaust system has also a component with
lgnger wave-length than the previously mentioned waves. This is
result of a dynamic action between the buffer vessel and the

effect on measurement and simulation, the exhaust buffer and the
long pipe connected to it were removed. Figure 14 shows the

measured and simulated pressure trace in this case. Now the pres-

El stant and equal to atmospheric pressure. The rest of the wave
° action can be explained in a similar way as before.
% For comparison, a simulation without ignitiémotored enging
8o, is shown in Fig. 15. There is a significant difference in the pres-
= sure during the exhaust strokboth in the cylinder and in the
- 1 1 I I 1 ] 1
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Fig. 13 Comparison of measured and calculated pressure dia- Fig. 15 Comparison of measured and calculated pressure dia-
grams (initial test set-up, gasoline ) grams during motoring
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simulation has been carried out using the mé& coefficients
(dashed lines on Fig. 9 and J1for inlet and exhaust valve. The
result is shown in Fig. 17 and has to be compared to Fi¢h)16
where the correct values were used. The pressure during the in-
take stroke shows that the resistance to the flow is too large and
thus the simulated pressure is too low compared to the measure-
09 s A A i - 1 1 ment. This is because the me@g coefficients for the inlet valve

crank angle [°] are too low during the first part of the intake stroke. Tuning the

Cp coefficients until the measured pressure in the cylinder is ob-

Fig. 16 Comparison of measured and calculated pressure dia- tained for the intake stroke results in the full line in Fig. 9.
grams (modified test set-up, methane ) For the exhaust stroke the blow down pulse releases the pres-
sure too fast because ti@&, coefficients in the first part of the
exhaust stroke are too large. This makes that the wave action in

. . . . the cylinder and the exhaust system is wrong. Tuning Ghe
exhaust pipe Because of cooling effects during compression anéj efficients until the measured cylinder pressure is obtained for

expansion, the cylinder pressure at the end pf the expansion str exhaust stroke results in the full line in Fig. 11.
is lower than the pressure in the exhaust pipe. When the exhaus

valve opens, a flow from the exhaust pipe into the cylinder occuré. lusi

This can be seen on the cylinder pressure trace, Fi@) 1pres- onclusions

sure increases when EVY@nd on the exhaust pressure trace, Fig. The pressure-time history in the inlet-and exhaust pipe and in
15(b) (when EVO there is a pressure djoffhe pressure wave the cylinder of a single cylinder engine was calculated with a new
amplitudes are smaller than with combustion and the pressuréD scheme(two stage cell-vertex TVD scheme with superbee
trace does not show the blow down pulse. limiter).

With the modified engine as described in section 2 to allow for Comparison was made with measured pressure traces for dif-
gaseous fuels, similar tests were carried out. The most importé@tent engine configurations under motoring and firing conditions.
modifications are the replacement of the gas venturi by a g@ke firing tests were done with gasoliffeenturi type mixture
supply ring, and a fan. The last pipe in the exhaust system wagstem, methane(ring type mixture systeiand with modified
made shortef3.5 m instead of 7.25 jn exhaust systems. For each configuration the comparison is excel-

Figure 1&a) shows the measured and calculated pressure tradest provided that th€€ values are tuned properly.
in the inlet pipe at the same location as the case with the venturiAttention was paid to the flow discharge coefficients of the
It is clear that the pressure drop is much smaller now, becauseirdét-and exhaust valve. Therefore a special steady flow test rig
the very small obstruction of this ring for the flow. After an initialwas built and the flow discharge coefficients were measured as
pressure drop the flow during the intake stroke is much mofenction of the valve lift and the mass flow ra@eynolds num-
influenced by pressure waves than in the case with vefttuei ber. It was observed that steady state flow coefficients at low
venturi acts as an obstruction for pressure wavagain a small valve lifts have to to be modified for transient effects in order to
pressure build up is noticed when IVC due to the pressure bulbé useful in simulations.
up in the cylinder after BDGa small amount of back flow in the
inlet pipe.

The pressure drop in the cylindéfig. 16b)) due to the late Acknowledgment
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Comparison of Algorithms

for Unsteady Flow Calculations
in Inlet and Exhaust Systems
of IC Engines

A comparison of different numerical algorithms used in commercial codes for the calcu-
lation of the one-dimensional unsteady flow in the pipes of the inlet and exhaust systems
of internal combustion engines is presented in this work. The comparison is made between
the Method Of Characteristics (MOC), different Lax-Wendroff schemes, first order up-
wind schemes and the newest TVD (Total Variation Diminishing) schemes. These algo-
rithms are representative for the complete evolution noticed in the computer codes from
the beginning of their use to the present state of the art. Two models of realistic problems
in engine simulation tasks are considered: the shock tube calculation (so called Sod’s
problem) and the calculation in a tapered pipe. The first test case simulates the exhaust
valve opening and releasing a pressure (shock)wave in the exhaust manifold while the
other test case covers any gradual variation in the cross section of the manifold pipes.
For both test cases computed results are compared with an exact solution and computer
time and accuracy are evaluated. None of the examined schemes is completely satisfac-

tory. They either show too much overshoots (for the first test case), or they have local
discretization errors (at the section changes of the second test case). A new TVD scheme
is proposed that does not introduce any of the foregoing inaccuracies. With this scheme
overshoots and dips are eliminated and mass balances are fulfilled, while maintaining
high accuracy[S0742-47980)00304-5

Introduction et al.[2] at UMIST. This code was based on the method of char-
teristics. Different versions of this code were used for almost

The lay-out of the intake and exhaust system of a reciprocathT?ree decades in the develooment of intake and exhaust svstems
internal combustion engine is an important aspect of its desigfH ! Velop : xnaust sy

Because this design governs the gas flow into and out of t gd it was licensed to a great number of companies. Similar codes

engine’s cylinders, it affects both volumetric efficiency and re€V0Ived at other place®.g., Blair and co-workers at the Queen's

sidual gas fraction, which in turn have an important influence dAniversity of Belfast[3]). Soon however the computational ad-
fuel consumption and emissions. vantages of the differential methods were pointed Quax-

Initially “filling and emptying” models were used to describe Wendroff[4], Richtmyer[5]). It was the start of a whole family of
the engine as a series of volum@ylinders, manifolds, filters, codes using the Lax-Wendroff method. In Germany, industry and
coolers that exchange mass, while neglecting the gas dynamiggiversities worked together for years in the development and
taking place in the pipes connecting these volumes. Compuidation of a computer code taking this approa8kifert[6,7]).
codes taking this approach are still being used by engine desifigcause these Lax-Wendroff methods can handle discontinuities
ers. A well-known example is TRANSENG, a code which waBut cause local overshoots, flux correction techniques were intro-
developed by Watson and co-workers at Imperial Collddeand duced nexiBulaty and Niessnéf8]) to further improve them.
which initially was advocated by him as a tool in the development Most commercial codes currently available use some form of
of engine control strategies. However, from the start it was redhese finite volume method®/AVE, PROMO, BOOST, GT). At
ized that this approach has its shortcomings because it neglectsttieesame time some other commercial codes still use the method
wave action effects in the pipes. Especially for engines with comf characteristic$MERLIN, ICENG). However, both approaches
plex intake and exhaust manifol@he larger marine engines andwere already developed some time ago and start to be somewhat
the small automotive engineshis leads to errors. That is why outdated. Nowadays, TVDrotal Variation Diminishing schemes
already more than 30 years ago gas dynamic models were intave being introduced for the simulation of the gas exchange pro-
duced to study the engine gas exchange process in these engicess in IC enginesWinterbone and Pearson form UMIS®B],

Gas dynamic models solve the mass, momentum, and eneBjyir et al.[10]). Such schemes are well-known amongst Compu-
conservation equations for the unsteady compressible flow in tfagional Fluid Dynamics practitioners but are rather new for most
intake and exhaust. The gas exchange process calculated withhe engine developers.
these models is then linked to a zero dimensional thermodynamicThis paper gives a general overview of the evolution of the
model of the in-cylinder combustion process. above mentioned algorithms, without going into details. The al-

Most calculations of the gas dynamics have been based on ogerithms mentioned in Table 1 are applied to two test cases that
dimensional formulations of the governing equations. The firgke representative for internal combustion engines. The actual in-
computer code taking this approach was developed by Bensepand exhaust systems of internal combustion engines are much
more complicated than the two test cases used in this paper. The
Contributed by the Internal Combustion Engine Division ¢fETAMERICAN  test cases are meant for an analysis of fundamental properties of

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF  tha schemes. Other and newer. one-dimensional schemes are con-
ENGINEERING FORGAS TURBINES AND POWER. Manuscript received by the ICE ) !

Division April 7, 2000; final revision received by the ASME Headquarters April 17linUOUSly being investigated and presented in the literature. They
2000. Technical Editor: D. Assanis. are however not included in this comparison. Similarly, although
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Table 1 Numerical schemes

No | Scheme Patm
Pres=1.2 patm Tatm

1 MOC

2 Richtmyer Tres=1.1Tatm ﬁ:

; S=1.2

3 Ni S=1

4 FCT *(») .................... i.o ......... 2?’ ______ b e ol .33

5 Upwind, 1st order

6 | TVD, 1 stage, minmod limiter \_ﬁ

7 TVD, 2 stage, minmod limiter i )

8 TVD, 4 stage, minmod limiter Fig. 2 Tapered pipe test case

9 TVD, 1 stage, superbee limiter

10 TVD, 2 stage, superbee l¥m¥ter  a shock wavdsudden change of pressure, density and veloc-

11 TVD, 4 stage, superbee limiter ity)

12| ENO, 1 stage, minmod limiter « an expansion wavégradual change of pressure, density, and

13 upwind, cell-vertex, 1st order velocity)

14 TVD, 1 stage, minmod, cell-vertex * a contact discontinuitysudden change of density, with con-

15 TVD, 2 stage, minmod, cell-vertex stant pressure and velocity

16 TVD, 4 stage, minmod, cell-vertex For the calculations the initial conditions have been set, at

17 TVD, 1 stage, superbee, cell-vertex =1.50am; Pre= 1.2504m thereforeT = 1.2T ;. The gas is as-

18 TVD, 2 stage, superbee, cell-vertex sumed to be perfectk(=1.4).

19 TVD, 4 stage, superbee, cell-vertex

1.2 Calculation for a Pipe With a Gradual Area Change
(Tapered Pipe). This test case is selected in particular to look at
the accuracy when area variations are included.
two and three-dimensional simulation models have been intro-Due to its theoretical constitution the method of characteristics
duced for complex boundarigg.g., exhaust pipe junctions andhas difficulties to comply with the law of conservation of mass
converter system&hao and WinterbongL1], Flamang and Sie- When applying it to a flow through a pipe with a gradual area
rens[12])), especially when the shape effects of these boundarigizange. Van Hove and Sierefts4] demonstrated that the cycle
are investigated, these models are not considered here. integrated mass flow is not constant in all mesh points of a tapered
pipe. This results in an error of the mass balance of the engine.
The total mass of the exhaust gases for each cycle differs from the
1 Test Cases total of mass of admitted air and fuel. This effect is not so impor-

Two different test cases are used for the comparison of tk@nt for natural aspirated engines, but it can cause severe errors
different algorithms. when estimating the operating point of the compressor and turbine

. ) ) of a turbocharged engine from the above mentioned intake and
1.1 The Shock-Tube Calculation. This test case is gener- aypaust flows.

ally called Sod's probleni13] and is used here to compare the The other methods that are considered in this study are based
accuracy and calculation time of the numerical schemes. Itis reg}; 5 fixed grid in the pipe, and because they directly discretize the

resentative for an exhaust valve which opens infinitely fast. Fepnservative equations they have the mass conservation property
the numerical schemes it forms a severe test. Quality differencggomatically. However, they show a different problem with this

of the schemes can be clearly shown. Further it is interestifgs case. The calculated propertigsessure, density, tempera-
because the analytical solutidr-exact solution is known (s yrg . . .) have a dip or an overshoot in the nodes where the area
long as the waves do not interfere with reflected wavasd this  changegnodes 20 and 25 on Fig).2

analytical solution can serve as a reference for the comparison. gecause in the manifold of reciprocating engines area varia-

The problem consists of a pipe with constant section connectgghs are obvious and frequent, this problem is considered impor-
to a reservoir on the left side and to the atmosphere on the righht enough to be investigated. In this test case an area change of
side With pres> Pam (Fig. 1). Within the pipe a diaphragm sepa-2g percent is taken. The initial conditions have been sepat:
rates a volume of gas at reservoir conditions from that same 9asf o - T,e=1.1T 4. Again the gas is assumed to be perfect.
atmospheric conditions. A< 0 the gas is at rest. The changes of aum Tres am
the gas are calculated when the diaphragm is brokeér-@t The > Numerical Algorithms
gas flow is from left to right in Fig. 1. ) i ) o )

At t=0 the diaphragm is broken and the following changes The one-dimensional unsteady gas flow in a pipe is described

oceur: by the following basic equations:
The Continuity Equation.
dp.S dp.u.S
i at ax (1)
reservoir diap hragm P X
= tm
Pres=1.5 patm o 2 The Momentum Equation.
Tres=1.2Tatm ' Tatm 2 2
N o 8p.U.S+&p.U S ap.S+ aS fp.u u o (2
0 995100 199 at x  ox Pax T2 @)
' The Energy Equation.
dp.E.S dp.E.u.S ap.u.S
pE>, 0P L 3)

ot X ax
Fig. 1 The shock-tube test case
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This set of hyperbolic partial differential equations is in conehanges when calculating tapered pipgkich, however, does not
servative form and describes the conservation of mass, momarfluence the total integrated mass during one gycle
tum, and energy. For a periodic flow the integration of mass In this study three well known and “state of the art” two-step
through an area of the pipe during one complete period has to B4 based schemes have been examined: the Richtmyer scheme
constant, but momentum and energy are lost due to wall frictidwith a Runge-Kutta like integration methpfb], the Ni scheme
and heat transfer. [16], and the MacCormack variafit7] (with a predictor-corrector

In the following sections, the properties of the schemes alike integration method The MacCormack variant did not show

discussed. A summary of the basic features of the schemes?fy difference from the Richtmyer scheme and will not be explic-
given in the appendix. ity mentioned anymore. For the constant section test case the

results obtained with the Richtmyer and the Ni scheme are similar

2.1 Method of Characteristics(MOC). This method does (this is not surprising because they originate from the same
not discretize equationd) to (3) but a set of normal differential theory). For the second test case however the Richtmyer scheme
equations. These so-called characteristic non-dimensional eqsiaews a discretization error at section changes whereas the Ni
tions are obtained by rearranging the initial equations, using Rischeme(due to its constructiondoes not show this problem.
mann variables\ and B (characteristic combinations of density, A further extension, specifically meant to eliminate overshoots,
pressure and velocityand normalizing the equations by dimends the FCT (flux corrected transportapproach as developed by
sionless variables along the characteristic directi@ash of the Book et al.[18] and Boris and Book19]. These FCT algorithms
Riemann variables is moving along the pipe in a certain directiaie generally accepted and they are considered to be very effi-
with a certain speed cient. Mathematically it is obvious that this was the first attempt to

In the continuous domain both sets of equations are equivaledghieve what nowadays the TVD schemes realize. Although itis a
However, discretization of the equations generates discretizati®@jor improvement to the LW method this method has a severe
errors. Because the discrete or algebraic equations do not exp&ficiency. The conservative property of the LW method is lost.
explicitly the conservation of mass, momentum and energy, tA&e FCT method checks for changes in the calculated properties,
discretization errors introduce conservation errors, especially f6en applies a diffusion followed by an anti-diffusion. It is clearly
important area changes of a pipe. seen that the overshoots in the calculation of.thle travelllng waves

The original method of Jenri5] was a completely graphical iN the constant section test-case are nearly elimindteth in the
method. For the pressure wave characterigtiosse are the char- Ni @nd Richtmyer schemeBut because the FCT algorithm can-
acteristics which follow the pressure wayes well as for the not distinguish between overshoots that are unphysical and gradi-

particle characteristicthis is the characteristic which follows the €NtS in the solution, the diffusion and anti-diffusion are also ap-
mass transportation and as a consequence the contact disconfiquﬁSj to the Iat@er. This results in a Ni scheme .that originally
ity; it is generally called the path lindrajectories are drawn and performed well in the second test case and that with FCT correc-
followed during the time evolution. Because this method is ver%'/on has the same problem as the Richtmyer scheme.

time consuming, Benson et #R] developed a hybrid method. In 2.3 First-Order Upwind Scheme. The LW schemes men-
this hybrid method the pressure wave characteristics are caltioned above are central scheméSentered Spage In such
lated with a simple first-order mesh method, in combination witschemes information is obtained from the whole environment
the original method for the particle characteristic. This implieéhodesi —1,i,i+1) for the calculation of the new value in one
that the accuracy of the pressure waves is first order, while tharticular node, even from directions where this is physically not
contact discontinuity is followed with path lines and is thereforeorrect. This leads to overshoots in the calculation of discontinu-
given an exact calculation. It is the hybrid method of Benson thatis phenomena.

is used as MOC for the first test case[Ird] a new algorithm is ~ With upwind schemes the information is only obtained from the
described that fulfils the law of conservation of mass in taperéglevant physical directions, eliminating the cause for the over-
pipes while using the hybrid method of characteristics. The k&oots at discontinuities. As mentioned before, with FVM
idea of this adapted method is to concentrate any area change &gemes the order of accuracy in the scheme will be noticed in the
one mesh length in the mesh points instead of using an area dilculations. These upwind schemes have first order accuracy.
dient along the characteristic lines. Its disadvantage is that theThe method used in this study is a one-dimensional variant of
computing time increases. This adapted method is used as Mth€ Polynomial Flux Difference Splitting=DS) technique as de-
for the second test case. veloped by one of the authof20—22.

2'2. . Lax-Wendroff Scheme_s(LW). . Lax-Wendroﬁ schemes 2.4 Existing TVD SchemegTotal Variation Diminishing ).
are finite volume schemes, directly discretizing the conservatl\fQ/D schemes imply that the solution shows no numerical oscil-
set of Eqs[4] When applied to the conservative form of the gagyions[23,24. They are an extension of the first order upwind
flow equations, these schemes guarantee the conservation of MgS§$emes by the use of non-linear technig(ibe so-called limit-
momentum and energy, even for the discretized equations. I.g to achieve second order accuracy. The kind of limiter used
finite volume methodFVM) the contact discontinuity is not fol- hag an important influence on the resuilts.
lowed explicitly (like the MOC does with the path lineout a  Besides second order accuracy for the spatial derivative, the
single fixed grid is used. With FVM schemes the pressure wavgst generation of TVD schemes only had first order accuracy in
and the contact discontinuity are given the same numerical tregifne. The algorithms are “one step and one stage,” which means
ment. The order of accuracy implied by the numerical schengat the time step from to n+1 (one step goes in one stage. It
therefore applies to both phenomena. is also possible to adapt multi-stage algorithms, by dividing a step

With the Lax-Wendroff scheme it is possible to achieve seconfl a number of sub-steps or stages. So a “four-stage stepping”
order accuracyfor both the spatial and time derivative~or the indicates that four sub-steps are used. If the coefficients for these
calculation of pressure waves this is a major improvement to te@b-steps are correctly chosen, an increase of the number of sub-
MOC, but on the other hand the exact representation of the cafteps also increases the time accuracy of the scheme.
tact discontinuity in the MOC is lost. In fact, the large overshoots In this work, modified Runge-Kutta methods for the time-
in the calculation of discontinuities are a major drawback of thiategration have been used with well defined sets of coefficients to
LW scheme. They are calculated with large oscillations which aeglow for a higher CFL numbefthis is an indicator of the allow-
clearly unphysical and lead to problems in the simulation of naable size of timestep, depending on the velocity of sound and the
steady flow in exhaust systems of engines. Furthermore, somentdsh length
the finite volume schemes show discretization errors at sectionin this study different TVD schemes have been programmed,
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node 3 Comparison of the Different Algorithms

control volume | | 3.1 Shock Tube Calculation

3.1.1 Graphs: Comparison With the Exact Solutiotn Figs.
4 and 5 a comparison is made of the different changes mentioned
in §1.1 against the exact solution. Solutions are shown as linearly
S U DU varying between grid nodes. An exact discontinuity is represented
as a linear variation between two grid nodes.

Figure 4 shows the comparison of the M@@th a CFL num-
TTTTTTTTTs ber of 0.95 and the LW-Richtmyer variant. The velocity profile
. (u) is used for the comparison of the expansion w&yph on

&

i+2 the lefy) and the shock wavégraph on the right Because no
contact discontinuity is seen on the velocity profifgessure and
velocity are the same over the contact discontinuite velocity
cell-vertex of sound is usedgraph in the middlg
With the MOC the contact discontinuity is very well simulated.
This is due to the entropy transport along the particle characteris-
tic which is correctly represented in the MOC. For the pressure
waves(\ and B characteristicsa first order mesh method is ap-
plied with CFL<1 which results in numerical viscosity and first
] ) ) order accuracy on the pressure waves.
with one, two or four stages and with the minmod and superbeeThe Richtmyer variant is presented. Other calculations for this
limiter. The results are extremely good for the two stage TVExst case have shown that there is no difference between the Richt-
with the superbee limiter. However, note that the problem with th@iyer and Ni schemes. The velocity profiles show overshoots due
calculation of the second test problem remains; there are logglthe information stream opposite to the characteristic direction.
discretization errors at section changes. A further problem comgge shock and expansion waves are better represéaped from
from the limiters. None of them is able to act in a physical correghe oscillationy due to the second order accuracy. The contact
way at the nodes where the section changes. _ discontinuities are treated in the LW schemes in the same way as
It can be shown that the TVD schemes switch back to firsthe pressure waves, and are therefore less accurate than in the
order accuracy for the nodes around discontinuous phenomeggC.
To prevent this, Harten et dR25] developed the ENQEssentially ~ The LW schemes with FCT give very good results. Nearly all
Non-Oscillatory scheme. This results in an even higher accuracyyershoots disappear. It is the same with the first order upwind
but there is no improvement for the second test case. scheme, although this last scheme has the disadvantage of a low
accuracy.

Fig. 3 Location of the control volumes

2.5 New Developed TVD Scheme.Especially to eliminate
the existing problem at the nodes with a section variation, a new
scheme is proposed. The previous FVM schemes are of the so

exact

called vertex-centered type. This means that the nodes are locate . Richtmyer : CFL=0.95
in the center of the control volumegig. 3 top. The control ~~~~MOC : CFL=0.95
volumes are the volumes on which the equati¢hs2, 3 are u a u

discretized. T T T

It also implies that the fluxes at the sides of the control volumes , | I
will be equal. The results of the calculations however are always ©
shown in the nodes themselves. Identity of the flurethe nodes
is in no way imposed by the numerical scheme, so the error that is®! [
seen on the graphs is the numerical discretization error.

02f Y -

It is clear that the only way to actually fulfil the flux balandes o
the nodes is to express the fluxaghe nodes themselves. This is . 125 ; L ) .
achieved by the new cell-vertex TVD scherfigg. 3 bottom. 40 60 % 100 110 160 170
Now the numerical scheme imposes identity of the fluxes in the node number node number node number

nodes for the steady solution so that the verification of the bal- ) ) )
ances shows a perfect conservation even at nodes with secfitsh 4 Velocity and velocity of sound as a function of the lo-
variation. cation in the pipe (test case 1)
In the cell-vertex formulation, the fluxes are calculated on the exact
boundaries of the control volumes. A flux differenaé in each ...
volume is obtained which has to distributed to the nodes of that ————?:tw 0?32,‘{}23;@'? C%EiEE§SUperbee) - CFL=0.55
volume. The distribution is done in an upwind way, so that a node a u
intercepts the information from the physical relevant direction. ; ; ;
The second order accuracy is obtained in a similar way as with the02 L
common TVD scheme. The complete system is second order ac™
curate for the space derivative and first order accurate for the time
derivative. 0.1
The influence of the limiter and of multi-stage algorithms for
the time integration remains, and the same numerical accuracy a
with the vertex-centered TVD scheme is obtained, but also the °
second test case is now calculated very well. Note that it is the m %0
only scheme that has these good results for the second, as well ¢
the first test caséhe Ni scheme has too much overshoots to be
useful in an engine simulation codeA complete description of Fig. 5 Velocity and velocity of sound as a function of the lo-
the algorithm is given if26]. cation in the pipe (test case 1)

021 .
125 h

0.1

100 110 160 165 170

node number node number node number

544 | Vol. 122, OCTOBER 2000 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



=~
k<4
g
>
>F
fued
=
3

MM T T 7T T T T T T F T T T T T T T T 1
s - L L L L L L I S B
o e - 1
S N 09t —
41 - 08 -
= - 0.7 -
L ' a 0.6 -
04 -
obdilchen TGN ]) 1m| .mlﬂm. 11|—I| L 03k -
01 23 456 7 8910111213 14151617 18 19 20 03 1||m||||]1||—lr||||||||
“0 1 23 456 7 8 9 10111213 14151617 18 19 20
scheme
o/
Fig. 6 Computer time relative to the MOC  (test case 1) Adyeoe

Very good results are obtained with the TVD, two stages an ;|- —
superbee limiter (vertex-centered and the cell-vertex TVD - -1 R R B s o b 1-
schemes. Figure 5 shows the results of the first order upwir09— .
scheme and the cell-vertex TVIR stage, superbee limijer H

HHEATIANTAN mh_l HRTNRTRRRIATARIRETN N ]

scheme. 07 A m

3.1.2 Computer Time.A comparison of the computer time ®°0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
for the 19 schemes listed in Table 1 is made. For the flow of Fic
1 and with a given CFL value, the time in seconds for the schemes
to reach a given point in timéhis point is the same for all the Fig. 7 Errors on the velocity and velocity of sound calcula-
schemepkis plotted in Fig. 6. The plot is made relative to the timaions (relative to the MOC, test case 1 )
needed by the MOC. The MOC used is the hybrid method of
Benson, without adapted algorithm for area changes and has an
index value of 1.

As already known from other referencg9,10], the LW
schemes consume less computer time than the MOC. This is at?§§
the case for the first order upwind method. It is noted that t
allowable CFL-number does not increase proportional to the nugg
ber of stages so that the computer time for the TVD schem
increases gradually with the number of stages.

The extra work effort is restricted for the ENO meth@bm-
pare ENO 1 stage with TVD 1 stagdt is remarkable that the
cell-vertex TVD schemes from 2 stages on, ask much moﬁ?
computer time than the original TVD schem@shemes 15, 16
and 18, 19 in comparison with the schemes 7, 8, and 10, 11

scheme

tation of the contact discontinuity by the MOC, which is not
case for the Richtmyer, Ni and upwind schemes. Because in
le pressure development the contact discontinuity does not inter-
re, it is quite possible that a certain scheme has a better perfor-
Mrance for the pressure values than the MOC, without the certainty
that this is also true for the velocity of sound.
The influence of the overshoots on the error is recognized by
mparing the Richtmyer with the FCT scheme. The differences
the two schemes are the overshoots. The FCT scheme presents
' very good results.
Surprisingly the TVD schemes with minmod limiter show no

3.1.3 Accuracy. For the same test case and the 19 schemegal improvement against the MOC. In the TVD schemes the best
of Table 1, the calculation is stopped at a certain point in time a@gcuracy is obtained by the superbee limiter. The ENO scheme,
the accuracy is examined at that moment by comparing against giéhough one stage and with the minmod limiter, gives good re-
exact analytical solution. So a calculation for each scheme at thiglts as well. For the cell-vertex TVD schemes, the same conclu-
same moment in time is obtained, and a comparison is possit#@ns can be made as for the original TVD schemes.
The criterion for the error is taken as the summation of all abso-
lute values of the differences to the analytic solution, and this for

all mesh points: 3.2 Tapered Pipe Calculations
) ) 3.2.1 Graphs. In the Figures 8 and 9 the mass flow is calcu-
N mEeSheSICalculated-analytlcal solutipn lated as a function of the mesh points and this for the different

schemes: Fig. 8 shows a comparison of Richtmyer, Ni and Lax-
In this way an error for the pressure, the velocity, the densiwendroff with FCT after 5000 and 10,000 timesteps. Figure 9

and velocity of sound evolution is obtained. Because the error shows the existing TVOsecond order, superbeggainst the new

pressure and velocity evolution has the same trend, only oneTfD (second order, superbescheme.

these will be used for discussion. The same holds for the densityThe MOC studied here uses the method proposed by Van Hove

and velocity of sound evolution. The error developments relateshd Sieren$14] to fulfil the law of conservation of mass. But for

to the error with the MOC, are plotted in the Fig. 7. this test case, the computer time increases from 26.48 to 52.19 s.
The LW variants, the Richtmyer and Ni schemes score well faris is due to the fact that in each of the considered section area

velocity (and pressupeprofiles. This is due to the fact that theychanges a Newton-Raphson iteration method is necessary for the

are second order accurate, but partly compensated by the owarrections.

shoots. Their performances on density and velocity of sound areFor this test case there is a big difference in the different vari-

less, for the same reason as for fffiest orde) upwind scheme. ants, e.g., in the Richtmyer scheme the mass balance seems to be

Although the last mentioned scheme is a first order accuraeiplated, due to an inherent error in describing the section with

scheme(as can be seen immediately on the comparison of prakis scheme. The Ni scheme is considered to be the best LW

sure and velocity it does not generate overshoots, but Fig. gcheme.

shows that the velocity of sourfdnd densityis less accurate than LW with FCT uses a predictor-corrector technique with a

for the MOC. As mentioned before, it is due to the perfect represtrong diffusion in the predictor step andngarly equalanti-
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Fig. 8 Mass flow in the mesh points of the pipe (test case 2) 6 1
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e . 3 -
diffusion in the corrector step. For a tapered pipe, where a gradi_| T R
ent in the solution is obvious, a steady solution is not possible — ﬂ H

[ S SRRt SR 8 & B S o B S R AR =T T
anymore.
With the existing second order TVD method dips are seen ir0 g r';l'-;' ”;’ FEI “_5] 16 '7 Is [Tgl 1'0 1'1 @@mg{é@ 1Ix 1'9 20
the boundaries of the tapered pifmeesh points 20 and 25This

is due to the fact that the mass flows are preseimetie mesh scheme

points, but the mass balances in the scheme are calculated i i

solved betweenthe mesh points. In the existing TVD schemes, Fig. 11 Computer time related to the MOC  (test case 2)
limiters not capable to handle nodes at section changes also intro-

duce local errors. o ] -

Finally, with the new developed cell-vertex TVD scheme, thginning and end of the pipe. It has been verified that all schemes
balances can be solved correctly and the dips are eliminatédleé MOC used is implemented with the new algorijhnave an
while maintaining the high accuracy. With TVD, two step@Tor of the order of 0.001 percent or less.
superbee limiter and cell vertex formulation very good results Finally, Fig. 11 gives the computer time. For these schemes that
are obtained. allow inherently for area changes, the computer time has the same

trend as in the Fig. 6. For the MOC with adapted algorithm for

3.2.2 Accuracy and Computer TimeThe test case of Fig. 2 area changes the computer time doubles for this test case in com-
is calculated for a dimensionless time of 50@@ that time the parison to the first test case.

solution is converged _ _ For the four stage cell-vertex TVD scheme the computer time
For each of the schemes of Table 1, Fig. 10 gives the error @nsumption is about two times higher than for the two stage

the calculated mass flow against the analytical value. This is teeheme but there is almost no improvement in accuracy when
discretization error of the scheme. For all schemes this error is @ding from a two stage to a four stage scheme. Therefore the two
the order of 0.5 percent. Attention has to be drawn to the errgfage TVD scheme in cell-vertex form employing the superbee
value for the FCT scheme, because this is not an end \alue |imiter is the best of the considered schemes.
steady solution because there is no complete compensation of the
diffusion an_d anti-diffusion operators _ Conclusions
There exists also the error on the mass conservation of the )
scheme, which means the difference of the mass flow at the bePifferent numerical schemes have been compared for two test
cases: the shock tube calculation and the calculation in a tapered
pipe. The response of the different schemes to these test cases is
indicative of their capability to calculate the gas flows of the inlet
new 2nd order TVD scheme (superbee) and exhaust systems of IC engines.
exact With the first test case the attention is focused on the accuracy
of the pressure wave calculation and simulation of the contact
discontinuities. Where numerical schemes based on the Lax-
, Wendroff approach generate non-physical overshoots, low order
072 i B schemes are too dissipative and thus generate a large error.
In the second test case the fulfilment of the law of conservation
7 of mass for the different schemes is examined. Mass conservation
\ between inlet and outlet of the pipe is achieved for all discretiza-
y <1 tion methods and for the adapted method of characteristics. How-
ever, local discretization errors at places with an area variation are
inherent to these numerical schemes.
All this proves that none of the existing schemes is ideal for the
0 5 10 15 20 25 30 35 simulation work in IC engines.
node number Therefore a new scheme was developed. The new scheme that
does not introduce any of the mentioned inaccuracies is a TVD
Fig. 9 Mass flow in the mesh points of the pipe  (testcase 2) scheme of the cell-vertex type. This scheme with the superbee

Se
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limiter in two stage form has both a high accuracy for the first test

S = section of the pipefm?]

case and an exact representation of the mass flow in the second t = time,[s]
test case together with an acceptable computer time.
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T = temperature[K]

u = (convective velocity along the[m/s|

x = co-ordinate via the axis of the pipen]
m = mass flow differencdkg/s]|

Kk = Cp/c,=ratio of the heat capacitiep;-]
density,[kg/nT]
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res = reservoir
Nomenclature atm = atmosphere
a = speed of soundm/s|
¢, = heat capacity at constant pressug#kg.K)] Acronyms
¢, = heat capacity at constant volunid/(kg.K)] CFL = Courant Friedrichs Lewy number
e = specific internal energyJ/kg] ENO = essentially non-oscillatory
E = e+ u?2=specific total mechanical enerdyl/kd] FCT = flux corrected transport
f = friction coefficient,[ —] FDS = flux difference splitting
m = mass flow[kg/s]| FVM = finite volume method
O = internal contour of the pipdm] LW = Lax-Wendroff
p = pressure[N/mz] MOC = method of characteristics
g = heat transfer to the wallJ/(kg.9] TVD = total variation diminishing
|
Appendix

Basic Features of the Numerical Schemes.

advantage disadvantage

MOC (Benson) (1) + exact calculation of contact - 1* order accurate (space and time) for the

discontinuity pressure waves

- adaptation necessary for mass
conservation in tapered pipes

LW — Richtmyer (2) + 2" order accurate (space and time) for - non physical overshoots

all phenomena - discretization errors at section changes
LW — Ni (3) + 2™ order accurate (space and time) for - non physical numerical

all pheaomena oscillations for all phenomena
LW + FCT (4) + 2" order accurate (space and time) for - unable to reach steady solution for

all phenomena
+ no numerical oscillations

tapered pipe

- conservation of mass, momentum and
energy is lost

- discretization errors at section changes

1** order upwind (5)

+ no numerical oscillations

- 1* order accurate (space and time) for all
phenomena
- discretization errors at section changes

existing TVD schemes
6,7,89,10,11)

+ no numerical oscillations

+ 2™ order accurate (space)

+ 2™ order accurate (time) for multi-stage
versions

- discretization errors at section changes

ENO (12)

+ no numerical oscillations

+ 3% order accurate (space)

+ 2™ order accurate (time) for multi-stage
versions

- discretization errors at section changes

1* order upwind, cell-vertex

a3)

+ no numerical oscillations

- 1* order accurate (space and time) for all
phenomena

new TVD scheme
(14,15,16,17,18,19)

+ no numerical oscillations

+ 2™ order accurate (space)

+ 2™ order accurate (time) for multi-stage
versions
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Two-Dimensional Simulation of
Wave Propagation in a
Three-Pipe Junction

R. J. Pearson'
M. D. Bassett

P. Ba[tenz The modelling of wave propagation in complex pipe junctions is one of the biggest

challenges for simulation codes, particularly those applied to flows in engine manifolds.

D. E. Winterhone In the present work an inviscid two-dimensional model, using an advanced numerical
scheme, has been applied to the simulation of shock-wave propagation through a three-

Department of Mechanical Engineering, pipe junction; the results are compared with corresponding schlieren images and mea-
UMIST sured pressure-time histories. An approximate Riemann solver is used in the shock-

Manchester, England capturing finite volume scheme and the influence of the order of accuracy of the solver

and the use of adaptive mesh refinement are investigated. The code can successfully
predict the evolution and reflection of the wave fronts at the junctions whilst the run time

is such as to make it feasible to include such a model as a local multi-dimensional region
within a one-dimensional wave-action simulation of flow in engine manifolds.
[S0742-479800)01304-1

Introduction Multi-dimensional models of inviscid flows in manifolds, based

. . . o . on the fluid-in-cell(FLIC) method, have been used in entire en-
One-dimensional “wave-action” codes are now applied exte%

sively in the design of manifolds for internal combustion engin line intake manifold¢10-12. Flamang and Siererf3] have

Y 9 s 9 so illustrated that it is possible to use inviscid codes in steady-
[1-3]. Such codes can be u_sed for the prediction qf perform_an(f calculations to obtain the coefficients required by the
turbocharger matching studi¢4,5], and the calculation of noise

levels radiated from the ends of the intake and exhaust s Ste%essure-loss models described above.
. Lo . y the past 15 years major developments in numerical methods
[2,4,5. The modelling of complex pipe junctions, however, re

; . . X .“for wave propagation phenomena have produced robust and effi-
mains a major challenge_smce the geometry of such Junctiogd,nt nymerical schemes of high accurddyt]. In the present
cannot be represented using a one-dimensional approach as tl

ncti ft d " directional effect th an inviscid model based on a modern high-resolution shock-
junctions oiten produce strong directional efiects on the Wavgﬁpturing scheme is used to simulate the propagation of shock
which propagate through them.

Th | : d ine boundaries is that th ﬂwaves in three-pipe junctions. The results are compared with cor-
beh e usual assumption &na e at pipe OIUF‘ a”ﬁs 'Sht akt)t edpé%ponding schlieren images and pressure-time histories measured
ehaves in a quasi-steady manner, implying that the boundgiyihe qycts. These test cases provide a rigorous examination of

regions are defined by infinitesimal control volumes with no magge capabilities of the multi-dimensional model and lay the foun-

or energy storage capacity; this mea@p/¢x)>(dp/dt). Real dations for the next phase of the work which is to “embed" such

pipe junctions violate this criteria, most obviously in the cases af e in an otherwise one-dimensional engine simulation.
the four or five-into-one junctions in the exhaust systems of very

high-performance engines. These junctions also give considerably

different reflection and transmission characteristics depending @bverning Equations
which branch of the junction a wave enters—this effect is referred . ) ) o .
to as “directionality”. The directionality of junctions is used ben- The governing equations of two-dimensiomaviscid flow, in
eficially in “pulse converters” to enable several cylinders to bélifferential conservation law form are
connected together without the waves generated by their respec- OW  9F 4G

tive blowdown pulses adversely affecting the scavenging of the —+—+—=0, @
other cylinders. gt ox dy
In order to characterize directionality effects one-dimensionglhere
“pressure-loss” models of junctions have been devised which
require empirical data, obtained from steady flow tests, relating P pu pv
the pressure drop across the junction in the various directions to | opuf p+pu® | | puv
the pressure ratip6—9]. Obtaining such data is extremely time |l pv | | puv |’ | pt+pv?|’ @
consuming and the simulation model cannot be used as a design PEo puhy pvhg
procedure since the junctions have to be manufactured before
their characteristics are known. Multi-dimensional models of tr@d
unsteady flow in pipe junctions offer the prospect of removing ep=e+ H(u2+02) ©)
both the need to use empirical data and the limitation of the quasi- 0 2 '
steady assumption. The relationships formed by substituting the elements ofNhé&,
and G vectors into Eq.(1) are the continuity, momenturtx-
ICurrent address: Lotus Engineering, Hethel, Norfolk, England. direction), momentum(y-direction, and energy equations, respec-
2Current address: Metacomp Technologies Inc., Westlake Village, Californitively. The equation set contains one more unknown than there are
USA. equations and therefore additional information is required to ob-
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constrains its internal energy to be a function only of temperature
of the gas and, in the special case of the fluid being a perfect gas,
the internal energy and temperature are related as

e=c,T. (5)

In this equatiorc, , the specific heat capacity at constant volume,
is a constant.

Numerical method

Much work has been done in the last two decades on numerical
methods for compressible floW&4]. Schemes based on solving a
series of interfacéor Riemann problems between adjacent com- -1 iYa i i i+l
putational cells have largely replaced those derived purely from ] ) ) )
Taylor series expansions. Generically these schemes, based on the Fig. 2 Piecewise-constant reconstruction
solution of the Riemann problem, are called Godunov-type meth-

ods[15], and introduce, in an explicit manner, the physics of wave ] )
propagation into the solution procedure. For Godunov-type schemes the solution vector is updated by re-

writing Eqg. (8) as
Godunov-Type Schemes. Godunov-type schemes solve the At
initial value problem which evolves from the interaction of fluid n+l_yayn_ S s NN e n n
states on either side of an interface. Godufits] supposed that Wi T=Wi 3% [F W Wi 1) = R 1(Wi 1, WO,
the initial data in the solution domain could be replaced by a set of (11)

piecewise-constant states with discontinuitiesat;;, as shown .
in Fig. 1 for the one-dimensional case. The Ipiééewise-const ere Fi*+l/2(Win’W_in+1) represents th_e flux10) given by the
ution of the Riemann problem &t+1/2 formed by the

data is taken to represent the integral average of the initial d ; . . .
piecewise-constant states in the cells ahdi +1.

over the intervak; 1/, t0 X; /- . o .
The integral form of the one-dimensional E¢s) becomes _Godunov’s original method employs the exact solution to the
Riemann probleni16] to find the inter-cell fluxes; this involves

JW  JIF iterative procedures and can impose a large burden on computing
f 17 tox =0, (6)  resources for multi-dimensional calculations. Many “approximate
Xt Riemann solvers” have now emerged in the literat{itd,17]
where which are significantly less demanding of computing time than the
calculation of the exact solution. The solution method used in the
P pu 5 present work is based on a maodification, due to Toro €18, of
W=| pu|; F=|ptpus|, (7)  the approximate Riemann solver proposed by Harten €tL8].
Jol=h puhg This Riemann solver reduces the computational effort required

On integration this equation gives using an “exact” Riemann solver by approximately 40 percent.

n+1_\n n _pn _ High-Resolution Godunov-Type Schemes Using Gradient

; i +(F ; = L . . )

(Wi WOAXH (Fi 1™ Fiea) AL=0, ®) Limiters. Piecewise-constant reconstruction of the data result-
where W represents the average of dependent variables for ting from the solution of the Riemann problem gives only first-

cell shown in Fig. 2 and is given by order spatial accuracy; second-order accuracy can be obtained by
. using a piecewise-linear reconstruction. A straightforward ap-
1 i+1/2 L . N
Wi:_f X, (9) Proach to this linear reconstruction however, leads to the spurious
AX )y 1 oscillations which are produced by any second-order scheme with

constant coefficientgl7]. This problem can be overcome by the
%se of so-called gradient limitef&0] to modify the reconstruction
so that the total variation of the reconstructed data does not ex-

andF is the average flux across the cell boundaries over an int
val of time At, given by

1 [+t ceed that of the initial data, thereby satisfying the total variation
Fi:l/ZZA_tj Fdt. (10)  diminishing (TVD) condition [21]. This generic approach was
" termed MUSCL(Monotonic Upstream Scheme for Conservation
Laws) by van Leer{20].
Equation(1) can be written, for an arbitrary control volungg
t as
Ax J
+— - -
D C Ef wdQ + %Pdszo. (12)
T T n+l Q S
: | This equation asserts that the time variation of the integral av-
' F : F eraged solutionWV, within the volume (), depends only on the
At G I i surface values of the fluxes. For any computational mesh with
' ' verticesABC equation(12) can be written as
] I
) 1 Jd
L L n Ef wdQ+ % (Fdy—Gdx)=0, (13)
A B Q ABC
i-1 i-Y2 i i+ i+1 whereF andG are the Cartesian components of the flux veétor
and are given in Eqg2). The flux across sid&B of this control
X volume is
Fig. 1 Control volume for computational cell F= Fag(Ya—Ya) — Gag(Xg—Xa) = IE[RO(WL Wg)], (14)
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whereRy (W, ,Wpg) is the interface solution of the Riemann prob-cylindrical form arises because the propagation speed in each pipe
lem defined by the two interpolated stat¥s andWg, either side is the sum of the speed of sound and the flow velocity.
of the interfaceAB. A gradient limiter is employed to ensure The simulated results shown in Fig(a were produced with
monotonicity of the interpolated data. In the present work a twdhe coarse mesh, using no adaptive refinement, shown in @ig. 5
cycle limiter is used, which is a modified version of the schem€he narrow cells in the center of the grid are caused by the need
described by Batten et d22]. to represent the “tongue” of the junction. Clearly these density
contours give a very crude depiction of the wave front. Figure
Results 6(a) shows how the resolutio_n is_improvgd by adaptively _refining
the grid to the extent shown in Fig(l9; this result was achieved
This section describes the application of the code to the simysing approximately 11,000 cells. The grid refinement was acti-
lation of shock-wave propagation through junctions formed by theated when the density gradient between computational cells ex-
intersection of three pipes. The junction considered in this phaggeded a given criteria.
of the work is a 180 deg junction, where two adjacent pipes mergeFigures 7a)—(d) show a schlieren image, a predicted schlieren
to become one pipe of cross-sectional area equivalent to sumirghge, and predicted density contours and velocity vectorts at
the individual pipes. A shock tube rig was constructed for the 250.s. Since the schlieren system measures degsitgientit
purposes of obtaining schlieren images of the waves in the more appropriate to compare the measured images with the
Junction. magnitude of the gradient of the density field predicted by the

Schlieren Images. Figure 3 shows the general arrangement o(f()de’ namely

experimental rig developed for visualizing the density gradients 5 5
(schlieren imagesinduced by the propagating wave. The driving (‘?_P) N (‘9_13) (15)
tube and shock tubgipe 1) are separated by a diaphragm which X ay| -
bursts when the pressure difference reaches a certain value. Since
the schlieren method produces two-dimensional images the tulségure 7b) shows a predicted “schlieren” image of the wave
were square and rectangular in section. Three piezo-resistive pigstem which is directly comparable with the measured image
sure transducers were located around the junction—one trasBewn in Fig. 7a). This was produced using a significantly higher
ducer in each pipe. The signal from the transducer in pipe 1 wgsd refinement level than that shown in Fighg
used, via a time-delay circuit, to trigger an argon-spark-flash unit Figures 8a)—(d) shows the schlieren image and predicted re-
and a CCD camera. The image acquired by the CCD camera vgadts att=350us. By this time the shock front has reflected from
frozen by the short duration of the light source and a sequencetbé lower wall and started to bend around the growing vortex
images of a propagating wave front was thus constructed. Thiseated at the tongue of the junction. Eventually a portion of this
was possible because the results were found to be highlave-front is transmitted back into pipe 1. The vortex produced in
repeatable. the predicted results is due entirely to the numerical viscosity
Figure 4 shows the schlieren image obtained g@0after the introduced by the discretization process, there being no explicit
wave has reached the pressure transducer in pipe 1. The waverhadel of the fluid viscosity in the simulation. In spite of this the
emerged from pipe 1 in which it was propagating from left tpredicted schlieren results shown in FigoBare remarkably simi-
right. On reaching the junction the wave-front expands in a motar to the measured schlieren image. The vortex is illustrated
or less spherical mannéeylindrical in two-dimensionsso that it clearly in the velocity vectors shown in Fig(d. At t=500us
expands around the bend into pipe 3, as well as continuing in ttEg. 9a)) the vortex has detached itself from the tongue of the
original direction of its travel into pipe 2. A rarefaction wave igunction. The reflected wave from the bottom wall is just entering
reflected backwards into pipe 1 when the shock wave encountéte mouth of pipe 1 and has reflected off the top wall of
the area expansion formed at the pipe junction and a vortexpggpe 2. This situation is reliably mimicked by the simulation
formed at the “tongue”. The distortion of the wave front from a(Fig. Ab)—(d)).
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Fig. 3 General arrangement of schlieren system
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Fig. 4 Schlieren image at 200 microseconds

Numerical viscosity arises from the discretisation of the gov-
erning equations of flow and has the effect of introducing a mesh-
dependent artificial mass diffusion, viscosity, and heat conduction
in the continuity, momentum, and energy equations, respectively.
These effects are often collectively termed “numerical viscosity”
and are grid dependent. The focus of this paper is, however, on
the modelling of thepropagationphenomena of the waves in the
pipes. The fluid flow field is driven by the pressure wave phenom-
ena and thus the detailed flow field in the immediate vicinity of
the junction is of secondary interest. It will be seen, indeed it is an
aim of the paper to show, that it is possible to predict the mean

(b)

Fig. 5 (a) Density contours at 200 microseconds
grid); (b) unrefined grid

(unrefined

(b)

Fig. 6 (a) Density contours at 200 microseconds
grid); (b) refined grid at 200 microseconds

(refined
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L

Fig. 7 (a) Schlieren image at 250 microseconds;  (b) simulated
schlieren image at 250 microseconds;  (c) density contours at
250 microseconds; (d) velocity vectors at 250 microseconds

pressure levels in the pipes even with an extremely coarse grid in
which the fluid flow field is very poorly resolved.

Pressure-Time Histories. Pressure-time histories at the
transducer locations are shown in Figs(dlGand 1Qb). It can be
seen that the transmitted wave amplitude in pipe 3 is substantially
smaller than both the original wave and the wave amplitude in
pipe number 2. These differences in the mean level of the wave
are an effect of the junction geometry on the propagation of the
wave-front and it is this effect which cannot be captured directly
by a one-dimensional model.

The high frequency oscillations which can be seen in the mea-
sured pressures in pipes 2 and 3 result from the transverse motion
of a wave-front across the pipes. The simulation results shown in
Fig. 1Q@a) predict accurately the mean levels of the transmitted
pressures in pipes 2 and (2 and P3 in the diagramsThe
simulated results shown in this figure were produced using an
unrefined mesh of the form shown in Figbh It does not seem
possible to resolve the pressure caused by the transverse propaga-
tion of the waves in pipes 2 and 3 using this coarse mesh. Two
predicted results are shown in each pipe, corresponding to first
and second-order spatial accuracy. The results obtained using

Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



& ?(IJ!HN}X@VK

L

Fig. 8 (a) Schlieren image at 350 microseconds;  (b) simulated  Fig. 9 (a) Schlieren image at 500 microseconds;  (b) simulated
schlieren image at 350 microseconds;  (c) density contours at schlieren image at 500 microseconds;  (¢) density contours at
350 microseconds; (d) velocity vectors at 350 microseconds 500 microseconds; (d) velocity vectors at 500 microseconds

second-order spatial accuracy retain a steeper profile of the propa¥wave propagation through 90 and 45 deg junctions have also
gating shock waves than those produced when using first-ordieren successfully simulated, as described by Pearson [@34l.
spatial accuracy. Figures 11 and 12 show measured and predicted results for a 45
Figure 1@b) shows that the pressure variations induced by thdeg junction with a nozzle in the pipe form which the shock
first three transverse wave oscillations in pipe 2 can be partialiynerges. Again, good correlation is obtained between the mea-
resolved by using adaptive grid refinement. An enlarged view stired and predicted wave patter(iSg. 11). After 0.3 ms the
the pressure variation in pipe 2 is shown in Fig(dd0The shock incident shock wave has propagated a significant distance away
wave gradient is significantly steeper compared with the resuftem the junction in each of the exit tubes and has reflected back
obtained without grid refinement. An improvement in the shockom the wall opposite the entrance to the shock tube—this por-
wave resolution also occurs when using first-order spatial acdien of the wave is approaching or is passing through the vortices
racy with mesh refinement but the transverse oscillations remainthe exit to the shock tubes.
unresolved. Figure 12 presents the pressure/time diagrams for the wave
The ability to predict the mean pressure levels of the waveg#tuation described in the previous area. It is clear that the nozzle
propagating through the junction has a major bearing on the ac-tube 1—the shock tube—has mitigated the amplitude of the
curacy of volumetric efficiency predictions obtained using engingressure waves in the exit tubes. These extra losses are at the
simulation programs and it is clear that the two-dimensionaxpense of having a larger pressure rise in the shock tube—indeed
model used in this work affords such a facility for the squarthe pressure in the shock tube rises up to a time of 0.6 ms after the
section pipes considered. The transverse component of the walieck wave has first passed the transducer in that pipe due to the
propagation would be of significance in predicting the noise spegradual reflection of a wave of increased amplitude along the
trum radiated from the end of the pipe. However waves in engim®zzle-section of the junction.
manifolds can have wavelengths of the order of one meter or moreSince the calculation techniques is based on a robust shock-
and would thus not produce such strong transverse effects. capturing scheme the model is capable of handling much greater
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Fig. 12 Pressure histories for 45 deg junction with a nozzle
Fig. 10 (a) Pressure histories; (b) pressure histories; (c) pres- 9 9)

sure histories; (d) location of pressure transducers

and 220 computational cellsSince the engine speed for this case
wave strengths than those used in the present work. Results &S 3000 rev/min this represents a duration of 0.2 seconds. Hence
pressure ratios of 4 to 1 are shown by Batten ef22] and the the two-dimensional model of a three-pipe junctio adaptive
code has been tested with much stronger waves. grid refinement requires about 13 times as much computational

effort as a typical simulation of a complete engine using a one-

Run Time. The computing time required for a simulation ofdimensional program with a simple two-zone combustion model.
duration 0.002 s after the wave has passed the first transducer

location, in a domain containing 280 triangles, and using no gr'}gr? .
refinement, is 14.0 seconds on a Silicon Graphics O2 workstati nclusions
(180 MHz, 64 MB RAM. When adaptive grid refinement is used, It has been established that a two-dimensional inviscid model
producing a maximum of 646 triangles, the computing time irsan predict the correct transmitted pressure levels when a shock
creases to 52.2 s. In both cases quoted second-order spatial as@ye encounters a simple three-pipe junction. Figures 5 and 6
racy was used. show that it is not necessary to use a fine mesh in order to predict
On the same computer 106.9 s CPU time was required to modleé mean pressure levels in the ducts. Indeed this can be achieved
five cycles of operation of a naturally aspirated four-cylindewith a much coarser mesh than is required to produce well re-
spark-ignition engine using a comprehensive engine simulatisnlved two-dimensional images of the wave front. Hence, the
program with a one-dimensional calculation of the manifold ggsressure-loss characteristics of the junction can be modelled with
dynamics(using a centred-difference scheme with a flux limitea very simple representation of the boundary. It is therefore an-
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ticipated that the use of such a model as a local multi-dimension
region in a one-dimensional simulation of gas dynamics in engin
manifolds will not require unacceptably

resources.
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Influence of the Exhaust System
Design on Scavenging
Characteristic and Emissions

of a Four-Cylinder Supercharged
Engine

A four-stroke four-cylinder turbocharged engine can be fitted with two different types
exhaust system: a simple common manifold fed by all cylinders, or a twin-branch mani-
fold, where two selected cylinders, directed by the firing order, feed two separate turbine
entries. In this case good utilization of the exhaust pressure pulse energy can be achieved
at higher loads and lower engine speeds, leading to good overall turbocharger efficiency
and favorable pressure distribution during the gas-exchange period. Improved engine
scavenging capability affects quality and quantity of the fresh charge and consequently
influences the exhaust gas emissions. If, in addition, valve overlap period is increased the
benefit of this system is still more evident. Common manifold exhaust system shows its

advantage through lower pumping losses at higher engine speeds and lower loads. Both
systems were optimized and the results of numerical and experimental work are presented
in the paper[S0742-47980)00404-X]

Introduction Engine Equipment, Applied Methods and Results

A four-cylinder turbocharged Diesel engine can be supplied by gngine Equipment and Experimental Hardware. A four-
two different exhaust systems. Exhaust gases can feed the g@mder, 7.11 liter, four-stroke, air-cooled, turbocharged and af-
turbine at nearly constant pressure if fed through one single magircooled Diesel engine was used for the experiments. Combus-
fold by selected cylinders and if mixed before they enter the tufipn system, valve timing and turbocharging system of the
bine inlet scroll. Relatively constant mass-flow ensures good effiaseline engine were previously optimized for industrial applica-
ciency of the turbine, whereas mixing of the exhaust flow resulipn. A Holset E1 family turbocharger with a twin-entry turbine
in friction losses that in turn decreases the available kinetic energyroll was initially applied. A front-mounted air-to-air aftercooler
of the exhaust pulses and prevents its further conversion ini@s cooled by a thermally controlled and common engine cooling
pressure. fan. The main aim of the presented investigations was, as men-

Better utilization of the kinetic energy of an exhaust pulse caibned before, to find out the influence of the exhaust system
be achieved by means of a short exhaust double-pipe systedmfiguration and of the suitable turbocharging system on the
where two selected pairs of the engine cylinders, having exhagstvenging quality of the engine and its exhaust emission.
periods shifted by 360 deg CA and called “two-pulse system”, The two-pulse and constant pressure exhaust systems, that were
feed two separate scrolls of a twin-entry radial turbine. The abo¥&plained in detail by Trenc et aJ4,5] and used for the here
mentioned two exhaust systems have been described in detail$;R¥sented investigations, are schematically shown in Fig. 1. A
Trenc et al. and othefd —7]. Differences and features of constan win-entry waste-gated radial turbine with the 19 2ctarbine
and two-pulse assisted turbocharging with a four-cylinder Diesﬁbusing was connected to a two-branch exhaust manifold and
engine were analyzed numerically and supported by experimerﬁ%ve an enhanced-map compres$og. 1, left in the case of the
Wo(;k' Res.ults ?f previous%ly tperftorlmed (rjludmeritcall inlz/e?tigdatio%o_pulse exhaust system. On the othér hand a different-profile
and experiments were unfortunately, and due to lack of adequate . . . .
turbo-equipment, performed on a non-optimized engine. All con@%me wheel to_gether W.'th the substantially smaller 13 sine

%régle entry turbine housing, as proposed by Trenc déalwas

parisons were based on the same Air/Fuel ratio base at dive ted t haust ifold of th tant
engine running conditions and gave only a good general survey nected to a common exhaust manitold ot the constant pressure

both exhaust systems. The results encouraged the authors of E§aaust system. Compressor geometry remained unchanged. Total
paper to continue their research work; the baseline 7.11 liter DigRgine air-fuel ratio can be the first measure of a successful turbo
sel engine was later optimized to give the best performance wittch. Figure 2 represents relatigF ratio for both exhaust
both exhaust systems. Two different new turbochargesmpres- Vversions and different engine running conditions. Generally simi-
sors and turbingsvere applied for this reason. Fueling system ofr results were obtained and made possible better comparison of
the engine was a conventional one and was kept unchanged. other engine data. Slightly higher relatidéF values by the two-

The main objective was to find out the scavenging and thmilse system and engine lower-speed range are the consequence
emission capability of the newly equipped engine and to detesf more effective scavenging process, as described later. As the
mine the role of the applied exhaust system. consequence of the waste-gate operation, there is a pronounced
lack of the boost-air for the two-pulse system in the region of the

Contributed by the Internal Combustion Engine Division (fETAMERICAN  engine rated conditions. Total mean indicated pressure, mean in-
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF dicated pressure of the high pressure as well as the mean indicated
ENGINEERING FORGAS TURBINES AND POWER Manuscript received by the ICE .

gressure of the gas exchange peritalv-pressure cyclewere

Division December 2, 1999; final revision received by the ASME Headquarters M T .
9, 2000. Technical Editor: D. Assanis. measured and statistically analyzed by a fast computerized,
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Fig. 1 2-Pulse (left) and constant pressure
systems

(right ) exhaust

m.e.p. ( bar)

special-purpose data logger—PI meter. Through the results ok
tained engine pumping losses could be evaluated.

Pressure to time histories in the cylinder, in the intake and
exhaust port and at the turbine inlet flange were measured by th
piezo-electric technique and analyzed by computer. A one:
dimensional computer program developed by HribefiiR] was 4 -
used to determine flow phenomena during the intake and exhau M 12 13 14 15 16 17 18 19 20 2
engine stroke and specially during the valve overlap period. It was nx 100 (1/ min)
also used to predict the influence of the chan@gedlonged valve
timing on the engine scavenging and emission for both observEd- 3 Ratio of relative pumping losses for:
exhaust systems, and not finally for comparison with the expefitd (--) & constant pressure exhaust system
mentally obtained data.

Very accurate laminar flow-meters were used to determine air ] ]
mass-flow through the engine. Inﬂuence of the Exhaust Syst_em on the Engine Sqavenglng Ca-
Exhaust gas emissions of the engine were determined by #@bility. Exhaust system configuration together with pressure
TECHNOTEST—Multigas Type 488 tester. NDIR based Ccpulses from the_n_elghbor engine cylinders, va_lve timing and the
CO,, and HC analyzers and chemically operategl @dd NOx turbocharger efﬂu_ency can affect the scavenging process, engine
analyzers were applied. Accuracy of the absolute individual meB€rformance and its emission. Dynamic pressure situation in the
surements was not extremely important; comparison of the tigylinder, in the exhaust and in the inlet port together rules the
exhaust systems was the main purpose of the presented workfilling and emptying procedure and simultaneously defines engine

Smoke density of the exhaust gases was established by anR#NPing losses—i.e., work consumed to perform gas exchange in
curate Bosch smoke meter. the engine. Ratio of the pumping cycle (m),R and the

complete-net (m.i.pe;iS one criterion to determine the effective-

Results of Numerical and Experimental Investigations and "€SS of the gas exchange period. Necessary work to perform the
Discussion. Two different types and sizes of exhaust turbine§@S €xchange in the cylinder is generally negative; however, posi-

were applied to obtain optimum engine performance for the twily® values can be expected by very efficient turbocharged en-
above mentioned different exhaust systems. gines. Relative portion of the low-pressure cycle mean indicated

pressure—m.i.p. compared to the net engine cycle m.i.p. for both
exhaust systems is presented in Fig. 3. Positive gas-exchange
work is limited to a restricted zone of lower speeds and higher
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engine loads. Lower pumping losses, especially at lower loads and
higher engine speeds, are again typical for the optimized constant
pressure exhaust system; the reasons have already been explained
by Trenc et al[4]. On the other hand, this advantage diminishes
with the two-pulse system and the top engine torque region. En-
gine pumping losses and gas exchange quality are mostly affected
by the pressure history in the cylinder inlet and exhaust port.
Pressure history for both exhaust systems and engine peak torque
conditions is presented in Fig. 4. Deviation between measured and
computed pressure values was in the rangec0f05 bar as pre-
viously explained by Trenc et a[4,5]. Negative sign denotes
influence of the negative pumping work; better scavenging can
therefore be obtained by the constant-pressure system at higher
engine speeds and lower engine loads.

Very similar amplitudes of the exhaust pressure waves is typi-
cal for the constant pressure systémhaust port, Fig. 4, below
while in the two-pulse systerfexhaust port, Fig. 4 aboy¢here is
one substantially weakenddamped and from the turbine scroll
reflected pressure wave that reaches the exhaust port of the cyl-
inder No. 2 during the valve overlap sequence. At the same time a
huge reflected exhaust pressure wave reaches the exhaust port of
the same cylinder and the constant pressure system and prevents
good scavenging of the observed cylinder. Final sequence of the
exhaust period is interrupted and the exhaust gases are conse-
quently flowing back to the observed cylinder. Furthermore, it can
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Fig. 4 Torque engine conditions and two-pulse
constant-pressure (below ) exhaust system

be concluded from the pressure diagréfig. 4 below and from
the results of the numerical simulatioffSg. 5—constant pressure

(above), and

engine operating conditions. Velocity distribution of the boost-air
in the intake port and of the exhaust gases in the exhaust port were
computed for both exhaust systems and are also presented in Fig.
5. Fuel-to-air equivalence ratio distribution during the valve over-
lap period is also presented in the same figure. From the results in
Fig. 5 it can be concluded that the original valve timing permits a
rather modest scavenging ability of the engine during the existing
valve overlap. Gas flow during the valve overlap peripériod
expressed in deg. C.A. between the opening of intake valve and
the closing of the exhaust valvevas computed on the basis of
experimentally determined effective flow area through the valves
of the warmed-up engine. The intention was therefore to find out
the influence of changed valve timingxtended valve overlap
sequenceon the scavenging capability of the engine and both
exhaust configurations. “New” overlap sequence was doubled:
from 30 (“old” ) to 61 (“new” ) deg. C.A. Diagrams in Fig. 5
show again a pronounced back-flow of the residual gases into the
cylinder of the common exhaust manifold engine. The portion of
the entering residual gases into the charging channel was also
increased and covered approximately 40 percent of the available
valve overlap period. Again there was no reversed exhaust gas
flow noticed with the changed valve timing and the two-pulse
exhaust system. As it has been previously stated and reported by
Hribernik [3], performance of the constant pressure system could
be improvedespecially at lower engine speedy: (1) change of

the valve timing—eductionof the valve overlap period, by shift-

ing of the closure of the exhaust valve, and@rby change of the
exhaust manifold geometrflonger manifold branches between
the neighbor cylinders would delay the arrival of reflected waves
in the cylinder during the valve overlap peripcnd (3) by the
introduction of the pulse converter in the exhaust manifold.

As mentioned before, larger negative gas-exchange loop asso-
ciated with larger pumping losses is noticed by the two-pulse
system when higher engine speeds and especially lower engine
loads are considered—see Fig. 3. Appropriate measured and com-
puted pressure and velocity curves in Fig. 6 and in Fig. 7
(Nenging=2100 I/'min, and m.e.p=6.0 baj have led to the follow-
ing conclusions:

exhaust systejrthat there is an inflow of the residual gases back ¢ pressure history in the intake port and in the cylinder is very
into the intake manifold at the beginning of the fresh charge irsimilar for both observed systems _ _
take sequence. Corresponding pressure history measurements andhere is a modest reverse-flow of the residual gases into the

numerical computations performed on the two-pulse syst&m

intake manifold of the common exhaust manifold engine as the

4 above, and Fig. 5 two-pulse systedo not predict any distur- consequence of the locally and relatively higher cylinder pressure
bances and back-flows for the two-pulse system and for the saff@. 6). In the case of the two-pulse exhaust system, the reversed
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Fig. 5 Computed gas velocity distribution in the intake and exhaust port, relative F/A equivalence ratios for both exhaust

systems, peak engine torque conditions and two different valve timings
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the (two-pulse exhaust systeneylinder. Residual gases are the

29 const. pressure system consequence of an om_itted scavenging process; in our case they
A\ intake tort F\ were defined as the ratio of the exhaust gas mass compared to the
225 . - '&ﬁaﬁsfpon o0 mass of the total fresh charge at the end of the intake stroke. The
\\72’_,‘ a cylindef Y values presented in Fig. 9 were calculated with the assumption of
2 \ ] \ the perfect gas mixin¢pf the exhaust gases and the fresh.dihe

= 1 ~ ‘\ II' S~ content of the residual gases by the constant pressure system is

2, » / & twice as large as that in the two-pulse exhaust system. A small

& \ deterioration—an increase of thevalue—can be observed by the

1.75 | o
\\ / ] engine rated conditions and the two-pulse system as the conse-
A quence of the applied turbine waste-gate. Higher content of the
15 Sod \f hot residual gases together with relatively lower mass of the
2-pulse sysfem \R\gr// / trapped fresh air result in lower in-cylindévF ratio, higher tem-

1.25 Lo-intake-pgrt peratures at the end of the compression stroke, and therefore

o exhaustport |\, EVC xy Ve shorter ignition delay in the combustion with the constant pressure

& cylinder i ﬁ g exhaust system. We must point out, that the quantity of the in-
1 jected fuel did not vary too much for both observed systems and
180 270 360 450 540 630

the entire engine map and that the combust#diF ratio was

fi IDEG. CAl generally the function of the in-cylinder trapped air. As the result
Fig. 6 Pressure distribution in the intake, exhaust port and of lower Corr_lbustl(_)nA/F_ ratio, higher content_ of the residual
cylinder for engine rated speed, lower load, and both exhaust gases and higher in-cylinder temperatures, higher smoke values
systems were obtained by the constant pressure system. Smoke density

ratio distribution for the observed two-pulse and constant pressure
system is presented in Fig. 10. Cleaner exhaust is typical for the

gas-flow from the cylinder into the intake manifold is more nogwo-pulse system at lower engine speeds all over the load range.

! P : e This system indicates the possibility of cleaner exhaust even when
gsgﬁggg:é%b; intake port velocity distributionfor the valve further increase of the engine peak torque were considered. The

« there is practically no reverse flow of the exhaust gases frorr?lSUItS of the two-pulse system at the rated engine condition de-

the exhaust manifold back to the cylinder during the valve Ove”%ﬁriorate again wh_en the waste-gate is_used; corresponding smoke
period (Fig. 7) alues are approximately 10 percent higher than the values of the

constant pressure system. In the same time we must be aware that
Influence of the Exhaust System on Engine Emissi&mis- the absolute smoke densifyy Bosch unitg is far below 1.0 and
sion of the applied engine is also affected by the thermodynanferefore the change is relatively small.
state of the fresh charge in the cylinder at the beginning of the Gaseous pollution of a Diesel engine exhaust is characterized
compression stroke. This state is influenced by the engine vohy the CQ, O,, HC, and NOx emissions. G&mission depends
metric efficiency, by the content of the residual gases, etc., that the quantity of burned fuel only and did not change signifi-
are consequently depending on the applied exhaust system. cantly for the observed exhaust versions: slightly lower values
Figure 8 represents the ratio of the measured total volumetriere measured for the two-pulse system, with the exception of the
efficiency for the applied exhaust systems and for different engieagine rated output and according to Fig. 11, that in term mean
running conditions. Higher values are, as expected from the ptewer effective fuel consumption. GGmission values were also
vious pressure and velocity diagrams, obtained with the two-pulseccessfully used to control the accuracy of the measured air and
system almost all over the engine operation map. The situationfigl mass-flow.
changed only in a limited zone of higher engine speeds, where dudHC emission was low for both exhaust versions, although larger
to the exhaust waste-gate with the two-pulse systemer turbo- values correspond to the two-pulse system, lower engine speeds
charger efficienciesthe influence of lower turbocharger efficien-and loads, where there were larger portions of excess-air, signifi-
cies and higher pumping losses prevent optimum scavengingaaintly lower rate of the hot residual gases, and therefore lower
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Fig. 7 Gas velocity distribution for the engine rated speed, low loads and both exhaust systems
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Fig. 8 Ratio of the engine volumetric efficiency for both ex- Fig. 10 Smoke density ratio of the two-pulse and constant
haust systems pressure exhaust system

temperatures during the first phase of fdelayed combustion. . . . . .
Mass specific HC emission was calculated from the measur@y/er in-cylinder A/F ratio and higher content of hot residual
values and is presented in Fig. 12. gases. Residual gases influence increase of soot formation,
O, emission distribution follows the rules of combustion*Vhereas lower local concentration of, @rough mixing process
higher values correspond to lower engine loads—i.e., to larg¥ th the residual gases simultaneously decreases formation of ni-
AJF ratios. TotalA/F ratio was presented in Fig. 2. In-cylindert/ic 0xides. Higher effective overal\/F ratio (Fig. 2), higher
(trapped A/F ratio was relatively larger for the two-pulse systenin-clinder excess air with minimum concentration of residual
due to higher volumetric efficiency and lower rate of the residugPSes(Fig. 9), better cylinder scavengingrig. 4 and Fig. 5 in-
gases. As the consequence larggrefnission values were mea-Créase NOx mass emission of the two-pulse system at lower en-
sured for the two-pulse system especially at intermittent engi§d'® SPeeds and loads, where ignition delay plays an inferior role.
speeds and loads. O_n the other hand, m_cre_qsed temperature at the.end of compres-
NOx emission is crucially important for the engine emissiofion Stroke reduces ignition deldgspecially at higher engine
suitability. It was again better to convert individual measured coriP€€d5 and as the consequence higher combustion temperatures
centrations(ppm by volume into mass-specific NOx values for during the flr_st part of the combustion process pro_voke increase of
better comparison of the data. NOx emission is generally goU‘-e NOx emission. One can conclude from the Fig. 13, that there
erned by the temperature and lo@dlF distribution during com-
bustion process. As mentioned before, higher temperatures of the
fresh chargdat the beginning of the combustion processthe 14 ) ) ) ) ) ] ‘ ) )
cylinder of the constant pressure system are the consequence of / 7\
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Fig. 9 Residual gases in the cylinder for two exhaust systems Fig. 11 CO, emission for both exhaust systems
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14 haust manifold and another with a double-manifold exhaust sys-

HC m, spec. (g/kWh) /‘\o tem. The main aim was to determine the influence of the exhaust
13y ... const.pressure system o N system especially on the scavenging characteristic and emission
2-pulse system o properties of the observed engine.
120 — b/_ It was found out that higher pumping losses of the two-pulse
A

Qo 020 system are the consequence of higher pressure differences during
11 / ’ \ the gas exchange period, caused by higher exhaust amplitudes in
10 O J / the exhaust system. This disadvantage diminishes at lower engine

£/
&
/ speeds and higher engine loads.

- 1o o S Q]
© \ o4 o 5
97 9 \ / / / % Higher volumetric efficiency and better scavenging of the en-
3 =845 o SR J gine cylinder by the two-pulse system is the consequence of suit-
£ 8 \ N /}—"&9‘0/ 'I able pressure distribution in the exhaust port; there is practically
020-“—"/ »7, ,’%’ -t: \ I no omission of the cylinder outflow by the reflecting pressure
7 5/0 Q' \ 9 § waves and the increase of the valve overlap period can be applied
).g'L X /1‘ for further increase of the cylinder charge quality and quantity.
6 N o®® Reflected pressure waves of neighbor cylinders of a common-

0 10— exhaust manifold system seriously disturb the exhaust sequence;
—ﬁ % 00— as the result less fresh air remains in the cylinder and there is a
\\ // / certain amount of residual gases left in the cylinder. Increased
4> valve overlap period additionally deteriorates the situation. Con-
11 12 14 16 18 19 20 21 . :
stant pressure exhaust system therefore requires different valve
nx 100 (1/min) timing, longer exhaust branches or introduction of a pulse
converter.

As the consequence of inadequate cylinder scavenging there is
an increase of the soot content in the exhaust gases met by the

constant pressure system. Higher combustion temperatures of the
. s s s , : constant pressure system and sufficient air ensure better combus-

(J'l

Fig. 12 Specific mass-emission of the hydrocarbons

14 +——
v _L L \ \ Q/ tion of hydrocarbons even at lower engine speeds and loads.
134 8 ;:“:’1’ s L Q‘-’P L _I—_ligher ignition delay by _the two-p_ulse system ensures _Iowgr
© critical peak temperatures in the cylinder and NOx emission is
o

generally lower compared to the constant pressure system. This
advantage disappears at lower engine speeds and moderate loads:

08571 the “advantage” of mixed residual gases and constant pressure
exhaust system prevails over the advantage of the delayed
r ignition
The overall emission characteristic of the two-pulse exhaust
system brings some advantage over the constant pressure system
especially for the new-design, higher specific output engines,

where more stringent future emission standards can be met with
the highest efforts.
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This paper presents the SELENDIA code designed for the simulation of marine diesel

Phlllppe ROV engines. Various measured and simulated results are compared for the performance of a
. sequentially turbocharged marine diesel engine during a switch from one to two turbo-
Bahadir Inozu chargers. The results show a good agreement between measured and simulated data.
Surge loops that are experimentally observed in case of an anomaly are analyzed using
School of Naval Architecture simulated results. Finally, the predictive capabilities of the simulation code are utilized to
and Marine Engineering, investigate the influence of the inlet manifold volume on the engine and air charging
University of New Orleans, system performance with a special focus on compressor siB§&42-47960)01104-3

911, Engineering Building,
New Orleans, LA 70148

1 Introduction Subsequently, the turbine drives the second turbocharger whose

. . peed progressively increases. After a certain delayAthalve
o R o A e oty o e e 1 et a i 0 cpere and e second -
cations. Test-bed measurements are usually tedious and expené“?erger starts supplying air to the engine.
due to the size of the power plant. As a result, engine simulation

can be a valuable tool when used in parallel to actual testing fdr The Selendia Simulation Code
the objective of guiding experimental investigations and improv- . - ' .
ing the global understanding of various aspects of the interna|3-1 Main Characteristics. The first version of the SELEN-
combustion engine. In previous publications, we reported the délA Simulation code was designed for the steady state perfor-
velopment of a simulation code that was used to investigate cofj@nce of marine diesel enging8]. The code is based on the
pressor surge and the resulting engine operation lifgig]. In flling and emptying” method which conceives the engine as a
this paper, a new version of this code designed for the Optimiz%_]cces_smn of control volumes such as the cy_hnders and manifolds
tion of turbocharging systems under transient conditions is pre Which mass and energy balance equations are appfigd

sented. Various measured and simulated results are shown fgP&sPite the variations of the gas composition, the gas is assumed
sequentially turbocharged marine diesel engine. to be homogeneously distributed inside the entire control volume.

Furthermore, fresh air and exhaust gases are assumed to be per-
o . fect. The First Law of Thermodynamics in open systems applied

2 The SEMT Pielstick System Applied to the PA6 STC 1o the various control volumes allows the determination of the gas
Engine temperature and pressure as shown in Fig. 2.

S.E.M.T. Pielstick has been designing sequentially turbo-
charged diesel engines since the early eighties. Commercialization
started in 1990 for high speed and medium speed engjes.

The system used for the PA6-STSequentially TurboCharged l T
engine is presented in this section. The engine is equipped w

two turbochargers in parallel as shown in Fig. 1. At low an
medium loads, one turbocharger is in use. At high loads, vab/es
andA are opened allowing the use of both turbochargers. Due
a better air supply, the engine operating range at low speed ¢
high torque is significantly enlarged in comparison with a class
single stage turbocharging system.

The advantages of a sequential turbocharging system are ok
ous at steady state. However, transient performance needs tc
thoroughly investigated, especially with respect to the syste
switch from one to two turbochargers. This phase is critical due
the large inertia of the turbochargers. The system switch, trigger
by a turbocharger speed threshold, is a two step procedureGTht
valve located on the exhaust gas line shown in Fig. 1 is opene

mssm Exhaust Gas

Air
Contributed by the Internal Combustion Engine Division GiETAMERICAN Turbochargers o Valve

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF
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Division March 27, 2000; final revision received by the ASME Headquarters Aprffig. 1 Sequential turbocharging system developed by

17, 2000. Technical Editor: D. Assanis. S.E.M.T. Pielstick for the PA6 STC
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Fig. 2 Structure of the SELENDIA Code

The cylinder volume as a function of the engine crank angle isgration routines among other specific simulation programming
derived from simple geometry considerations. The Keenan atabls as well as extensive graphic capabilities for interactive run-
Kayes tables provide the thermodynamic properties of the exhatiste sessions.
gas and fresh air as a function of temperature and exce$8]air  After numerous validations for the simulation of steady state
The combustion heat release and all of the parameters relategpéoformance, the code was modified to allow the transient re-
the combustion and injection processes are modeled using tamonse simulation of highly rated marine diesel engines as shown
Wiebe's laws associated with Gaudart's paramef6rs0]. The in Fig. 3. The governor model is a Proportional Integrateh
heat transfer at the cylinder wall is evaluated using Woschniteodel. The fuel rack position is provided by the following differ-
model[11]. Friction losses are evaluated with a modified Cheantial equation:
and Flynn’s mode[12]. Mass flows are derived using Barre de )

Saint Venant's laws. The inlet and exhaust valve effective areas dRack d(diff) . -

are either calculated based on geometry consideration or interpo- dt acky| Kp. dt +Ki.diff ),

lated from test bed data. Finally, the various parameters of the air

charging system are evaluated based on the compressor and tur- .
bine maps provided by the turbocharger manufact{8}. diff = N @

The SELENDIA simulation code makes use of a specific simu- end
lation language called A.C.S.l(Advanced Continuous Simula- whereKp andKi are provided by the governor's manufacturer as
tion Languagg[14]. This language provides pre-programmed ina function of the engine speed. In addition, the model includes

N eng N requested

Requested
Speed

GOVERNOR

Compressor
C Power
Rack ' omp:r:assor J-
ENGINE N, __J' N o
v
BMEP Turbine

Engine o dem Power
Load i

Fig. 3 Engine block diagram for the simulation of marine diesel engine transient
response
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various fuel rack position limits based on engine speed and boos;
pressure and aimed at preventing engine over-speed and insuffi °
cient excess air. The code was validated and utilized for different
projects such as the performance simulation of marine diesel en:
gines under extreme conditiohs5,16].

Equivalent Equivalent Al
Piping System - Capacity

3.2 Additional Models for Sequential Turbocharging. e o
Sequential turbocharging is a rather new technique. Publications .
regarding this topic are extremely limited. Swain published some COMPRESSOR ‘
results for the simulation of turbocharger switches with a special EQUIVALENT AIR CHARGING SYSTEM
focus on the turbocharger performance which was modeled in
detail[17]. However, the engine model was extremely simplified. Fig. 5 Equivalent air charging system

The study focused on sequential turbocharging system switches
assuming that the engine operation was quasi-constant.

The study presented in this paper includes an engine thermogly+e compressor wheel diameter according to our tests. When

namic model to simulate significant variations of the engine spe inlet air valve is being opened, the compressor power is cal-
and torque. In addition to the switch phases, the simulation of ti€ateq using an equation which combines the formula of the
turbocharger performance is based on two major criteria whi mpressor power under normal operating conditions given by
are the turbocharger speed evaluated with Newton’s Second L%Ws. 5 and 6 and the simplified compressor power law given by
and the pressure ratios derived from the First Law of ThermodE— 4.

namics applied to the inlet and exhaust manifolds. Mass flows an

isentropic efficiencies are obtained using a two-dimensional inter- dMeomp/ CPo+Cpy
polation of the compressor and turbine maps in matrix form. Weomp= dat |\©— 2 (To—=Th), ®)
The switch phases are triggered by a pre-determined turbo-

charger speed threshold. The model includes the opening charbere

teristics of the two valves mentioned in the previous section in T

terms of timing and duration. An “opening coefficientOV is To=——(7comp— 1+ r(cgin:l)”i). (6)

defined for each valve as the ratio between the current section and Tcomp .

the fully opened section, as follows: The compressor map is extrapolated to include negative mass
s flows as shown in Fig. 4. The objective is to determine the effect

OoV= —. (2) of inadequate valve opening timings, including compressor surge

Sto [18]. The extrapolation is based on the modeling of the various

The turbine mass flow during the exhaust line valvalve G) losses occurring when the compressor operates beyond the adap-
opening and closing is obtained by multiplying the turbine madation line. The relevant equations are presented in Appendix 1.

flow when the valve is fully opened and the opening coefficient AS shown in Fig. 5, the combination of the “filling and emp-
OV as shown in Eq. 3. tying” equations and those associated with the inertia of the fluid

between the compressor and the inlet manifold allows the calcu-
3) lation of surge loopd19,20. The mathematical model is pre-
sented in Appendix 2. It provides the boost pressure and the com-
) ) ) pressor mass flow during surge as a function of time. The
When the exhaust gas valve is open and the inlet air valve dsmpressor power is evaluated using Eq. 5 when the compressor
closed, the compressor operates with a certain speed and no niass flow is positive and Eq. 4 when the compressor mass flow is
flow. As a result, the development of a new compressor modgli| or negative.
was necessary. The operating point is located in the surge area of
the compressor map. Due to insufficient information in this regioE vValidation
of the compressor map, the power consumed by the compressor is

dmy, _ dmur)
dt N dt )

derived from the following simplified equation: The validation phase was performed for the SEMT Pielstick
5 PA6-STC engine for which measured data were available. The
Weomp= Keomp-NTc (4)  main characteristics of the PA6-STC engine are shown in Table 1.

The K comp cOefficient is specific to the compressor being used. Figure 6 shows the measured and simulated boost pressure and
However, it may be extrapolated from a known value for a givetirbocharger speeds for the 12PA6 STL2 cylinders engine

type of compressor since it seems to be proportional to the squéking a switch from one turbocharger to two turbochargers at
constant engine speed010 rpm. The turbocharger switch is

induced by a slight load increase. For this specific test, the delay

. between the exhaust line valve and inlet line valve openings is
Compression rate

M, urer’ S— Extrapolated two seconds. This delay was adjusted to avoid compressor surge
A anuj;a.c urers data by allowing a sufficient turbocharger speed at the inlet line valve
surge tine M opening as well as to sustain the engine air supply by maintaining
easured ;
data the boost pressure. Indeed, when #galve is closed and th&
Table 1 Main characteristics of the Pielstick PA6 STC engine
Number of cylinders: 12 or 16
Type: Vee(60°)
compressor Bore: 280 mm
map Stroke: 290 mm
MCR Speed: 1050 rpm
Mass Flow } MCR Power: 325 kwicyl
Turbocharging system: sequentiakial turbine and
centrifugal compresspr
Fig. 4 Extrapolated compressor map
564 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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Fig. 7 Engine performance during a 1TC /2TC switch at 1010 rpm for the 12PA6STC engine
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Fig. 8 Air charging system performance during a 1TC  /2TC switch at 900 rpm for the 16PA6STC engine

valve is open, the single turbocharger which supplies air to therbocharger switch with an absolute minimum of 1.8 bar two
engine no longer uses the full energy flow of the exhaust gas siremronds after the exhaust line valve opening. The results show a
the exhaust gas flow is shared by the two turbines. As a result, gagisfactory agreement between measured and simulated data. The
boost pressure significantly decreases. It is thus critical to adj@stor margin for the extreme values of the turbocharger speed and
the timing of theG and A valve opening to avoid penalizing theboost pressure is within 8 percent. The duration of each phase is
engine performance when the engine loading process includepradicted with sufficient accuracy.
turbocharger switch. Figure 7 also shows a good agreement between measured and
Figure 6 shows that both turbochargers reach the same speeftulated results for the engine. The exhaust line valve opening
after 1.8 s. The “OVE” and “OVA” vertical lines correspond to initially results in a pressure drop in the exhaust manifold, which
the beginning of the exhaust and inlet line valve opening, respaemporarily improves the engine performance. Consequently, the
tively. The boost pressure decreases from 3.5 to 2.2 bar during #mgine scavenging improves, resulting in a slight increase of the
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Fig. 9 Air charging system performance during a ITC ~ /2TC switch at 900 rpm in case of a reduced valve opening
timing—16PA6STC engine

engine BMEP as well as the engine speed. The actual engo@mpressor mass flow quickly increases to reaBh’*Then, the
speed exceeds the requested speed and the governor orders dafest pressure increases at constant speed and the compressor
crease of the fuel rack position. However, the boost pressure dragerating point reachesC.” However, the compressor speed is
after approximately one second since the air is supplied byirssufficient and the operating point goes to the surge area to even-
single turbocharger which receives only half of the exhaust gaglly reach ‘D” while the compressor mass flow significantly
flow. As a result, the inlet air flow decreases as well as the engidecreases.
speed. The rack reaches its higher limit and the governor cannoDue to a reversed compressor flow, the inlet manifold pressure
compensate the speed decrease. After the inlet air line valve opdeereases and the compressor operating point readkies/tich
ing, the boost pressure augmentation allows a slight increasecofresponds to the minimum of the 270 rps speed line. Subse-
the engine speed. However, the engine BMEP does not incregsently, the compressor mass flow quickly increases to reach
significantly due to the higher limit of the fuel rack position. After E.” The *“ A-B-C-D-E’ surge loop lasted approximately .5 s and
approximately five seconds since the beginning of the switchirlge compressor speed reached 280 rps. Since the compressor mass
process, the fuel rack limit associated with the use of one turbitew is again positive, the inlet manifold pressure progressively
charger is replaced with the much higher fuel rack limit associatétreases. The turbocharger speed is now sufficient and the oper-
with the use of two turbochargers. As a result, the fuel rack positing point is no longer in the surge area of the compressor map.
tion slightly increases for a few seconds allowing the engine fthe inlet manifold pressure stabilizes around.™
stabilize at the requested speed. The SELENDIA code showed good predictive capabilities in
The validation process was continued with the 16PA6 $T& case of anomalies. These predictive capabilities were utilized to
cylinders engine, which is equipped with bigger turbochargerdetermine the effect of geometry modifications on the engine per-
than the 12PA6 STC engine. The simulation is again at constdatmance during a turbocharger switch. The effect of the inlet
speed(900 rpm. The delay between the exhaust and inlet linenanifold volume was investigated. The inlet manifold volume of
valve openings is 2.7 s for this engine instedd2os for the the test engine is 1.3 Figure 11 shows the performance pre-
previous engine due to higher turbocharger inertia. Figure 8 shouistion of the SELENDIA code for an inlet manifold volume of .8
a satisfactory agreement between measured and simulated resoifswhich was chosen arbitrarily.
The error margin on the turbocharger speeds, boost pressure anthe simulated results indicate the occurrence of two surge

duration of the various phases remains quite low. loops before the stabilization of the engine operation. Figure 12
shows the compressor operating point on the compressor map.
5 Predicted Results The initial operation of the compressor illustrated by the curve

The SELENDIA code was utilized to simulate the 16PA6-sT¢aPEIEd "A” corresponds to the previously described compressor

engine performance in case of an anomaly. Figure 9 shows the
performance of the air charging system when the delay between
the exhaust and inlet line valve openings is reduced from 2.7 s to Pressure (kPa)
2.2 s. In such a case, the speed of the second turbocharger is ~ **[ ™~ 77"~
insufficient when the inlet line valve is opened. This results in
compressor surge as shown by the turbocharger speed curve and
especially the boost pressure curve for which a sudden drop is
observed, indicating a negative compressor mass flow. Figure 9
shows that the simulated results are satisfactory. The results show
that there is only one surge “loop” whose amplitude and duration
are predicted with good accuracy. The trajectory of the compres-
sor operating point on the compressor map contributes to a better
understanding of the air charging system performance. This tra-
jectory can be plotted using the simulated inlet manifold pressure
and compressor mass flow. Figure 10 shows the operating point of
the compressor that is being started during a switch from one

turbocharger to two turbochargers. In this figuréy™is the com- S . Flow (kg,s)‘
pressor operating point at the inlet line valve opening. The corre-

sponding compressor speed is 270 revolutions pefrpst The Fig. 10 Surge loop on the compressor map
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Fig. 11 Engine and air charging system performance during a 1TC /2TC switch at 1010 rpm for the 16PA6STC with
an inlet manifold volume of 8 m 3

performance when the inlet line valve is opened. When the coitite second surge loop corresponds to a compressor speed of 278
pressor mass flow is again positive, the inlet manifold pressurerjss. The compressor speed after the second surge loop is 280 rps,

approximately 1.75 bar. During the first surge loop label&]

which is sufficient to prevent a third surge loop. The compressor

the compressor did not reach a sufficient speed that would preveperating point leaves the surge area of the compressor map and
surge. As a result, another surge loop labelé&d’ ‘is observed.
The first loop corresponds to a compressor speed of 275 rps anéfigure 13 shows the engine and air charging system perfor-
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Fig. 12 Performance of the compressor being started during a
1TC/2TC switch with an inlet manifold volume of .8 m 3
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mance for a switch from one to two turbochargers with an inlet
manifold volume of 2 M. This figure shows that the turbocharger
switgh does not induce surge when the inlet manifold volume is
2nr.

A larger exhaust manifold volume results in a larger inertia of
the engine/turbocharger assembly. The amplitude of the inlet
manifold pressure drop is thus smaller with a large manifold than
with a small manifold. This may appear as a penalizing factor for
the engine performance since a higher boost pressure puts the
compressor operation closer to the surge area. However, a higher
boost pressure increases the engine power. This power increase
provides a better energy flow to the turbine which is being started
during the one to two turbocharger switch. Consequently, the tur-
bocharger speed increases faster and reaches a higher value when
the inlet line valve is opened. This significantly diminishes the
risk of surge as predicted by the simulated results.

6 Conclusion

The steady state performance and transient response of high
output marine diesel engines must be thoroughly investigated. As
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Fig. 13 Engine and air charging system performance during a 1TC /2TC switch at 1010 rpm for the 16PA6STC with

an inlet manifold volume of 2 m
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shown in this paper, the SELENDIA simulation code allows a  Negative
comprehensive investigation of the engine/turbocharger assembly Flow Stable
under transient conditions in the case of sequentially turbocharged /

ATl Unstable

Compressor’s
engines. The various results show a good agreement between Characteristic
measured and simulated data. As an added advantage, simulation I
can be used to investigate the influence of specific engine param-
eters. In parallel to test bed measurements, it may be useful for the
design, development and optimization of turbocharged marine

diesel engines for both healthy and faulty operations. IT

Acknowledgments 0 Dp2 Dp

We would like to thank the Center d’Etude des Machines Ther-
miques of SEMT Pielstick and especially M. G. Grosshans for his
contribution.

Fig. 14 Schematic of compressor operating map

» A compressor characteristic is unique, independently of the

Nomenclature steady or dynamicduring surge nature of the compressor

operation.
N = rotation speedrpm] » A compressor characteristic is represented by a function that
n = number of cylinders is continuous and derivable across the complete mass flow
BMEP = Brake Mean Effective Pressufbar] range.
W = power[W] » The minimum of a compressor characteristic occurs when the
P = cylinder pressur¢bar] mass flow is equal to zero.
diff = difference between requested & actual speéd + Section 4 can be assimilated as the parabolic curve of a pres-
m = mass[kg] sure loss.
S = aream] ) . . ) .
Cp = specific heat at constant press{itkg/K] Using the various notations defined in the general nomenclature
n = efficiency[-] as well as the appendix nomenclature, the compressor character-
y = specific heat rati¢-] istics are modeled as follows:
Vo= volume[mr?2
It _ 'tinn‘ig'g][kg ] Section 2:D>D /2
rack = fuel rack positionf mm] The following equations are based on energy conservation, Eu-
K = coefficients|-] ler's theorem and experimental data. They include the effect of
T = compression ratg ] slip factor o, friction and incidence losses as well as the previ-

OV = opening coefficienf-]
T = temperaturgK]
Subscripts
eng = engine
cyl = cylinder
comp = compressor
tot = total
exh = exhaust
TC = turbocharger
tur = turbine
max = maximum
n = nominal
i = inlet
0 = outlet
fo = full opening

Appendix I: Elements for the Extrapolation of the Con-

stant Speed Lines of a Compressor

A single equation cannot characterize the compressor pressure-
flow diagram across its complete range. Figure 14 identifies the

following 4 distinct sections:

ously listed assumptions.

D.\2\Y(»-1
. 2 ad
SIDC>DadH: alfaz.Dchf.Dcfa.a 17D_) )
C
D.\2| "=V
siD.<D.dl=|a;,—a,.D.—K;.D?—a,4 1——) )
ad

wherea, =1+ o(4m2r3)/(Cp.T})N?
o.N
a =
2 Cp.Typa(I1)7.15.tg(B)

20024 2
_27(rytry)

2

BT Cp T,
a;.D
Dad* P a D
(y=Dly_ 2-“p
()= 7—a;+az+
Ko 1 1 a,
=%|p,.D, D2 2D,

Section 3: 0<D.<D,2

* Section 1 is obtained by the experiment and usually provided The formulation of this section was arbitrarily selected to link
by the manufacturer

» Sections 2 and 4 may be obtained by the experirh&sit

section 2 and 4. K is fitted to ensure continuity and derivability.
IM=K.DZ+11, where:

« Section 3 does not seem to be accessible by the experiment

. . y .. Y { a2 2a3 1 1 >:|
The parametric expressions of the compressor’s characteristics K= ——| - —=—Kf+ —
presented in this appendix are derived from a combination of the y—1l Dp Dag\Dp  2Daq
classical equations and those related to the main losses experi- a D. K..D2 D. \2]¥r-1)
enced in sections 1, 2, 3 and 4. The following assumptions were x|a;— 2. 7p_ 2 7p +a3( 1——P ) }
made: 2 4 2D g
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a,.D, K;.D D. \2]Y-1 k. p2 ¢ = Polytropic coefficient
My=|a;— 5 P_ 7 p+a3 1- 2Dpd) i P II = Compressor pressure ratio
a I1, = Pressure ratio at surge occurrence
. . I, = Pressure ratio at compressor zero mass flow
Section 4:D.<0 p, = Air density at the compressor inlet
[1=K’.DZ+11, where K'=(I1,~I1,)/D? o = Slip factor
(), = Manifold volume

Appendix II: Equations Resulting from the Air Charg-
ing System Model Shown in Figure 5 References

« Valve: Barre de Saint Venant's equation for subsonic flows
* Pipe: Newton’s First Law

dD,

dt

A
- L_C(PC_Pr)

« Manifold: Mass and energy conservation

dP, ryT. [ T,
datoQ, DCT_DU
dT, r.T? DTc o)\ b—b
dat PO [ NeT T »|=(Dc=D,)

e Compressor:
PC

(e—1)le
Po)

TC: To<

Appendix Nomenclature

A. = Pipe cross section

D. = Compressor mass flow
D.q = Compressor mass flow at adaptation
D, = Compressor mass flow during surge
D, = Valve mass flow

I, = Width of the wheel outlet

L. = Pipe length

N = Compressor speed

P, = Manifold pressure

P. = Compressor outlet pressure

Py = Compressor inlet pressure

r; = Radius of the wheel inlet

r, = Radius of the wheel outlet

r = Mayer's constant

T, = Manifold temperature

T. = Compressor outlet temperature

Ty = Compressor inlet temperature

t = Time
B> = Angle of the wheel outlet
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Intake Flow Structure and Swirl
Generation in a Four-Valve
Heavy-Duty Diesel Engine

Intake flow structure was studied using various port geometries in a four-valve heavy-duty
diesel engine. Swirl ratio, LDV measurements of bulk flow and turbulence, and flow
visualization experiments were conducted on a steady-state bench rig. In addition to the
standard production port, archetypal intake port flows (swirl, anti-swirl and tumble) were
created using intake valve shrouds. These flow types are not usually found in heavy-duty
engines, which typically employ quiescent combustion chamber designs. However, recent
CFD analyses have indicated that intake flow structures can significantly influence engine
pollutant emissions (Fuchs and Rutland, 1998). Thus, it was of interest to characterize
these flows in a heavy-duty engine. The measured swirl and axial velocity components
were analyzed to reveal the swirl and tumble generation mechanisms, and the LDV data
compared favorably with the swirl meter results. The flow visualization confirmed the
existence of flow recirculation regions under the intake valves also seen in the LDV data.

These flow structures help to explain the origins of the overall swirl and tumble flow
fields. The results were also compared with available CFD predictions made using the
same port configurations. The measured swirl levels were found to agree with the CFD
trends. However, in some cases quantitative differences were found, presumably due to
the effect of piston motion in the actual engine. These differences need to be accounted for
when evaluating port designs from steady-flow measurements, especially in cases with
high tumble flow componentsS0742-4798)0)00804-§

reverse flow regions in the cylinder and that water analogs can

Introduction
.miss small vortices due to flow incompressibility effects. How-

l;’f;eaorllei?rl]gr;ﬁfa:]llic;?é?ﬁem%ﬂgnolfo%c é‘:;?srgiilncgr’??ﬁggoﬂl esl:ng; Ser, there is relatively good agreement between swirl meter re-
play: p 9 : ults and LDV measurements.

goret_DI (dflrectthlnjec_tlct)r) du?sel e?_glnes,(;/vhlch Qavf avery sl,hor Analyses of the swirl characteristics and the intake flow condi-
uration for thé mixture tormation and combustion, a rue qﬁons have been carried out with various methods including; the
thumb is thgt the fugl system requires that sywrl should SV"‘:’%[Pecession of the swirl center in the cylind@0,21], and sugges-
through the intersection angle between two adjacent SRagS  1iong of appropriate non-dimensional parameters to identify the
Large-bore diesel engines have relatively low swirl, and they rely .| and flow performance have been md@@,7,9,14,1% The

upon multi-hole injection nozzles and high injection pressures [Q¢ect of cylinder wall friction on the swirl decay have been dis-
promote a uniform distribution of fuel within the combustion, sseq by Uzkan et d17].

chamber(3]. It is known that the swirl should be controlled at an | gpite of the above studies on swirl characteristics, more sys-
optimum level, since a higher swirl increases NOx emissions bigmatic and analytic studies are still required due to the complex-
reduces soot emissiorid,5]. However, there are relatively few ity of the flows. The present study analyzes intake flow structures
studies available that document the nature of the flow in heavyr detail and reveals the swirl generation mechanism in a modern
duty engines, since most previous studies have considered higirr-valve heavy-duty diesel engine. Measurements of the swirl
speed diesel or spark-ignition engines. The present work afhw in four different intake port geometries were accomplished
dresses this need and presents results for a modern 4-valve heqyih a swirl meter and an LDV system. The details of the intake
duty engine. The work also helps validate recent CFD intake flofgw fields were further revealed using flow visualization where a
predictions made for the same engine by Fuchs and Ruf@hd |aser sheet served to illuminate tracer particles. The swirl levels
That work showed that intake flow structures can have a signifirere also compared with available transient results of a three-
cant effect on heavy-duty diesel engine emissions. dimensional computational cod&IVA-3V ) for the same intake
Much work has focused on high-speed engines, and there ptgat geometries. This comparison also serves to examine the va-
two basic methods for generating intake sWit+-9]; the directed lidity of the common assumption that steady-state flow measure-
intake port that has good performance at high valve lifts, and theents can be used to characterize engine intake flows for the
helical intake port that can produce higher swirl at low and middigresent class of engine.
valve lifts. Previous measurements and flow visualizations made
under steady conditions include; comparisons between swirl me
and HWA (hot wire anemometer{10,11], LDV measurements
[12-14, flow visualization using water flow analofs5—-17, and Steady-State Flow Rig. The flow rig consisted of a rigid
detailed flow visualization coupled with CFD modelifi8,19.  stand with an acrylic cylinder, a Caterpillar 3401 DI diesel engine
These studies have revealed that HWA has difficulty detectigjinger head, and a flow control system with a blower, as shown
schematically in Fig. 1. The air suction through the cylinder was
Contributed by the Internal Combustion Engine Division ¢fiETAMERICAN provided by a variable speed blow@uperFlow Flowbench 600,

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF ;
ENGINEERING FORGAS TURBINES AND POWER. Manuscript received by the ICE SuperFlow Co. Inlet room air for the blower was drawn through

Division November 23, 1998; final revision received by the ASME Headquarte SE€T Of calibrated nozzles into a settling chamber preceding the
May 9, 2000. Technical Editor: D. Assanis. blower. The pressure drop across the nozzles was used to deter-
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Fig. 1 Schematics of experimental setup for LDV measurements using a flow bench

mine the mass flow rate, while the blower speed was adjusteddiameter which were introduced through the upstream end of the
provide a desired pressure difference between the port inlet gmatts. The droplets were produced using an air-assist atomizer.
the cylinder. The tangential velocity components for the swirling motion in

Two pressure difference conditions of 221 mmCHand 462 the cylinder were obtained at 13 points with a 10 mm interval
mm H,0O were selected to simulate the actual engine operatibgtween points along a diameter on four axial statiars15, 60,
conditions of 1000 rev/min and 1600 rev/min in the naturallt30, 180 mm. The axial velocity components were obtained at 13
aspirated condition, respectively. The general specifications of the

engine are as follows: 141 mm bore, 160 mm stroke, 11 mm
maximum valve lift. Four different intake port configurations
_\‘
/Shmud

were selected to effectively change the swirl generation mech:

nism, as shown in Fig. 2; an appropriate geometry for siixlirl

port), an anti-swirl geometryanti-swirl por), and a tumble port

and the standard pof6]. These various intake ports were imple-

mented by adding sheet metal shrouds on the intake valves of t

standard port.

tional ambiguity. The fringe spacing of the measuring volume wa © @

3.04 um. The optical bed could be moved on a three-dimensional

traversing system with 0.5 mm resolution. The LDV signal wagijg. 2 Four different intake port configurations of a four-valve
processed by an FFT type signal procesd@l| Co). The flow engine: (a) standard port; (b) swirl port; (c) anti-swirl port; (d)
was seeded with atomized silicon oil droplets of 1 ta/® mean tumble port.

Intake air

O

Swirl Meter Measurement. The swirl measuring system was
built as an easily removable part of the steady-flow rig. It consis
of an aluminum honeycomb with small cells of large aspect rati
capable of straightening the swirling flow. The angular momen
tum flux of the flow applies a torque on the honeycomb, which ij
supported by a very low friction ball bearing. The rotation of the
honeycomb, as shown in Fig. 3, is restrained by two spring bai
positioned at each corner of the container box, and its rotatio
angle was detected by the distance between an incoming las
beam(0.9 mW) and the reflected beam on a mirror mounted the
honeycomb shaft. The system was calibrated by a dead weig
method. The honeycomb size was larger than the cylinder dian
eter, preventing the air from bypassing the honeycomb.

O
Q

LDV Measurement. The LDV system consisted of a 5-watt
Argon-ion laser, a fiber optic transmitter and optics bed, and
burst signal processor, as shown in Fig. 1. The single-compone
laser was operated at the green wavelength of 514 nm. The las
power during the experiment was adjusted between 0.3-0.4V
The LDV optical arrangement of back scattering was used to mei
sure the swirl and axial velocity components in the cylinder. Twc
Bragg cells of 45 and 37 MHz were used to eliminate the direc

O

O
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Fig. 3 Swirl meter and measurement principle using laser light: (a) layout of swirl meter; (b) principle of rotation angle
measurement using a deflected laser beam.
points atz=15, 60, 130, and 165 mr{165 mm was the closest ap
possible proximity to the swirl meter statipnTypically 200 CiCda
samples were collected at each measurement point and the data S Jau 3)
2

rate was normally 0.1 to 0.5 kHz, resulting in maximum uncer- R.= D? a2
tainties of 3.6 percent and 10.0 percent for the mean velocities and f Cida
the turbulence intensities, respectively, which include the Doppler “1

burst bias error of 0.7 percent with a downmixer. whereS is the engine strokd) the valve inner seat diameter,

the crank angle, and the subscript 1 refers to intake valve opening
and 2 the closing crank angle. The varying valueefand Cg

are evaluated at the appropriate valve lift corresponding to the

Flow Visualization. A copper vapor lase(l.5 mJ/pulse, 10
kHz repetition rate, Oxford Laser Qowas used to make a laser
sheet with a negative cylindrical len§=¢ —30 mm) and a long crank angle .
focal distance plano-convex lenf=700 mm) and three reflect- In order to correlate the LDV results with the swirl meter di-
ing mirrors on the optical table. The laser sheet was 1 mm thick j

. : ; C et , a swirl moment was defined with the swirl velocities ob-
the cylinder(from a vertical slit platd 23]). This slit was helpful taineyd from the LDV experiments. The swirl mome®) is de-
to reduce background light noise reflecting on the cylinder,

well as black paint on the back of the cylinder surface. Neutral ed by combining the angular momentum produced by the swirl

buoyant micro balloons of 30 to 50m mean diameter, as tracers, elocity with the axial mass flux, that is,
were seeded into the intake air to create streak lines in the laser R )
sheet. A still camer&\ikon 72 with a micro zoom len$200 mm GZZ”[ pVWradr, 4)
f/4) was used with a shutter speed of 1/250s and aperture size 5.6,
resulting in about 80 laser pulses in each picture. whereV andW are the swirl and axial velocity components at a
distancer from the cylinder center, anR is the cylinder radius
R=D/2). Therefore, the swirl moment has the units of torque
ﬁ}fn), as in the swirl meter measurement.

"fh practical calculations, several assumptions are needed due to
he restricted number of LDV measuring points. Linear interpola-
tion was used and swirl velocities near the cylinder wall were

Q assumed to be the same as the value nearest the wall. The axial

AV (1) velocity was obtained by averaging the measured mass flow rate

0 over the cylinder cross-sectional area, assuming a constant
whereQ is volume flow rateA is area at the valve seat, and thelensity.

reference velocityV,, is calculated from an isentropic relation

0

Swirl Parameter Definitions. The results of the steady flow
rig tests were expressed in non-dimensional terms, in such a
that they are independent of the engine size and of the press
difference across the port. The flow coefficie@t,, the breathing
capacity of the port, is defined as

Cs

for a flow in a converging nozzle emptying into a plenum Results and Discussion
\ y—1/ 1/2
_ 2y E _(E e Swirl Meter Results. Figure 4 shows the swirl and flow co-
Ol y—1 po Po ' efficient variations with intake valve lift for the different intake

orts. In the case of the standard port, the flow coefficients are
igher than those in the other ports at all valve lifts. Because the
flow resistance tends to increase with the blockage by the shrouds,
the flow coefficient of the tumble port shows the lowest values,
while the swirl port and anti-swirl port have nearly a same values.
8G For all the intake ports flow saturation does not appear until the
CS:mYV 5 (2 maximum valve lift,L/D=0.25.
0 The swirl port generates the highest swirl. Especially at high
whereG is impulse meter torquenYis air mass flow rate through valve lifts, the swirl coefficients are high, which is consistent with

where Py, po, and Ty are atmospheric pressure, density, an
temperature, respectively, aiy is cylinder pressure.

The swirl coefficientCs, as a ratio of the flow angular to axial
momentum at each valve lift, is defined as

port, andB is cylinder bore. previous studies that show that the directed intake port can gen-

The swirl ratio,Rs, as a global swirl generation parameter durerate higher swirl at high valve lif{8,24]. In the standard port the
ing the entire intake proce$9], is defined as swirl coefficient increases monotonically with the intake valve
572 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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05 [ r T Intake Flow Structure
e 04 SR=4.28 Standard Port. Figures %a) and(b) show the LDV axial and
.g 03 I : swirl velocity distributions at each cross section for the standard
£ B S port atdP=221 mm HO. Due to the inertia of the intake air
8 02 through the intake port which is eccentric to the cylinder center,
= [ SR=1.19 larger swirl velocities occur around the rear intake valve region
'c% 0.1 ! (which has a relatively long port runnethan in the front intake

» 00 I SR=-1.51 valve (which has a relatively short portThis is seen in the upper

o i ﬁ cylinder section(e.g., atz=15 mm), which is the source of the
01 clockwise swirl motion in the entire cylinder. This confirms that

02 L SR=-2.39 the eccentricity of the intake pofivhich is 57 mm in this engine

strongly influences swirl formation by combining with the inertia
—&- g‘a.’lflda’d of the intake air. This kind of swirl generation method is known as

07 1 A:Itli-Swirl the directed port desigiv—9] and it is commonly used in small-

B —A— Tumble bore, high-speed diesel engines.

0.6 [ At axial locations downstream of the head, the uneven distribu-
= 05 [ tion of the swirl velocity develops into a large scale swirl vortex.
& . The figure shows that the organized swirl motion is rapidly made
£ 04 | starting atz=60 mm just after the two intake jet flows of reverse
3 [ directions, which come from the two intake valves are formed.
C; 03 I Note that the stroke of the actual engine is 160 mm, so this swirl
o 02 | flow would be expected to be established in the engine. The ve-
""=_ [ locity profile in the swirl vortex tends to be linear with cylinder
o 01 [ radius (solid body further downstream, while the angular mo-

00 Lo b ) L Ly mentum of the swirl vortex decreases. The center of the swirl

0 0.05 0.1 045 02 025 03 vortex still stays near the cylinder center irrespective of the cyl-
. . . inder position, which means that the swirl vortex is stably located
/D, Non-dimensional Valve Lift in the cylinder.

The turbulence intensity distribution reveals relatively even
profiles at each cross section, in spite of the uneven distribution of
the mean flows. This is because turbulence is not only produced
by the high shear in the high gradient regions of the mean veloci-
lift, even though it has a negative valGiee., opposite to the swirl ties, but it can be also generated in high mean flow regimes. The
direction at the lowest lift {/D=0.05). In the anti-swirl and tyrbulence intensity tends to decrease and its distribution becomes
tumble ports, the swirl coefficients show negative values at alhiform along the diameter with increasing distance from the
valve lifts. Moreover, in the anti-swirl port the swirl generatiomead.
tends to decrease with valve lift, contrary to the trend of the swirl The axial velocity distribution in the upper part of the cylinder
port. This is due to small vortices being generated in the cylindgy concentrated in the intake valve region, while only small axial
without any dominant swirl source, as will be explained in theows exist on the exhaust valve side of the engine. This large
LDV and flow visualization results. In the tumble port, the swirhyia| flow on one side of the cylinder moves toward the other side
coefficient tends to decrease slightly with valve lift. _as the flow develops downstream. The axial velocities on the ex-

Global swirl generation is expressed in terms of the swirl ratigayst valve side become higher than those on the intake valve side
(SR) in Fig. 4. The swirl ratios are 4.28, 1.19,1.51, and—2.39 pecause of the flow rearrangement. Eventually, the velocity distri-
for the swirl port, standard port, anti-swirl port and tumble porytion becomes uniform across the cylinder diameter at the down-
respectively. These are consistent with the trends from the traliream locations.
sient three-dimensional KIVA code predictions for the same in- 1yrpylence is generated in the high jet axial velocity region just
take ports, as listed in Table 1. The details of the computationglger the intake valves, but the turbulence profile become more
study are described by Fuchs and Rutlg6fland Hesse[25]. niform at each cross section, while its magnitude progressively
The reason why the experimental results are higher than the cofgereases with downstream distance from the head.
putational results for all intake ports could be due to the effect of
the piston motion which was considered in modeling the intake Swirl Port. Figures §a) and (b) show the LDV axial and
process in the computations. Clearly, in the actual engine the flewirl velocity distributions at each cross sections for the swirl port
field would be expected to be influenced by the proximity of thatdP=221 mm HO. Due to the blocking of the inner side of the
piston to the head and by the piston bowl at early times during tfrent intake valve, most of the swirl velocity appears both on the
intake stroke. This would be most noticeable for the tumble arkhaust valve side and in the central region at the top of the
standard ports which have significant tumtdeial) flow compo- cylinder (seez=15 mm), while negative swirl velocities occur on
nents, and show the largest differences between the measuredthrdintake valve side. This strongly uneven velocity distribution
computed results. Thus, the present study suggests that cautiakes for a well-organized clockwise swirl motion across the
should be exercised when interpreting swirl meter results for usatire cylinder. This implies that blocking the inner side of the
in port design in cases where tumble flows are significant. front intake valve can prevent it from generating negative swirl

flows by matching with the intake port geometry. Namely, the
intake port geometry makes a clockwise swirl motion with respect
Table 1 Swirl ratio comparison between experiment and CFD to the Cylinder aXiS, while the Shrouding leads to further clockwise
computation swirl motion with respect to the front intake valve.
Because these two swirl sources have the same clockwise rota-
Swirl ratio Standard port Swirl port Anti-swirl port Tumble port tion direction, they combine and an organized swirl vortex can be

Fig. 4 Swirl and flow coefficients for the different intake ports

Eﬁ‘ﬁgm:t?én %);%8 ‘31'_%% :i;% 140 produced more effectively than that in the standard port. The ve-

Difference (%) 40 13 20 41 locity profile in the swirl vortex tends to be linear with cylinder
radius (i.e., solid body swinl at the downstream locations. The
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Fig. 5 (a) Axial velocities and turbulence intensities in the

standard engine (intake valve lift 11 mm,

mean velocity 8.7 m /s); (b) swirl velocities and turbulence in-

tensities in the standard engine
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Fig. 6 (a) Axial velocities and turbulence intensities in the
swirl port engine (intake valve lift 11 mm, dP = 221 mmH,0,
mean velocity 7.8 m /s); (b) swirl velocities and turbulence in-
tensities in the swirl port engine  (intake valve lift 11 mm, dP
= 221 mmH,0).
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center of the swirl vortex is located on the intake valve side at ttiact that all velocity components down stream of the h@ag., at
top of the cylinder and it moves to the cylinder center down in the= 180 mm, Fig. 8b)) reveal the opposite swirl flow direction to
cylinder, which means the swirl vortex becomes stable with inhose in the upper cylinder regio.g., atz=15mm). Before

creased distance along the cylinder. turning the flow, a small uniform velocity distribution appears at
High turbulence is generated on the exhaust valve side of the 60 mm because most of the swirl velocities are directed down

upper region where high swirl velocities and shearing flows exishe cylinder. Atz=130 mm, a weak swirl vortex is generated by
Further down in the cylinder, high turbulence intensity occurghe unbalance of the two intake jet flows in the upper region.

near the cylinder wall region due to high shear gradients of theHigh turbulence is generated in the weak mean flow region
mean velocities, but it becomes nearly uniform at the bottom gfhere the two intake jets collide. With increased distance down
the cylinder(e.g., atz=180 mm). the cylinder, the turbulence intensity becomes uniform along the

Axial velocities in the upper regions of the cylinder show gjiameter, the same as with the other intake ports.
sharply uneven distribution along the diameter that occurs due tothe axial velocity distribution in the upper cylinder region

the high velocities on the intake valve side wall. This eccentrighgws high velocities only in the unblocked intake valve regions,

velocity distribution makes a longitudinal recirculation zone in thg hjle trivial velocities(even negative velociti¢occur under the

middle of the cylinder, which tends to weaken and move towalglocked intake valves. This uneven axial velocity distribution

the cylinder wall of the intake valve side down in the cylindermakes for a large scale vertical switimble vortex across the

Due to the weak recirculation flow downstream of the head, th&tire cylinder in the downstream direction. With increased dis-
axial velocity distribution is relatively even across the diameter igynce down the cylinder, the tumble vortex tends to be weakened

the lower cylinder regiorie.g., atz=165 mm). ) slightly and its velocity profile becomes linear with distance
High turbulence is also produced on the intake valve side of the oss the cylinder radius.

upper region where high axial mean flow gradients exist, and it igh turbulence is generated in the region of high axial mean

becomes uniform with increased distance down the cylinder.

flow in the upper cylinder, and it becomes uniform across the

Anti-Swirl Port. Figures 7a) and(b) show the LDV axial and diameter with increased distance down the cylinder, the same as

swirl velocity distributions at each cross section for the anti-swithose of the other intake ports.
port atdP=221 mm HO. Due to the opposite orientation of the Correlation Between Swirl Meter and LDV Results. Fig-

shroud direction compared to that of the swirl port, the intalﬂﬁres ga) and 9b) show the correlation between the LDV and
flows appear weaker in the front intake valve region of the upp
cylinder, while large flows exist both near the rear intake Valv\?/ere obtained az=130 and 180 mm. while the swirl data were
and in the cylinder wall region of the front intake valve side. IMheasured at=210 mm. Figure @) shéws the results for the 221

contrast to.the swlrl generation mechanlsmlln the svylrl port, theﬁgm H,0 case while Fig. @) shows results for the 462 mm,8
two large incoming flows with reverse swirl directions are

effective to make an organized large scale swirl vortex. This
why the counter-clockwise swirl source produced by the valy,
shrouding attenuates the other clockwise source due to the tangg
tial effect of the intake port. This is confirmed by the fact that tw: ¢
small side vortices with reverse rotation directions appear in bo, I&
the cylinder wall regions in the middle of the cylinder.

These two small side vortices lead to a negative peak veloc
when the flows collide with each other. This negative velocit
occurs on the rear valve side in the upper middle regeg., at
z=60mm). It also exists in the front intake valve side zat
=130 mm, and finally it is shown also in the central region in th
lower part of the cylindefe.g., az=180 mm) but with decreased
magnitude.

The turbulence intensity is as high as 15 m/s in the high gra
ent region of the mean swirl velocity in the upper part of th%

tion effects, as described by Uzkan et[dl7].

chamber(e.g., aiz=15 mm), and it becomes homogeneous alon —210
the diameter with increased distance down the cylinder. -g., atz= mm).

The axial velocity under the intake valve region in the upper |ntake Flow Visualization. Figure 10 shows flow visualiza-

Elvirl meter results. Due to physical constraints, the LDV data sets

noéase, where the LDV data showed similar features to those shown
in Figs. 5 to 8. The trends and magnitudes of the swirl moment
Show good agreement with each other. In the case of relatively
Obilized swirl generation ports, such as the swirl port and the
andard port, the swirl moment tends to decrease with down-
eam distance in the cylinder, which is mainly due to wall fric-

ItyIn the case of the anti-swirl port, the swirl moment varies some-
What with position in the cylinder, since a large scale air motion is
not established. Therefore the swirl moment for this kind of intake
ort should be measured far from the cylinder head, after the swirl
ow has been stabilized. In this case, a swirl moment obtained on
the steady flow bench will not correlate with the actual engine
gwirl levels because of the important role on the swirl of the
iston motion. In the tumble port, the same trend occurs, since
mble flow is still dominant at the further downstream location

cylinder is shown to be smaller than those of the other ports. fign results for the different intake ports. The pictures were taken
z=60mm, a recirculation zone is formed on the intake valve sidgnder the same experimental conditions as in the LDV experi-
which is due to the high axial velocity coming from the frontnents. In the case of the standard port, a dominant downward
intake valve. In the downstream region, this recirculation disayia) flow is seen under the intake valves, while relatively quies-
pears and the axial velocity distribution becomes uniform while gant flow appears downstream in the cylinder. This is consistent

still remains slightly higher on the exhaust valve side. with the LDV measurements shown in Figah In the case of the
The turbulence intensity is high in the region of the intake valv;

below the head, and it is still high in the region of the recirculatiop, cylinder. This swirl flow creates negative axial velocity re-

zone atz=130 mm. With increased distance down the cylinder%

becomes more homogeneous across the cylinder cross-sectio egative flows in the LDV data shown in Figa. On the exhaust

Swirl port, a strong swirl flow pattern appears in the central part of

ions in the middle of the cylinder, which is also confirmed by the

Tumble Port. Figures &a) and (b) show the LDV axial and Vvalve side, a consistent downward axial flow is seen, and just
swirl velocity distributions at each cross sections for the tumblgnder the intake valves strong intake jet flows make high axial

port atdP=221 mm HO. Due to the blocking of the upper sidesvelocities, as shown in the LDV measurement.

of both intake valves, all swirl velocities are directed toward the In the case of the anti-swirl port, many small vortices appear in
exhaust valve side at the top of the cylinder, while a weak flo#he flow visualization. The upper region vortex under the exhaust
region occurs between the front intake valve and the cylindgalve side and strong vortices below the intake valves prevent a
center which might be due to the effect of the intake air inerti@lominant large-scale flow from occurring in the upper region of
These large uni-directional swirl velocities collide with the cylinthe cylinder. This is consistent with the low axial velocities of

der wall and reflect in the other direction. This is confirmed by theslatively even distribution shown in Fig(a). A cross-flow from
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Fig. 7 (a) Axial velocities and turbulence intensities in the
anti-swirl port engine (intake valve lift 11 mm, dpP
= 221 mm H,0, mean velocity 7.6 m /s); (b) swirl velocities and
turbulence intensities in the anti-swirl port engine (intake valve
lift 11 mm, dP = 221 mmH,0).
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Fig. 8 (a) Axial velocities and turbulence intensities in the
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‘-;= 0.04 |- 7 port; (d) tumble port.
3 I i
0.02 |- .
0.00 |- —
- 1 1 The swirl moment calculated from the measured tangential
002 b 1 —t and axial LDV velocity components using the present algorithms
50 100 150 200 250 showed good agreement with the swirl meter results. The mea-
b) 2, Axial Position from the Cylinder Head (mm) sured SWItjl h_evels were also found to be consistent wlth available
CFD predictions with the same intake port geometries. However,
F|g 9 (a) Swirl moment Comparison with those obtained by quantitative diﬁerences were found that COUId be due to the effect
LDV data (dP =221 mmH,0); (b) swirl moment comparison of piston motion and the influence of the piston bowl in the com-
with those obtained by LDV data  (dP = 462 mm H,0). putations. The differences were most notable for cases with high

tumble flow components. These results suggest that care should be
taken in interpreting steady-state swirl meter results for use in

the intake valve side toward the exhaust valve side appears in &né;lne intake port design.

middle of the cylinder, which leads to a downward axial flow or(1:i _In case_sl with appro?rlat((aj svgrl-fprodugmg hgeometrles,_ a
the exhaust vaive side, as in the LDV results. ominant swirl source was found to be formed in the upper region

In the case of the tumble port, an apparent large-scale tum@gthe cylinder, which generated a stable swirl flow with a near
flow appears throughout the entire cylinder, and its center stays ¥id-body velocity distribution further downstream in the cylin-
the cylinder center. On the exhaust valve side, a consistent dov#@- On the other hand, in the case of the anti-swirl port, many
ward axial flow and a strong intake air jet from the intake valvemall vortices are generated in the cylinder instead of an orga-
are seen clearly in the visualization. These are also confirmed witized large-scale air motion for swirl formation. The difference of
the LDV results, as shown in Fig(8. the swirl generation mechanisms in these two cases is due to the

inertia of the intake air through the port and the effect of the
blockage due to the valve shrouds.

Conclusions 3 Even though the turbulence intensities in the upper regions of
A thorough study of the intake flow structure and swirl generd® cYlinder were distributed differently for the different intake
tion in a modern four-valve heavy-duty diesel engine was pepOrt geometries, their differences became small, tending toward a
formed using a swirl meter, LDV measurements and flow visudtomogeneous distribution downstream in the cylinder in all cases.
ization, and the results were also compared with previous detailed* The flow visualization studies effectively revealed where the
CFD predictions in the same engine. The important results can $5@all vortices were located in the cylinder and helped to explain

summarized as follows: the quantitative details of the LDV measurements.
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The Separation Between
Turbulence and Mean Flow in ICE
~ | LDV Data: The Complementary
Minwesen | Point-of-View of Different
oo I Investigation Tools

Dipartimento di Meccanica,
Universita della Calabria,
87030 Rende (Cosenza), Italy

LDV measurements have been taken in a disc chamber four-stroke reciprocating engine
under motoring conditions. Two non-simultaneous velocity components have been re-
corded at three different locations on the mid-plane of the TDC clearance during the
intake and compression strokes for three different speeds (600, 800, 1000 rpm). The
. locations are characterized by different flow conditions (near the intake valves; on the
) carmme De, Bart.olo cylinder axis; near the exhaust valves). The combination of different engine speeds and
Dipartimento di Ingegneria ldraulica ed different chamber locations enables one to look both at the global behavior of the flow
Ambientale Universita di Pavia, and at the details of the turbulence time-evolution. The aim of the research is to identify
Via Abbiategrasso, 213 the frequency which can be considered a separation between “true” turbulence and
, 27100 Pavia, ltaly cycle-by-cycle variation of the mean flow and to analyze the variation of such a frequency
e-mail: debarto@ipv3B.unipv.it with the measuring location and with the engine speed. The analysis has been carried out
by using different tools: the non-stationary velocity autocorrelation function, the power
spectrum and the cycle-resolved analysis based on the frequency filter. The various ap-
proaches offer complementary perspectives of the same phenomenon, which give a clear
perception of the physical meaning of the most frequently used investigation tools. The
results show that the cut-off frequency increases as the engine speed increases and as the
measuring point moves away from the ordered jet coming out of the intake valves.
[S0742-4798)0)01204-7

Introduction quency is arbitrary: it is based on physical considerations and
The study of gas motion within the engine cylinder has receiv&quecmd later on by means of the ob@aln(_ed results._

. ; ; . In the present work, different investigation tools will be used to
continuous attention during the last twenty years, as it has beggh ;e the turbulence data. The various approaches look at the
recognized as one of the major factors for controlling the combugsme phenomenon from different points of view and the different
tion rate both in spark ignition and in diesel engines. perspectives lead to coherent interpretations, thus giving an origi-

Beside the development of the experimental techniqit® nal perception of the physical meaning of the most frequently
Wire Anemometry and Laser Doppler Velocimefd] and, more ysed statistical functions. The point focused on will be the defini-
recently, Particle Image Velocimetfg]) the effort of researchers tion of an operational procedure to identify the cut-off frequency
has been concentrated on the analysis of the measured veloaitg to analyze the variation of this frequency with the measuring
data. The gquestion addressed is how to extract information abdatation and with the engine speed. One could not care such a
turbulence intensity and turbulence scales from the velocity dataethod in the case of turbulence analysis is carried out at the
Reference§3-13 are a limited, incomplete, sample of paper§ame engine speed or at the same cylinder location. Nevertheless,
dealing with the subject. as soon as one wants to Ic_)ok at the turbule_nce behavior by vary_ing

One of the central issues is how to separate in the measuRqih the measurlng.locatlon and the engine speed, one realizes
velocity fluctuations, the contribution of the large-scale, lowthat such a method is very useful.
frequency, cy(_:Ie-by-cycIe variations of the“mea’r) flow from th%xperimental Apparatus
small-scale, high-frequency, pure random, “true” turbulent fluc-
tuations. The topic has practical interest, as different turbulenceThe Engine With Optical Access. The engine with optical
scales influence the mixing and combustion processes in differatess was built on the engine block of a commercial FIAT en-
ways. In the course of separating the different components of tgme. It has a disk chamber, with 80 mm stroke and an 80 mm
gas velocity, a crucial step is the calculation of the mean velocibpre and the compression ratio is 7:1. A wind@®7 mm diam-
in every single cycle. This is achieved by a sort of smoothing @fted is located in the head of the engine thus allowing optical
the in-cycle measured velocity, either by averaging in the tinccess to the entire combustion chamber. Six radial, small diam-
domain over a certain time interval or by filtering the frequenc§ter, intak_e valves and six exhaust valves are located in the Iin_er,
content above a certain cut-off frequency. The selection of bo@d open in the clearance volume. They are operated by solenoids,

the width of the averaging time interval and of the cut-off fredriven by a computer on the basis of an ON-OFF logic. Figure 1
presents a drawing of the engine; more details can be found in

Contributed by the Internal Combustion Engine Division GiETAMERICAN

[14].
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF ; ; ; ;
ENGINEERING FORGAS TURBINES AND POWER. Manuscript received by the ICE The LDV System. The LDV system used in this project is a

Division March 2, 2000; final revision received by the ASME Headquarters June 8N€-color systenfi.e., capable of measuring one component of the

2000. Technical Editor: D. Assanis. velocity) in a back-scattering configuration, with Bragg-cell and
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Fig. 3 Measuring location

l Data Analysis and Results

Fig. 1 Schematic drawing of LDV test engine Data has been preliminarily examined in the ensemble domain.
Subsequently, the power spectra analysis, the autocorrelation
function and the cycle-resolved technique based on the frequency

—— §§E§§§E‘E:;r filter have been employed in order to investigate the separation
between “true” turbulence and cycleby-cycle variation of the
i & Probe N mean flow and the dependengy of such a separation on engine
m mbignt Alr speed and measurement location.
X
T, The_ E_nsemble Domain Analysis. Th(_e ensemble _domain_
Air 1 Zeolies analysis is based on the fact that an engine operates in a cyclical
Silica-gel way and, as a consequence, the in-cylinder flow can be considered
quasi-periodic. The velocity measurements are therefore repeated
at the same location within the engine cylinder over many engine
Seeding generator cycles (\.) at the same crank angular positiof) ( The ensemble
mean—or Ensemble-Averag&A)—velocity at that crank angle
Fig. 2 Schematic of the LDV set-up 0 is then obtained as the average of values measured, at that

specific crank angle position, in the various cycles. In the case of
LDV measurements the arrival time of the data is random, so it is
) ] S necessary to fix a crank angular window) ( rather than a crank
frequency shifter for velocity versus discrimination purposes. Thﬁwgular position, and to average also over khedata arrived at

system use a 4 W Agon-lon Laser as light source and optiche fixed crank angle window of thi¢h cycle, so that
fibers for both transmitting and collecting optical paths. The

movement of the LDV probe is obtained by using a micrometer A —
X-Y traversing system. The probe can also be rotated around its Uga(0)= N_E > U;(8,i), (1)

. . . i=1 j=1
axis and moved verticallyZ-axis). t=hd

A Burst Spectrum AnalyzeBSA), which performs the FFT of where
the original signal, in order to extract the Doppler frequency, is N
used for the analysis of the Doppler signal. The BSA is linked to N.— N 5
a computer in order to store and analyze the data. L i @

For the seeding system a fluidized bed-like scheme has been
adopted[15]. A fraction of the dried inlet air passes through a The velocity fluctuation intensity around the mean is then de-
horizontal porous diaphragm on the top of which is depositedt@rmined as the rms value
layer of TiO, particles. The air stream then carries the particles PR
and is subsequently mixed with the main intake air, which is also u ()= Ezl le uj(0,i)2,

@)

dried. Figure 2 shows a schematic of the LDV set-up; more details

have been given ipl4]. h
where

U;(0,1)=U;(6,i) = Uga(0). (4)
The “instantaneous” velocity at a given crank angle window

within a single engine cycle is therefore expressed as the sum of

about fouj, which is due to the shape of the intake manifoldy,o 620 velocitywhich depends om only) and of a fluctuation
Three measuring locations have been selected on the mld-plan%1 und this mean

the TDC clearance, which are characterized by different flow con-

ditions: the first point is located near the intake valves and is Uj(Ei):UEA(EHuj(Ei). (5)
therefore directly exposed to the jet of the entering flow; the sec-_ . . .

ond point is on the cylinder axis, where the flow is subjected to This fluctuation of course includes both high-frequency random
the motion irregularity of the center of the swirling vortex; thdluctuations (“true” turbulence) and low-frequency cycle-by-
third point is located near the exhaust valvEgy. 3. cycle variations of the mean flofi6]. _

At each measuring location two non-simultaneous velocity The obtained values can be used, first of all, to estimate the
components have been recorded during the intake and compf@§asurement uncertainty 91f/2the, data. As B, the relative
sion strokes at three different spee@®0, 800, 1000 rpinfor uncertainty, calculated alN; - u;,JUga resulted~3 percent,
about 500 consecutive cycles, at a rate ef2samples per crank while the relative uncertainty i/, calculated asy2/(N,— 1)
angle degree. resulted~7 percen{17].

LDV Measurements
The engine is characterized by a moderate sginlirl ratio of
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Intake Compression life or coherence-timer., of the turbulent structures. Here, once

16 T T T the maximum life-time of the vortex has been identified, it has
14 .| VyIntake 600 pm | been assumed thég,= 1/7, .
' An analogous approach is to consider the power spectrum,

-
N

which actually is the Fourier transform of the autocorrelation

function. The knee-frequency, which identifies the beginning of

the f =5 slope in the power spectrum can be regarded as propor-
tional to f, [12].

An alternative method has been proposed by Liou and Santa-
vicca [8], which uses the frequency analysis applied to the EA-
velocity: the FFT of this velocity is computed and the cut-off
frequencyf ., is selected as the one above which the amplitudes of
180 270 360 450 540 the harmonics are negligible. _ _ _

In the following the three techniques will be applied to the
collected data.

pury
o

Velocity Fluctuationu' . [m/s]
[o]

Crank angle [deg. ATDC]

Fig. 4 Velocity fluctuation peaks around the middle of the in- Autocorrelation Function (ACF). The ACF of the velocity

take stroke fluctuation has been computed for different points in the intake
and compression strokes, for the various engine speeds and in the
three measuring locations, as

A detailed characterization of the in-cylinder mean flow, ob-

tained with an ensemble domain analysis of previous measure- 1 Ne N

ments, has been presented by Amelio efa4]. In the present — Ui (Bref, 1 Ui (Oper+ 701)

work, as for the velocity fluctuations around the EA-velocity, a NSt =t ! e

typical result is presented in Fig. 4, which shows that the velocity R(bret, 7)= 7 7 : (8)
urms( 0ref)urms( Orert 7)

fluctuation peaks around the middle of the intake stroke and then
diminishes substantially toward the end of compression. This ) ] L ]
agrees with similar measurements taken in disc chambers, wherdhe velocity fluctuationu;(6.i), is determined by subtract-

no turbulence-production mechanism exists around TDC B9 the EA-velocity from the instantaneous velocity(6yer,i)
compression. =U;(0ref,i) —Uga(bre). In order to improve the statistical qual-

ity of the ACF, it has been calculated for 12 different adjacent
The Cycle-Resolved Analysis. The cycle-resolved analysis crank angle values and then averafie?]. The center of the used

has the aim of separating the contribution of the cycle-by-cyclgngular window is then indicated as the reference angle.
variation of the mean flow ¢ from the turbulence fluctuations  Figure 5 shows results which are typical of the intake and the
Ujnr [16]. The first step is to determine the mean velocity in everyarly compression strokes at the point near the intake valves and
single cyclei or in-cycle mean velocity (,i). The ensemble at the center of the chamber: the shape of the ACF is characteristic
average of this velocity is then computed of a flow with chaotic velocity fluctuations, which dissipate very

early. No correlation exists between the velocity at the reference

N
Upa(0)= ii 0o, ©) angle and the one a few degrees later or a few degrees before. At
EA N S ' this stage the lifetime of the vortexes is very shégl ms
ci=1
@ 1000 rpn.

and the instantaneous velocity is decomposed in three terms Later on, in the compression stroke, the ACF decays much
Y TUETIS —. —. more slowly, however, thus indicating a more structured, ordered
Uj(0,)=Uea(0) + Upe(0,1) e 6,1). ™ flow (Fig. 6). At this stage the ACF decays in the order of tens of
More details can be found, for example,[8,10,12,18. degrees, corresponding to a life time of the order of several mil-
A crucial step in this analysis is the calculation of the aboviiseconds at 1000 rpm. As a consequence, the frequency content
in-cycle mean velocity (,i). This is achieved by a sort of of the vortex motion extends in the lower frequency down to
smoothing of the in-cycle measured velocity, either by averagir@pout a few hundred Hz. In addition, at this stage, a persistent
in the time domain over a certain time interval or by filtering th@scillatory character of the ACF is clearly visible, which indicates
frequency content above a certain cut-off frequency. The selectithe presence of low-frequency, quasi-deterministic fluctuations in
of both the width of the averaging time interval and of the cut-ofthe flow. Unlike the points near the intake valves and at the center,
frequency is arbitrary: it is based on physical considerations aatithe point near the exhaust valves the behavior of the ACF does
checked later on by means of the obtained results. not change very much as the reference angle moves from the
In this paper the frequency filtering method will be used anghiddle of the intake to the middle of compression or when the
different operational methods will be employed to identify thengine speed changégig. 7).
cut-off frequencyf,, which can be considered a separation be- The different character of the flow is clearly visible in Fig. 8
tween “true” turbulenceu;(6,i) and cycle-by-cycle variation [14], which shows the result of EA-velocity and rms value of
of the mean flowu,(6,i). previous detailed measurements in the same engine, at the same
Once this frequency has been identified, the variations of tHf§9ine speed. At 270 deg crank angle the center of the chamber is
frequency with the measuring location and with the engine spegcupied by the center of a still quite disordered vortex. The mo-
will be analyzed. It is worth pointing out, that such &g, can tion of the center of the vortex is chaotiagf,~6 m/s), and this
only be within reasonable limits: no exact determination can @rresponds to the ACF given in Fig. 5. On the contrary, at 450
pursued. Any proposed method will therefore be based on soffeg the center of the vortex is now quite far from the cylinder
degree of arbitrariness. Nevertheless, such an operational metB¥i$, near the exhaust valves. At the center of the chamber and
should avoid exercising a subjective judgment for any differemear the intake valves the flow becomes more deterministic

measuring condition. (Uime=2+3 mis), as Fig. 6 suggests, while near the exhaust
Different approaches have been used in literature for identifyalves the motion is still quite random, as Fig. 7 confirms. More-
ing thisf,. over, this figure also suggests that the distinct, persistent back-

The classic and also more fundamental approach is to compgteund structure in Fig. 6, derives from the precession motion of
the non-stationary autocorrelation functiohCF) to identify the the center of the vortex.

Journal of Engineering for Gas Turbines and Power OCTOBER 2000, Vol. 122 / 581

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Intake Compression
10 V, Intake 1000 rpm |
§ 08T | -
Eosf- - e e —
u- 0 . '
& 04r------F---- ot LTt A
g0,2---‘->--[‘~---, ----- R
§ 0.0 - MAAJW‘MMJ-M':N e am
0 S e e e e e e
180 270 360 450 540
Crank angle [deg. ATDC]
Intake Compression
10 - - - - - - - V, Centre 1000 rpm |4
g€ 08f------1---- R = 1
S ' ' 0,,¢ = 269 de:
|
LL ] 0 il [
§ 04 - - e
k] . . . .
gO,Z---,-A-«J----. ----- I
g 0,0 :VM-\/\ .M'ﬁMW%MAMJ\;’\ '
= 0 ) . ' v
<.o,2.....4..» .......... e e oo o 4
180 270 360 450 540
Crank angle [deg. ATDC]
Intake Compression
10 - = - - T 1V, Intake 600 rpm 1
g 08fF------p - T
2 ' ' 0,o¢ =269 de
20 I .
i . . ' I
S 04b - e
] . . . .
L 02F -~ - -k o L - A
g 0,0 :M\MA."J WMVM'M_; v'"M:
p=}
< 02F - s s s e e e e e e o .-
180 270 360 450 540
Crank angle [deg. ATDC]
Intake Compression
1,0 ' V, Centre 600 rpm |1
s 08 AR R M- b
'-§ 06 0,1 =269 deg
5 Yo~y , " T
w
R R
= . .
© 02F - - - - - - - - - e IR
8 . .
g 00 N :
2 . : VTN

Fig. 5 Autocorrelation function. The reference point is at the

middle of the

Crank angle [deg. ATDC]

intake stroke.

Autocorrelation Function Autocorrelation Function Autocorrelation Function

Autocorrelation Function

Intake Compression

1,0 V, Intake 1000 rpm
0,8

06 0,61 =449 deg o o

04f - - - - - - R i M CUETEIE

02F ~ w s = s s p -
0,0 F— e
02} - e S
180 270 360 450 540

Crank angle [deg. ATDC]

Intake Compression
1.0 V, Centre 1000 rpm |~'~ = = " " " -
0,8 See e
06 e,elf=449deg e
QAf - -
] A
WA, N
TN =TV
0,2F - - =T e e e o e oL
180 270 360
Crank angle [deg. ATDC]
Intake ~_Compression
101 v, take 600 rpm |- <1v 1 v - -
08 RIS
08 Oo=449deg|] |
R I
] R
0,0 :MVA';\}MW/\'//N\
02F - = o« e e e e e e e e s o s o o
180 270 360 450 540

Crank angle [deg. ATDC]

Intake Compression

1,0 vy, Centre 600 rpm
0,8F

06 e,e,,=449deg o o

04 - - - - - b

02F = o - s p e e
'AM.M ‘!\

00 [ for—

3

180 270 360 450 540
Crank angle [deg. ATDC]

Fig. 6 Autocorrelation function. The reference point is at the
middle of the compression stroke.

The actual determination of the coherence time involves someFigure 9 shows the resulting coherence time in the various mea-
form or arbitrariness. Here the linear decaying zone following theuring conditions for the different reference angles. The longer
maximum of the ACF has been interpolated over 3 deg both rigbbherence time is obtained at the measuring point near the intake
and left of the maximum, and the intercept of the linear interpavalves, toward the end of compression, for the lowest engines

lation with t
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Crank angle [deg. ATDC] Fig. 9 Time coherence versus degree
Intake Compression
1.0 V, Exhaust 1000 rpm obtained coherence time. The result is shown in Fig. 10 and con-
c 08l . firms that the decay of the turbulence energy is very fast for short
% 8,0 =449 degl : : coherence timegmall eddies while it vanishes as the coherence
5 S — - - . time becomes longer. The scatter of the points is well fitted by a
S 0df - - o - first-order exponential decay.
5 X . : ) : As for the reference angle in the engine cycle where to compute
L 02F - - - - s Y A CEE RN T the ACF, the middle of the compression stroke has been selected
g 0.0 -l A el ' (449 deg ATDQ. At this cr_ank angle the coherence tim_e is longer
2 . , . L e and the cut-off frequency is therefore shorter. We are in fact look-
O2F - s e e e e s ing for the lower limit of the velocity fluctuation frequency as the

separation between turbulence and mean flow.

The results are shown in Fig. 11. The cut-off frequency in-
creases as the engine speed increases and as the measuring point
moves from the region of the more ordered flow, near the intake
valves, to the region of more chaotic flow, at the center of the
chamber or near the exhaust valves.

180 270 360 450 540
Crank angle [deg. ATDC]

Fig. 7 ACF computed for velocity measured near the exhaust
valves

Power Spectrum. For analyzing the frequency distribution of

It is generally thought that the small eddies, which are charattie velocity fluctuations, the observation field has been divided in
terized by short coherence time, dissipate much more rapidly therank angle windows of 90 deg, centered around the reference
large vortexed4]. Therefore, it is interesting to plot the rate ofangle used for computing ACF. For every single cycle the EA-
dissipation of the turbulence energgiu’?/dt|, calculated from velocity has been subtracted from the non-filtered instantaneous
the late intake to the end of compression, as a function of thelocity, the frequency distribution has been computed for every
single cycle and then ensemble-averaged. Results are shown in
Fig. 12a) for the measurements taken near the intake valves at
600 rpm. The area under each curve is proportional to the overall
kinetic energy, so the spectra reach the maximum level in the
crank angle interval 225-36@niddle and late intake then their
level decreases; this agrees with the results of Fig. 4. Moreover
Fig. 12a) shows that the kinetic energy of the velocity fluctuation
is quite uniformly distributed in the frequency range during the
intake, so that frequencies up to 1 kHz are present with a signifi-
cant energy level, while during compression the energy content

15.0 T ' ' ' -
o 12.54 7
x ]
Z 100- 1
5 7.5-. 7
NA 5.0 T
- ]
v 254 h
ko] ] a
~ 0.01 = = -
i1 2 3 4 5 6
Coherence time 1, (ms)
Fig. 8 Velocity field at 270 (a) and at 450 (b) deg ABDC Fig. 10 Turbulence decay
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T T T T T frequency higher than a few hundred Hz is almost the same for
800 | —®— Intake 1 each crank angle interval, and is slightly lowes {14 than the
AAAAAA m-- Center canonicalf ~? (Fig. 12d)).
—&— Exhaust * In addition, at these measuring points, the energy content at the
n end of compression is much lower than the energy content near
the intake valves. It is also interesting to observe in Figajlthat
the energy decay between the crank angle intervals 315¢etb
. of intake and 450—-54Qlate compressionis much larger at high
frequency than at low frequency, as Lancagtdrexplains. Fur-
® thermore, in the plot of Fig. 12) this decay looks to increase
] almost linearly with the frequency, and, because of the Log-Log
. L scale, this is in excellent agreement with the exponential decay
600 700 800 900 1000 shown in Fig. 10. Finally, the quasi constant decay as the fre-
Engine speed (rpm) quency varies, which can be observed in Fig(dlZmeasuring
point near the exhaust valveis also in agreement with the per-
Fig. 11 Cut-off frequency obtained from the coherence-time of sistent character of the turbulence shown in Fig. 7.
the autocorrelation function As for the determination of ., by detecting the knee, which
identifies the beginning of thie >3 region, this knee is not always
very evident in the examined power spectra. The power spectrum
has been therefore only used to investigate the general character
decreases substantially as the frequency increases. At this stagehe turbulent flow, but not to estimafe, .
the power spectrum approaches the canorficaf® slope, which . .
characterizes the stationary, isotropic turbulence. This observatiod feduency Analysis of the EA-VelocityBecause LDV pro-
agrees with results obtained in open chamber enditd?]. As Vides an intermittent signal, data is collected as velocity-crank
measurement location, the character of the power spectrum ®ttain equally spaced data, suitable for frequency analysis. There-
frequencies higher thar-200 Hz is almost the same, but it isfore, the intake and compression strokes have been divided in
shifted to higher frequencies. In addition, during the intake strokéfank angle intervals of 1 deg. For each single cycle, if more than
a distinct knee appears at frequencies~d00 Hz. Fanslef12] one measurement was present in one crank angle window, the
suggests that this knee-frequency is proportional to the coheremeeasurements have been averaged; if a window had no data in it,
time given by the autocorrelation function. As the measuring poiatvalue has been calculated for that window by interpolating be-
moves to the center of the chamhl@ig. 12c)) or near the ex- tween adjacent windows. This process introduces a first low-pass
haust valves(Fig. 12d)) the slope of the power spectrum forfilter.

1 T T 1 T T
s
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Fig. 12 Power spectra (a) near the intake valves at 600 rpm; (b) near the intake valves at 800 rpm; (c) center of the
chamber at 600 rpm; (d) near the exhaust valves at 600 rpm.
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trend. The beginning of this linear region has been identified by
interpolating the obtained integral with a function

Y(f)=Cy+Cre %' +C,f 9)

and by looking for the frequency which makes the slope of the
exponential term equal to the linear offég. 13b)). For frequen-
cies higher than this one, in fact, the interpolating function ap-
proaches the straight line which corresponds to the region of van-
ishing amplitudes in the frequency spectrum and hence to the
region of the turbulence-related frequencies.

o 200 200 500 300 1000 The cut-off frequencies obtained by applying this method are
reported in Fig. 14 and confirm the trend shown in Fig. 11.

0,15}

0,10

Magnitude

0,05

0,00+

Frequency (H2)

(a)
Discussion of the Results

The cut-off frequencyf.,, as calculated by means of the ACF
(Fig. 11 or by means of the frequency analysis of the EA-velocity
(Fig. 14, increases as the engine speed increases. This is due to
09F 1 the fact that, as the engine speed rises, the turbulent energy and
o hencef ., moves toward the higher frequencies. Lancastésug-
| gests two reasons for this. The first is that an increment in the
. engine speed causes an increase in the intake air velocity. This
produces higher velocity gradients, which generate smaller eddies,
07} 1 which are characterized by higher frequencies. The second reason

. . . . . is that if the engine speed rises there is less time available for
0 200 400 600 800 1000 turbulence decay; as the higher-frequency eddies decay faster than
Frequency (Hz) the low-frequency vortexes, only with higher engine speeds will
®) the first survive until the end of compression, therefore producing
a shift of the frequency spectrum toward the high-frequencies re-
Fig. 13 Frequency spectrum (&) integrated spectrum (dots) gion. Moreover, as the engine speed increases, the large scale
and interpolating function  Y(f) (b) swirl or tumble vortexes will also show higher frequencies.
The f, also depends on the measuring location. Its values are
lower where the flow is more organized and exhibits less cycle-

The EA-velocity is then computed and Fourier-transformegy-cycle variation, as near the intake valyé$]. At the center of
The cut-off frequencyf ¢, is selected as the one above which théhe chamber, on the contrary, the flow is more chaotic, with large-
amplitudes of the harmonics are negligilp8j. scale cycle-by-cycle variations, which are mainly due to the pre-

The justification for this choice is the following. As the numbegession motion of the center of the swirl motion, and, as a conse-
of collected cycles used to compute the EA-velocity approachggence ., reaches the highest values.
the infinite, the frequency content due to pure random fluctuationsThe above stated trends are similar both whepis calculated
vanishes in the mean velocity. In practice, because the numbef@m the ACF and when it is evaluated from the frequency spec-
used cycles is onlyarge enoughthen the frequency content of trum of the EA-velocity. The absolute values, however, are obvi-
the pure random or turbulent fluctuations can only be expecteddasly different, as they are derived on the basis of criteria which
besmall enoughThe matter is further complicated by the fact thaare reasonable but arbitrary. The actual valué.gfwould in fact
there is enough evidence that a superimposition exists betwegiange if one, for instance, interpolates the ACF over 5 points
pure random and quasi-deterministic fluctuations associated wifatead of 3 or if one considers as the decaying levelristead of
precessing swirf12]. As a consequence, because of the shape gfro. The same holds for tte, values calculated from the fre-
the frequency spectruriFig. 13a)), the selection of the cut-off quency spectrum of the EA velocity.
frequency is the result of a time consuming trial-and-error pro- An additional difference exists between the two sets of results.
cess, based on subjective judgments. The f., values near the intake valves are the lowest and at the

Here, as an operational method for selecting this frequency, thénter are the highest. However, near the exhaust valves they are
spectrum has been integrated, so that the fluctuations in the higlmilar to the ones near the intake in the case of Fig. 11 while they
frequency region of the spectrum are transformed into a linegfe more like the one at the center in Fig. 14.

For the actual cycle-resolved analysis, the results obtained from
the frequency spectruttiFig. 14 have been used. The conditions

10t J

()

08

d . ' ' ' to be checked for validating the results of the analysis are that
800 || —®—Intake g o
»»»»»» u--Center Uea(0)=Uga(0) (10)
—4— Exhaust B
N 600} I _ and
< P
- BRI 12/ 12/
: e U O = U0 +ULZ(D), a1
;1400 == l where u{((6) and uj,(6) are the rms values ofi ¢(6,i) and
w s Ujne(6,i), respectively.
200 | g Figures 15 and 16 show that these conditions are verified quite
) . ) ) ) well during the compression, while there is a small difference
600 700 800 900 1000 during the intake. It is evident that the results obtained with the
Engine speed (rpm) ensemble average method contain higher frequency than the ones
given by the cycle-resolved technique. This is due to the fact that
Fig. 14 Cut-off frequency obtained from the frequency spec- the interpolating technique used to obtain equally-spaced mea-
trum of the ensemble-averaged velocity surements introduces a low-pass filter.
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Intake Compression differences of 56- 100 Hz do not have a big impact. Nevertheless,
the same cut-off frequency cannot be used for every measuring
condition. The use of an operational procedure to identify such a
cut-off frequency is therefore less time-consuming and less depen-
dent on subjective judgment than any trial-and-error process.

15H -——— Ensemble-awe. '
Cycle-resolved

Nomenclature

ACF = autocorrelation functionR(6,, 7)
C,,C,,C;3,C, = coefficients defining the interpolating
function
f = frequency
feo = cut-off frequency

Mean velocity [m/s]

180 270 360 450 540 N. = number of sampled engine cycles
Crank angle [deg. ATDC]) N; = data arrived at the fixed crank angle window
6 of thei' cycle
Fig. 15 Mean velocity obtained with the ensemble average and N, = data arrived at the fixed crank angle window

with the cycle-resolved methods. 9 of all the N, cycles
Cc

R(6,7) = autocorrelation functiofACF)
Intake Compression Uea(#) = ensemble average velocity
— : T T — U(6,i) = in-cycle velocity
Uea(#) = ensemble average of tlie-cycle velocity
Uj(6,i) = j" velocity datum at the fixed crank angle
- window 6 during thei™ cycle.
u;(6,i) = velocity fluctuation
ujue(6,i) = high frequency velocity fluctuation, “true”
o turbulence
u(6,i) = low frequency velocity fluctuation, cycle by
o cycle variation of mean flow
Uimd 6) = root mean square of velocity fluctuation
Y(f) = interpolating function of the integrated
spectrum
# = crank angular position
Crank angle [deg. ATDC] 9 = crank angular window
0. = reference angle in the ACF computation
7 = angular separation in the ACF computation
= coherence-time of the turbulent structures

—_
N

—_
[=]

o]

Velocity fluctuations [m/s)
[+

Fig. 16 Comparison of velocity fluctuation intensity
(ensemble-average ) and \/u[F2(0)+u,’42F(0) quantity  (cycle-

r
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Comparisons of Diesel Spray
Liquid Penetration and Vapor Fuel
Coura ML R Distributions With In-Cylinder
aura M. Ricart .
roirn. reiz | Optical Measurements

Engine Research Center, The performance of two spray models for predicting liquid and vapor fuel distribution,
University of Wisconsin-Madison, combustion and emissions is investigated. The model predictions are compared with
Madison, WI 53706 extensive data from in-cylinder laser diagnostics carried out in an optically accessible
heavy-duty, D. I. diesel engine over a wide range of operating conditions. Top-dead-
John E. Dec center temperature and density were varied between 800 K and 1100 K and 11.1 and
Combustion Research Facility, 33.2kg/n?, respectively. Two spray breakup mechanisms were considered: due to
Sandia National Laboratories, Kelvin-Helmholtz (KH) instabilities and to Rayleigh-Taylor (RT) instabilities. Compari-
Livermore, CA 94550 sons of a wide range of parameters, which include in-cylinder pressure, apparent heat

release rate, liquid fuel penetration, vapor distribution and soot distribution, have shown
that a combination of the KH and the RT mechanisms gives realistic predictions. In
particular, the limited liquid fuel penetration observed experimentally was captured by
including these two competing mechanisms in the spray model. Furthermore, the penetra-
tion of the vapor fuel ahead of the liquid spray was also captured. A region of high soot
concentration at the spray tip was observed experimentally and also predicted by the
KH-RT spray breakup modglS0742-4798)0)01504-0

1 Introduction In the following sections a brief description of the experimental
etup and diagnostics will be given. This is followed by a short

anltzg\ﬂgggsgt;go&ﬁrgsnasruemretsigg";?aw dg}g;efztrr'gﬁeir:]tepﬁ]lg’ escription of the relevant models and the comparison of experi-
P 9 ntal and numerical results.

facturers. To meet these standards a better understanding of the
physical processes occurring within internal combustion engings .
and/or new technologies are needed. Optical diagnostic techniqdes EXPerimental Setup
and multidimensional codes are potential tools to meet these redn this section, a brief description will be given of the engine
quirements. Optical diagnostic techniques provide needed insigind the optical-diagnostic experiments that were used to validate
into the physical and chemical processes governing diesel cotine models. A more complete description of the engine may be
bustion, and also data for development and validation of modétund in Espey and Del@]. The optical engine used in the liquid-
in multidimensional codes. fuel penetration and the vapor-fuel distribution measurements is a
Fuel atomization and droplet dispersion are very complesingle-cylinder, direct-injection, diesel engine based on a Cum-
physical phenomenon that influence the distribution, vaporizatiomjns N-series, heavy-duty production engine. The engine was
and combustion of the injected fuel, having a major impact on ttgodified to obtain substantial optical access into the combustion
ignition behavior, emissions level and power output of an enginghamber. Cut outs have been made in the piston rim to allow laser
Hence, adequately predicting the spray is critical in effectivelgheet access along the spray-jet axis. Optical access is possible
predicting the combustion process and emissions formation. EV@fough a piston-crown window, as first introduced by Bowditch
though computational power has increased dramatically since #i§& and a window in the cylinder head that replaces one of the
beginning of engine modeling efforts, it is still not possible t&Xhaust valves to obtain a view of the squish region and the outer
resolve the smallest length and time scales present in dieB ftion of the combustion bowl. Additional windows near the top

sprays, which control the combustion process and the engine figh"€ cylinder wall allow the introduction of the laser sheets used
details. Hence, submodels are introduced to model sub-grid sc the tt_wo-fdtlkr]nens'l[pn?l(planab Iaser d_|ag?]ost|c$ |'r:nagllng. ﬁth
physics. These submodels, in particular the spray models, ne&d<Matic 0! the optica-access engine is snown in g. 1, and the
improvement and validation. engine specifications are given in Table 1. The engine is equipped

ith the Cummins CELECT electronic fuel injector. This closed-
A new spray model has been recently developed for the KIV)n&lozzle unit injector uses camshaft actuation to build injection

Zo\c/jv?jgl\]/’a?igd h;Sezei?igqe:;?éfO?H S\;\(/)itmheaov?/%r:t:g% C:';?'gm:_ pressures. A solenoid valve in the injector body controls the
. ety P N ; g OPer- amount of fuel injected and the injection timing. Table 2 summa-
ating conditions have been carried out in the Sandia National LA es the specifications of the fuel injector
(SNL)/Cummins optical-access engine, making this engine of in-|, yhe experiments discussed here, the engine was operated at
terest for numerical model verification and development. In thg,qq rpm. Before conducting the experiments the engine was
present work, the liquid-fuel penetration and vapor-fuel distribiiaaied to 95°C by means of electrical heaters on the “cooling”
tion measurements have been used to test new spray nf@dels yater and lubricating oil systems. To minimize the rate of window
fouling and to avoid overheating, the engine was fired every 20th
Contributed by the Internal Combustion Engine Division GiETAMERICAN engine Cyc|e' at which time the data were acquired_ The fuel used
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF  ; ; ; ;
ENGINEERING FORGAS TURBINES AND POWER. Manuscript received by the ICE in the studies was a 42.5 cetane number mixture of the dles?'
Division October 15, 1998; final revision received by the ASME Headquarters AdEference fuels, heptamethylnonane and n-hexadecane. The mix-
gust 31, 1999. Technical Editor: D. Assanis. ture was 67.6 percent heptamethylnonane and 32.4 percent
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I Injector Table 3 Base engine-operating conditions
@ ) Engine speed 1200 rpm
cving / - Mirror Intgke airp temperature 43?? K
ylinder J__ Intake air pressure 206 kRabsolute
Head N IUpper Water temperature 95°C
- - Image Oil temperature 95°C
Start of injection 11.5° BTDC
Fuel injected per cycle 0.0535 g
Window Windows Peak injection pressure 68 MPa
Retainer
Ring
~. Laser
Sheet Table 4 Cases studied
Piston-Crown
Window Case TTpC PTDC Tint Pine
®  kgm) K  (&Pa)
Upper Liner
T1 800 16.6 349 166
T2 900 16.6 393 187
BASE | 992 16.6 433 206
: Lower T3 1100 16.6 480 229
Cylind
osng B LTI Image P1 992  1L.1 433 138
P2 992 249 433 309
Single-Cylinder P3 992 33.2 433 413

of the base engine operating condition is given in Table 3. The
effect of TDC temperature and density on the penetration of the

Fig. 1 Schematic of optical-access diesel engine showing the
laser sheet along the fuel jet axis. Images were obtained from
both the cylinder-head window and the piston-crown window.

liquid-phase fuel was studied by Espey and D&lcby systemati-
cally varying the intake air temperature and density around the
base values. The intake and the estimated TDC conditions for the

cases studied are given in Table 4.

Measurements of the liquid fuel penetration were made via the
n-hexadecane by volume, with a specific gravity of 0.7865. Alastic scattering of laser light, introduced as a sheet along the axis
low-sooting fuel mixture was used for soot imaging and is def the spray[4]. A frequency-doubled532 nnm Nd:YAG laser
scribed in detail by Dec and Espg9]. beam was used and formed into a sheet with a combination of

Liquid-fuel penetration measurements were made at a base eplindrical and spherical lenses. The sheet was introduced through
erating condition that is representative of diesel engine operatitig: cylinder wall window along the axis of the fuel jet. The im-
conditions, and at various other TDC temperatures and densitigges of the elastically scattered light were collected through the
covering the typical operating range of diesel engines. Due piston-crown window by a gated, intensified, CCD video camera.
modifications for the optical access, the engine had a lower cofdel vapor concentration and temperature measurements were
pression ratio than the production engine. Hence, intake air temade using planar laser Rayleigh scattefiéy For these experi-
perature and pressures were increased so that the motored Ti¥éhts, the intake air was carefully filtered to reduce background
conditions were representative of typical diesel engine operatingise and images were acquired through the cylinder-head win-
conditions. For the base condition, the intake air temperature agiolv. For detailed description of the assumptions and data process-
pressure were set to 433 K and 206 kRaas), respectively, to ing necessary to obtain both fuel-vapor and temperature distribu-
obtain an ignition delay, premixed burn fraction and TDC aitions from the Rayleigh scattered light refer to Espey ef@ll.
density typical of a naturally aspirated diesel engine. A summaBarly soot formation has been studied through simultaneous laser-

induced incandescence and elastic-scatter imaging as discussed in
Dec and Espey9]. The results of these and other experimental

Table 1 Specifications of the optical-access engine investigations are summarized and discussed in[Bkc

Engine type Cummins N-14, DI Diesel .

Bore 139.7mm 3 Numerical Models

Stroke 152.4 mm . . . . .
Connecting rod length 304.8 mm The numerical calculations were carried out with an improved
Displacement 2.34 liters  version of the KIVA-II code[1]. The most recent improvements
Combustion chamber Quiescent  gre in the turbulence, gas/wall heat transfer, ignition, combustion,
Combustion bow! diameter 97.8 mm

NOx and soot models, as described by Han and Réiz The
standard ke model has been replaced by an RNG kiodel with
modification for gas compressibilityl0]. The ignition model is
based on the multistep Shell model and combustion is achieved
through a laminar-turbulent characteristic-time model, as imple-
mented by Kong et al.11]. Currently, two mechanisms are used
to characterize the breakup of the fuel droplets: Kelvin-Helmholtz
(KH) and Rayleigh-Taylo(RT) instabilities. More recently, the
concept of a breakup length to account for the dense spray region
near the nozzle has been used in conjunction with the KH and RT

17° BTD(Exhaust
195° ATD(Exhaust
235° BTDExhaust
27° ATD(Exhaust

Intake valve opening
Intake valve closure
Exhaust valve opening
Exhaust valve closure

Table 2 Specifications of the fuel injector

Cummins CELECT
Closed-nozzle,unit injector
8, uniformly spaced

Type
Design
Number of holes

[';’r',%tﬂ',?{{;?}g{er of the hole#d) 0'1944gm mechanism$2,12]. The use of a core region has shown improve-
Angle of fuel-jet axis(from horizonta) 14°  ment in the liquid length penetration predictions and in the com-

putational time requirements for the calculations.
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3.1 Ignition and Combustion Models. In a previous study study, the dense core region refers to the region close to the
by Kong and Reit411], the Shell autoignition moddi13] was nozzle where the droplets are so densely packed that their pen-
implemented to model the ignition process. The model uses eigttation rate is different than further downstream.
reactions with five generic species representing the hydrocarbonConditions of the liquid at the nozzle exit, for example size
the fuel radicals, the oxidized products, a branching agent and tistribution of the droplets, are generally unknown for a given
labile intermediate species. The formation rate of the labile intenjector, unless extensive diagnostics are carried out. Hence, the
mediate species was found to be the rate-limiting step in the kiquid injection is simulated using the “blob” injection method of
netic path[13], and the total ignition delay was found to be senReitz and Diwakaf19], where droplets are injected with a diam-
sitive to the pre-exponential factor for that step. For the engireter equal to the nozzle hole diameter. Furthermore, experimental
operating conditions simulated in the present st(ghe Table ¥ results have shown that diesel spray penetrates at different rates
it was found necessary to adjust the pre-exponer#igl,, for the within and beyond the breakup lend@0]. This may be attributed
rate of formation of the labile species as follows, to the existence of a dense core region or “churning” flow regime

close to the nozzle. Hence, to model the spray dynamics near the
f04:(85'5_0'07857rin)><106’ 1) nozzle, it is assumed that only the KH instabilities occur in this
’ Pin dense core or churning flow region, where accelerative effects are
thought to be negligible. The breakup length,, is define to be
the limit of the core region and is determined from the Levich
B}heory[Zl] as

whereT;, is the intake temperature i and P;, is the intake
pressurgabsolute in kPa.
A characteristic-time combustion model, which was initiall

developed for spark ignition engines by Abraham ef®], was ol
used to model combustion. Similar to the S| engine combustion L,=Cy/—do, (4)
model, the rate of change of the partial density of spenieis ) Pg
written as whereC is a constant that can be correlated to nozzle geometry
parameter$20] andd, is the nozzle hole diameter. The constant
IPm Pm~ Pm for the injector used in this study was found to be 14.5.
ot Tom | @ Based on KH instabilities, the breakup timeaccounts for two

conditions: bag breakup at low Weber numbers, and stripping
wherepr, is the local and instantaneous thermodynamic equilithreakup at high Weber numbdrk9] and is given by
rium value of the partial density, and ., is the characteristic time 3781
to achieve such equilibrium for each species. In the computations, r= '_1’ (5)
only the major chemical species, whose inclusion is required for QA
accurate predictions of combustion energy release, are considefgférer is the radius of the droplef) and A are the frequency
[15]. The characteristic timer. ,,, is composed of a turbulent- and wavelength of the fastest growing wave, &dis a model
mixing time, 7, and a laminar chemical-kinetics tims,, and the constant, which accounts for nozzle effects, and is set to 60 in
coefficientf that characterizes the degree of turbulent combustighis study as recommended by Han and REitd. The frequency

[11] as follows, and wavelength of the fastest growing wave are given by Reitz
Tem=7+ 7. 3) [17] as
5
The laminar time scale is derived from an Arrhenius-type reac- 0= M, /Ls (6)
tion rate, and the turbulent time scale is proportional to the eddy (1+2Z)(1.4T7°) N pyr

turnover time, which is calculated from the kinetic energy and the 0.7
dissipation rate. Hence, in this model, the laminar time scale = 9'02{(1+0'45\/2)(16+00;34T ), @)
dominates the combustion during the early stages of combustion, (1+0.868V€"*)"

and then, the effect of turbulence on combustion becomes Meygere We=(pgu?r)/o, is the Weber number for the gag,

important once the combustion has proceeded to a certain extent\/w— 2
. < Wg/Rgq, the Ohnesorge number, afid= ZWe2, the Taylor
For further details refer to Kong et 4lL1]. number.u, is the magnitude of the relative velocityq is the

3.2 Spray Model. Spray atomization is a complicated”qUid Wet_)er number similar t&We except the liquid density is
physical phenomenon, which is critical in diesel engine combu¥sed, Rg is the liquid Reynolds number.
tion. The spray characteristics depend on fluid properties, ambientrhe breakup was modeled by postulating that new drops are
conditions, the fuel-injector nozzle design specifications and ofrmed (with drop radius,r¢) from a parent drop or bloigwith
erating conditions. The breakup of the injected liquid is caused @dlus,r) with
the aerodynamic liquid-gas interactions and nozzle flow effects re=BoA, (8)
and/or nozzle effects.

The spray breakup models currently used in engine modeliﬁ‘ﬁ1
calculate liquid breakup by using some form of stability analys@ P
[16]. The model sets a limit of stability and if droplets have ex- dr r—rg
isted long enough to become unstable, breakup occurs and the T 9)
characteristics of the new droplets are based on the wavelength or . . i .
frequency of the instability that brought about the breakup. Tw{§nerer is the breakup time defined in E() for the KH case.
mechanisms are currently used to characterize the breakup of fudf? the formulation of the RT breakup model, the breakup time
droplets. The wave breakup model of Rejtz7] considers the 1S 9iven by
shearing-off of droplets due to the growth of KH instabilities on Trr=C./Qg7, (10)
the droplet surface resulting from the relative velocity between t?ﬁ_‘

h

ereB, is 0.61[17]. Hence, the rate of change of drop radius in
arent parcel due to drop breakup is given by

ereC, is a constant set to 0.5 arfdg is the frequency of

gas and liquid phases. Breakup due to the growth of RT instab e fastest growing wave, given by Bellman and Penning2

ties, resulting from the deceleration of the injected droplets, h
been implementef16]. In previous studies, only the KH insta-

bilities were considerefil1], or the KH and RT instabilities were 2 [—gdpi—pyl¥
applied to the whole spraii6,18. In this study, both KH and RT Qgr= N T 11)
instabilities are considered, but within the dense core region near 3V3a PPy

the nozzle exit only KH instabilities are assumed to occur. In thishen considering surface tension and neglecting viscosity. Sensi-
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tivity studies by Ricar{23] found that the spray prediction was
not very sensitive to the RT breakup time constant. The corre-
sponding wavelength\ g, is

Apr=27\/ — 30 12
RTTETN 7 9i(p1—pg) (12)

In Egs. 11 and 129,=§-j+4- | is the acceleration in the direc-
tion of travel,g is the acceleration due to gravig represents the
droplet acceleration, anﬁ is the unit vector tangential to the
droplet trajectory. Ricart et a[.2] found that for typical diesel Fig.2 Perspective view of the computational grid for the Cum-

fuels, the effect of viscosity on the fastest growing frequency ar@ins optical-access engine  (at TDC) with the computational

the wave number is negligible; hence, it is not considered in t8aY

present implementation.

Hence, if RT instabilities are found to be growing on a droplefelease rates will be presented to assess the accuracy of the mod-
and the breakup time is exceeded, the droplet breaks up into dreps in predicting global parameters. Then comparison of liquid
let with the radius given by fuel penetration, fuel-vapor, temperature and soot distributions

F=Caoih or/2 will provide more localized validation.
3, RTART/ 4

whereCy 1 is taken to be 0.1, since it was found to result in the 4-1 Base Condition. The measured and predicted in-
shortened penetration observed in the engine. In the implemerffglinder pressures, and the apparent heat release rate, as derived
tion by Pattersofi16], new droplets have the same velocity as thdOm the measured and predicted pressure through a first law
parent droplet. However, in this study, the new droplets are givéfalysis[26], are shown in Fig. 3. Ignition delay is predicted

a velocity normal to the path of the parent drop as given by tydthin 0.5 crank an_gle degree, regardless of the spray model used.
TAB model [24]. The effects of model constants on the spray e pressure predicted by the KH-RT model is within 2.5 percent
characteristics and behavior are studied in detail by Patt¢igjn Of the measured pressure. Whereas, the KH model under predicts
and Xin et al[12] and Ricarf23]. the peak c_yl_lnder pressure by 10 percent, indicating that the fue_l is

In the current implementation, once the breakup length h8§t vaporizing and burning effectively when the KH model is
been reached, both models are considered. The model that pfed- This is also evident from the apparent heat release rate
dicts the fastest onset of instability results in the breakup eveMiere the combustion is seen to be slower and continues beyond
That is, when the disturbances have grown for enough time What is seen experimentally, implying a low vaporization rate.
exceed the breakup time, regardless of the breakup model, te ignition delay is under-predicted somewhat by both models,
droplet experiences breakup. In the KH model, this implig€Sulting in a lower premixed burn spike and a longer mixing
shedding-off smaller droplets and creating a new computational
parcel, and, in the RT model, it indicates complete break up into
smaller droplets. In both cases the size of the new droplet is pro-
portional to the size of the disturbances.

Collisions resulting in coalescence are a competing mechanism
for the breakup of the droplets. The collision and coalescence
model used in this study is that of Patterspb6]. In this
model, collisions only occur within droplets which are physi-
cally approaching one another. This is different from the
model of O’Rourke[25], where the probability of collision be-
tween droplets in a given computational cell is calculated
based on the size, number density and their relative velocity.
Ricart [17] studied the effect of the collision model and found

Pressure (MPa)

improved spray predictions with the model of Pattergds], T ,1'0~ 5 m 2 % 20
particularly due to the reduced number of collisions with the new CADATDC
model.

Fig. 3 Measured and predicted cylinder pressure for the base
operating condition
4 Results

The liquid fuel penetration experiments of Espey and DHc 60
were modeled using the improved version of KIVA-II described | 1 Measuwed
in the previous section. Two spray breakup models were tested. —— Predicted, KH-RT
The first model(KH) assumes that liquid breakup occurs only
through Kevin-Helmholtz instabilities. The second modi€H-

RT) included the RT instabilities and the breakup length concept.
The numerical grid used to model the optical access engine is
shown in Fig. 2. The mesh resolution used was found to give
adequate grid-independent resyli®)]. Based on symmetry as-
sumption between the eight sprays, only a 45 deg sector of the
combustion chamber was used in the computations. Asymmetries
from cut outs in the rim of the piston bowl, which allow for 0
laser-sheet access, have not been considered in this study for sim-
plicity. The volume of the cut outs, however, has been accounted 0
for by increasing the TDC clearance, or squish height. In this ’
study, the fuel mixture was modeled as n-hexadecane for fuel
properties. However, the cetane number of the mixture was usefd. 4 Liquid fuel penetration as predicted by KH and KH-RT
Comparisons between computed and measured pressures andrheddl and measured for the base operating condition

50

40+
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20 F

Spray Tip Penetration (mm)

CAD ATDC
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Fig. 5 Spray profiles as predicted by the KH and the KH-RT spray models

controlled burn. However, the KH-RT model does predict thparable to the experimental value. In the prediction by the KH
phasing of the end of the energy release correctly. The slower fuebdel this drop is barely perceptible.

vaporization rate predicted by the KH model is also evident before Liquid fuel penetration as a function of crank angle degree for
ignition, where the apparent heat release rate predicted by the baseline operating conditidsee Table fis presented in Fig.
KH-RT model drops significantly below its value prior to injec-4. The symbols show the experimental data for 12 engine cycles at
tion due to the evaporation of the fuel, and its magnitude is corhalf-crank-angle degree increments. The spray tip penetration as
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Fig. 6 Droplet size distributions as predicted by the KH and the KH-RT spray models
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a) Vapor-fuel mass fraction

oy

1=0.0157 H=0.142 1=0.0388 H=0.349

b) Equivalence ratio

1L=0.5 H=4.5 L=0.5 H=4.5
KH Model KH-RT model

Fig. 7 Vapor-fuel mass fraction (a) and equivalence ratio (b) as predicted by the KH and the KH-RT spray breakup models

predicted with the KH and KH-RT models and based on the Ittead, and that predicted by the KH-RT model. The predicted tem-
cation of the farthest droplet from the nozzle is also shown. Theeratures are seen to be in the same range as the measured values.
experimental data shows that initially the spray penetrates almds$te predicted distribution, however, does not have the detailed
linearly with crank anglétime). However, by about 8 or 8 1/2 deg structures and sharp gradients observed experimentally. This is an
BTDC (3 deg after the start of injectipnthe spray ceases to pen-artifact of the ke turbulence model’s time-averaging as opposed
etrate, reaching a maximum liquid penetration length of about 24 the single realization in the experiment.

mm. Both the KH and KH-RT model predict the correct initial Comparisons of soot distribution in the combustion chamber
penetration of the spray. However, the KH model does not prediate shown in Fig. 9. Experimentally, it was found that the early
the limited penetration of the liquid fuel, with this model the sprajormation of soot occurs in the high vapor-fuel concentration re-
penetrates all the way to the piston bowl edges0 mm). The gion in the leading portion of the j¢7,9]. This same trend is also
KH-RT model predicts a slower penetration after 9 deg BTD@bserved in the predictions using the KH-RT model. Hence, an-
and captures the limited liquid penetration observed experimesther improvement resulting from the implementation of the
tally. However, the KH-RT model initially over predicts the penKH-RT model is in the prediction of the distribution of fuel vapor
etration, which then drops down closer to the measured valuesaaml emissions in the combustion chamber, indicating that the cor-
combustion ensues. rect spray model is a critical input for the combustion and emis-

Figure 5 shows the predicted spray profiles and Fig. $ions models.
shows the cross sectionally averaged droplet size distributionHence, the KH-RT model has been found to capture the limited
with distance from the nozzle for the KH and the KH-RT sprajiquid fuel penetration, the penetration of the vapor fuel ahead
models. Initially, at 9 deg BTDC, there is no significant differencef the spray, and the location of emission formation observed
between the predictions from the two different spray models, agperimentally. The performance of the KH-RT model is sum-
was also observed in Fig. 4. The penetration and droplet sig@rized next for the rest of the running conditions studied by
distributions are almost the same. This similarity at early timeSspey and De¢4].
is not unexpected since only the KH mechanism acts on the
large injected spray “blobs” before the breakup length is reached.
By 7 deg BTDC, the predicted sprays start exhibiting significant
differences. The KH spray has penetrated farther into the combus-
tion chamber than the KH-RT spray. Also, the KH-RT spray is
characterized by smaller droplets beyond the breakup length due
to the RT mechanism. These smaller droplets evaporate more ef-
fectively creating a break in the main sprae., it appears as if a
small group of droplets are penetrating ahead of the main spray
Soon after ignition occurs these droplets are vaporized and a
shortened liquid penetration is observed, even though injection
continues through to top-dead-center. At 5 deg BTDC, the pen-
etration predicted by the KH model is seen to be significantly
longer than that for the KH-RT model, and droplets are much
larger than those predicted by the KH-RT model, which were
efficiently vaporized.

Figure 7 shows the predicted equivalence ratio and vapor-fuel
concentration in the fuel-jet axis plane at 5 deg BTDC. In the KH
prediction, high equivalence ratios exist only along the path of the
spray, and the highest vapor concentration is located close to the

- e _ | 660 695 730 765 800 835 870 905 |
injector nozzle. However, for the KH-RT prediction, the high

equiva_lence ratio region extends far beyond the tip of the SPrayy. 8 Measured (left) and predicted (right) temperature
and high vapor-fuel concentrations are ahead of the spray dfribution in a plane 9 mm below the cylinder head and

agreement with the experimerit5,6]. Figure 8 shows the mea- 27 mm from the injector nozzle. The field of view is 18 mm
sured temperature distribution in a plane 9 mm below the cylind&r12.5 mm.

5.0 ASI

6.0 ASI
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1=0.618e-4
H=5.56e-4

1=0.335¢e-4
H=3.01e-4

KH Model KH-RT Model

Fig. 9 Soot mass fraction distribution in the plane of the spray axis as predicted by the KH and the KH-RT models at 3 deg
BTDC. The spray profile has been superimposed for reference.
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Fig. 10 Predicted (dashed line ) and measured (solid line ) cylinder pressure and spray tip penetration for the range of
operating conditions studied by Espey and Dec [4]. Predictions are for the KH-RT model. For the spray tip penetration, the
measured values are shown by the solid squares, the penetration of the farthest droplet is in the solid line and the penetra-
tion of 90 percent of the liquid mass is shown by the dashed line.
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4.2 Parametric Study. A model needs to be tested over af equivalence ratio and temperatures ahead of the spray is also
wide range of conditions to ensure its validity and universality. Im very good agreement with the experimental results. The high-
their investigation, Espey and D¢4] studied the effect of TDC est soot concentrations at early times were also predicted
temperature and density on the liquid-fuel penetration. PredictioaBead of the spray by the KH-RT model as has been observed
of liquid length and cylinder pressure for all the cases studied lexperimentally.

Espey and De¢Table 5 are shown in Fig. 10. In general, cylin-
der pressures are seen to be predicted well and the ignition de K led t
is predicted to within 2 crank angle degrees throughout the ral nowiedgments

of operating conditions studied. This work was supported by Cummins Engine Co., Caterpillar

The spray tip penetration results include the measured values., the Army Research Office, and the Department of Energy
and predicted penetration based on the farthest droplet from tandia Laboratories. The authors thank the sponsors sincerely.
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Relationship Between Visible
Spray Observations and DI Diesel
Takashi Watanabe Engine Performance

Susumu Daldoll This investigation was conducted to enhance understanding of combustion in a direct

. injection (DI) diesel engine with square combustion chamber. The investigation included

Kurume Institute of Technology, a bench study of spray and its interaction with the chamber and correlation with engine
Kurume 830-0052, Japan performance. The bench study was conducted by using a liquid injection technique (LIT).

The technique relies on the use of instantaneous photo images of emulsified fuel spray
patterns to deduce spray behavior. It captures spray images in forced swirling flow on a

) KQShaV S Varde positive film, which was used to deduce fuel-air mixing by scattering radiation technique.
University of M|ch|gan-Deaerrﬂ, Three different chamber configurations, with different ratios of arc radius (r) to inscribed
School of Engineering, circle radius (R), and several spray deflecting angles were used in the study. The best
Dearborn, M1 48128-1491 parameters were found to be a deflecting angle of about 30 deg and a ratio of r/R of

about 0.65. The results of the bench test were used to compare engine performance at
similar design parameters. The engine performance was found to be superior at the above
values of r/R and the deflecting angle. Engine exhaust of NOx and exhaust smoke were
found to be lower at these design parameters. The experimental technique of using emul-
sified spray with LIT can be used qualitatively to evaluate effects of combustion chamber
and fuel system design variables on engine performdi8@742-47980)00104-9

Introduction Experimental Apparatus

_The quality of combustion process in a DI diesel engine is A The Single Cylinder DI Diesel Engine. The DI diesel
highly dependent on the fuel-air mixing in the combustion chammgine used in the experiments had a MAN “M-System” com-
ber. This, in turn, depends on three major elements: aerodynamigstion chamber. It was modified to accommodate combustion
of the inducted air, characteristics of the injected fuel, and th@yambers of different geometrical configurations, as described
design of the combustion chamber. To improve the combustigster. The intake port of the engine was replaced by a helical port
process and exhaust emissions in a DI diesel engine it is importg¥t produced a swirl ratio of 3.15. Table 1 shows the specifica-
to understand mixing of fuel and air and mixture formation in thgons of the test engine. The original injector of the fuel injection
cylinder. Several investigations have been carried out to undefstem had a single orifice throttling nozzle. It was replaced by a
stand the mixing process and its relationships to engifgur-hole nozzle. The injector was located in the cylinder head
performance. such that it was inclined 35 deg to the cylinder axis against the

Bardslay et al[1] utilized a laser technique to study inducedhnti-thrust side and offset by 12 mm. The injection tip protruded 5
swirl, fuel atomization, droplet distribution, and droplet evaporanm below the surface of the cylinder head.
tion. Several studies dealing with combustion chamber configura-The combustion chambers were designed in the form of inter-
tion and engine performance have recognized the importancecbfingeable attachments that can be assembled on top of the pis-
fuel-air mixing on engine performand®,3]. Recently, Kihara ton, as shown in Fig. 1. Four combustion chambers of d#sh
et al.[3] used a square shaped combustion chamber to reduce fiyple) and square(S-type shapes, with different geometrical
consumption, exhaust smoke and NOx emissions from a DI diesiinensions as shown in Table 2, were used in the study. The ratio
engine. However, the study did not investigate the relationshij the cavity diameter §” and the cylinder bore D", d/D, was
between the combustion chamber shape and engine performavéed between 0.459 and 0.50, a range that was limited by design
parameters. The potential of the combustion chamber shapecassiderations. The injector utilized in the tests had a four hole
improve engine performance and the lack of understanding Bex0.25 mm nozzle, with an orifice d~2.4, injection spray
tween the square combustion chamber shape and the engine pegle between 110 and 120 deg, and nozzle opening pressure of
formance necessitated the investigation described in this pape?0 MPa. These values were determined by running tests with
In the present investigation a liquid injection technique wagifferent injector parameters. The deflecting angle shown in
used to observe the visible aspects of emulsified spray. The inf6ig- 2, is defined as the angle with respect to the perpendicular to
mation obtained from the technique was used to evaluate mixing
characteristics of the spray in different combustion chamber

shapes. The results were then used to justify the engine perfor- Table 1 Specifications of test engine

mance parameters in a qualitative manner. The technique used in

the study relies on getting positive images of the spray patterns. Combustion Chamber D.I (MAN-M)

These are then used to deduce fuel-air mixing by using intensity Cycle ) 4

of the scattered light. The information was used to design com- Number of Cylinders 1

bustion chambers of square geometry. Bore x Stroke ¢ 100 x 150 mm
Displacement Volume 1.178 x 10 mm’
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Fig. 1 Dish (F-Type) and Square (S-Type) combustion
chambers

Table 2 Specifications of interchangeable piston cavities for
test enaine
Cavity Configurations F (Dish) S (Square)
$1  s2 53 O [Tu s
Cavity Diameter d(mm) 500 48.0 459 46.7 . 908 i 90 ?L @ .
Cavity Height H(@mm) 306 323 354 320
Cavity Ratio dH 1.63 1.49 130 146 .
Diameter Ratio 4D 0.500 0480 0459 0467 @ single Shot Injection Control Unit @ Pulley
Injection Hole Angle 0(deg) 120 120 110 110 ® Photo Micro Sensor ©® AC Commutator Motor
i . . . 0.30 @ slit Disk ® Micro Swich
Geometric Factor /R 1.00 0.60 0.62 o D Broi Dok
® Injection Pump ® Displacement Meter
® Push/Pull Solenoid ® DC Amplifier
@ Battery @ Digital Retarder
@® Dummy Injection Nozzle @ Transformer
® Needle Lift Sensor @ Pulse Generator
@ Main Injection Nozzle @ Microflash
@ Oil Seal @ Photo Micro Sensor
® Combustion Chamber Model @ Camera
: Injection deflecting angle ® Pulse Detecting Disk ® Plane Mirror
: ircle radius
l: :;‘;c;l::: Fig. 3 Schematic diagram of liquid injection system
Fig. 2 Definition of geometric factor /R the strobe and the photographic equipment. The liquid injection

technique (LIT) utilized piston models which were made of
acrylic plastic. All model pistons used in the study had 59 ml
cavities corresponding to the engine compression ratio of 17.0:1.
the side wall of the square combustion chamber. The count-[:l?e cavities were filled with water at ambient temperature and the
clockwise rotation of the swirl is defined as the positive directiof?!Ston models were rotated to simulate swirl motion in the cylin-
The deflecting angle of the injector was varied from 0 to 60 de%g of the experimental diesel engine. The rotational speed of the
since earlier studies indicated influence of the angle on engif{?de! chambers was such that it provided an equivalent swirl
performance4]. number of 3.15. The method of estimating the swirl _qumber in a
model chamber has been described eathgr In addition, the
B Spray Evaluation Set Up. The evaluation was conductedspray was also studied under quiescent conditions in the piston
to ascertain mixing and fuel spray dispersion in the combustionodels. Three distinct cavities were used in the model chamber: a
chamber of the single-cylinder engine. The experimental investiircular cavity of 60 mm diametdgeometric factory/R=1.0),
gation was carried out in a model chamber that duplicated tBquare cavity with 55.2 mm side and a corner radius 18 mm
geometry of the engine combustion chamber and some of its dgeometric factor 0.65, and a square cavity with 53 mm side
erating parameters. Except for the thermal environment, the simrand a corner radius 8 mitgeometric factor 0.30. To facilitate
lated fluid dynamic conditions in the model chamber and the iiswirl generation the injector was located vertically with the injec-
jection system operating parameters were such that thign tip 4 mm below the top surface of the model chamber. Three
duplicated, as much as possible, mixing conditions in the engioéfices of the nozzle were closed to avoid interference of the
combustion chamber. The engine performance was then related@gpoay plume under examination with the other three plumes. The
the combustion chamber design parameters via spray mixing &ndl injection pressure of the modified nozzle was maintained at
dispersion study. Figure 3 shows a schematic diagram of the litpe same level as the origina4).25 mm nozzle.
uid injection system designed to observe the behavior of the fuelA xenon type strobe light, with color temperature 6500 K, flash
spray. The apparatus consists of a single injection control unitdaration of 4us, and power output of 4 W, was used to illuminate
mechanism for rotating the model chamber and a rapid sttige spray, as shown in Fig. 3. A monochrome ASA 400 positive
mechanism to generate relative motion between the liquid and tilen was used to photograph images of the emulsified spray. The
chamber, and an electronic delay integrated with the operationpifotographs were developed at constant fluid temperé2()
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— to Bosch smoke meter Pme (MPa) Cavity:S-2

—a——  0.40 900rpm
Photo-call detector ---e--- 050
——b&——  0.60
Transmissive light —e— 0.70 300
280 =
| . . /\/ 260 §
i Compensation cylinder g . 240 S
Milky-whits plate e ‘\\ 7 220 g
Positive film \,\A-:/‘ 200
., < - 180
5 20
0
% (—-— S ‘g [ e raintunty ety P
N
& e 42200
{2000
/ L d
Fluorescence lights {1800 g
Light box {1600 x
(correlation color temperature : 5000+ 250K) <
{1400
Fig. 4 Optional transmissivity measurement system 290+ . L1200

2801
and constant processing time. The spray was photographed atg

tervals of 10, 20, and 30 ms from the start of injection. Severa§ 270t
deflecting angles, ranging from 0 to 60 deg as viewed from tr
top, were used in the investigation. An optical method, based (2 260}
optical transmissivity described in an earlier papg was used
to evaluate spray dispersion. The transmissivityjs a measure 2501
of transmission of the visible radiation through positive images ¢
the spray. A lower value of represents a well-dispersed spray 0 fs. 50. ,;5. 50°
and better mixing. A modified Bosch smokemeter set up, attach - Deflecting injection ongle Be

to a photocell detector and shown in Fig. 4, was used to estimate

transmissivity of spray patterns. In order to measure transmissiv-Fig. 5 Engine performance at 900 rpm with S-2 chamber

ity positive images of the spray were set between the detector and

the light source keeping preset distance between the source and

the detector. The value of was 0 percent for completely shielded

light and 100 percent when the developed film was perfect with-

out any images. Only two-dimensional studies were conductedigrformance of the test engine in terms of fuel consumption, NOx
this investigation. It is difficult to consider the influence of theand exhaust smoke was achieved when the deflecting angle was
depth of the square chamber on spray patterns and other reséftsdeg. This value ob, also allows simultaneous reduction of
due to distortion of spray images that occur in the chanfser fuel consumption, NOx and THC. It is believed that spray disper-
Hence, the investigation was limited to two-dimensional spragion and microturbulence occurring at the corners of the square
images. combustion chamber help to achieve these results, as postulated in
reference[4]. Through this study it was concluded thég=30

deg would provide relatively better engine performance with
square chambers.

Experimental Results

1 Results of Engine Performance with S-type Chamber. 5
Preliminary tests were conducted to assess general effects of 6?93p
combustion chamber shape and the deflecting angle. The purp,
of the tests was to evaluate if variations in deflecting angle a
combustion chamber shape affected the engine performance
nificantly. The performance of the DI diesel engine with one o
the combustion chambers, S-2, is shown in Fig. 5. Of all the Effect of Deflecting Angl®.. Figure 6 shows the simulated
combustion chambers shown in Table 2 the S-2 chamber shoveguiay behavior in a square combustion chamber with geometric
better overall engine performance in terms of thermal efficiendgctor=0.65, a value very close to the geometric factor of cham-
and exhaust emissions. The engine performance with the & S-2. The simulated patterns were deduced from photographic
chamber shows minimum specific fuel consumption at bmemages and transmissivity data of the dispersed spray in the model
=0.6 MPa and a deflecting angle,=30. Furthermore, for any chamber. The swirl ratio for the swirling condition was 3.15, the
given value of bmep the specific fuel consumption was found tame as in the actual engine, and the deflecting amglewas
be the lowest at.=30 deg. The emissions of oxides of nitrogervaried from 0 to 60 deg. Ab,=0 the spray dispersed symmetri-
(NOx) were generally at their low value when the deflecting angleally under non swirling condition but it dispersed over a larger
was set at 30 deg, as shown in the figure. The smoke deBsity, area, in somewhat asymmetrical fashion, under swirling condition,
was not affected much by the deflecting angle but it did increass shown in the figure. As the deflecting angle is increased to 15
with increasing brake mean effective pressure. Total hydrocarbaesg the spray impinges on the wall and disperses asymmetrically
(THC) in the engine exhaust varied with deflecting angle andnder non-swirling condition. With swirl the spray dispersion is
load, with the minimum appearing #,=45. The overall best even further enhanced in the direction of the swirl. As the deflect-

Results of Spray Behavior in Square Chamber. Studies

ray behavior were conducted to understand plausible rela-

fifiships between the engine performance and spray dispersion in

e combustion chambers. Several model chambers were used for
> purpose.
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Without Swirl

With Swirl

15° 3o 45° 60°

Fig. 6 Characterization of spray profile for various angles (time from the start of injection: 10 ms )

ing angle is increased it can be observed from Fig. 6 that masdehieves dispersion over a much wider area in the direction of the
mum spray dispersion is achieved wher=30 deg. As the spray swirl.

penetrates the medium it impinges on the opposite wall and dis-Further increasing deflecting angle did not improve spray dis-
perses over a wide area under non-swirling condition. With thgersion, as can be observed in Fig. 6. Increagipdo 45 deg
presence of the swirl the downward flow gains velocity anceduces the total area over which the spray is dispersed in non-

Without Swirl With Swirl
Fig. 7 Effect of geometric factor on emulsified spray patterns (deflecting angle =30deg, t=time from the start
of injection )
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Fig. 8 Effects of geometric factor on optical transmissivity

swirling as well as in swirling environment. Similar trends can bsisted of four sides with rounded corners of radiu§,"as shown
observed when the deflecting angle was increased to 60 deg. Th&ig. 2. The geometric factor/R, is expected to influence fuel
study shows qualitatively the influence of deflecting angle oand air mixing, and, hence, the combustion process in the engine.
spray dispersion in the model chamber of square geometry. In thge geometric factor of the model chambers ranged from 1.0
present chamber configuration the best position of the spray t{gish type chamberto 0.30 (square chambgrthe lower value
jectory was such that the deflecting angle was about 30 deg wifind @ limitation in square chamber design, as identified in an
the side of the square chamber. earlier publication5]. The deflecting angled,, was maintained
at 30 deg for the square chamber geometry. The effects of geo-

Effect of Geometric Factor/R. The configuration of the Metric factor on spray dispersion are shown in photographs in Fig.

square combustion chamber, with the inscribed radigs ¢on- 7 under swirling and non-swirling conditions.
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Table 3 Specifications of interchangeable piston cavities at images at subsequent time after the start of injection exhibits

geometric factor  (r/R) somewhat restricted dispersion for the square chamber with larger
Combustion Configurations T S1 S4 geometric fgctor than for the smaller one. T.he'sprgy dispersipn for

r/R=0.65 is expected to enhance fuel distribution and mixing

Geometric Factor R 1006 03 when multiple orifices of the nozzle are used, as in the case of the
ArI c Rg:’d“éimle Radius l'{(("mmxz) 2255 1232 261'55 single cylinder test engine.
Cavity Height H (mm) 306 323 3220 It was observed from spray images @i=30 that the spray

Diameter Ratio D 0_5'00 0.450 0. 467 d_isperses along the straight side wall and is most affe_cted by the
side wall, the corner of the chamber and the swirl. A

=45 deg, the centerline of the spray plume has to travel the long-
est distance and the flow residence time at the corner is prolonged

900rpm Pme=0.6MPa N.0.P.=20MPa ina in i i i ;
LT.<18%BTDC Gew30° resulting in inadequate dispersion. When the deflection angle was

= 300 increased to 60 deg, the trailing part of the spray plume moves
& 250 upstream, as shown in the schematic patterns in Fig. 6. Of the five
Z 200 deflecting angles used in the study= 30 deg shows better spray

O 150 dispersion in the chamber when all four orifices are functioning.

creases very rapidly as the geometric factor increases beyond
0.65. As expected, for all values of deflecting angteis higher
under quiescent flow than under swirling flow. However, the
variation in « increases almost exponentially with an increase in
geometric factor for deflecting angles of 45 and 60 deg, as shown

N
(=]

o

Sm (Bosch %)
=

T in the figure.a does not vary much between geometric factors of
2000 & 0.3 and 0.65 and small values of deflecting angle but increases
‘g rapidly for the dish type chamber/R=1.0). In this work it was
Z

T Relationship Between the Geometric Factor and Optical Trans-

240 a missivity. Figure 8 shows the relationships between the optical

. 230 : transmissivity of the emulsified diesel spray and the geometric
' gfg . < factor in quiescent and swirling water flow. The value @fn-

1600 difficult to evaluate absolute dispersion since no consideration of
__ 690 the dispersion area ratio was taken into account. Careful measure-
< 680 ments of« at different values ob, andr/R show that the mini-
@ 670 \e/ mum was achieved when the deflecting angle was 30 deg at all
. 660 time intervals considered in the study. A valuerdR=0.65 was
‘ = preferred because it exhibited lower transmissivity at most of the
: , 84 " time after the start of injection.
eh__e__,,—/i’ } 83 % Based on spray images and optical transmissivity it appears that
82 2 the square combustion chamber would improve spray dispersion
’gzeo in the DI diesel engine if the deflecting angle and the geometric
X factor are at 30 deg and 0.65, respectively. This would provide
=250 \/ adequate good fuel and air mixing when & @.25 mm injection
L nozzle is used in the engine.
[} 240 " ! A ] " 1 n t : L A J
0 0.3 0.6 1.0 3 Results on Engine Performance. Three different com-
Geometric factor r/R bustion chambers were used to evaluate the influence of geometric
factors on engine performance. Table 3 shows dimensions of the
Fig. 9 Effects of geometric factor on engine performance interchangeable combustion chambers used in the experiments.
(square combustion chamber, 900 rpm, Pme  =0.6 Mpa) The engine was operated at steady state at the following condi-

tions: speee900rpm, injection nozzle opening pressure
=20 MPa, injection timing-18 deg BTDC, deflecting anglé,

Without swirl, the spray disperses along the side-wall and @30, and break mean effective pressufe6 MPa. At this value
lower surface of the dish shaped chamber wifR=1.0. The Of bmep the engine fuel consumption was generally lower and it
spray disperses over a wider area with increasing time. When fig®resented high load condition.
spray was subjected to swirl, similar situation is observed. How- Figure 9 shows the effects of geometric factor on the engine
ever, with swirl, the spray is dispersed much further along therformance parameters. The specific fuel consumption and emis-
direction of the swirl, as shown in imagédgo L. Comparison of Sions of carbon monoxide and total hydrocarbons were at mini-
images under swirling condition in dish and square shaped chamum when the geometric factor was 0.60. The exhaust smoke
bers show the spray being dispersed over a larger area in forrieyel, measured with Bosch smoke meter, was also the lowest at
than in the latter chamber. This may appear to enhance spfafR=0.60. Reducing the value of geometric factor from 0.60 to
dispersion and fuel distribution. However, when multiple orifice8.30 increased fuel consumption and exhaust smoke. Comparison
of the nozzle are used dispersed sprays from orifices would intef-engine performance with the two S-type chambers shows mar-
fere with one another causing nonuniform fuel distribution. ginal improvement in NOx emissions and engine noise with the

In the square chamber with a geometric faetGr65, the spray S-4 chambetgeometric factor 0.30 over the S-1 chambégeo-
impinges on the side wall and has a long residence time at thetric factor0.60).
corner. It is then gradually dispersed with increasing time along Analysis of combustion process from the pressure-time data,
the direction of the swirl, as shown in imagbtsto O. With a shown in Table 4, exhibits a shorter delay and reduced burn du-
lower value of geometric factorr(R=0.30) the spray tends to ration with the S-1 combustion chamber than with the S-4 cham-
disperse in somewhat nonuniform fashion. Under swirling floler. Furthermore, the time for maximum heat release rate in the
the spray tip has almost uniform area and clings to side w&k1l chamber is earlier than in the cylindrical chamber by 0.3 deg
(image Q) well after the start of injection. Comparison of sprayand by over 4 deg in S-4 chamber. It appears that the square
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Table 4 Combustion analysis value at geometric factor (r'R), 1 The deflecting anglé.=30 deg was found to produce spray
(N=900rpm. & e=30dea) distribution that resulted in good fuel and air mixing in the cylin-

Combustion Configurations F S-1 sS4 der in a swirling flow. _ _ _

e e Fact R T 0% 3 2 The square combustion chamber, with geometric factor value
eometric ractor T B . 3 H H

e B s B 060 0l0 0 S5TL0L0 S 0 € A SRl Sy e

Equivalence Ratio ¢ 0614 0587 0.59 9 : pp y g

Indicated Mean Effective Pressure  Pmi (Mpa) 0.775 0.788 0.775 emulsified _aspects of_sp_re_\y through analyses of positive images
Maximum Cylinder Pressure Pmax (MPa) 8.07 794 7.66 and by optical transmissivity technique.

Rate of Pressure Rise dP/d 0 (Mpa/deg) 0.458 0432 0382 ~ 3 Tests conducted on a single cylinder diesel engine showed
Crank Angle at Max. Heat Release (deg) 7.3 70 114 improved engine performance when a square combustion chamber
Crank Angle at 10 % Mass Burning (deg) -5 .5 4 with spray.defle(.:tlng angle and geometric factor, as identified in

Crank Angle at 90 % Mass Buming (deg) 25 24 35 the above investigation, was employed. The engine fuel consump-

tion was improved and the design provided overall reduction of
smoke and other exhaust pollutants.

4 The experimental technique of using emulsified spray with
combustion chamber with/R=0.6 provides rapid diffusion and LT can qualitatively be used to evaluate effects of combustion
afterburning of the mixture due to enhanced mixing created Is}@mber geometry and fuel systems design. It allows qualitative
moderate turbulence and swirling flow at the corners of the cha -f%'.ua“O” of model testing without extensive experimental
ber. The S-4 chamber produced lower peak cylinder pressure dAgHIY:
had higher exhaust gas temperature than the other two chambers.

This indicates that the burn duration in S-4 chamber was longdlomenclature
due to inadequate mixing in the chamber cavity. The engine per- { = chamber cavity diameter, mm

formance with cylindrical chamber withR= 1.0 did not perform D = cylinder bore diameter, mm

as well as the square chamber in terms of fuel consumption and|/d = injection nozzle orifice length to diameter ratio

emissions, as seen in Fig. 9. r/IR = geometric factor, defined as the ratio of arc radius to
The improvement in engine performance with square combus- inscribed circle radius

tion chamber of /R=0.6 is supported by spray dispersion inves- 4 = transmissivity(percent

tigation using LIT. The square chamber withR=0.65 qualita- 6, = deflecting angle, degrees

tively produced better spray dispersion and lower (more
dispersed spray with finer particlethan the chamber with/R f
=0.30. The square shaped combustion chamber can improve g‘f"- erences

gine performance of a DI diesel engine using a fuel injection[l] Bardslay, M. E. A., Felton, P. G., and Bracco, F. V., 1988, “2-D Visualization

L o : : : of Liquid and Vapor in an I. C. Engine,” SAE Paper 880521.
system similar to the one utilized in the present StUdy‘ prowded It%Z] Nagaoka, M., and Osawa, K., 1990, “Numerical Analysis of In-Cylinder Flow

shape and geometric factors are optimized. and Spray Motion in New DI Diesel Combustion Chamber,” Trans. Jpn. Soc.
Mech. Eng. 44, pp. 3-8.
Conclusions [3] Kahira, R., Mikami, Y., and Kinbara, M., 1983, “The Advantages of the Isuzu

Square Combustion Chamber for DI Engine,” SAE Paper 830372.
A liquid injection technique was used to evaluate diesel fuel[4] watanabe, T., 1991, “Visual Study of Influence of Combustion Chamber Con-
spray dispersion in square combustion chambers. The spray dis- figuféfgsf§3§“6|'Air Mixing Process in DI Engine,” SAE Trar89, Sec 3,
) L L ; Pp. _ )
trll:_)utlo_n Was. evaluated qua“tat!vefly by visible Ob_S(_BI’V&l_'[IOﬂS andT[S] Watanabe, T., and Daidoji, S., 1993, “A Few Experimental Considerations on
using intensity of scattered radiation through positive images of ™ the spray Behavior for the Open Combustion Chamber of Square Type by the
the spray. The results of the study can be summarized as follows: Liquid-Liquid Injection Technique,” Proc. JSME30-9 pp. 734—736.
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Formaldehyde Formation in Large
Bore Natural Gas Engines Part 1:
Formation Mechanisms

Charles E. Mitchell

Daniel B. Olsen Recent testing of exhaust emissions from large bore natural gas engines has indicated
that formaldehyde (C§D) is present in amounts that are significant relative to hazardous
Engines and Energy Conversion Laboratory, air pollutant standards. In consequence, a detailed literature review has been carried out
Department of Mechanical Engineering, at Colqrado State l_JnlverS|ty to assess_the current state of knowlegige about formaldehyde
Colorado State University, formation mechanisms and evaluate its applicability to gas engines. In this paper the
Fort Collins, CO 80523 following topics from that review, which bear directly on formaldehyde formation in

natural gas engines, are discussed: (1) post combustion equilibrium concentrations; (2)
chemical kinetics; (3) flame propagation and structure; (4) partial oxidation possibilities;
and (5) potential paths for engine out formaldehyde. Relevant data taken from the litera-
ture on equilibrium concentrations and in-flame temperatures and concentrations are
presented in graphical form. A map of possible paths for engine out formaldehyde is used
to summarize results of the review, and conclusions relative to formation and destruction
mechanisms are presentd@0742-47980)00904-2

Introduction and Problem Identification formation or, equally important, its destruction. Formaldehyde is
As declared in the 1990 Clean Air Act Amendments, the U nown to be a critical intermediate specie in the chemical mecha-

; ’ ) ) ; ; ism through which natural gas burns in air. Thus, the potential
Environmental Protection AgendfEPA) is developing air toxic f(ﬂ having some quantity of formaldehyde in the products of com-

regulations for oil and gas production. The EPA Is also schedulgfjqyq, always exists. It is crucial that those physical and chemi-
to publish air toxic regulations for internal combustid®) en- ¢, phenomena which affect whether and to what extent this po-
gines by the year 2000. In addition, the gas industry is faced Willlyi,)| s realized in an operating engine be determined. In this

Tide y—Operating Permit regulgtions, with fast apprqachin aper the following topics bearing on formaldehyde formation are
deadlines for compliance. A stationary source that emits Mofg iewed:

than 10 tons per year of any single hazardous air poll(taAP),
or cumulative HAP emissions in excess of 25 tons per year is* equilibrium (thermodynamig considerations

deemed a major source under Title Ill, the “HAPs Rule.” HAPs ¢ chemical kineticgincluding reduced mechanisins

do not include the primary pollutants, CO, NCand total hydro-  * flame propagatioflaminar flame structure and turbulence ef-
carbons(THC). They include a variety of aldehydes, volatile or-  fects

ganic compounds, semi-volatile organic compounds, sulfur com-* partial oxidation possibilitieglocations outside of flamgs
pounds, and metals. Formaldehyde and many of the other
aldehydes are known contributors to photochemical spipgnd
irritants of the skin, eyes and nasopharyngeal membré2Egs
Formaldehyde is postulated to react with ionic chloride com-
pounds in the air to produce bischloromethyl eth@#], a sus-
pected carcinogen. Studies performed at the Chemical Industry crevices and crevice outflow

Institute of Toxicology indicate an increased incidence of nasal protection in oil layers and solid deposits

cancer in rats exposed to high concentrati¢ts ppm of form- exhaust flow reactions

aldehydd 5]. The current Occupational Safety and Health Admin-

istration(OSHA) 8-hour time weighted average permissible expo- * paths for engine out formaldehyda map of possible paths
sure limit for formaldehyde is 1 ppn(Title 29, CFR and is

end gas reactions

bulk quenching

mixing effects

partial oxidation during the compression stroke
wall quenching

O~NO O WNPEF

ted to be reduced o 0.75 in th . A list of conclusions based on the review completes the presenta-
expected 1o be reauced to U.75 ppm In theé Coming years. — jon 1n g companion papé6] the present authors use the results

As discussed in Part 2 of this papeee also Olsen and Mitch- o¢ yis review to interpret measured emissions from large bore
ell, [6]) recent data from stationary large bore engine sites 'nd'c"’Hﬁtural gas engines
e_

that in some cases formaldehyde emissions would have to be r
duced by 90 percent in order to avoid being designated a major
source under Title Ill. To obtain reductions of this magnitude, a
clear understanding of how formaldehyde is formed in large-bokequilibrium Considerations

natural gas engines is needed. _ A fundamental question is whether and to what extent formal-
_In this work, a thorough literature search and review was Cqfjghyde is favored as a combustion product thermodynamically.
ried out on formaldehyde emission and related topics. Of particiinat js if the chemical reactions consuming natural gas and air at
lar interest was the identification of locations, events and operalme equivalence ratio are allowed to reach the equilibrium com-
ing conditions in large-bore engines which favor formaldehngosition predicted by thermodynamics, how much,OHwvould

be present? Calculations of this type can be performed using stan-
Contributed by the Internal Combustion Engine Division GfiETAMERICAN  dard thermochemical databag@s8]. Results of such calculations

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF ; ;
ENGINEERING FORGAS TURBINES AND POWER. Manuscript received by the ICE for methane in air have been presented by Vlachos 40RlA

Division November 6, 1998; final revision received by the ASME HeadquarteRRlOt Of some of the data presented in that work is displayed in Fig.
December 29, 1999. Technical Editor: D. Assanis. 1. Shown in the figure are adiabatic equilibrium temperatures
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Fig. 1 Equilibrium temperature and composition: methane  /air M. O H M, 0.. 1 OH O
S . CO CcO
(flame temperatur@sand the equilibrium mole fractions of CO -

and CHO for a range of equivalence ratios. Note that the curve
for CH,O represents its calculated value timeg.10 is apparent
that the equilibrium quantities of formaldehyde are predicted to be
very small indeed. For stoichiometric and lean mixtures the o o .
amount is in all cases less than 0.1 ppb. The predicted mole frie early 1980s to simplify the overall kinetics to a few reaction
tions for both CO and CD decrease with increasing mixtures.teps.swt.able for engineering calculat!ons in part_lgular combus-
leanness, though the rate of decrease is more rapid fgOCH tion situations such as flame propagation and ignition. The early
Additional calculations performed by Vlachos et al. for loweWork of Westbrook and Dryef13] was particularly important.
temperatures(due to heat transfer losesnd fixed mixture The philosophy and methodology used to effect the required sim-
equivalence ratios further indicate a rapid decrease ofd@Ctbn-  Plifications is well explained and summarized by Dry&B]. A
centration with decreasing flame temperature. Measured engfi@nograph devoted entirely to reduced kinetic schemes for meth-
exhaust mole fractions of formaldehyde can exceed 50 ppm aR€ air flames became available in 1998]. The collection of
large bore engines burning natural gas). It is clear then, that Papers edited by Peters and R4d§| emphasizes applications of
super-equilibrium(by a factor of 5< 10°) amounts of CHO are reduced klnetlc_ mechanisms to both pr_emlxed ano_l diffusion con-
formed somewhere in the engine combustion process and sur/id!éd combustion problems. In all of this work the importance of
into the exhaust stream. Thus, partial oxidation and incomplefgSting any reduced scheme against the predictions of the com-
combustion must be instrumental in the formation of significait€t® detailed mechanism dpreferably against experimental
amounts of formaldehyde. In consequence of this, the time afiffasurements is emphasized. Using only part of any detailed
space dependent physical and chemical mechanisms compri hanism is not advised and any reduction should be pursued

the overall engine combustion process must play critical roles Yt 9reat caution. This said, it is also true that for some applica-
CH,O generation in large bore engines. tions, notably laminar flame propagation, reduced kinetic schemes

can work well.

Fig. 2 Methane combustion mechanism

Chemical Kinetics .
) o ) Flame Propagation
Detailed kinetic schemes for the combustion of methane are

readily available in the literatufel1-13. These mechanisms are
hugely complex and typically involve more than one hundred

ementary reaction steps and thirty chemical species. Their valid}t
for a wide range of combustion phenomena such as ignition aﬁ
flame propagation has been established experimenail5. A

The chemical mechanism by which natural gas is burned to
yroducts is of fundamental importance in understanding how
,0 is formed in engines. However, the engine combustion en-
onment is not homogeneous in space or time and chemical
inetics consequently can give only part of the picture. Physical

schematic representation of the main kinetic steps, which inclu&élgenomenq including heat transfer, diffusion, and fluid mechanics
only the most important Cand G pathways, is summarized in 259 play critical roles in the combustion process and thus in the
Fig. 2, adapted from Crawford and Wallacks]. The importance formation and destruction of formaldehyde in real engines. For
of CH,0 as an intermediate specie in the scheme is apparent. -fﬁ@mpkl]e,ha ﬂame_ofdsorrr]]e kind |shgenerglly a¥ghreeffl to propagate
primary G, path leading to the intermediate product CO goes di- rgug tdedpreml(;(e c alrge in the ?”9'”§- Ie amehstructuref
rectly through formaldehyde. The secondary path passing thrmﬁ? spee f hepen gOt only on ¢ ﬁmlfsltry ut %SO onht Ie ratle (f’
C,Hs, CH,, etc. complicates the mechanism considerably but ¢ gsllon or (?]at an SQﬁ?'es rlﬂ‘lt e flame and on the elve 0
play a significant role under some situations, particularly for ricfyreuience in the gases. Though flame propagation in a real engine
and low temperature mixtures, as discussed by Glasdman 'S certainly turbulent, examining laminar flame structure gives
This path also includes GI® as a basic intermediate specie. Th§°Me insight on how and where GBI may be formed. Calcula-
so-called G path has been neglected in some modeling weele ions using a compl_ete klr_1et|cs sche_me for methane-alr mixtures
for example Vlacho§9], or Peters and Rogd.8]) but the validity and standard one dimensional equations for laminar flame propa-

f doina thi : fully for th icular physflation including diffusion of heat and species have been com-
8a|d gi'tﬁ%tti olr? kr)nelljr?; t:feg;(::?me{j carefully for the particular p yspleted by Ruy[20]. Results plotted from his data are presented in

Figures 3 and 4 for an equivalence ratio of 0.89.
Reduced Kinetic Mechanisms. The detailed kinetic mecha- Shown in Fig. 3 are the mole fractions of gbl CO, and OH
nisms just discussed are extremely complex and time consumemga function of distance through the laminar flafmete that the
computationally. A great deal of effort has been expended sing®le fraction of CHO is in ppm while the other species are not
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Fig. 3 Laminar flame mole fractions

CO, OH (MOLE FRACTION)

of the rapidity with which CHO is destroyed in the presence of
free radicals such as O, H, and Qié¢call observations no. 1 and

2 above, any unburned CkD/air mixed with the products of
combustion at temperatures which are above about 1200 K also
should be consumed very quickly indeed.

Effects of Turbulence on Flame Propagation. The mixture
of natural gas and air, into which the flame propagates in a large
bore engine, exists as a turbulent flowfield which affects both the
speed of the flame and its character. The intensity and scale of the
turbulent flow depends in a complex and not yet well understood
way on such factors as piston speed, cylinder clearance volume
and residual turbulence from the gas exchange process. Following
Williams [21] it is possible to make predictions about the quali-
tative nature of the turbulent combustion process using a map
dependent on two non dimensional parameters, the Damkohler
number(Da) and the turbulent Reynolds number. The Damkohler
number is the ratio of a characteristic flow time to a characteristic
chemical reaction time. The turbulent Reynolds number compares

Irbulent to molecular transport. Da and Re were calculated for a

ooper-Bessemer large bore engine, assuming that the fuel was
methane and the equivalence ratio 0.73, using approximate tech-

(equilibrium) products to the right at large valuesxofBoth CHO
and CO are seen to peak early in the flame, with the peak yOCH
(at about 1300 ppimoccurring noticeably before that of CO. After
peaking the amount of C}@ falls rapidly to a negligible quantity -
about one mm through the flame.

In Fig. 4 temperature and mole fraction of N@ ppm are
displayed for the same flame. The temperature rises steeply

approximately 80 percent of its equilibrium value at 1 m gput two thirds of the spark ignition engine domain, including

through the flame and then continues a slow increase as additi ) AR )
CO is burned to CQfurther through the reaction zone. Compari-f[he calculated large bore engine point, lie above the line separat-

son of the temperature and @Bl curves indicates that the peak inind the reaction sheet_ region from the flamele_ts in eddies_, region.
formaldehyde concentration occurs at a temperature near 11041ne flame sheet regime the turbulent flame is characterized as a
in the flame and that almost all the @Blis gone by the time the aminar flame distorted by turbulence to the extent that its reaction

temperature reaches 1500 K. Predictions related to formaldehy}§2 and consequently its flame speed are increased substantially.
formation in laminar flames can be summarized as follows: s far as thfe generation and des_tructlon of Otére concerned,
the conclusions reached for laminar flames should hold for the

1 CH,0 is formed and peaks in concentration very early in thiirbulent flame sheet structure as well. Formaldehyde is formed
flame. early in the(thin) flame sheet and is consumed by reaction before

2 Itis consumed rapidly as the primary radical pool of OH, Hthe flame temperature is reached. The products of combustion
and O develops and disappears almost entirely before this pbehind the turbulent flame sheet should contain essentially no
reaches its maximum concentration. formaldehyde. In the flamelets in eddies region, turbulent mixing

3 Though both CO and Cj@ peak early in the flame, the becomes increasingly important with decreasing laminar flame
CH,0 peak occurs first, at a distinctly lower temperature.

4 Essentially no CHD survives into the downstream post
flame region. This is in contrast with results for CO and NO
concentrations, which have significant values there.

nigues suggested in the literaturg2]. The resulting operating
point was then placed on a Da versus Re map, as indicated in Fig.

Shown in the figure is a rectangle, which represents the ap-
proximate domain of spark ignition engines as described by Turns
[th]. The calculated point for the Cooper-Bessemer engine can be

een to fall near the upper right hand boundary of the rectangle.

10000
The conclusion is that C}® is not likely to be found in prod-  Reaction Sheets
ucts of combustion formed as the result of a self-propagating 1000 4 Spark Ignition |
flame in an engine burning natural gas. The formaldehyde that is E"Q'"%C°m_b”5"°" |
born in a propagating flame dies there as well. Moreover, because omain
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speed or increasing turbulent intensity. Eventually the flame strugasoline engines, especially for lean mixtuf@§]. It has also
ture is broken into eddies where predictions based on combustimen blamed for a significant fraction of the formaldehyde emis-
models for laminar flames will not be accurate. sions from methanol engind®7,28. Because of the increased
Photographic evidence of flame sheet type behavior in a largelume and consequent increased flame propagation distance typi-
bore two cycle gas engine of the same type as the one in Figcdl of large bore gas engines, it might seem that this type of bulk
was presented decades ago by Boyer and co-wofR2]s Both quenching could be more important in them. However, the high
the original motion picture along with the still photographs madevel of residual turbulence in the cylinder resulting from the
from it [22] show a clearly identifiable wrinkled flame frontscavenging process, along with low engine speeds conspire to
propagating through the combustion chamber away from the spaikable the completion of flame propagation before significant

ignition source. drops in pressure and temperature can occur due to piston motion.
Examination of the flame propagation films in a large bore engine
Formaldehyde Formation Outside of Flames and the photographs taken from them mentioned apa2kindi-

According to the kinetic scheme for methane combustion dicfjlte that t_he flame requires o_nly about 13 deg_ of crank angle to

cussed above, it should be possible for,OHo form in regions of Eomplete its propagation _startlng_from spgrk_dlscharge. Pressure

an engine outéide of a propagating flame, as long as the temp data taken CSU on a similar engine also indicate that 90 percent

ture and mixture ratio are in the correct’range and there is E(;’t%- rge consumption takes weII_under 20 deg of crank _angle. This

equate time. Possible locations in the engine where this mi Fans that the flame propagation event takes approximately half
) e crank angle typical of many automotive gasoline endigék

occur include the bulk of the unburned char@ad gas during hus, bulk quenching because of a long flame propagation time
flame propagation, the unburned mixture during the compressign ' 4 hing g flame propag
AY belesslikely in large bore two cycle engines.

stroke, protected regions such as crevices and walls, rich or 1é4
regions of the charge caused by poor or incomplete mixing, andMixing Effects. To this point it has been assumed that the
portions of the exhaust flow, especially near exhaust ports.  mixing of fuel and air in the engine is adequate so that premixed
flame propagation controlled by chemical kinetic and turbulent

combustible gases in front of the propagating flame in an engiﬁﬁem{imsms occurs and that, outside of flames, homogeneous
has long been of interest because of its importance in auto-igniti8 emical reactions dominate as well. Direct injection lean burn
and knocking. Computational studies of the chemical kinetics ah© Stroke engines and clean bumn two stroke engines make up a
ignition time of natural gas mixtures in air under conditions typi§|gn_|f|cant percentage of operating gas eng[r_i@ Both types of
cal of those found in the unburned end gas of engines have b ines are designed to reduce ,N@roduction by burning at
carried out extensively by Westbrook and co-work@3, 24,29,  overall air/fuel ratios that are very lean. Moreover, both designs
One prediction of practical significance from this work is the seféquire substantlal_ in-cylinder MIXING SINCe fl.Jel and air enter the
sitivity of the ignition delay to natural gas composition. Smalfy!inder non-premixed or only partially premixed. If the mixture
amounts of ethane or higher hydrocarbons added to pure meth in some parts of the chamber is too lean to support a self-
are found to substantially reduce the predicted ignition time. FBfoPagating flame, then these components of the gas charge must
example, in one calculation the reported ignition time for a st through mechanisms dominated by turbulent diffusion and
ichiometric pure CH air mixture was 100 ms. In contrast, a 95MXing. In some cases they may not burn at all, but only react to
percent CH, 5 percent GHg fuel mixture in stoichiometric pro- the extent that partla_l oxidation pro_duch such as fo_rmaldehyde are
portion with air had a predicted ignition time of 8.3 ms. An inProduced. Note that if the rate ofdnffuswe reaction is slow enough
crease in the amount of ethane in the fuel to 10 percent furtHBat the bulktempera_ture in the cylinder falls to Iov_v values before
reduced the ignition time to 3.2 ms, while further increasing th&€seé unburned fractions are burned, then there is no subsequent
amount of ethane to 20 percent only reduced the ignition time ﬁ}_echanlsm for the_lr complete combustion. In _these engines, mod-
1.7 ms. The conclusion is that the kinetics are very sensitive §Jnd the combustion event by turbulent premixed flame propaga-
small additions of ethane to pure methane, but that the impactign combined with homogeneous chemical kinetics would be se-
not linear and decreases rapidly with increasing amounts @pusly in error. Bulk quenching caused by inadequate mixing
ethane. These predictions are supported by subsequent expering€Hld be a major source of formaldehyde in this case.
tal work at least in a qualitative wa4,25]. Considerable experimental work is needed to define and de-
In none of this work was the amount of formaldehyde produce$tibe the state of the gas at the time of ignition as it relates to the
during the pre-ignition period reported, though its importance agnixing of fuel and air. It is not clear at all that lean burn and clean
specie in the kinetic mechanism at the relevant temperatures &N engines used today can be described adequately as premixed
pressures was discusg@8]. Nevertheless, the work does have a§ombustion engines.

implication as far as formaldehyde formation in large gas enginesp i1 ovidation During the Compression Stroke. During

Ihs' (If]on%er(;]ed. 'ths |s|thqt,t|:)ecau§e Otf the important rotlet.t & compression stroke in engines, high pressures and tempera-
Igher hydrocarbons piay In the pré-ignition regime, Computationg o5 ¢jpse to those necessary for rapid formaldehyde formation
or experiments attempting to quantify formaldehyde producthn thn occur. Thus, the question of whether any significanyGCH
gas engines should not_use or be based on pure methane-al_r oLty really be generated during this compression process arises.
tures, but rather should include at least a small amount ofahlgq&{rim and co-workerd11] modeled the pre-ignition reactions

hydrocarbon. It is uniikely that kinetic models including only th%Nhich occur during the compression stroke in a dual fuel engine.
C, path, which ignores higher hydrocarbons completely, can pr‘Iﬁ'ﬁey used a comprehensive kinetic mechanism for methane-air

dict the rate of formaldehyde production adequately. combustion and carried out computations that tracked temperature
Bulk Quenching During Expansion. If a vigorous turbulent and the important pre-ignition species as a function of tiioe
flame eventually propagates through the reacting end gases jurstnk anglg Results indicated that under some conditions very
discussed then any GB formed in front of the flame will be large amounts of formaldehyde were predicted near the end of the
consumed completely. However, if the temperature and pressammpression stroke as the piston approached top dead center. For
drop rapidly because of piston motion then the flame propagatiesample, at an equivalence ratio of about 0.6, a maximursGCH
may be slowed and weakened to the extent that complete coencentration of approximately 1 percent by volur(i0,000
sumption of all the end gas volume does not occur. Partial oxidapm) was predicted at 10 deg BTDC. After this point the formal-
tion products, including formaldehyde, as well as unburned fudehyde was consumed rapidly and was essentially absent by 5 deg
may survive through the expansion stroke and into the exhauBTDC. For the given mixture ratio this means that at 10 deg
This type of bulk quenching is known to occur to some extent iBTDC approximately 20 percent of the methane initially present

End Gas Reactions. The rate of reaction in the premixed
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at the start of the compression stroke had been converted to fomrevice. Quenching distance depends inversely on the laminar
aldehyde. In considering the applicability of these results to lardleme speed and pressure, neither of which is size depeptignt

gas engines it must be pointed out that the compression ratioRar the larger crevices of large bore engines then, flame propaga-
the work cited was 14.2 to 1 and that the predictions were basgeh into the crevices becomes more likely and crevice protection
on a kinetic scheme for pure methane which did not include atgss likely.

higher hydrocarbons as part of the fuel. Still, this work suggests|f the temperature is in the right range and the residence time in
that significant quantities of formaldehyde may be formed durirthe crevice is long enough, then partial oxidation to,OHnay

the compression stroke because of the relatively long compressamtur to some appreciable extent in the cavity itself. However,
times typical of large gas engines. Westbrook, in his work on thggven the high surface volume ratios for crevices and the cold
effect of gas composition on knocking in gas engifi23], also walls available for heat transfer it is unlikely that the temperature
speculated that pre-ignition reactions might advance to some camhigh enoughabove about 650 K27]) for significant reaction to
siderable extent during compression, though no calculations werecur. Indeed, if the wall temperature is used to estimate the crev-
reported. ice gas temperature as has been done previously by Cheng et al.
6], then no reaction is possible.

Even when little or no formaldehyde is produced in the cavity,
combustible mixture from the crevices may be mixed with the
oxygen rich products of combustion in the engine cylinder and
react to form CHO and other partial oxidation products during

e blowdown, exhaust and gas exchange process. If the combus-
on product gases are at too high a temperature, above about 1300

Wall Quenching. Because of heat transfer losses, flames iu12
an engine cannot propagate all the way to wall surfaces nor pep
etrate crevices with wall spacings that are sufficiently srtiedls
than the quenching distancVithin these protected volumes par-
tial oxidation of natural gas-air mixtures may occur and result i
the generation of significant amounts of formaldehyde. The phg

nomenon of wall quenching, particularly as a source of unburn then the unburned gases from crevice volumes will themselves
hydrocarbons, h_as long been the focus of considerable compLgéfn very rapidly when mixed with thefl82—34. In this case
]E'Onal ﬁmd exfpfer{mﬁntalbwor[eﬁ,zgaﬂf.l The general CONSENSUSL5ha of the formaldehyde which is formed can subsequently sur-
rom these eflorts has been that the flame coes not propagatq/i%ra’ since it is destroyed at temperatures below those necessary
the wall but reaches a standoff distance that depends on the f complete combustion. After the expansion stroke, however

and opiratfilng cond(ijtior?s. Slej.?fquemly ' thi fuftlel-air m"é“%fe bﬁﬂlk gas temperatures seldom exceed 1000 K, and partial reaction
tween the flame and the wall ditfuses into the flame and Is copy formaldehyde should be possible. For gasoline engines it is

verted to products in times that are on the order of a few Ui : :
- 3 . . _estimated that, overall, approximately 1/3 of the gas mixture pro-
milliseconds. Thus, even if formaldehyde is created in the regiq op y g P

the_ residence time of th_e gas In the engine. For reference,dﬂout 10 percent to 15 percent of the stored fuel survived and was
typical automotive gasoline engines the amount of fuel that j5.qred in the exhaust. Formaldehyde formed from crevice
protected from combustion by wall quenching is small, estimat

as being on the order of 0.5 percent. About 2/3 of this is even ses during the exhaust stroke has also been the mechanism used
' " . ) explai litatively th ti I -
ally burned completely before leaving the engif5]. Wall explain qualitatively the measured time resolved,Odoncen

guenching has been identified as a significant source of formaléceaitlons emitted from methanol fueled enginés, 8.
hyde in methanol engines, particularly at low loads with cold Formaldehyde From Oil Layers and Solid Deposits. For
walls [27,28. The effect is probably exaggerated compared witbonventional gasoline four stroke engines it is estimated that
natural gas engines because of the impingement of liquid mettaout 1/3 of the unburned fuel in the exhaust comes from fuel
nol on the walls of the chamber. absorbed and later desorbed in oil layers and solid deposits on
More recent computational work by Vlachos et [@] has ex- engine surfacel®6]. If a similar fraction were protected in natural
tended the earlier work to include some flow effects near a wafjas engines these layers could be a significant source of formal-
In this model a combustible mixture of methane and air impingetehyde. However, the amount of methane that can be absorbed in
on a planar hot wall in a stagnation point flow. This might represil is much smaller than for gasoline. Engine tests run with and
sent, in a general way, a flow of unburned gases fed by a loaeithout oil layers present indicate that no measurable change in
vortex near the wall into hot products of combustion. CalculatiotdC emissions occurs when propane is used as the fuel. In con-
for a wide range of wall temperatures and flow rates were carrigdst, HC emissions increase substantiétifythe order of 35 per-
out using a detailed kinetic model coupled with a fluid dynamicsen) for gasoline when oil layers are pres¢88]. Since the solu-
code. Results included predictions of formaldehyde concentratibitity of methane in oil is about ten times smaller than for propane
as a function of distance from the wall. Multiple solutions werén oil, the amount of methane that can be stored in oil layers in gas
found to exist for many equivalence ratios and wall temperaturemgines is almost certainly negligible. The solubility of ethane in
indicating the existence of both ignited and extinguished brancheitis somewhat greater than that of methane but still less than that
for the flow. For extinguished branch solutiofis which ignition  of propane, so none of the major components of natural gas
did not occu), the concentration of C}# at the hot wall was should be absorbed to any significant extent in engine oil layers.
predicted to be several orders of magnitude higher than for theFor typical gasoline engines it is estimated that about the same
ignited (flame solution branch. For example, at a wall temperaamount of fuel is stored in solid deposits as in liquid oil layers,
ture of 1700 K and an equivalence ratio of about 0.6,8ton- that is about 1 percent of the fuel supplig2b]. However, since
centration was predicted to be more than 2000 ppm. An implictie saturation pressure for methane is about 100 times that of
tion of this work is that turbulent flows near the wall may exhibigasoline at engine wall temperatures, it is to be expected that the
multiple extinctions and ignitions and result in the production cimount of methane absorbed in solid deposits in gas engines
locally high levels of formaldehyde. should be very small in comparison. Laboratory experimgseé
using activated carbon at room temperature tend to support this.

hich f d i f £ lFinaIIy, it should also be noted that the surface to volume ratio for
which lames do not propagaté may Serve as sources ol forma ge bore engines is smaller than for typical gasoline engines by

hydg. The questiqn of whether flames can propagate into a gi\?f[ﬁactor of four or so, making the importance of both solid depos-
crevice is determined by calculating the quenching distance L and oil layers evén less consequential

the given fuel air mixture and comparing it with the wall separa-
tion distance for the cavity. If the wall separation distance exceedsFormation of Formaldehyde in the Exhaust Flow. Depend-
the quenching distance, then the flame may propagate into thg on temperature and composition of the exhaust gases it is

Crevices and Formaldehyde. The crevice volumes into
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possible for formaldehyde to be formed or destroyed during tlier formaldehyde formation in the exhaust of about 700 K, and a
flow out of the exhaust port and through the rest of the exhausigh temperature threshold for rapid formaldehyde destruction of
system. For low enough temperatures, kinetic rates will be so sl@out 900 K.

that essentially no reactions either forming or destroying,@H Average exhaust gas temperatures were measured for all of the
occur. At higher temperatures pre-ignition fuel-air reactions magrge bore engine tests reported in the Radian Wbtk For all of
dominate and result in the net production of formaldehyde, &se two-stroke engines the measured temperature was less than
long as unburned fuel and oxygen are present in the exhaust gaé&8. K. This value is well below the estimated minimum tempera-
At higher temperatures than this, the quantities of both unburnte required for formaldehyde formation. The temperature mea-
fuel and formaldehyde entering the exhaust system will probatyirements were taken at unspecified locations in the exhaust duct.
be diminished as they are burned to products such as CQ, cdhus, higher temperatures in and just downstream of the exhaust
and HO. In this last case formaldehyde will be formed as aRort are to be expected. For almost all of the two-stroke engines,
intermediate specie, but subsequently it will be consumed rapidlipwever, the maximum temperatures meastrethe engineat
and completely, as it is in a laminar flame. Thus, a temperatdf€ations near the exhaust port were less than 690 K. This value is
window for net formaldehyde production in the exhaust may weitill below the low temperature limit for formaldehyde formation.
exist. Based on existing kinetic calculations and experiments it is "€ exhaust temperatures for the lean-burn and rich-burn four-
possible to make rough estimates of the temperature limits for thCke engines were considerably higher, reaching in excess of
formation window. 790 K in several of the tests and usually above 700 K. Clearly,

Kinetic calculations and experiments applicable to methanol-aiﬂrmation of formaldehyde in the exhaust is a distinct possibility

combustion and formaldehyde formation in exhaust flows wef@' this engine class.

reviewed by Kim and Fostd27]. They cite results of isothermal )

flow reactor calculations indicating that above 890 K methanélaths for Engine Out Formaldehyde

oxidation and formaldehyde destruction are very fast. Indeed, theThe main formation and destruction possibilities for formalde-
complete disappearance of both formaldehyde and unburned fhgle are summarized in the simple qualitative diagram presented
in 50 msec of reactor time was predicted at this temperature. @nFig. 6. It is necessary to track both unburned frepresented

the other hand, at 700 K methanol oxidation and formaldehydg HC in the figur¢ and formaldehyde since GB forms directly
formation were found to be very slow. Composition became confrom the surviving fuel. The HC path is represented by solid lines
pletely frozen at a temperature of 643 K. The oxidation kinetics @fnd arrows; the C§O path is dashed.

methane and methanol have some overall similarity, though dif-The trapped fuel-air mixture is both compressed and heated
ferences in chain initiation and H atom abstraction make methadering the compression stroke. As discussed above, depending on
kinetics somewhat slower, particularly at low temperatures. kuch factors as the compression ratio, initial temperature and mix-
view of this, it seems reasonable to accept a low temperature lirite ratio, it is possible for some fraction of the fuel to be partially

COMPRESSION HC FLAME AND HC
TRAPPED HEATING AND i HIGH PROTECTED
NATURAL END GAS TEMPERATURE BY CREVICES
GAS/AIR REACTIONS IN POST-FLAME AND QUENCH
MIXTURE FRONT OF e ) REACTIONS
FLAME CH,0 CH,0
PRODUCTS
y
HC OUT < L HC MODERATE
TEMPERATURE
EB OXIDATION REACTIONS
IN &b DURING
EXHAUST BLOWDOWN
AND GAS
CH,0 OUT « < EXCHANGE
CH0

o . B
| }

PRODUCTS PRODUCTS

Fig. 6 Paths for engine out formaldehyde
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oxidized to formaldehyde as this occurs. After ignition and durinthe flame, it does not survive to the post flame region. This is
flame propagation, the end gases in front of the flame are furth@obably true for the turbulent flames which propagate in large
heated and compressed. Partial oxidation reactions can contilhoee gas engines as well, since estimates of the turbulence levels
and additional CHO may be formed. These events are repreand Damkohler numbers indicate that wrinkled laminar flames are
sented by the splitting of the HC arrow leaving the second box their likely form.

the figure and thet+ sign indicating a formaldehyde source. . . I .

Most of the fuel and formaldehyde are subsequently burnedfto4 Formald(_ehyde Formation by .P.artllal Oxidation. Since .

products of combustion such as €and HO in the propagating _ormaldehyde is not favored at equilibrium and does not survive

flame and the high-temperature, oxygen-rich gases behind {Heﬂames’ it must be produced by partial oxidation events in the

flame. The “—" sign on the formaldehyde path leading to theEngine. Several possibilities have been identified. All require that

products oval represents a sink for &H None of the formalde- the temperature be in the correct range: high enoug_h for formal-
hyde formed as an intermediate specie inside the flame structfJff)yde formation reactions to occur, but not so high that the
survives. Some finite fraction of the fuel, and possibly some of tH@/10W-0n destruction reactions take place. Potential locations for
formaldehyde already formed, is protected by crevices and Wf‘rt'al oxidation include:

quench zones or poorly mixed regions into which the flame does. pre-flame reaction&compression stroke, end gases in front of
not propagate. If this protected fuel and formaldehyde is subse- flamg

quently mixed with the hlgh temperature prOdUCtS it will oxidize bulk quenching zoneéncomp|ete mixing‘ local intense tur-
rapidly and be consumed. bulence

However, some of the protected mixture W|“ survive Untll the « walls (quenching by heat transfer—possibly enhanced by tur-
bulk gas temperature has been reduced by piston motion during pulent flows

the expansion stroke. At this point the temperature can be low. crevice outflowsbulk product gases must be at low enough
enough that only a part of the protected fuel and formaldehyde are temperaturg

oxidized completely to products as they leave the cylinder. This. exhaust flow(but temperature probably too low for most two-
may occur, even if the bulk temperature is high, if mixing is  stroke designs

incomplete. Also, during the flow to the exhaust port, a fraction of o . L

the surviving fuel may be partially oxidized to form additional 5 Fuel Protection in Crevices. This is likely to be a very
formaldehyde. After entering the exhaust port formaldehyde fogignificant source of unburned and partially burned fpelssibly
mation reactions may continue into the exhaust manifold arcluding formaldehydg as it is for both gasoline and methanol
ducting, depending on engine operating conditions and desiggines reported in the literature. If the outflow from these crev-
Eventually, the temperature will decrease to the point that the g&gs is exposed to the correct range of temperature, it could be a
composition is effectively frozen. It is also possible, especially fdpajor source of formaldehyde for large gas engines. Note that if
high flame temperature engine designs, for the temperature to e outflow temperature is too low, no formaldehyde will be
main high enough downstream of the exhaust port that some &@fmed and only unburned fuel will show up in the exhaust from
ditional complete combustion of fuel and formaldehyde occurs fhis source. If the outflow temperature is too high, on the other

the exhaust flow. hand, most of the formaldehyde formed will be consumed by
subsequent reactiorisome could be protected by the walls and
Conclusions incomplete mixing,.

1 Equilibrium Formaldehyde. There appears to be no 6 Fuel Protection in O'|I Layers and Deposits. The ex-
complete combustion regime for which formaldehyde is favordgemely low rate of absorption for methane as compared to either
thermodynamically in the amounts approaching those measure@@goline or methanol makes any significant storage of this type
the exhausts of operating gas engines. For the possible range8i8ply unlikely [35,36.
temperature and mixture ratio the equilibrium fraction is always
less than one ppb. Formaldehyde exhaust emissions must be fferences
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Formaldehyde Formation in Large
Bore Engines Part 2: Factors
baniel B. Olsen ¥ Affacting Measured CH,0

Charles E. Mitchell

Current research shows that the only hazardous air pollutant of significance emitted from

Engines and Energy Conversion Laporatpry, large bore natural gas engines is formaldehyde ¢O) A literature review on formal-
Department of Mechanical Engmeermg, dehyde formation is presented focusing on the interpretation of published test data and its
Golorado State University, applicability to large bore natural gas engines. The relationship of formaldehyde emis-
Fort Collins, CO 80523 sions to that of other pollutants is described. Formaldehyde is seen to have a strong

correlation to total hydrocarbon (THC) level in the exhaust. It is observed that the ratio
of formaldehyde to THC concentration is roughly 4205 percent for a very wide range

of large bore engines and operating conditions. The impact of engine operating param-
eters, load, rpm, spark timing, and equivalence ratio, on formaldehyde emissions is also
evaluated[S0742-4796)0)01004-9

Introduction and Problem Identification (GO), and Electrochemical sensors. FTIR Spectroscidyis a

way of analyzing gases using species infrared radiation absorption

€ . . X

Spectra. The instrument response time for an FTIR spectrometer is
enerally on the order of a few seconds or less. The primary
dvantages of the FTIR are that the exhaust can be continuously

. . . . onitored and a wide range of constituents can be detected, in-
ardous air pollutantHAP), or cumulative HAP emissions in ex- ding formaldehyde. Because the measurement is made in “real

! . - el
cezi %fxisntgcg gﬂl%ﬁﬁ(rjlesddtgg?’] erg ar a:Tr]naJv(\)/ ;:c;g(r:ceentllj n(ég: r;[elgeo@ ne,” it is possible to see changes in exhaust constituent concen-
by Radian Corporation on Iarge-lf)or% natural gas eng)[/m]esRa- Hhtions with time, as long as the duration of the changes is within
) . . _.the response time of the instrument. The accuracy of the FTIR
dian found that the only HAP present at levels of possible S|gnn‘t Fctro?neter depends on the calibration techniquey the purity of

cance IS fp_rmaldehyde. Large-bore natural gas engines are ge"ﬁ'le'(:alibration gas, and the software method used to distinguish
ally classified as two-stroke lean-burn, two-stroke clean-buw

. etween species, typically from 1 to 5 percent.
low-NOx), four-stroke lean-burn, four-stroke rich-burn, or four- ! .
(stroke clf;an-burr(low-NOx). The average formaldehyde emis- DNPH/HPLC has been used extensively for detecting formal-

h . L - . ehyde in engine exhaust. In this method, exhaust gas is bubbled
sions for each engine family is shown in Table 1, which w. rﬁugh an acetonitrile solution of the DNPH reagent where alde-

As discussed in Part 1 of this work, the gas industry is fac
with new air toxic regulations being developed by the EPA,
declared by the 1990 Clean Air Act Amendments. A stationa
source that emits more than 10 tons per year of any single h

generated from the Radian data. Continuous engine operation Wa ) L
assumed and engines where the emissions were measured d \% es react to make DNPH-aldehyde derivatiagirazong The

stream of catalysts were not considered. An average engine siz o1ut'°n is then injected directly into the HPLC to quantify the

1800 hp was used for all classes. There is no problem with ncentrations of the derivatives. The technique is described in
single engine, no matter what family it is in, meeting the Title Ilfr%tall by Lipari and Swarii3]. Recent testing indicates that ni-

limitation. However, an emission source is generally not just ong !

) - ; . e results of DNPH-based methddy. Field data show that the
engine. An emission source, or site, typically houses numerolgg, o e petween FTIR and DNg[?;IE-based method measurements
engines. Site horsepower ranges from about 10,000 to 40,000. des up with nitrous oxide concentration in the exhaust. The dis-

formaldehyde emissions for these power levels are also Showng't'i]vantage of this technique, besides the apparent error described

]:Fabll'e 1hf0r eachlenginehfarpily. Thekresulrt] it? tha]E thel ontl)y englinz%ove is that it is not a “real time” measurement. The sample is
amily that complies is the four-stroke rich burn family, but only y ) A i
for a small site. This is a simplified analysis, but it gives a rougcglrl\?rc;ggno\\//aelhzome length of time, resulting in an average con

idea of the kind of reduction in formaldehyde emissions that may

be necessay. The estmate idcates tat, i some cases, oyl €T TCLCE0 lirescence s genevaly used o sy e i
dehyde emissions will need to be reduced by as much as 90 P

cent of the current value to avoid “major source” designation. fie exhaust. It is possible to utilize LIF to measure formaldehyde

: . centrations throughout an engine cycle to determine when and
_clear understanding of how fo_rmalc_iehyde is formed and destroy, ere formaldehyde is formed in the cylinder. LIF has been used
in large bore natural gas engines is needed.

extensively to map concentration in fuel j¢8s-8|. Formaldehyde
spectral emission has been observed in flafBesl1] and in an

ogen dioxide in the exhaust can react with hydrazone and skew

Measurement Techniques

There are numerous techniques available for detecting formal-
dehyde. Some techniques which have been used are Foufigble 1 Engine family comparison of formaldehyde emissions

Transfqrm Infrared '(FTIR) Spectrosco.py,. 2,4-dinitrophenyl- Engine Single Engine CiLo CH,0
hydrazine (DNI_DH)/h|gh performance liquid chromatography Family CH,O (tons/year) (tons/year) (tons/year)
(HPLO), Laser-induced Fluorescen@dF), Gas Chromatography 1800 hp 10,000 hp/site | 40,000 hp/site
2-S lean-burn 3.7 21 82
Contributed by the Internal Combustion Engine Division GiETAMERICAN 2-S clean-burn 3.1 17 70
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF 4-S lean-burn 23 13 52
ENGINEERING FORGAS TURBINES AND POWER Manuscript received by the ICE 4-S rich-burn 15 32 33
Division November 6, 1998; final revision received by the ASME Headquarterf—- =
December 29, 1999. Technical Editor: D. Assanis. 48 clean-bum 47 26 100
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internal combustion engind 2]. Formaldehyde is well suited for 60
LIF because it has been well studied spectroscopically and the 2-Stroke, Clean-Burn ECSU DATA
spacing between rotational energy levels is relatively large. (Clark TVC-10)

Gas Chromatography has been used for formaldehyde detection 50 :
with some success at Sandia National Laborat¢figs A packed
column followed by a methanizing catalygowdered nickgland
a Flame lonization DetectdFID) are implemented. The formal-
dehyde is converted to methane via the catalyst, and then methane®
is detected with GC. The FID is inadequate to detect formalde-
hyde directly because of the strong carbon-oxygen bond. The ac-
curacy is estimated to be within 25 percent. Like the DNPH/
HPLC method, this is not a “real time” measurement. WithGCa ©O 20 “0
small volume of sample gas is injected into an inert carrier gas T o o P
flow to begin the measurement so it is effectively a “snap shot” © 10
of what is going on in the exhaust. With the DNPH/HPLC method L 22 F
the sample represents an average over time, which is in most cases
an advantage over the GC. The GC method measures formalde- 0 L 1 : ‘
hyde concentration by way of conversion to methane. This pre- 0 500 1000 1500 2000 2500
sents a problem in natural gas engines, since the unburned hydro-
carbons are largely methane, making it difficult to detect the NOx (ppmvd @ 15% O2)
additional methane from formaldehyde conversion.

Electrochemical sensor arrays have been used to detect formal-
dehyde[14]; however, this technique at present does not seem to
be developed enough for practical application to engine research.

Of the techniques reviewed, FTIR spectroscopy appears to iies burn a “rich” A/F mixture, relative to other large bore
optimal for measuring formaldehyde concentration in engine e¥ngines. They actually burn a mixture that is stoichiometric, or
haust. It provides a “real time” measurement of many exhaugist lean of stoichiometric. Leandé/F ratios are characteristic of
constituents, including formaldehyde. They are available commegyr-stroke lean-burn engines. The four-stroke clean-burn engines,
cially as benchtop units and the accuracy is very good when cofjke the two-stroke clean-burn engines, are designed to operate at
pared with other techniques. The CSU Engines and Energy Cq8anerA/F ratios to reduce NOx. This is accomplished through
version LaboratoryEECL) is equipped with a Nicolet REGA the use of turbochargers and precombustion chambers.

7000 FTIR Exhaust Gas Analyzer. The formaldehyde emiSSiOnSThe CSU data is from a four-cylinder Cooper_Bessemer two-
data from the EECL cited herein was measured with thi§oke GMV-4TF test engine with a 35 cm (}4ore and 35 cm
Instrument. stroke. The sea level brake power rating is 330 K0 hp at

300 rpm. Unlike engines tested in the field, the CSU test engine
Relationship to Other Pollutants: CO, THC, and NOx  has much latitude in varying engine operating conditions. Operat-

The mechanisms through which the major pollutants, cd9 _parameters which can .be \{ar]ed |_nclude .bOOSt pressure,
THC, and NOx, are formed and eventually emitted from engin guivalence ratio, load, ignition timing, intake air temperature,
of many kinds have been well studied. Comparison of formald el injection timing, and _coc_>lant temperature. _The test bed ac-
hyde emissions to those of these major pollutants therefore negmmodates a variety of ignition and fuel injection systems and
produce some insight into the way formaldehyde is formed a ntrol_ method_o_logy as well. The C.SU engine, depending on_the
emitted from large bore gas engines. Certainly if OHemissions operating .condmons., can fall into either of the two-stroke engine
show a strong correlation to one of the other pollutants, then tﬁ@ssmcatlons mentioned earlier, lean-burn or clean-burn.
mechanisms of formation are likely to be related. In this section NOx. Figure 1 is a plot of formaldehyde versus oxides of
both the Radian datgl] (field engineg and data from CSU's nitrogen for a wide range of different engine designs and operat-
large-bore test engine will be discussed. The Radian data inclugie§ conditions. It can be seen from the plot that formaldehyde
measurements from the five different engine classifications, tw@oes not correlate well with NOx. For example, at a formaldehyde
stroke lean-burn, two-stroke clean-buflow-NOx), four-stroke |evel of 20 ppm, NOx could be anywhere from near zero to 2000
lean-burn, four-stroke rich-burn, and four-stroke clean-dlow-  ppm. There are two different groups of points which are separated
NOx). Data from engines where the measurements were takgdm the majority of the points, Clark TVC-10 enginétsvo-
downstream of catalysts were not included in the results discussgfbke clean busnand Ingersoll KVG-103 enginefour-stroke
here. All formaldehyde measurements for both the CSU and R#h-burn. The Clarks are very high in formaldehyde emissions
dian data were made with an FTIR spectrometer. and relatively low in NOx emissions. These engines were running

Most of the engines in the Radian report are slow speed, larggiremely lean, 17 percent,@n the exhaust, which is the highest
bore engines, operating between 250 and 330 rpm with pistenany of the engines Radian tested. At the other extreme, the
diameters between 35 cm (4and 46 cm (18). The only ex- Ingersoll engines were very low in formaldehyde emissions and
ception is a Waukesha L7042GU, four-stroke rich-burn, mediuabout average in NOx emissions. These engines had high exhaust
bore, high speed engine. This engine operates at 1000 rpm andteasperatures, approximately 780 K. A definitive relationship be-
a 24 cm (9.4) bore. Brake power for engines in the Radian repottveen CHO and NOx emissions does not seem to exist. This is
range between 670 kW00 hp and 3200 kW(4200 hp. Radian not surprising since NOx is formed mainly at high temperatures
lumps the engines that they test into five engine classificatiomgar the adiabatic flame temperature, while,OHs formed at
which are listed above. The two-stroke lean-burn engines are fl@lv temperatures and is destroyed very rapidly at temperatures
injected and operate with overall/F ratios between 20:1 and above 1300 K[15]. In terms of flame propagation, G8 is
60:1. Although much of the excess air is for scavenging, tfermed very early in the flame structure and is subsequently de-
trappedA/F ratio is generally lean. The two-stroke clean-buristroyed rapidly. NOx is formed late in the flame, after all {LHs
engines contain combustion modifications to reduce NOX, such@msumed, and continues to form in the post flame region as long
turbochargers and precombustion chambers. The combustamthe temperature remains high angi® present. The mecha-
modifications generally allow them to operate with a leanerisms of formation are completely different for NOx and {CH
trappedA/F ratio to reduce NOx. The four-stroke rich-burn enand no correlation between their emissions should be expected.

¢ Radian Data

40 4-Stroke, Rich-Burn
Ingersoll KVG-103

15% 02

o® o0

(ppmvd

 J

Fig. 1 Formaldehyde versus NOx
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Fig. 2 Formaldehyde versus CO
Fig. 3 Formaldehyde versus THC

CO. Figure 2 shows the relationship between formaldehyde
and CO. For four-stroke rich-burn engines, there appears to be no . he d f lati ¢ | co
correlation. No matter how high CO gets, formaldehyde is onfy9In€s. the degree of correlation of LMo total CO may not
present in quantities of less than 10 ppm. The other engieF strong, and will vary among different engine designs and op-

A ating conditions.

classes, those that in general run leaner, do show some correla-
tion. For those engine classes, formaldehyde emissions tend tdHC. Total hydrocarbon emissions show the best overall cor-
increase with increasing CO. Therefore, CO appears to correlagdation with formaldehyde of any of the three primary pollutants.
to some extent with formaldehyde, but only under certain condrigure 3 is a plot of formaldehyde concentration versus total hy-
tions and for certain engine designs. Even for the lean burn afrocarbon concentration. With the exception of two outlying
gines the range of CO concentration for which the correlation moints (discussed belopthere is a generally good correlation be-
observed is small, 0 to 600 ppm, and may be sensitive to expearireen THC and ChD regardless of engine type and operating
mental error if one were to try and use CO to predict formaldeondition. Excluding these two points the rest of the Radian and
hyde emissions. CSU data show values of GB concentration to lie generally

In trying to understand these data it is helpful to remember thiaetween 1 and 2.5 percent that of THC. The average value for all
CO has a significant equilibrium mole fraction in the products dhe Radian data was 1.5 percent while for the CSU data 1.8 per-
natural gaq15]. This fraction of equilibrium CO changes verycent. Shown on the figure is a line representing fixed air supply
rapidly with equivalence ratio, increasing by approximately albad map results for GMV-4TF two stroke engine tests run at
order of magnitude ag increases from 0.8 to 1.0. As far as theCSU. As dynamometer load was decreased in these tests, the fuel
mechanisms by which CO is produced, two general paths canfliv rate was also decreased so as to maintain a constant engine
identified. First, CO is generated in the propagating flame. $peed. With the air supply fixed, the trapped air/fuel ratio at igni-
reaches a peak early in the flame structure and subsequently titmd continued to increase with decreasing load, leading to an
creases in concentration as it is converted tg,d0Oenough time increasing number of misfires and consequent substantial in-
is available and if the temperature remains high enough behind treases in unburned hydrocarbons far out of line with normal
flame, the concentration will eventually approach the equilibriumafficient operation. Indeed, the THC concentration increased by
value. If the temperature drops, for example because of gas exer a factor of four as the load was reduced from full load to 70
pansion in the power stroke, then the CO concentration can percent. For this reason the 70 percent load point was eliminated
frozen at super-equilibrium values. It is also possible to generatden the data were replotted in Fig. 4. Also eliminated was the
CO away from the flame by the same low temperature kinetip®int for the GMVA-10 engine operating at 88 percent torque,
which form CHO, in regions such as at the walls, in crevicdrom the Radian data. This blower-scavenged engine showed an
outflows and possibly the exhaust port: locations where the teimerease of over 100 percent in THC as the torque was reduced
perature is in the right range. Considering this, the part of the Citom full load to 88 percent load. It is likely that erratic or incom-
in the exhaust that is formed away from the flame should correlgitete bulk combustion was occurring for this operating point as
well with the exhaust concentration of GBI, since both are well. An increase in the number of misfires resulting in a lower
formed the same way. On the other hand, the CO that is formed@,O/THC ratio suggests that GB formation during compres-
the flame has a completely different history from that of JOH sion is not likely to be a major source. Figure 4 is the same plot as
and no correlation should be expected. Rich burn engines hdvig. 3 except that the two low load points and the load map line
high concentrations of flame produced €& predicted by equi- are removed.
librium calculation$, vigorous flame propagation and high post For the engines operating normally without low load misfires,
flame product gas temperatures. Because of this, it is to be éxe ratio of CHO concentration to THC concentration was always
pected that the production of both @Bl and CO from the pro- in a fairly narrow range, 1 to 2.5 percent. This was true for a very
tected regions outside the flame propagation zone should be reléde range of engine designs and operating conditions including
tively small and no correlation between exhaust CO ang@H rich burn, clean burn and lean burn four stroke engines, and lean
should exist. For engines operating at lower equivalence ratibarn and clean burn two stroke engines, both turbocharged and
(lean burn and clean burn enginghe part of the exhaust CO blower scavenged. Direct fuel injection, port injection, and pre-
formed away from the flame is much more likely to form a coneombustion chamber designs were all included. The implication
siderable fraction of the total antthis fraction should correlate appears to be that regardless of bulk combustion temperature, de-
well with CH,O emissions. Since varying amounts of the totajree of mixing, level of turbulence, engine size and shape, equiva-
CO would still be formed in the flame for these lean burningence ratio and engine speed, about 1.5 percent of the total hydro-
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60 approximately 1.5 percent and varies by about a factor of two
- depending on engine design and operating conditions. For rich
#Radian . burn designs, the temperature is high and the formaldehyde that is
5 1 * formed along with the other hydrocarbons tends to be converted to
mCSU products at a higher rate. Lower levels of bothOHand THC in
40 4 the exhaust result, but their ratio remains around 1.5 percent. For
lean burn and clean burn engines the temperature is lower and less
formaldehyde and THC are burned out to products, though form-
* aldehyde isformedat about the same rate. Higher levels of both
) * CH,O and THC in the exhaust result while their ratio remains
20 T\ A | about the same. When very lean mixture ratios, poor mixing, or
b’ misfires occur, the temperature of some significant fraction of the
", unburned gases exhausting the main chamber may never reach a
10 } level high enough for reaction to formaldehyde to occur. In this

Fixed Air, Low Load . R
* Qz Data Removed (2 pts.) case the ratio of CkD to THC can be substantially lower than 1.5

o percent.
0 y ’ * The value 1.5 percent for the ratio between formaldehyde and
0 1000 2000 3000 4000 THC is of the same order of magnitude as predicted indirectly in
o the kinetic and flame calculations carried out by RL9]. In that
Total Hydrocarbons (ppmvd, @ 15% O2) work it can be seen that at an equivalence ratio of 0.89,GCH
concentration peaks in the flame structure at a value of approxi-
mately 1200 ppm. At this location in the flame the unburned, CH
mole fraction has a value of approximately 0.05. This gives a ratio
between these two species of approximately 3 percent. Though
carbons which escape combustion in the engine or exhaust a1g, is not an exact measure of THC and the low temperature part
partially oxidized to CHO. The fact that a rich burn four stroke of a laminar flame may not model the reactions occurring in the
engine producing about 100 ppm THC and a two stroke cleaglinder very well, the value is at least generally in the right
burn prechamber engine running extremely lean and producirghge, especially considering that less than peak values fg®CH
about 3000 ppm THC, both have essentially the samgCCtd  concentration are likely in an engine. The compression stroke cal-
THC ratio is somewhat surprising and may have significance eglations performed for a dual fuel engif0] also give CHO to
far as how and where G is formed. Of course, a change in theCH, ratios just before ignition of around 2 to 5 percent for equiva-
ratio from 1 percent to 2.5 percent is important and knowing whgnce ratios near 0.8. Finally, the stagnation point flow calcula-
it varies between these limits is critical in limiting engine formaltions by Vlachos et a[.21] give values for the ratio at the wall on
dehyde emissions. A study of the effect of natural gas composire “extinguished branch”(no ignition) of roughly 5 percent.
tion on engine emissior{46] showed that substantial variation ofThese last calculations did not include thgKihetics branch and
the gas composition had very little impact on THC levels, buhay give a high value of the ratio for that reason. Certainly all of
could change the mix of partially reacted species substantialttese calculations, though incomplete and not intended for the
Formaldehyde was not measured in this study but variations groblem at hand, show enough correspondence with engine results
ethylene, which could only appear by partial reaction, changed @sencourage additional and more extensive computational work.
much as a factor of two for different fuel compositions. For com-
parison with a somewhat similar fuel, two engines running o . . . .
methanol 17,18 had CHO to unburned fuel ratios which rangedﬁma‘t'onShlp of Formaldehyde tp I_Engme Operz_itlng Pa-
between about 1.5 percent and 9 percent depending on operatgeters: Load, RPM, Spark Timing and Equivalence
conditions, a substantially larger variation than that observed Ratio
the gas engines.

30

CH20 (ppmvd @ 15% 02)

Fig. 4 Formaldehyde versus THC

S ible int tati f th Its f . Engine operating parameters affect the physical and chemical
b ome ppsstl ein efrptLe aflon Ot' € resuh S lor gas englrlez Bchanisms that result in the production of formaldehyde emis-
€ given In erms of the formaton mechaniSms presented Qy,,q iy ways which are indirect, complicated, and often interre-

Mitche:lfand Olclisehr[%f]' AS d:)sm:(ssed éhgreiqit is IiIf(ler tfhat SUb-jated. For example, increasing load typically increases the cap-
stantial formaldehyde may be formed in the outflow from prog, oy fyel/air ratio, average bulk and exhaust temperatures, and
tected regions such as crevice volumes and quench zones du

dunpgy pressure. It also affects mixing, level of turbulence, and
blowdown and later stages of the gas exchange process in #i6,q yropagation in unknown ways. This makes any evaluation
engine. At th_e end of _the expansion stroke the k(blkr_ned gas f the effects of engine operation on formaldehyde both difficult
temperature in the cyllnder.has decreased to the neighborhoo A speculative given the present state of understanding. How-
1090 K, depending on maximum flame temperature, compressj Ver, since data on the gross results of varying these parameters is
ratio, heat transfer and other design and operating variables. Thgjiaple to a limited extent, a brief attempt to interpret and un-
fuel/air mixture from the protected regions would reasonably ha rstand these results in terms of the formaldehyde formation
a temperature somewhere between the wall temperature and hanisms described by Mitchell and OI$&6] will be made.
bulk gas temperature depending on the degree of mixing. This
places the temperature in the active range for the formation ofLoad. A conclusion in the Radian report on toxic emissions
formaldehyde(approximately 700—1200 Kand also for its fur- from large bore enginefl] was that the operating parameter
ther conversion to products as the temperature approaches 1@@ich affected formaldehyde emissions most was load, or torque.
K. As the reacting gas flows out of the engine through the exhauwstrmaldehyde emissions were found to decrease with increasing
port, its temperature decreases and production of formaldehydeque. This decrease was attributed to an increase in bulk tem-
stops when the temperature reaches about 700 K. The time takenature that resulted in the consumption of,OHat an increased
for these reacting gases to leave the engine and be quenched, ttatd. This is likely to be true, at least indirectly. A critical time for
temperature history and their degree of mixing with the bulk prodermaldehyde formation and destruction is probably during the
uct gasegand their associated free radigalsill all affect the exhaust blowdown and gas exchange process. The higher peak
degree of conversion and thus the final ratio of  OHo THC. flame and bulk temperatures that result from the increased load
From the data presented above, the indication is that the degreeaifise the temperature after expansion has occurred also to be
conversion which actually occurs in large bore gas engines hggher. A consequent higher rate of destruction of,OHluring
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this critical time is the result. An additional effect may be that a 100
more vigorous and complete flame propagation and primary com-
bustion process occurs at high load. This can reduce the amount of
unburned fuel and air mixture that survives to the start of the &= 80 ¢
exhaust and gas exchange process. Less unburned fuel means thig 44 |
less formaldehyde will be formed as this process proceeds. Recall 7
that the amount of unburned fuel converted to formaldehyde is & 60 |

Crawford and Wallace
90 1 Lean, 21 deg BTC

observed to be approximately 1.5 percent under most conditions. E 50 1 raw ™
A higher rate of destruction of C}® means a higher rate of g —
destruction of THC as well. It should be mentioned that for con- = 40 1

stant speed engines, such as those tested by Radian, an increase 2 30 |

load is accompanied by an increase in overall equivalence ratio. 8 dry, 15% 02

20
RPM. Large bore natural gas engines are primarily constant 101
speed engines. RPM is a parameter that was not varied even in the
engine performance tests run at CSU. A comparison of engines 0 i ? ‘
which operate at different speeds is possible, but would probably 0.6 0.8 1 1.2

be inconclusive since other engine operating parameters vary so
much among these engine designs. Increased engine speeds migh.
lead to an incomplete combustion process if flame propagation is
not finished before the piston moves a significant distance in the
power stroke. This could result in increased unburned fuel and an
associated increase in formaldehyde. High turbulence levels and
low piston speeds of large bore engines combine to cause Hifying air. The trapped air/fuel ratio, on the other hand, is likely
completion of flame travel very close to TDC, which was showgp be the quantity of interest, since it influences the flame propa-
by Boyer et al[22] decades ago. In some recent work by Crawgation and combustion processes directly. Currently there is no
ford and Wallacg 23] the effect of RPM on formaldehyde emis-standardized method for measuring the trapped equivalence ratio
sions was examined for a four-cylinder, automotive size, foupn two stroke large-bore natural gas engines. Because of this, the
stroke, natural gas engine. The engine speed was varied frgata on the relationship between formaldehyde and equivalence
1000 to 4500 rpm. The difference in formaldehyde emissions bgitio presented in the Radian report are hard to interpret. This is
tween the lowest and highest rom points was negligilelss than particularly true since air/fuel variations on individual engines
10 percent However, the data followed a see-saw profile rathgfere not large and variations in scavenging efficiency among en-
than showing an increasing or decreasing trend. The most signifine designs were not given. For the four-stroke lean burn engines
cant variation was an increase in formaldehyde emissions from 3Rd four-stroke rich burn engines, a trend of increasing formalde-
to 80 ppm for a corresponding increase in rpm of 2800 to 390Ryde with exhaust Qwas shown at high exhaust,@evels (>7
The see-saw behavior was attributed by them to the competiggrcent. This is in agreement with the fact that the maximum
effects of increasing temperature and decreasing residence timgedgperature and the consequent temperature during blowdown
engine speed was increased. It is worthwhile noting that the risiggd exhaust would be lower at higher air/fuel ratios. Lower tem-
temperature in the engine with increasing rpm did not reduggratures at this point in the cycle are likely to mean that less of
formaldehyde levels, in contrast with the general trend of highgtie formaldehyde formed during this period is later destroyed by
engine temperatures resulting in less formaldehyde. subsequent higher temperature reactions. Data for the four-stroke
Spark Timing. In general, for the large bore natural gas enr_ich burn engines, the only engine class tested at near stoichio-

gines tested by Radidri], spark timing did not appear to have ametric conditions, showed a decrease in formaldehyde emissions

strong influence of formaldehyde emissions. In particular, spafe the e€xhaust Jevel decreased from 10 to 4 percent. However
timing on a single Ingersoll-Rand KVS-41@our-stroke, clean 21 iNCrease in formaldehyde emission was seen as the exhaust O
burn) engine was varied 3 degrees on both sides of the nomirGye! decreased from 4 to 1 percent, with a minimum at 4 percent.
timing and only slight changes in formaldehyde concentration S indicates that there is a formation mechanism dominating at
about 1—3 ppm were observed. In contrast, results from Crawfcﬁyaar stoichiometric conditions which is unaffected or possibly en-
and Wallace 23] showed an approximate doubling of formaldel@nced by the increase in bulk temperature. A minimum in form-
hyde as timing was advanced from 20 degrees before K&xi- aldehyde emissions for very lean equwalgnce ratios was a!so ob-
mum brake torquetiming to 15 degrees after MBT timing. Over S€Tved by Jones and Heatf4]. This testing was on a 3.9 liter
this same range of spark timing, the exhaust gas temperathr'Stmke single cylinder research engine running on natural gas
(measured in the exhaust podecreased by about 150 K. In con-at 1800 rpm. .
sequence of this, the authors attributed the increaseg®@his- In the \_Nork of Crawford and V\/_allgc{e3] the effect of_equnva— .
sions to decreased destruction of formaldehyde caused by lo ce ratio on formaldehyde emissions was tested directly using
bulk engine temperatures. For timing advanced past MBT a fndhe four_ sFroke natural gas engine mentioned above. In these tests
tening of the rate of increase was observed. This could be duestark timing .and rom were fixed. Rgsults from their work. are
temperatures being reduced to the point that the raferofation replotted in Fig. 5 as the raw curve. This data is on a wet basis and

of CH,0 as well as its rate of destruction is diminished. A condncorrected for dilution, which tends to make the peakdat

sequence of this would be that, for over advanced timing, |O§lo'9 more pronounced. The lower curve, expressed on a dry

temperatures and incomplete combustion lead to steadily incre asis af‘d correc_ted to 15 percen, _@hows a more gradual de-
ing levels of THC while CHO concentrations level off. This is, crease in CBO with decreasing equivalence ratio and appears to

indeed, shown in the Crawford and Wallace data. be approaching a constant value. The decrease §OGkith de-
creasing equivalence ratio from 0.9 to 0.7 does not support the

Equivalence Ratio. The equivalence ratio was not measuredeneral rule of CHO emissions increasing with decreased bulk
directly for any of the engines tested by Radfdh Instead, this temperature. This trend was also observed in the Radian data for a
ratio was assumed to be inversely proportional to the oxygen cdour-stroke rich burn engine. The data also show a decrease in
centration in the exhaust. Certainly, the overall air/fuel ratio i€H,O with increasing equivalence ratio aftér=0.9. Crawford
likely to be proportional to exhaust oxygen concentration. Howand Wallace relate this decrease to kinetic calculations by
ever for two stroke designs the overall air/fuel ratio includes scaWarantz [25] which show an increase in the importance of

EQUIVALENCE RATIO

Fig. 5 Formaldehyde versus equivalence ratio

Journal of Engineering for Gas Turbines and Power OCTOBER 2000, Vol. 122 / 615

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm
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lene (the G, path as compared to the reaction of methyl with _, 9in® Exhaust” GRI Air Toxics Conference, Denver, CO.

. . 0[5] Dahm, W. J. A., and Dimotakis, P. E., 1986, “Measurements of Entrainment
oxygen to form formaldehyde as the mixtures enriched beyond™ . vixing in Turbulent Jets,” AIAA J.24, No. 9.

¢: 0.9. [6] Bardsley, M. E. A., Felton, P. G., and Bracco, F. V., 1989, “2-D Visualization
) of a Hollow-Cone Spray in a Cup-in-Head, Ported, I.C. Engine,” Paper SAE
Conclusions 890315.

i [7] Kido, A., Ogawa, H., and Miyamo, N., 1993, “Quantitative Measurements and
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are nc_)t as good, t 0U9 agenera trer_] Y |_ncrea5|_ng ormal- " htemational Symposium on Combustion, The Combustion Institute, Pitts-
dehyde with CO does exist. The correlation with CO is not as  purgh, PA, p. 91.
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decrease in bulk temperature. Changes in equivalence ratio, like 921435.
rpm, can bring about increases or decreases in formaldehyde.[18] Ruy, C., 1994, “Zur Reactionkinetik bei der Erdgas/MethanVerbrennung im
appears that a minimum formaldehyde level exists near stoichio- :?;’;gl'czsa;\“fodgspiw'lsogc_hfggmdukt FormaldehydGASWARME Interna-
me_trlc equivalence ratlc_Js._The d_ata suggest that as equnvalgn@g] Karim, G. A., Ito, K., Abraham, M., and Jensen, L., 1991, “An Examination
ratio gets lean fl’_Om stoichiometric, a general trend of increasing ~ of the Role of Formaldehyde in the Ignition Process of a Dual Fuel Engine,”
formaldehyde exists. SAE Paper 912367.
[21] Vlachos, D. G., Schmidt, L. D., and Aris, R., 1994, “Products in Methane
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Stoichiometric Operation of a Gas
wea smn | ENgine Utilizing Synthesis Gas
anemsnceresan oo, | N0 EGR for NOx Control

Southwest Research Institute,

6220 Culebra Road,
San Antonio, TX 78226-0510 This paper presents the results from an internal research study conducted at the South-
west Research Institute (SwWRI) on the effects of stoichiometric mixtures of natural gas and
Gordon J. J. Barﬂev synthesis gas with exhaust gas recirculation (EGR) on engine performance and exhaust
Department of Emissions Research, emissions. Constant load performance and emissions tests were conducted on a modified,
Automotive Products single-cylinder, Caterpillar 1Y540 research engine at 11.0 bar (160 psi) bmep. Engine
and Emission Research Division, performance and emissions comparisons between natural gas with EGR, and natural gas
Southwest Research Institute, with syngas and EGR are presented. In addition, the performance characteristics of the
6220 Culebra Road, fuel reforming catalyst are presented. Results show that thermal efficiency increases with
San Antonio, TX 78226-0510 increasing EGR for both natural gas operation and natural gas with syngas operation at
constant load. The use of syngas with natural gas extended the EGR tolerance by 44.4
percent on a mass basis compared to natural gas only, leading to a 77 percent reduction
in raw NOx emissions over the lowest natural gas with EGR NOXx emissions.
[S0742-4798)0)00504-4
Introduction near stoichiometric/TWC levels by using, Henriched EGR to

This paper is a companion paper to a recently published ASM-#tend the EGR tolerance and lean limit of lean burning cylinders.
- e HRBLB engine demonstrated N@missions below 25 ppm
paper (ASME Paper No. 97-ICE-64describing the effects of (@ 15 percent exhaust,Dat greater than 35 percent BTE without
natyral gas/syngas mixtures on engine performance and emissigRS, v tic aftertreatmen(©.5 g/bhp-hy [1,2]. However, NG emis-
during lean-burn operation. As a result, parts of the Introductiafiong stjll remain above the 0.15 g/bhp-hr level required for new
and catalyst-testing results are duplicated here to maintain #&ggine installations in the South Coast Air Basin of California;
focus and ideas of using syngas in an internal combustion engipeesently the lowest level in the United States.

Increased sensitivity to internal combustion engine emissionsSwWRI has developed a new combustion concept that utilizes
and the accompanying regulations in municipalities, in particulayngas to extend the EGR tolerance of a stoichiometric engine to
non-attainment zones, has led to the conceptualization and testieguce engine out NOemissions and increase BTE. The concept
of advanced, low-emissions combustion technologies. Many egnters on_®ichiometric, §ngas, ESR, Natural Gas, @mbus-
these concepts utilize irregular piston bowls, exhaust gas reciréi@n (SSENGQ. The objective is to obtain lean-burn engine effi-
lation (EGR), complex control algorithms, alternative fuelsr ~ciency in a stoichiometric engine by using excessive levels of
combinations theredf high-power ignition systems, and even unEGR in the same manner as excess air in lean-burn engines. The
conventional engine configurations such as the hybrid rich-bur@ingine operates stoichiometrically, therefore, a conventional TWC
lean-burn(HRBLB) engine to meet present and future emissior@@n be used to reduce emissions to below regulated levels.
regulations1-13). Greenhouse gases and i@re currently the ~ The SSENGC concept requires EGR in excess of levels cur-
focal point of many emissions regulations. At the present, corfEntly tolerable by stoichiometric engines to inhibit knock and
pliance with NOx emissions regulations is the most difficult beJ€duce in-cylinder gas temperatures at the high boost pressures
cause N@ is, in the simplest of terms, a byproduct of good angequired to achieve lean-burn engine efficiency. Therefore, syngas
efficient combustion. Hence, reducing M®pically results in an 1S Used to enhance the ignitability of the high EGR natural gas/air
undesirable power derate and an increase in operating coSRarge. Syngas can be created by partially oxidizing natural gas
Therefore, a need exists to develop a low-emissions, highPd iS @ mixture of b, CO, CG;, H,0, and N when air is the
efficiency engine or combustion concept. oxidizer, hence no external,Hyas supply is required. The global

Stoichiometric engines have had the greatest success in redi}19as reaction is shown in E@l) when CH, is the feed gas.
ing NOx emissions by using three-way cataly§®VCs). How- yngas itself is a Hirich EGR much like the exhaust gas gener-
ever, engine brake thermal efficiené§TE) is compromised by ated bég‘e. “Chgl)u”é cyfhndey ﬁf the I—!RBLB.engltﬂehz]. I|—|ence|,
knock-induced compression ratio limitations and high rates gio=NGC IS a blend of stoichiometric engine technology, lean-

heat transfer through the combustion chamber, ultimately red " engine technology, and the HRBLB engine technology. This
ing component life. Furthermore, the error margin for air-fudf@Per presents the results of an internally-funded SwRI research
mixture control to maintain a high TWC conversion efficienc?tUdy conducted to determine the effects of the SSENGC concept

across the TWC is smaflL4]. on raw exhaust emissions and engine performance.

Natural gas-fueled, lean-burn engine BTE can exceed stoichio- 1
metric engine BTE by more than 20 percent. However,xNO CHy+ 5[0,+3.77N,]—2H,+ CO+1.54N;,+ Heat (1)
emissions are typically greater than 100 pgoorrected to 15 ’
percent exhaust . Newer combustion technologies like the HR-
BLB have demonstrated the potential to reducexNsnissions to  Test Bed and Experimental Setup

A spark-ignited single-cylinder Caterpillar 1Y-540 research en-
Contributed by the Internal Combustion Engine Division ofETAMERICAN  gine modified for natural gas operation was used as the test bed.

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OQURNAL OF ; e ; ; ;
ENGINEERING FORGAS TURBINES AND POWER Manuscript received by the ICE Engine specifications are listed in Table 1. A schematic of the

Division March 20, 2000; final revision received by the ASME Headquarters April dNStrumented engine/catalyst system is shown in Fig. 1. An elec-
2000. Technical Editor: D. Assanis. tronically controlled dynamometer provided speed control while
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an auxiliary roots type blower and heat exchanger modulated #iming, and the syngas fraction. A manually-controlled pneumatic
take manifold air pressure to simulate turbocharged operatioralve was used to modulate the EGR flow rate while a universal
The work of compression by the external roots blower is not irexhaust gas oxygeftyEGO) sensor in the engine exhaust stream
cluded in the efficiency values presented in this paper. allowed closed-loop equivalence ratio control. All K@missions

A heated plenum chamber with a volume greater than 50 timaee presented as measured on a dry basis in ppm. CO emissions
the cylinder volume was located upstream of the intake manifolde also presented on a dry basis, and HCs are presented on a wet
to dampen pressure pulsations. Varying amounts of water in a fipasis as measured.
mist spray were added to the intake air through an air-assisted
water injection system installed in the bottom of the plenurROM Catalyst Testing

chamber to control the intake air specific humidity to 0.012 lbm 4,4 syngas used in this study was generated by a partial oxi-
H,0 per Ibm of dry air. This provided a datum for comparing datgion of methane catalyst; sometimes called a syngas catalyst. A
since syngas contains water vapor and affects the effective Spgsyerate test program was conducted on potential POM catalysts
cific humld_lty of the intake mixture. . and is described in ASME Paper No. 97-ICE{@4]. Therefore,

The engine fuel system consisted of an injector block and afu&lﬂy a brief description of the POM catalyst used during the
mixer located upstream of the throttle. A similar arrangement Wassenge testing and its performance are presented here.

used in the catalydeg upstream of the catalyst. The natural gas e poM catalyst was composed of a ceramic monolithic sub-
fuel composition was on average 95.4 per%enuCE:l.S Percent giate with 300 cpsi and a 10.5-mil wall thickness coated with a
CoHg, 0.2 percent GHg, 1.45 percent CQ) and 1.15 percentN o5 ma alumind140 nf/g) washcoat. Rhodium was loaded onto

Shop air provided air flow to the catalyst via another inject e washcoat at 10 weight percent. Fiqure 2 shows the perfor-
block. A 110 volt electric heater was placed upstream of the caia ght p - 9 b

. . ) i ance of the POM catalyst in terms of the syngas composition as
lyst tlo heat the air/fuel mixture to promote light off in the syngas ¢,nction of the catalyst fuel-air equivalence ratip,,. The
catalyst.

jective of generating syngas in this study was to maximize the
EGR was routed through a heat exchanger to reduce the E 9 g syng y

o 3 .. . . . yield while minimizing CH, and Q breakthrough. Figure 2
temperature to 82.2°A80°F before mixing with fresh intake air. s zows that the bimole fractioHﬁ is ma%imized at ., of 2.8. In

The gas mixture in the intake manifold was maintained at 51.7° dition, at 2.8 and richer conditions GHegins to appear in the

(125°B for all tests. S <
. . . yngas composition. Therefore, the POM catalyst was operated at
An SwRI-developed, PC-based Rapid Prototyping Engine Coig tor 5| SSENGC engine testing and controlled by the RPECS.

trol System(RPECS was used to control equivalence ratio, spar he complete syngas composition atfa,; of 2.8 is shown in

Table 2. Although the soot threshold equivalence ratio foy @GH
about 2.0, no soot was found in the POM catalyst or intake

Table 1 Test engine specifications system.
Displacement 2.44 L (148.9 in’) Engine/Catalyst System Tests
Bore 137.2 mm (5.4 in) The engine was operated at 1800 rpm and a constant 11.0 bar
Stroke 165.1 mm (6.5 in) (160 ps) bmep load at wide open throttle. Sweeps were made

- - with the engine/catalyst system overall equivalence ratio main-
Combustion Chamber | Open chamber w/ spherical piston bowl || - tained stoichiometri¢1.0) for syngas fractions of (baseling, 30
Compression Ratio 1191 percent, and 40 percent. The overall equivalence ratio is shown in
Eqg. (2) and is the stoichiometric air to fuel ratio of the base fuel,

Number of Vaives 2 intake, 2 exhaust natural gas in this case, divided by the air to fuel ratio of system;
Natural
Gas
Throttle

o ([ =

Heated Plenum

-«
Exhaust

Chamber
§ cS:irl‘gle_:'ljylinder
= aterpillar High Temp.
=| 1Y-540 Engine Heater Thermocouple Boosted
g 7 Air and EGR
= B
e
T Syngas '
Natural Catalyst Air Assisted
Gas H20 Injection
Liquid H20 @ T Shop Air @
20 psig 20 psig
Fig. 1 Schematic of test engine setup
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Catalyst Equivalence Ratio,
ystEd Gea Overall Equivalence Ratio
Fig. 2 Syngas composition as a function of catalyst equiva-

lence ratio Fig. 3 CO, mole fraction in intake charge as a function of

overall system equivalence ratio

Table 2 Syngas composition at a catalyst equivalence ratio

of 2.8 Although Eq.(4) provides a quick and relatively easy method for

= = defining an EGR fraction, erroneous EGR fractions can be com-
Gas | Wet Mole, Fraction, % | Wet Mass, Fraction, % puted if the fuel contains CO For example, Fig. 3 shows how

H, 297 29 the CG mole fraction in the intake charge varies with the overall
system equivalence ratio and the syngas fraction. At a syngas
CcO 15.1 20.8 fraction of 40 percent and & equal to 1.0 there is about 0.73
percent CQ in the intake air/fuel charge from syngas alone. If Eq.
H,0 34 30 (4) is used with an exhaust gas composed of 11.5 percent CO
Co, 33 7.1 typical of stoichiometric gas engines, the EGR fraction would be
computed as 6.35 percent. This result is misleading because no
CH, 1.2 0.9 true engine EGR was assumed in the calculation. In addition,
o 0.0 0.0 EGR fractions computed with Ed4) provide no scale for the
2 . . amount of EGR mass actually inducted by the engine. Hence,
N, 473 65.2 another method should be employed.

In this study a few simple equations were derived to determine
the mass flow rate of EGR given the measured molap C@h-
centrations in the syngas, the intake charge, and the exhaust
stream. We start by defining a mass-based EGR ratio as shown in
syngas catalyst and engine. The syngas fractibns defined as Eq. (5).
the fraction of natural gas routed into the syngas catalyst relative
to the total amount of natural gas used by the engine/catalyst
system as shown in E@3). At each syngas fraction/EGR combi- EGR= - - - -
nation, spark timing was adjusted to maintain the constant 11.0 M e ™ Mg Mecrt Msc
bar load at the minimum boost pressure.

MeGr

X100 (5)

The unknown in Eq(5) is the EGR mass flow rate. It can be

A determined from Eq(6) which relates the measured g@ole
E fraction in the intake charge to the total intake molar flow rate.
S
S MpetMac Nco, ecrt Nco,,s6 5
MnG,et MG Xcoyintk™= Naet Nnget NegrT Ns ©)
MG cat 3) Equation(6) can be recast in terms of appropriate mole fractions,

MnG,e T MNG,cat

molecular weights, and mass flow rates as shown infBagvhere

all mole fractions,X;, are assumed dryXco, egr iS the mole
A brief analysis of how the EGR fraction was determined ifraction of CG, in the exhaust gag{co, scis the measured CO
this study will be presented before results of the engine/catalyfible fraction in the syngas, an€coy iy is the measured CO
system tests are presented. A classical method for determining ghgle fraction in the total intake charge.
EGR fraction is to measure the volume fractions of ,d@ the

intake and exhaust gas. Equati@}) is then used to deduce the Megr Msg
X _Meer ~ Msg
EGR fraction. o XCOZ'EGF"I\/IWTEGR XCOZ’SGMWTSG "
EGR= Coz,imk—Coz,bkgnd>< 100 4 COMKT My e MyG e Meer . Mse
COs,exti= CO, pigna MWT, MWTyg MWTggr MWTgg
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S
Change in Intake Mixture LHV, %
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Test Case Syngas Fraction, %

Fig. 4 Maximum EGR fractions for syngas fractions of 0, 30, Fig. 6 Effect of syngas on lower heating value of fuel mixture
and 40 percent at intake port

A few algebraic manipulations yield the desired mass flow rate gfrcent compared to 27 percent with no syngas. Hence, the EGR
EGR as shown in Eq8). Hence, the mass-based EGR flow rate i lerance of the engine was extended_ by .44'4 Perc?”t-.
then easily determined from E¢p), which is in terms of known BTE as a function of the EGR fraction is shown in Fig. 5. At
constants and measurable quantities. E_QR fractions less than 10 percent, the basdliesyngascon-
dition was bracketed between the 30 and 40 percent syngas frac-
) MWT ggr tions. However, as the EGR fraction increased, all data nearly
mEGR:# X(a=B) 8) collapse onto a single curve up to about 30 percent EGR. Above
COp itk 70, EGR 30 percent EGR, the 40 percent syngas fraction curve reaches a
where, maximum of 38.2 percent, while the 30 percent syngas curve
. peaks at 39.1 percent.
a= Msc X (X —Xco. ) The increase in BTE with EGR is a well documented trend
MWT sg 0,86 €O, intk similar to the use of excess air in lean-burn engines. However, the
. . \ most important feature in Fig. 5 is that comparable BTE was
B=Xco. int Ma.e MG, o_btained while_operating on syngas. This is somevyhat surprising
2 MWT,  MWT g since the heating value of the intake fuel mixture is reduced by

Figure 4 shows the extension in the mass based EGR fracti@ﬁom 5 percent as the syngas fraction increases to 40 percent as

At an R of 40 percent, the maximum EGR fraction was 38.% own in Fig. 6. It must be noted that to maintain 11.0 bar bmep,

he manifold pressure had to be increasedRascreased for a

40 40 43 43

39 7! 39
42 / 42
/M
38 38

2 Ve 2
] / o 41 >~ M
m E
37 v 37
/ —@— Baseline 40 - 4 —e— Baseline 40
36 = 36
o Ao —v— R=30%
T —B— R=40%
35 | 35 39 ] ] 39
0 10 20 30 40 0 10 20 30 40
EGR Mass Fraction, % EGR Mass Fraction, %
Fig. 5 Brake thermal efficiency versus the EGR fraction Fig. 7 Indicated thermal efficiency versus the EGR fraction
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Fig. 8 Ignition delay versus the EGR fraction Fig. 10 Effects of syngas and EGR on raw, uncorrected, NO  x

emissions

given EGR fraction. Therefore, a better indicator of performanq_eIgulre 10 shows how raw, uncorrected, Ki@aries with the syn-

for this single-cylinder engine is the indicated thermal effi(:iencefas and EGR fractions. At low EGR fractions the baseline case

(ITE). Figure 7 shows the ITE as function of the EGR fraction

. ays generated more MNGhan the syngas cases. This occurs
The syngas curves lie nearly on top of each other beyond an E%E‘Y:ause syngas itself provides a “dilution” effect in the sense that

fracti_on of 20 percent. Hence, the syngas/natural gas fuel mixui{econtains CQ, as well as other non-combustible gases. As the
is being used as efficiently as natural gas alone. ' :

The reasons for the comparable ITEs in Fig. 7 can be partia GR fraction approaches 30 percent, the effect of G€comes

explained by examining the ignition delay and the 10 to 90 peﬂ:‘ore apparent in the baseline case ashi®ars NQ values for

A > - ) e syngas cases.
cent mass fraction burn duration plots in Figs. 8 and 9. In Fig. 8t The minimum NG at the corresponding maximum EGR frac-

can be seen that the ignition delay decreases with increasing S¥Bhs are shown in Fig. 11. The minimum Ndor the baseline

gas fraction for any given EGR fraction. A similar trend is Showr&ondition was 680 pprﬁ while the minimum NClor a syngas

in Fig. 9 as the EGR fraction increase beyond 10 percent. This, 13 ction of 40 percent was 156 pbm. Hence. svnoas reduced NO

most probably due to the low ignition energy requirements of '_Lmissions by F;7 percent relativgptolbaseliné yng

an_lqhthe f_ast ﬂa][ne spefeglogmelatflve to natu_rtz;l]l gésé is its eff Unburned HCs and CO are plotted in Figs. 12 and 13, respec-

on Na)rlr{]?]gls %(I:rues;igy bgeunsir?ov%nt%g? \év)l/ngas calr? Ieitgngc %vely. HCs decre_ased with inqreasing syngas fr_action for a given
: GR fraction. This decrease in HC emissions is an effect of re-

EGR tolerance significantly. Therefore, we now present the ef-~ :
fects of syngas/EGR mixtures on MOHC, and CO emissions.eformmg the natural gas into syngas that has also been observed

EGR Mass Fraction, %

Fig. 9 10-90 percent MFB duration versus the EGR fraction
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Fig. 12 Wet unburned HC emissions versus the EGR fraction Fig. 14 The COV of IMEP versus the EGR fraction

when operating engines on air-reformed gasoline and the 1eggance limit. Therefore, the maximum attainable EGR fractions
burn syngas concept discussed in referdd&g: Figure 13 shows ¢, paseline and syngas operation more than likely lie slightly
that CO emissions do not changeRincreases relative to base'(ggyond the maximum EGR fractions presented. It is likely that the

line CO emis§ions at low EGR fractions. Ho_wever, the CO rengS mpustion stability degrades dramatically at EGR fractions just
at EGR fractions greater than 20 percent increase and exhlblbgyond the maximum values presented.

trend typically observed in ultra-lean-burn engines. Increases in
CO emissions might be expected since the fuel charge itself coe- . .
tains CO due to the syngas. onclusions and Recommendations

Combustion stability, as measured by the coefficient of varia- A ceramic monolithic catalyst loaded with 10 percent by weight
tion of the indicated mean effective pressy@OV of IMEP), is  rhodium was installed in the intake system of a single cylinder
also a concern when developing low emissions combustion sySaterpillar 1Y-540 natural gas fueled engine and generated syngas
tems. Figure 14 shows that the COV of IMEP was less thanvdth a H, mole fraction of 29.7 percent. The engine/catalyst sys-
percent except at one point. Intuitively one would expect the COm was operated at a constant load of 11.0(b&60 ps) bmep.
of IMEP to increase with increasing EGR fraction. Figure 14 doegrhe effects of stoichiometric mixtures of syngas and natural gas
show a slight increase as the EGR fraction increases for all thigh EGR on engine performance and emissions was determined.
curves, but not at the expected rate. Setting the EGR fraction anesting showed that:

maintaining a prescribed syngas fraction proved to be a cumber- )
some task during testing. The engine would either run, or not run,1 Use of syngas extended the EGR tolerance of the engine by

Changes in EGR appeared to be very dramatic near the EGf Percent compared to the baseline, no syngas condition. _
2 Extensions of the EGR tolerance resulted in a decrease in

raw engine out N® emissions from 680 ppm during baseline
operation with maximum EGR down to 156 ppm at a syngas
fraction of 40 percent and at maximum EGR.

3 HC emissions decrease at a given EGR fraction when oper-
ating on natural gas/syngas mixturesRagcreases.

4 At low EGR fractions there was no difference in CO emis-
sions while operating on natural gas and EGR or natural gas/
syngas and EGR. Above an EGR fraction of 20 percent, however,
CO emissions increased as the syngas fraction increased.

5 Ata given EGR fraction, both the ignition delay and 10 to 90
percent mass fraction burn duration decrease relative to baseline
when operating on natural gas/syngas mixtures as the syngas frac-
tion increased.

2000

1500

1000

Dry CO, ppm

The SSENGC concept has several significant implications on

®— Baseline | the conversion requirements and life of a TWC, as well as the

500

—v— R=30%
—&— R=40%

10

20 30

EGR Mass Fraction, %

Fig. 13 Dry CO emissions versus the EGR fraction
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40

complexity of the control system required for closed-loop equiva-
lence ratio control. First, since the conversion efficiency of a
TWC decreases with use, a TWC can possibly be utilized for a
longer period of time in an SSENGC application because thg NO
conversion efficiency requirements are significantly reduced com-
pared to a conventional stoichiometric engine. For example, 0.15
g/bhp-hr N& is equivalent to approximately 47 ppm for a sto-
ichiometric engine operating at 38 percent BTE7 ppm is
equivalent to 14 ppm corrected to 15 percent exhaystOTWC
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has to be 93.1 percent efficient to convert 680 ppm down to 4WOT = wide open throttle
ppm. In comparison, a TWC in an SSENGC system only has to ¢ = fuel/air equivalence ratio
be 69.4 percent efficient to convert 156 ppm down to 47 ppmA/F|; = stoichiometric air-to-fuel ratio
Hence, the conversion efficiency requirements are reduced §Mbscripts
25.5 percent. )

Second, it is difficult to maintain the equivalence ratio within A = air
the very narrow control window required for maximum TwcPkgrnd= system value
conversion efficiency to meet 0.15 g/bhp-hr XO'he SSENGC cat = syngas catalyst
concept may allow equivalence ratio excursions to be tolerated € = éengine
while still maintaining NG to 0.15 g/bhp-hr or below. Hence, the ~exh = exhaust
control system algorithms can possibly be relaxed and small shiftsintk = intake
in the exhaust gas oxygen sensor output, used for control feedbactNG = natural gas
on these systems, may be tolerable. sys = system value

The tests described in this paper were conducted on an engine
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Impact of Using Biodiesels of
a.serdari | Different Origin and Additives on
- rragiowdalis § the Performance of a Stationary

S. Kalligeros

s stournas | Di1€S€1 ENgine

E. Lois With the exception of rape seed oil which is the principal raw material for biodiesel Fatty
e-mail: elois@orfeas.chemeng.ntua.gr Acid Methyl Esters, (FAME) production, sunflower oil, corn oil, and olive oil, which are
abundant in Southern Europe, along with some wastes, such as used frying oils, appear to
Laboratory of Fuel Technology and Lubricants, be attractive candidates for biodiesel production. In this paper fuel consumption and
Department of Chemical Engineering, exhaust emission measurements from a single cylinder, stationary diesel engine are de-
National Technical University of Athens, scribed. The engine was fueled with fuel blends containing four different types of biodie-
Iroon Polytechniou 9, Zografou Campus 15700, sel, at proportions up to 100 percent; the further impact of the usage of two specific
Athens, Greece additives was also investigated. The four types of biodiesel appeared to have equal per-

formance and irrespective of the raw material used for their production, their addition to
the traditional diesel fuel improved the particulate matter emissions. The results improve
further when specific additive combinations are ug&01742-47980)00604-9

Introduction of biodiesel tested performed in a similar way; they decreased

The necessity to cope with environmental pollution problem%XhaUSt emission of particulate matter, resulted in a limited

; - ; hange of nitrogen oxide emissions and in slightly increasing the
the changes in petroleum distillate demands, and the strict requires | ~etric fuel consumption.

ments of modern diesel engines lead to the need to improve dies he strong advantage of the use of fatty acid methyl esters

fuel quality. The development of biomass derived substitutes t%r . . . !
. ; . . . - iodiese] is the fact that independently on the raw material used
diesel fuel is a possible attractive outlet, as it could help impro r their production, the addition of biodiesel in the traditional

diesel fuel quality. 0d1iesel fuel improves the emissions of particulate md&é¢mhich

The substitution of conventional diesel fuel with rape seed . ; . . h o
: : P mprise a serious disadvantage of the diesel engine, especially in
methylesters comprises already a commercial activity in marigriously polluted areas like Athens.

countries of Central Eurodd]. However, the use of biodiesel has
not expanded into Greece and other Southern European countries, .
due to the lack of adequate rape seed cultivation. Some ot perimental Procedure
types of vegetable oils, such as sunflower oil, corn oil and olive For this study, a stationary diesel powered Petter engine, model
oil, that are abundant in many Mediterranean areas, along walV1-LAB was employed. The engine characteristics are cited in
some wastes, such as used frying oils, appear to be attractiable 1. The engine was fueled with four types of pure biodiesels,
candidates for biodiesel productif®]. It must be stressed that thepure traditional road diesel and mixtures containing 10 percent, 30
warranty of a product of extra high quality through the applicatiopercent, and 50 percent of each type of biodiesel. The four types
of adequate relevant specifications is of the greatest importarufebiodiesel were methyl esters produced from sunflower oil, corn
and a key to scientifically proving its performance. oil, olive oil and used frying oil. The emission tests included HC,
It is well known that biodiesel is non-toxic, contains no aromat€O, CQ,, NO, and particulate matter emission measurements un-
ics, has higher biodegradability than fossil diesel, is less pollutagér various loads up to 5 HP, the load being measured by shaft
to water and soil and does not contain sulpf8d]. It offers safer output. Volumetric fuel consumption was checked as well.
handling in the neat form and shows reduced oral and dermalSimilar tests on the stationary diesel engine investigated the
toxicity, mutagenic and carcinogenic compounds. It is the mosffect of using a combination of two specific additives, on exhaust
suitable fuel in environmentally sensitive are@stional parks, emissions from fuel mixtures containing corn oil and used frying
lakes, river$ or in confined areas where environmental conditions
and worker protection must meet high standa¢dsderground

mines, quarrigs[5-7]. Table 1 Stationary, Petter AV1-LAB engine
In this paper exhaust emission and fuel consumption measure=
ments from a single cylinder, stationary diesel engine are de- Engine type: single cylinder, indirect injection

scribed. The engine was fueled with fuel blends containing four
different types of biodiesel, at proportions up to 100 percent. For

two types of biodiesel, the further impact of the addition of two Speed: 1500 rpm
specific additives was investigated. In general, according to our
results, the substitution of mineral diesel with biodiesels produced Compression ratio: 19/1

from sunflower oil, corn oil, olive oil and used frying oils leads to

a combination of positive and negative outcomes; the four types
P J Total displacement: 553 cc

Contributed by the Internal Combustion Engine Division GiETAMERICAN
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF : . ‘N)
ENGINEERING FORGAS TURBINES AND POWER. Manuscript received by the ICE Maximum output. S HP (3'8 K
Division September 20, 1999; final revision received by the ASME Headquarters
May 8, 2000. Technical Editor: D. Assanis.
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Table 2 Specifications of the exhaust emission analyzers ments. For every fuel change, the fuel lines were cleaned, and the
engine was left to run for at least 60 minutes to stabilize on the

Thermo Environmental Horiba MEXA 574-GE new conditions. No fuel filter was used.
Instruments Inc NOx
analyzer Test Fuels
F—— NO=, ppm HC, ppm TO,%avol O, % vel. The conventional diesel fuel was supplied by Hellenic Aspro-
Method Chomiiumiencence NDIR DIR NDIR pyrgos Refinery and the yalges of its fugl properties are pres.ented
in Table 3. All types of biodiesel used in the currently described
Operation Range 0- 5000 0- 10000 0-10.00 0-20.00 tests were supplied by the Italian company Florys Spa and their
Accuracy 0.050 2 001 0.02 properties were in complete accordance with the Italian specifica-
. tions for biodiese(CUNA specifications The fuel properties of
Precision +1% +20 +0.05 +0.1

the four types of biodiesel are given in Table 4.

Discussion and Results

The experiments in the stationary Petter engine included emis-
oil biodiesel at various proportions. The two additiv@slditive sion and consumption measurements, under various loads. The
H1 and H2 are commercially available; H1 is a common diese¢ngine was fueled with five different fuels containing biodiesels,
cetane improve(iso-octyl nitrat¢, while H2 is a combustion im- at various proportions. The fuels tested were low sulphur typical
prover. The additive H1 was used in a concentration of 200 pp@reek road diesel and mixtures of the typical Greek road diesel
in the fuel mixture and the additive H2 was used in a concentreontaining 10 percent, 30 percent, and 50 percent by volume sun-
tion of 500 ppm. These two additives have already been usedfi@wer oil, corn oil, olive oil and used frying oil biodiesel. The
previous experiments in our Laboratory; the two additives weggure (100 percentbiodiesels were also examined. Also, the im-
used in various concentrations for diesel evaluation, and the copact of the additive combinatiof200 ppm of the additive H1 and
bination of 200 ppm H1 and 500 ppm H2 seems to be a very gobf0 ppm of the additive H2on the performance of fuel mixtures
proportion, since it resulted in the reduction of both particulateontaining corn oil and used frying oil biodiesel at various pro-
and nitrogen oxide emissior8]. portions was examined.

Two exhaust emission analyzers were used: a Horiba instru-The use of biodiesel fuels results in the reduction of unburned
ment(type MEXA 574-GE, that gauges HC, CO and £&xhaust hydrocarbons and carbon monoxifig0—12. However, in the
emissiony and a NOx analyzer42C NO-NQ-NO, Analyzer course of our experiments, both of these pollutants were practi-
High Level, Thermo Environmental Instruments Indhe speci- cally unaffected by the addition of every type of biodiesel; their
fications of the emissions analyzers are cited in Table 2. Tleaission levels were very low even when mineral diesel fuel was
above analyzers were supported by Exhaust Gases Transportatie®ed. Moreover, their emission levels were much lower than the
Heated Lines(Signal Instruments Co, model 530/54and a Pre- measuring accuracy of the Horiba Analyzer. The same perfor-
filter (Signal Instruments Co, Prefilter Unit 38@at restrains the mance was observed when the additive combination was exam-
emitted particulates from entering the Horiba and Thermo EnviRed. This behavior is attributed to the technology of the specific
ronmental analyzers. engine.

To measure particulate matter emitted from the stationary dieselThe emission levels of the base fuel without and with the addi-
Petter engine, equipment recommended by the Western Precipitan of additives are cited in Table 5; the mean values of 4 indi-
tion Division Joy Manufacturing Company was used. According
to this method, exhaust gases pass through a fiber glass filter,
while the flue gas volume is recorded by using a gas meter. Par- Table 3 Greek road diesel properties
ticulate matter weight results were obtained by subtracting tt
weight of the clean fiberglass filter from its weight at the end o
the experiment, after drying. The procedure followed is depicte Density at 15 °C ket 0.8371 ASTM D 1298
in Fig. 1. The filters used were glass microfiber by Whatmar
Grade 934-AH. The filter face velocity of the exhaust gases we
measured to be 1.3 m/sec, whereas, at the filter face, the aver: - recovered at 250°C 32
temperature was 150°C and the pressure dredl@ N/m?.

Fuel was supplied to the Petter engine by an outside tank
about three-liter capacity, which could easily be drained for fue - recovered at 370°C 95
changes; a glass burette of known volume was also attached

Properties unit value test method

Distillation curve % viv ASTM D 86

- recovered at 350°C 88

parallel to this tank and was used for fuel consumption measur Sulphur Yot 0033 ASTMD 4294
Copper strip corrosion 1A ASTM D 130
Flash point °C 68 ASTMD 93
Kin. Viscosity at 40°C oSt 3.0 ASTM D 445
Water mg/kg 80 ASTM D 1744
Cetane Index 54.8 ASTM D 4737
Sampling Ash Y% wt 0.005 ASTM D 482
e Conradson Carbon Residue % wt 0.02 1S0 10370
CFPP °C -11 1P 309
Condenser 1— H#Zi:sny Suspended matter mgkg < DIN 51419
Oxidation Stability g/m® <25 ASTM D 2274
Fig. 1 The sampling procedure for measuring particulate mat- Low Heating Value keal/kg 16204 ASTMD 2015
ter (PM)
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Table 4 Characteristic properties of the pure (100 percent) Table 6 Emission measurements of total nitrogen oxide (ppm)

biodiesels due to the addition of biodiesels and additives
Properties Sunflower 0il  Cornoil  Oliveoil  Used frying oil  Test method NOx EMISSIONS (ppm)
Density at 15°C (gr/m’) 0.8853 0.8858 08801 0.8829 ASTM D 1298 Concentrationin ~ 0.1HP  125HP  25HP  375HP SHP
Copper Strip Corrosion 1A 1A 1A 1A ASTM D 130 the fuel blends
Sulphur (% wt) 0.0047 0.0047 00010 0.0010 ASTM D 4294 Sunflower ofl
Flash Point (°C) 110 11t >110 >110 ASTM D 93 biodiesel
Kin. Viscosity at 40°C 4391 4515 4.700 4.500 ASTM D 445 10% 3514224 522483 690486 6674344 9054202
St 30% 3532225 529484 671483 6774349  913£205
K K - 4 309
CFPP (O) 2 6 ® 50% 362423.0 554288  729:9.1  743£383 9452305
Cloud Point (°C) 15 3.4 20 1 ASTM D 2500
100% 373£237 554488 735491 7574390 971314
Pour Point (°C) 3 3 -3 3 ASTMD 97
Com oil
Cetane Number 58 65 61 59 DIN 51773 )
biodiesel
Ash (% wt) 0.0007 0.005 0.0054 0.0091 ASTM D 482
10% 3374215 494479 665+83 651335  843x272
Water (mg/Kg) 518 528 243 320 ASTM D 1744
30% 340+216 516482 669483  677+349 865280
Conradson Carbon 0.98 120 0.22 0.51 150 10370
50% 3494222 520483 707+88 7124366 901291
Residue (% wt)
: 100% 3554226  533+85  T14x89 7174369 9533038
Ocxidation Stability (g/m*) 36 83 16 24 ASTM D 2274
Olive oil
Low Heating Value 9189 9191 8906 8918 ASTM D 2015 )
biodiesel
(kealkg)
10% 3274208 506481  662+82 653336 - 847£273
30% 334213  510£82 668483 6594339 8494274
50% 3442219 527484  694x87 711%36.6  898+29.0

vidual measurements along with their standard deviations at tl
95 percent confidence level are included. In Tables 6 and 7 tl 100% 3534225 S41486 707488 720371  909:29.4
effect, on the NOx emissions and the particulate maiivl),

respectively, of adding the four investigated types of biodiesel ar
the additives to mineral diesel fuel, at various proportions an oil biodiesel

Used frying

under various loads up to 5 H@ull load), are presented along 10% 33435212 520483 685485 7154368 9254299
with their standard deviations at the 95 percent confidence. Mo
Specifically 30% 336+£21.4 522484 70488  716£36.9  933£30.1
. . o o 50% 3415217 53385 712488  729%375 937302
1 Regarding the impact of the four biodiesel containing fuel L00% 51224 SIMES 720490  TAMISS 9464305
on total nitrogen oxide emissions, it seems that at low concentr ’ ) ) ) ) '
tions of biodiese[(10 percent and 30 percgntotal nitrogen oxide  Comoail
emissions are reduced in most cases, Table 6 and Figures 2—5. ;i siesei +
high concentrations of biodiesé0 percent and 100 percénin N
most of the cases total nitrogen oxide emissions are increas: "
This becomes more apparent at high lo&ds percent and 100 10% 3355214 503380 652481 6504335 8174264
30% 338+21.5 51482 666+8.3  667+34.3  839+27.1
Table 5 Emission measurements from the stationary Petter 50% 343222 516282 636:85 6724346 872281
engine, when )Greek diesel fuel was used (base fuel 100% 3545225 532385  601:8.6 6924356 901291
measurements
Used frying
0.1 HP 1.25 HP 25HP 3.75 HP SHP
oil biodiesel
NOx emissions of the diesel base fuel (ppin) + additives
Mean Value 355 538 700 701 883 10% 3304210 516482 678284 6944357  902429.1
Strd Deviation 2.6 8.6 87 36.1 85 30% 3354213 519483  693:86 6994360 908293
NOx emissions of the diesel base fuel + additives (ppm) 50% 3394216 529485 698487 7084365  911£29.4
Mean Value 342 505 680 695 833 100% 328221 536186  707+8.8  723:372  923:208
Strd Deviation 278 6.6 6.7 279 35.0
Particulate Matter emissions of the diesel base fuel (mg/m’)
Mean Value 12 19 37 33 82 percent, almost in all mixtures and for every type of biodiesel.
Strd Deviation 0.9 08 47 10 28 These results are in agreement with the relevant _Iiter@mﬁelq
) . i 3 s which shows, in most of the cases, a trend to increase NO and
Particulate Matter emissions of the diesel base fuel + additives (mg/m’) NOx emissions. This increase is due to the oxygen content of the
Mean Value 1 7 33 47 ” biodiesel, which leads to better oxidation of the nitrogen avail-

able, thus increasing the nitrogeneous emissions, although engine

Strd Deviation Lo 07 42 09 31 technology also plays an important rgte7].
2 As for the impact on particulate matter emissions of adding
626 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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Table 7 Emission measurements of particulate matter (mg/m?3) OOAHP  B125HP  @26HP  E3TSHP  ESHP
due to the addition of biodiesels and additives

124
PARTICULATE MATTER EMISSIONS (mg/m’)
Concentration ~ 0.1HP  125HP  25HP  3.75HP SHP
Q
in the fuel g
5
blends =
Sunflower oil %
o
biodiesel %
10% 11508 1807  34x43 47209  68%23 =
P-3
30% 1108 17207  33:42  46:09 67423 g
50% 11:08 17207 33:d42 45108 59+2.0
100% 11408 17407 32541  44:08 4917 10 30 50 100
Com oil Concentration of Sunflower oil biodiesel (%)
biodiesel . . . .
Fig. 2 Percentage change of the total nitrogen oxide emis-
10% 11509 18408  34x4d4 48209 71424 sions (ppm), due to the addition of sunflower oil biodiesel
30% 11508 18:08  35:44 47209 69423
50% 11508 18508  34x4.4 47409  66£22
100% 11508 1707 32440  43:08 57420
Olive oil
00,1 HP E125HP #A25HP N375HP a5 HP
biodiesel
10% 11508 1808  34x43 46209 66122
30% 11:08 1807 34243 44208 64322 +
(]
50% 11408 17407 33242 43208 57420 5
L
[&]
100% 11:08 17207  32%41 42408 5017 =
Used frying ]
Lol o
oil biodiese} 7]
@
10% 12600 19:08  36x45  48:09 73425 s
]
30% 12609 1908  35:45 47209  71s24 5
50% 12409 19:08 35345  45:08 68423 z
"
100% 12409 18508 3545 44208  61:2.1 10 a0 50 100
Com oil Concentration of Corn oil biodiesel (%)
biodiesel + . . . .
Fig. 3 Percentage change of the total nitrogen oxide emis-
additives sions (ppm) due to the addition of corn oil biodiesel
10% 11:08 1808 34244  47:09 69424
30% 11:08 18207 34243 45208 6723
50% 11508 18207 34243 45208 65822
100% 11208 1707 31339 42408  55:19
00,1t HP B125HP B25HP H3,75HP B5HP
Used frying
oil biodiesel
+ additives i
g
10% 12609 19:08  35:45 4709 72425 8
(5]
30% 126409 19:08  35:.45 46207  69+24 *
50% 12409 18208 35344 45308 66123 @
o
100% 12409 18:08  34£44  43:08  60+2.0 &
1]
=
|
X
g
different types of biodiesel to mineral diesel fuel, the literature

review [16—19 shows that particulate matter emissions are gen- ;|
erally reduced by the addition of biodiesel in the traditional diesel 10 30 50 100
fuel, due to the oxygen contained in the biodiesel molecules anc Concentration of Olive oil biodiesel (%)

the abscence of sulphur. Some studies however, showed a big

increase in particulate emissions in transient cy€led. In this Fig. 4 Percentage change of the total nitrogen oxide emis-
study biodiesel appears to reduce particulate emissions almossiohs (ppm) due to the addition of olive oil biodiesel
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0ot HP H1,25HP B25HP S3.75HP asHP o1 HP ©1.25HP 25 HP §3.75 HP asHp

NOx EMISSIONS (% change)

Particulate matter emissions (% change)

10 30 50 100

Concentration of Used frying oil biodiese! (%) 10 30 50 100
Concentration of Corn oil biodiesel (%)

Fig. 5 Percentage change of the total nitrogen oxide emis-
sions (ppm) due to the addition of used frying oil biodiesel Fig. 7 Percentage change of particulate matter emissions
(mg/m?3) due to the addition of corn oil biodiesel

all cases, Table 7 and Figs. 6—9. At low concentrations and loads
the reduction is marginal, especially at 10 percent mixtures,
whereas the most beneficial reductions appear at higher concen-
trations and loads. Although it is an important aspect of the par
ticulate matter emitted from compression ignition engines, no fur.
ther treatment was carried out to establish the soluble organig
fraction (SOB.

00,1 HP B1,25 HP a25HP B375HP BSHP

=

ssions (% chang

The study of the impact of adding the specific combination o
H1 and H2 additive$200 ppm H1 and 500 ppm H2o0 some of
the above fuel blends included emissidhOx, particulatesand
volumetric fuel consumption measurements in the same engin
For these experiments, fuel blends with corn oil biodiesel anc
used frying oil biodiesel were used.

Table 5 shows the effect of the additives on the base fuel. It cag
be seen that for all loads there is a systematic decrease of the N(§
emitted from the engine. This is to be expected, since the iso-oct'3
nitrate (H1) is a Cetane Number improver which, at the concen-§
tration used, increases the base fuel Cetane Number by 1 un® S SO R
However, any increase in Cetane Number usually leads to lowe 10 30 50 100
NOx emissiond17]. The additive H2 is a combustion improver Concentration of Olive oil biodiesel (%)
and, being an organometallic compound, it has a catalytic effect
on the combustion process in the diesel enditid. Addition of Fig. 8 Percentage change of particulate matter emissions
10 percent corn oil biodiesel into the base fuel plus additiveéng/m® due to the addition of olive oil biodiesel
initially reduces NOx emissions for all loads, but this tendency is
reversed for higher concentrations, the exceptions being at 30 per-

tter em

00,1 HP B1,25 HP B25HP E3.75HP [o HP

ao1HP B1,25HP a25HP 83,75 HP Qs HP

change)

Particulate matter emissions (%

Particulate matter emissions (% change

10 30 50 100 10 30

100
Concentration of Sunflower oil biodiesel (%) Concentration of Used frying oil biodiesel (%)

Fig. 6 Percentage change of particulate matter emissions Fig. 9 Percentage change of particulate matter emissions

(mg/m?®) due to the addition of sunflower oil biodiesel (mg/m?®) due to the addition of used frying oil biodiesel
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cent addition of corn oil and loads up to 3.75 HP, Table 6. When OOAHP  @1Z5HP @25HP  m3TSHP  mSHP
used frying oil is added to the base fuel plus additives, there is ¢
further decrease of NOx emissions at 0.1 HP irrespective of theg 57
biodiesel concentration, but this tendency again is reversed fog
higher loads. The notable result is that the use of the two additives
into the mixture of the base fuel plus biodiesel, reduces NOx&
emissions further, practically for all loads and concentrations, ir-2
respective of the type of the biodiesel used, Table 6 and Figsa -
10-11.

Table 5 shows that the addition of the additives H1 and H2 into
the base fuel, reduces the particulate mat®vl) emitted for all
loads. Again, as explained earlier this behavior is expected give
the nature of the additivd4 7]. Table 7 and Figs. 12—-13 illustrate
the impact of the addition of H1 and H2 additives, on particulate &
matter emissions, into fuel blends containing various concentraE
tions of corn oil and used frying oil biodiesel, under various loads
up to 5 HP. This combination, almost under any load, either did
not affect or reduced the particulate matter emissions. Congcentration of Com oil biodiesel + additives (%)

The influence of the addition of the corn oil and used frying oil ) o
into the base fuel at various concentrations up to 100 percent, pfiig: 12 Percentage change of particulate matter emissions
the additives H1 and H2, on the fuel consumption is presented{j9/m") due to the addition of corn oil biodiesel  +additives
Figs. 14-17. All mixtures, under any load, resulted in slight in-

ulate matter emissiol

10 30 50 100

oo, HP E125HP @a25HP N 375HP B5HP 00,1 HP B1.25HP m2,5HP N3.75 HP @5 HP

Particulate matter emissions (% change)

NOx EMISSIONS (% change)

s 10 30 ‘ 50 100
10 30 50 100 Concentration of Used frying oil biodiesel + additives (%)
Concentration of Corn oil biodiesel + additives (%)

Fig. 13 Percentage change of particulate matter emissions
Fig. 10 Percentage change of the total nitrogen oxide emis- (mg/m® due to the additon of used frying oil
sions (ppm) due to the addition of corn oil biodiesel ~ +additives biodiesel +additives

creases of fuel consumption. Due to the oxygen content and, con-
sequently, to the lower calorific value of the fuels which contain

UOTHP  @125HP  B25HP  MITSHP  DSHP biodiesel, this behavior was expected. No significant impact was
observed owing to the use of the additive combination.

Conclusions

The substitution of mineral diesel with biodiesels produced
from sunflower oil, corn oil, olive oil and used frying oils leads to
a combination of positive and negative outcomes. The four types
of biodiesel examined performed in a similar way; they clearly
decreased particulate matter emissions, and resulted in a limited
change of nitrogen oxide emissions and slightly increased the
volumetric fuel consumption.

The strong advantage of the use of fatty acid methyl esters
(biodiese] seems to be the fact that independently on the raw
material used for their production, the addition of biodiesel in the
traditional diesel fuel improves the emissions of particulate matter
which comprise a serious disadvantage of the diesel engine, espe-
cially in polluted areas.

The specific combination of two additives does not affect ex-

NOx EMISSIONS (% change)

10 30 50 100
Concentration of Used frying oil biodiesel +additives (%)

Fig. 11 Percentage change of the total nitrogen oxide emis-

sions (ppm) due to the addition of used frying oil haust emissions negatively; however, the additives may act as a
biodiesel +additives drawback in some cases where biodiesel blends had achieved sig-
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Petter engine, fuel consumption for B10

W Diesel

5 8

B Comn oil

8

W Corn oil + combination of H1 and H2
additives
W Used frying oil

B Used frying oil + combination of H1 and H2
additives

Fuel consumption gr/h

0 -
0,10 1,25 2,50 3,75 5,00
Load (HP)
Fig. 14 Fuel consumption for conventional diesel fuel and fuel blends containing 10 percent biodiesel with /without the

combination of H1 and H2 additives

Petter engine, fuel consumption for B30

B Coin oil + combination of H1 and H2 additives

W Used frying oil

Fuel consumption gr/h

Il Used frying oil + combination of H1 and H2

o B
0,10 1,25 . 2,50 3,75 5,00
Load (HP)
Fig. 15 Fuel consumption for conventional diesel fuel and fuel blends containing 30 percent biodiesel with /without the com-

bination of H1 and H2 additives

Petter engine, fuel consumption for B50

1200 -

M Diesel
1000

E Com oil

[l Com oil + combination of H1 and H2 additives

B Used frying oil

H Used frying oil + combination of H1 and H2
additives

Fuel consumption gr/h

0 -
0,10 1,25 2,50 3,75 5,00
Load (HP)
Fig. 16 Fuel consumption for conventional diesel fuel and fuel blends containing 50 percent biodiesel with /without the

combination of H1 and H2 additives
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Petter engine, fuel consumption for B100

1400 - M Diesel

g 120 ® Com oil
§ 1000
g 800 Il Com oil + combination of H1 and H2
5 additives
& 600 M Used frying oil
8 o]
] B Used frying oil + combination of H1 and H2
L 200 additives

0 3

0,10 1,25 2,50 3,75 5,00
. Load (HP)

Fig. 17 Fuel consumption for conventional diesel fuel and 100 percent biodiesel with /without the combination of H1 and

H2 additives

nificant reduction in exhaust emissions. It was observed that the i’{f;gffgi Report, University of Idaho, Dept. Biol. Ag. Eng., Moscow, ID, pp.
C%mblnﬁtl%n 2{f thel tt\;\llo %dd;:lvdes Wasﬁmorde effectl\éle n t(};e Cfase. 4] “ Biodegradability of Biodiesel in the Aquatic Environm&rt996, Develop-

w e_n the bio _'es_e en S_ ad not offered a nota e I‘(_E uction IN ™ pment of Rapeseed Biodiesel for Use in High-Speed Diesel Engines, Progress
particulate emissions and in the cases where the biodiesel blends Rreport, University of Idaho, Dept. Biol. Ag. Eng., Moscow, ID, pp. 96—116.

had a negative or neutral effect on NOx emissions. [5] Howell, S., and Weber, A. J., 1997Biodiesel Use in Underground Metal and
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Nomenclature

B10 = diesel fuel containing 10 percent biodiesel and 90
percent diesel fuel
B30 = diesel fuel containing 30 percent biodiesel and 70
percent diesel fuel
B50 = diesel fuel containing 50 percent biodiesel and 50
percent diesel fuel
B100 = 100 percent biodiesel
CO = carbon monoxide
CO, = carbon dioxide
FAME = fatty acid methyl esters
HC = hydrocarbons
HP = horse power
NDIR = non-dispersive infra-red
NOx = nitrogen oxides
ppm = parts per million
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Key Durability Issues With

Mullite-Based Environmental

Barrier Coatings for Si-Based
S Ceramics

Chemical Engineering Department, Plasma-sprayed mullitg'3Al,05-2Si0,) and mullite/yttria-stabilized-zirconia (YSZ)
Cleveland State University, dual layer coatings have been developed to protect silicon-based ceramics from environ-
Cleveland, OH 44115 mental attack. Mullite-based coating systems show excellent durability in air. However, in
combustion environments, corrosive species such as molten salt or water vapor penetrate
through cracks in the coating and attack the Si-based ceramics along the interface. Thus
the modification of the coating system for enhanced crack-resistance is necessary for
long-term durability in combustion environments. Other key durability issues include
interfacial contamination and coating/substrate bonding. Interfacial contamination leads
to enhanced oxidation and interfacial pore formation, while a weak coating/substrate
bonding leads to rapid attack of the interface by corrosive species, both of which can
cause a premature failure of the coating. Interfacial contamination can be minimized by
limiting impurities in coating and substrate materials. The interface may be modified to
improve the coating/substrate bor{&0742-47980)03203-9

Introduction proach to protect Si-based ceramics from environmental attack.

Mullite is a promising candidate coating material because of its

Silicon-based ceramics are promising candidates for hot secti Ase coefficient of thermal expansid€TE) match and good
structural components of heat engines and heat exchanger tu

for industrial furnaces. One potential barrier to such applicatiorpg emical compatibility with Si-based ceramics. Researchers at So-

. . . -~ e r Turbines, Inc., San Diego, CA, and Oak Ridge National Labo-
is their environmental durability. The excellent oxidation resis: tory, Oak Ridge, TN, have done pioneering work on applying
tance of silicon-based ceramics at high temperatures in clean, : P

; . . . ' Tefractory oxide coatings such as alumina, zirconia, yttria, mullite,
oxygen is due to the formation of a sol[d, pr‘o.tectlve external SII'c@ordierite, etc., on Si(8,9]. In those studies, mullite was found to
scale. However, the normally protective silica scale can be

i A ~ ¢ dS adherent and offer the best protection of all the refractory coat-
graded by reacting with impurities, such as alkali sglt®] or  jn4s tested. However, those plasma-sprayed mullite coatings
water vapor{3—5]. . _ _ _ tended to crack on thermal cycling. Researchers at NASA Glenn

Molten NgSO, can deposit in gas turbine engines operatingesearch Center, Cleveland, OH, identified the crystallization of
near marine environments or from contaminants in the f8&!l  amorphous phase mullite, which accompanies a volumetric con-
The NgSO, then reacts with the silica to form liquid sodiumiraction, as the main source for the cracking of plasma-sprayed
silicate, leading to accelerated degradation of Si-based ceramjiggilite coatingg10]. Based on this finding, researchers at NASA
[1]. In coal-fired combustion environments, combustion gasgsRC successfully eliminated most of the amorphous phase mul-
contain low levels of alkali salts because of naturally occurringe from the coating by spraying the mullite while heating the SiC
minor alkali components in the coal. These alkali salts can disybstrate above the crystallization temperature of amorphous mul-
solve in the silica scale and enhance the transport of oxygeife (~1000 °Q [10].
leading to drastically enhanced oxidat{@®]. In heat engines, sub-  These second-generation mullite coatings provide excellent
stantial amounts of water vapor, typically about 10 percent, jgotection in air and molten salt environmdri0—14. Mullite
produced from burning hydrocarbon fuels in §ff. The water coatings, however, suffer selective vaporization of silica in the
vapor reacts with silica, forming gaseous hydroxide species, sysfesence of water vapor because of its high silica activity
as S{OH), [3-5]. In high-pressure combustion environments, thgd.3~0.4) [11,15,1. Thus, an environmental overlay coating is
higher water vapor pressure generates even higher levels of gagjuired when protection from water vapor is needed. Yitria-
eous hydroxide species, resulting in linear volatilization of silicatabilized zirconigYSZ) was selected as a baseline overlay coat-
The linear volatilization of silica coupled with the parabolic oxiing because of its proven performance as a thermal barrier coating
dation of Si-based ceramics results in overall paralinear kineti€BBC) in combustion environments. The mullite coating in the
[4], causing rapid degradation of Si-based ceramics. Therefoneullite/YSZ coating system is somewhat analogous to the bond
the realization of the full potential of silicon-based ceramics inoat in conventional TBC's, in the sense that it provides bonding
high temperature structural applications depends on the develag-well as oxidation protection. This paper will discuss the current

ment of environmental protection schemes. durability issues of second generation mullite-based environmen-
An external environmental barrier coating is a promising apal coatings on Si-based ceramics and future research directions in
this area.

Resident Research Associate at NASA Glenn Research Center.
Contributed by the International Gas Turbine Instit(@TI) of THE AMERICAN B
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF Expe”mental

ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Interna-  Mullite and YSZ Coatings were app“ed by atmospheric pres-

tional Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, J . : Qi _
7-10, 1999; ASME Paper 99-GT-443. Manuscript received by IGTI March 9, 19;§Ere plasma spraying onto %8.6x0.15 cm sinteredr-SiC cou

final revision received by the ASME Headquarters May 15, 2000. Associate TediONs(Hexoloy™, Carborundum, Niagara Falls, N&nd reaction
nical Editor: D. Wisler. bonded silicon nitridg RBSN R. Bhatt, NASA GRC The SiC
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substrates were roughene,{=5-6 um) by etching in NaCO;,

to achieve a good mechanical bdrid], whereas RBSN was used
as processed. Fused mullite powder with the particle size of

44-74um was usedCerac, Inc., Milwaukee, WI Typical coat-

ing thickness was 100—2Q@m for the mullite coating and 5Qm

for the YSZ coating. Details of the coating parameters are de-

scribed elsewherglQ].

Coated coupons were annealed in air at 1300 °C for 100 h, prior
to the environmental exposure. Environmental exposures were
thermal cycling in air, thermal cycling in 90 percen® O, at 1
atm (simulated lean combustion environments isothermal ex-
posure in high-pressure burner rigs with or without molten salt.
Thermal cycling tests in water vapor were to evaluate the long-
term behavior of coatings in lean combustion environments be-
cause high-pressure burner rigs are not suitable for long-term tests
due to their high operating cost. Thermal cycling was performed
using an automated thermal cycling furnace. Each thermal cycleig. 2 Mullite /YSZ-coated RBSN after 50 h at 1300 °C in air
consisted 62 h at tenperature, rapid cooling to room tempera-
ture, and 20 min at room temperature. Typically, samples reached
the high temperature within 2 min and the low temperature within
5 min in each cycle. Molten salt environments were generatéghce of Si-based ceramics by enhancing the oxygen transport
using a high-pressure burner rig with Jet A fuel containing 2 ppthrough silica by altering the silica netwofk8].

Na at 4 atm.

Tested samples were mounted in epoxy, polishedgmlusing . .

diamond suspension, and examined using Scanning Electron Mi_Combustlon Environments

croscopy(SEM) and Energy Dispersive SpectroscoiBDS). High Pressure Burner Rig.Uncoated, mullite-coated, and
mullite/YSZ-coated SiC was exposed to high-pressure burner rig
Environmental Durability (HPBR) under a rich burn conditiofequivalence ratis 1.9) at 6

atm and 1230 °C. Figure 3 shows the plot of weight change vs.

Air.  Mullite/YSZ-coated SiC was exposed & 2 hthermal time. Uncoated and mullite-coated SiC showed weight loss due to
cycling exposure in air at 1300 °C. Figure 1 shows the crosthie volatilization of silica. The lack of weight change in the
section after 500h exposure. Mullite coatings typically developdpullite/YSZ-coated SiC indicated that the YSZ overlay coating
through-thickness cracks, however, they maintained excellent &fovided the protection from water vapor. Figur@Jashows the
hesion and provided excellent oxidation protection. Mullitecr0SS-section of mullite-coated SiC after thc?1 high-pressure burner
coated SiC exhibited a similar behavior under the same exposuié, exposure. Pores are observed at the interface where cracks
indicating that the presence of YSZ overlay coating did not affetiitersected the SiC interface. Enhanced oxidation was observed
the coating durability despite the large CTE mismatch betwedfound pores, indicating that water vapor penetrated through the
the two layers. cracks and reacted with SiC. The pore formation is attributed to

Mullite/YSZ-coated RBSN was exposed to an isothermal oxfhe generation of gaseous silicon hydroxide species. The selective
dation at 1300 °C in air for 50 h. A thick oxide scale and |arggolatlllzat|on of silica from mullite left a porous layer of alumina
pores developed at the mullite/RBSN interfageig. 2. EDS 0N the surface of mullitéFig. 4(b)).
§howed a S|gn|f|c§mt amount of Mg in the.scale. Th|§ contamina-\yater Vapor Cyclic Furnace. Mullite-coated SiC/SiC(Du-
tion by MgO, which is from the RBSN, is responsible for th%

R A > pont Lanxide, Newark, DEexposedd 2 h cycle exposure in 50
enhanced oxidation and pore formation. Similar enhanced 0Xigscent HO/O, at 1300 °C showed weight loss, whereas mullite/
tion and pore formation of mullite-coated SiC was observed wh f

X - Z-coated SiC/SiC exhibited parabolic oxidati¢t9]. The
the system was contaminated by Raor K;O from the coating \yeight loss of mullite-coated SiC/SIC was attributed to the selec-
processed with a low purity mullite powdgt7]. Alkali and alka- e yolatilization of silica from the mullite. This result is consis-

line earth metal oxides are known to degrade the oxidation resjgn with the weight change behavior of mullite and mullite/YSZ
coatings in high pressure burner rigig. 3). A similar weight
2Average distance from the roughness profile to the mean line

Mullite/YSZ-Coated SIC

Weight Change (mg/cm2)

L . . i N L " . s L :
] 10 20 30 4 S0 6 70 8 W 100

Time (h)

Fig. 1 Mullite /YSZ-coated SiC after 500 h wit h 2 h cycles at Fig. 3 Weight change versus time for coated and uncoated
1300 °C in air SiC in HPBR (6 atm, 1230 °C)
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Fig. 4 Mullite-coated SiC after 50 h in HPBR (6 atm, 1230 °C)

change behavior is expected for these coatings on sintered SiGributed to the generation of gaseous silicon hydroxide species.
water vapor cyclic furnace because the reaction at the surfabes is in contrast to the scale formed in dry air where the scale is
should not be affected by the type of substrates. dense and thus prevents the rapid propagation of oxidation.
Mullite/YSZ-coated SiC was exposed 2 h cycle exposure in  The effect of preoxidation on the coating adherence was evalu-
90 percent HO/O, at 1300 °C to evaluate the long-term durabilityated by preoxidizing a SiC coupon at 1300 °C for 100 h in air,
in lean combustion environments. Most interfacial areas showpdor to the application of mullite/YSZ coating. The coated cou-
excellent adherence with limited oxidation after 100 h. Howevepon was exposed to 90 perceny®O, at 1250 °C with 2 h
at some interfacial areas, where through-thickness-cracks inteyeles. The cross-section after 100 h showed that the entire inter-
sected the SiC interface, accelerated oxidation initiatéd). face was attacked by water vapor, forming a thick porous silica
5(a)). After 200 h, accelerated oxidation propagated along treeale(Fig. 6). It is believed that the silica scale from preoxidation
entire mullite/SiC interface, forming a thick porous silica scaleveakened the mullite/SiC bonding, leading to more rapid penetra-
(Fig. 5(b)). Water vapor, the predominant oxidant in a@40, tion by water vapor than in the coupon without preoxidation. Pre-
environment, is known to enhance the oxidation of SiC. The siliaidation did not affect the durability of the system when exposed
scale formed in high water vapor is porous, allowing the oxidatian air.
to propagate readily along the interface. The porous scale is at-

2
o
- WA TN

Initiation of "
AcceleratedOxidation &
‘ &

Fig. 6 Mullite /'YSZ-coated SiC after 100 h wit h 2 h cycles in 90

Fig. 5 Mullite /YSZ-coated SiC exposed t 0 2 h cycle exposure percent H ,0/O, at 1250 °C. The SiC coupon was oxidized for
in 90 percent H ,0/O, at 1300 °C; (a) 100 h; (b) 200 h. 100 h in air at 1300 °C prior to the application of coating.
634 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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27 iaom WDI?

Fig. 7 Mullite-coated SiC coupon after 50 h in hot corrosion rig at 1000 °C

Hot Corrosion Rig. Uncoated and mullite-coated SiC coupons Mullite /Substrate Bond. Mullite does not form a strong
were exposed in a hot corrosion burner rig at 1000 °C for 50 bhemical bond with SiC according to our diffusion couple study
Prior to the hot corrosion exposure, the coated coupon underwg2t]. Thus the mullite/SiC bond of as-sprayed coatings is mainly
600 one hour thermal cycles at 1200 °C in air to let cracks forrdue to mechanical interlocking. The lack of chemical bond may
Uncoated SiC was severely deformed due to the attack by the why the oxidation propagates readily along the interface in
molten salt, whereas mullite-coated SiC was well preseffiggl  water vapor. Silica scale from preoxidation presumably further
7(a)). Cross-section of the mullite-coated SiC showed thateakens the interfacial bond, leading to more rapid attack by the
mullite/SiC interface was fairly intadfFig. 7(b)). Only a limited water vapor.
attack with glassy reaction products, presumably sodium silicates

was observed at the interface where cracks intersected the Si¢-ontamination. Interfacial contamination can degrade the
(coating durability by altering the physical or chemical properties

of silica scale. Contaminants, such as alkali or alkaline earth metal
oxides, are known to be most detrimental to the oxidation resis-
tance of Si-based ceramif]. They enhance the oxygen transport
Key Issues through silica by altering the silica network8]. They also reduce
S . o . the scale viscosity by forming silicat¢22]. Pores develop at the
Several key durability issues are identified from the environace tace when gases generated as a result of oxidation bubble
mental durability test results. They include through-thicknesgs o9 the low viscosity silica sca@7]. High interfacial poros-
cracking, bonding of mullite to the Si-based ceramic, and intéfy, can eventually lead to coating delamination. Contamination
face contamination. These key issues will be discussed in thf§, coating materials can be minimized by using high purity
section to help elucidate the future research directions to improygjite powder or by limiting the addition of alkali or alkaline

the coating durability. earth metal oxides in the processing of Si-based cerajids

Through-Thickness-Cracking. As-sprayed mullite coatings . .
are free of macrocrackgrack width>1 um). However, on ther- Future Research Directions

mal exposure, they develop macrocracks, the size of which can b?\/lodification of Mullite Coating for Improved Crack Resis-

as wide as 5-1@um. It has been shown in the foregoing Sectiogynce * Second phases that cause cracking may be reduced

that corrosive species, such as molten salt or water vapor, ‘iﬂﬂ)ugh process optimization. However, it may be impossible to

penetrate through 'ghese cracks and attack the SiC, leading to @&hpletely eliminate all second phases. For example, melt grown
celerated degradation of the system.

. . . ullite is always alumina-rich and thus some silica-rich phases
It is believed that the development of through-thickness-crac Il always be );/)resent to maintain the chemical bala[ﬁﬁgza]
is due to stresses in the coating. The most likely source fi :

X L ; . "he free alumina phase is likely due to the incongruent melting of
stresses is the precipitation of various second phases in the mu P y g 9

coating. Amorphous phase mullite precipitates in the coating dB filite and thus may not be completely eliminated by process
C o X - ; timization. Other approaches to improve the crack resistance
to the rapid cooling of molten mullit€10]. Even in the second P PP b

i it i it is likely that idual include modifying the physical properties of mullite coating or
gﬁnera |0hn mufl e"poa 'n.ﬁ’ LIS likely ﬁ some resl Vuall amo.rs'ealing the cracks by applying an overlay coating with good crack
phous phase mullite still remains In the coating. Volumetrig,qiqiance. Figure 8 shows mullite/cordierite-coated SiC after 600
shrinkage results during the crystallization of the residual am “with 20 h cycles at 1200 °C in air. Note that the crack stopped
phous phase mullite in subsequent thermal exposures. A Signii- o~ corgierite/mullite interface. Plasma-sprayed cordierite

cant amount of alumina also precipitates_in the _plasma-spr_aygéiems to be more resistant to cracking than plasma-sprayed
mullite coating[10]. Plasma-sprayed alumina typically containg,, jjiite

substantial amount of metastable alumina phases such as

y-alumina[20]. Volumetric shrinkage results when the metastable Interface Modification for Improved Bonding.  The mullite/
alumina phases transform to stalkl@lumina in subsequent ther- Si-based ceramic interface may be modified to enhance the
mal exposures. The precipitation of alumina phase is also accooeating/substrate bonding. One example is Mo flash layer. A Mo
panied by the precipitation of silica-rich phases to maintain ttfash layer(1~5 um) was applied on SiC by sputtering and an-
chemical balancg10]. Both the alumina and silica-rich phasemealed in Ar-5 percent fHat 1200—1300 °C for 20—100h, prior to
cause CTE mismatch stresses. Thus the precipitation of secaone application of mullite/YSZ coating. Silicon diffused into the
phases in the mullite coating and the resulting volumetric shrinkaolybdenum during the annealing, forming molybdenum silicide
age and CTE mismatch are suggested to be the major sourceswith varying composition through the thicknelsk6]. Similar re-

the stresses in the coating. sults were reported in a Mo/SiC diffusion couple st@p,26].

through some cracks.
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Honeywell Engines & Systems,
P.0. Box 52181,
Phoenix, AZ 85072-2181 Statistical methods for the design of ceramic components for time-dependent failure
modes have been developed that can significantly enhance component reliability, reduce
baseline data generation costs, and lead to more accurate estimates of slow crack growth

William T. Tucker (SCG) parameters. These methods are incorporated into the Honeywell Engines &

General Electric Corporation, Systems CERAMIC and ERICA computer codes. Use of the codes facilitates generation of
Corporate Research and Development Center, material strength parameters and SCG parameters simultaneously, by pooling fast frac-
Schenectady, NY 12301 ture data from specimens that are of different sizes, or stressed by different loading

conditions, with data derived from static fatigue experiments. The codes also include
approaches to calculation of confidence bounds for the Weibull and SCG parameters of

Alonso D. Peralta censored data and for the predicted reliability of ceramic components. This paper pre-
State University of New York, sents a summary of this new fatigue data analysis technique and an example demonstrat-
Mechanical Engineering Department, ing the capabilities of the codes with respect to time-dependent failure modes. This work
Stony Brook, NY 11794-2300 was sponsored by the U.S. Department of Energy/Oak Ridge National Laboratory (DoE/

ORNL) under Contract No. DE-AC05-840R214080742-4798)0)02103-7

1.0 Introduction been extended to allow the pooling of fast fracture and static

The design of ceramic components for structural applicatioﬁ%t'gue data in order to generate more accurate estimates of the

can be very challenging. Often ceramic components are expec? e((::(;izk tghrgvr\]/iztﬁg(rj%rlr;etergf ?:;H:]Slgt(iar:anglc(;nrf]iqc?gﬁgzl'boun ds us-
to exceed reliability standards which the metallic components the - . 9y 9

are replacing could not meet. In the process of assessing the r'éYﬂ the I|Ke||hood ratio technique has been expanded to allow the
ability of ceramic components, two issues must be addre$$}ad:compmat'on of confidence bounds for the slow crack growth

eneration of the Weibull and fatigue parameters of the materigﬁ"ar.neters' . .
gnd (2) risk integration of the con?pon%nt to determine the reli- Third, the methodology includes approaches for the calculation

ability. The basic theories that address these two issues are v%l opfidenpe bounds for the reliability prediction of a component.
developed1—3], but in order to produce reliable designs with the NS iS particularly important, because actual components are gen-
typically small material properties databases and large extrapo?é‘:"”y much larger and are Ioade.d at S|gn|f|cantly lower stress
tions, more advanced statistical methods are required. levels than test specimens, resulting in sizable extrapo'latlons.of
s[p_e material properties. For actual components, the ratio of fail-
Lres that originate from volume and surface flaws may also be

extracting the most information out of a given set of data. The&auch different than the ratio observed in the database specimens.

efforts have been performed under the Life Prediction MethodolgX{rapolation away from the bulk of the stress levels where the
gies for Ceramic Components of Advanced Heat Engines prgata are generated results in S|gn|f|cantly wide confidence bounds.
gram, Phase | and Phase I, funded by the Department of Ener%ﬂe should, therefore, design ceramic components to a desired
Oak Ridge National LaboratoffDoE/ORNL) under Contract No. vel of reliability using the upper-bound confidence limit. '_I'hls
De-AC05-840R21400. The result has been the developmentBgthodology has been expanded to the extent of calculation of
two computer codes, CERAMIC and ERICA, that are intended fPnfidence bounds for the reliability of a specim@m compo-
be used in tanderfd]. These codes incorporate state-of-the-aftend for a given lifetime and multiple, independeftut concur-
methodologies for the design and life prediction of ceramic coniently acting, flaw populations. o
ponents, as follows. Therefore, _the risk integration approach has been modified to
First, the statistical methodologies consist of approaches tf@gilitate confidence bound calculations for components. The pro-
use censored data analysis techniques for the pooling of matefi@fiure consists of the evaluation of the effective size of a compo-
data. By pooling, it is meant that data from specimens of differeR€Nt as a function of the Weibull slope, slow crack growth param-
sizes that are loaded under different conditigimeluding proof eters, and time. This information is then used to compute
testing and at different temperatures can be analyzed together,G@nfidence bounds for the given component. _
a single analysis, to generate the required Weibull parametersIhe motivation for the development of this fatigue data analysis
The material parameters generated in this way are more accur@thodology has been the shortfalls seen in ordinary statistical
than those obtained from the individual analysis of each data ségatment of fatigue data with respect to runouts and failures on
The pooling of specimens of different sizes and loading condpading (which are especially typical during fatigue testing of ce-
tions can be used to provide an indication as to how well tH@mic materials A runout is defined as a test which is interrupted
chosen failure theory fits the given material. This approach hlsfore the specimen fails. Runouts do not contain the same infor-
mation about the placement on the stress versus time curve as
Contributed by the International Gas Turbine Instit(i8TI) of THE AMERICAN failures do, and ignoring this fact leads to serious errors in the
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OoF  estimated materials response.
ENG':V(EBER'?G E_ORGAE Zgrﬁ':EieAggnP?;NSEF;nZaEEL_l;(;?ssﬂrgg_ ;r:;hgrlsmﬁ\:n?_ To illustrate this, consider the following thought experiment: a
t7I(inl€21), 169‘23)9;LXSII\r}ﬁEaPnaper 99-(%-319. M%nuscript re)éelivleld b’y IGEI'I M’;rcthQ, 1’9&3&’[ IS perfo_rmed Very near the. rlfanUt strength of a material and it
final revision received by the ASME Headquarters May 15, 2000. Associate Teéﬁoes not fail before hours. A similar test, performed at 100 MPa
nical Editor: D. Wisler. below “runout”, is also stopped aftex hours. An ordinary least
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a. Only Static Fatigue Failures the complete fast fracture and stress rupture data. One implication

from such an analysis is that the number of observations is sig-
500 T I o ; S - )
Given: nificantly increased which in turn greatly increases the confidence
m = 18.55 of subsequent predictions.
og = 637 MPa mm3/m

2.1 Development of the Likelihood Function. Develop-
ment of the likelihood function that forms the basis of the analysis
method requires the distribution function for the observations. The
solution for the distribution of observations having strength deg-
o oo radation in the presence of slow crack growth under static loading

" and competing flaw populations is derived for the situation in
Regression . . . . . .
=== CERAMIC which each specimen is tested to failure or the test is terminated.
300 e — L D e In this case, an observation is either the strength value at failure
0.1 1 10 100 103 104 (observation or censored observajioor either the time at which
Time to Failure, hr failure occurs(observation or censored observajion the runout

b. Static Fatigue Failures Plus Some Runouts time. The former situation happens when failure occurs during
' loading to the static value, and the latter occurs when the static

4001 o [ ]

Stress, MPa

® Fatigue Data

500 P L load has been safely reached and failure occurs after sufficient
m = 18.55 subcritical crack growth has taken place or the test is terminated
Gp = 637 MPa mm /™ with a time runout. The development is based on the multiaxial
s Weibull setup with assumed coplanar crack growth. This setup
=400 e . @ and assumptions give a first step in the development of analysis
g ™ procedures including likelihood ratio confidence bounds that al-
2 o Fatiaus Data ~>ae onv for subcritical crack growth in the presence of competing
@ B Rauts . "Q failure modes.
. gggf:nsl::?n 2.1.1 Transformation of Strength Due to Slow Crack Growth.
300 m—— SN ENU EE— The multiaxial setup was first presented by Batdorf and Heinisch
0.1 1 10 . 100 103 104 [2] and Lamon and Evan@]. This approach has been strength-
Time to Failure, hr ened and generalized by Cuccio et[&l], Nemeth et al[6], John-
: . : son and Tuckef7,8], and Schenk et al4]. Also, Tucker and
c. Static Fatigue Failures Plus All Runouts Johnson[9] have shown that the Batdorf and Heinisch, and
600 e I Lamon and Evans approaches are equivaleht references in
500 - m = 18.56 Tucker and Johnsonin the multiaxial setup, the probability of
Gp = 637 MPa mm3/M fast fracture failure is given by Eq1):
& 400 ® of " ~--q m
S 400 . Pi(Timad = 1—exp[ - |v( Umax) ] , 1)
a Jo
% 300 ®  Fatigue Data whereo , typically is the maximum principal stress in the com-
| Runouts ponent, and is strictly used for normalization purposeds the
. 22%’:;51‘8" first Weibull parameter or Weibull modulus, is the second
200l N R Weibull parameter or characteristic strengihis the physical size
0.1 1 10 100 103 104 of a specimen; antlis the multiaxial stress factdfor a volume
G9096-1B Time to Failure, hr flaw population in this cageas defined by Eq.2):
Fig. 1 Conventional fatigue data analysis is not capable of ac- (re(x Y,Z,,)\"
counting for_runout_s correctly: (a) only static fatigue failur_es; 47TV f fJ f J o cosgpdgpdydV,
(b) static fatigue failures plus some runouts; and (c) static fa- —mi2 max
tigue failures plus all runouts @

whereo, is the equivalent stress determined by a suitable fracture

squares regression of all the data, including the first example, Iiiterion and is a value o, the critical stress, i.e., the remote
not the second, would have little effect on the final position of théress applied normal to the crack plane that would produce fail-
curve. But including the very low point—as if it were a failure—ure. Similar expressions have been derived for surface and cham-
will greatly lower the resulting curve. fer flaw populations(see[4]). Note thato . is independent of

Conventional least squares regression is the accepted methBy specific failure mode with its associaieg. Moreover, for a
for estimating fatigue parameters of the stress-time curve orfied loading geometryg./omay is not a function of the failure
when all fatigue specimens really do fail. If runodnd failures stress. Indeedy, can be expressed as HG):
on loading have to be included in the data analysis, censored data —— 3)
analysis using the maximum likelihood approach should be used em vl ’
to extract the most information out of the data available. Thishere(cf. Lamon and Evans and Tucker and Johnséi - | is
short introduction is illustrated in Fig. 1, comparing fatigue curvesot a function ofo;, the maximum principal stress. Thusay
derived from conventional least squares regression and the newlyre failure stressis just the maximum value aof;, in the speci-

developed censored maximum likelihood data analyses. men. In treating time-dependent phenomena, the distribution of
must be generalized to cover the change of strength that occurs
2.0 Derivation of the Statistical Method over time.

The following discussion will demonstrate the approach, using

If stress rupture failures are a consequence of subcritical cragk, simplest form of the fracture mechanics description of SCG
growth (SCGQ), and if SCG and fast fracture both occur from th he pov‘\)/er law, Eq. (4): P

same flaw population, fast fracture strength, and stress ruptur
data may be pooled to perform a combined likelihood analysis of da/dt=A(K)", (4)
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whereA andn are constants, an@dg. (5)): n—2 Un-2)

oe=oy| 1+ T)(ch)HAYZUft

K=Yo\fa, (5)
g2 |Un-2
and whereY denotes a geometry factos; is the applied load =01+ Et} ) (11)
(stres$, anda is the crack length. Then, as shown in Trantina and
Johnson[10], under uniform loading Eq(5) can be substituted where
into Eq.(4), and Eq.(4) can be integrated and rearranged to yield
Eq (6) n—2 -1
B—[(T)(Km)”‘ZAYZ (11a)

2—n N
T) A(Yo)", (6)

(Vap)? "= (Va)? "+

Equation(10) also can be solved fdr yielding the time that is

) required for the initial strength to be degraded to the load and
wheren#2, a denotes the final crack length>@;), a; denotes hence failure then occurs, which (&q. (12)):

the initial crack length, and is the time span over which the

constant loadg, is applied. B[[o. n-2
In view of the assumptions and the fact that the setup leading to t= o (U—) —-1]. (12)
L L

Eq. (6) is essentially uniaxial, Eq6) can be used to transform an
initial strength to a final strength at which failure occurs after the

time spant. In order to do this so as to determine the distribution It is clear that Eqs(11) and(12) are in a one-to-one and onto
that results from SCG, a substitution in E@) for the crack relationship and, hence, inverses of each other. EquétiBrhas

lengths is made in terms of the critical stress via the relations N her important properties; in view of E(), the ratio inside the

. - o fackets in Eq(12) is a scalar ratio of the initial failure stress to
to K. given byK,.=Yao.\a, whereo, is the critical stress that : o .
will just produce failure for the length. When this substitution is that of the load failure stress and is just proportionabto Thus,

carried out and some rearrangement made, we obtaifi7Eq. except for tharf term,t is independent of location and angle and,
hence, of any element. Moreover, for a given location and angle,

2-n|[K,.\"2 Eq. (12) is a strictly monotonically increasing function of the

_) (_C) A(Yo)"t, (7) scalar ratio.

2 Y Equations(11) and(12) form the basis for the development of

. . . . the distribution of an observed time for a specific failure mode.

wheren>2 and thef andi subscripts denote the final and '”'t'a|Using Eq.(11), Eq. (2) can be rewritten to define a multiaxial

critical stresses, respectively. Equatioh gives the degradation gregs factor, for time-dependent flaw populations as in Et):
in strength for a particular flaw population, sinog and o; are

(o) ?=(0y)" %+

values ofo : it is obvious thair¢< o whent is greater than zero. l(m,t,n,B)
Thus, the difference betweer; and o; produces the amount of
time for SCG. Also, SCG can occur if and onlydf<o;, other- 1 2m (72 [ g(X,Y,Z,¢,4,n,B,t)|™
wise failure occurs on applying the loadl, =y o , Oma
Sturmer et al[11] generalize the results of Eq&l)—(7) to the v ~m2 X
multiaxial case by rewriting Eq5) as follows(Eq. (8)):
-cos¢pdpdydV
Kic=Yae(t)va(t), (8) 1 2n (712 [ g (X,y,2, i)
wherea(t) is the load at time expressed as an equivalent stress Ty, f j J’ fo J, i O max
that would just produce failure for the lengti(t), which is %
changing over time. This implies, among other things, th4t) ¢ Un—2)7m
accounts for any initial non-coplanar crack growth. Since a crack ( b2
must grow in order to have fracture failure, the implication is very ! B TLXY.2,4.1) cosgdpdyayV,
reasonable. Eq8) is then substituted into E¢4) and the integra- (13)
tion of Eq.(6) is carried out to yield Eq(9), upon the substitution
of Eq. (5): which is computed by the ERICA code using the multiaxial stress
) K \n-2 . distribution in the specimen or component calculated by a finite
—-n ; S
()" 2= ()" 2+ . )($) AY“J' (o4(0)"d, element coddin this case, ANSY$
=0 2.1.2 Distributions of Actual Observationsin developing

(9)  the likelihood function, actual failure events need to be consid-

ered. For a given specimen with a single flaw population that is

tested to failure, either a strength or time is observed. Thus, the
vents of observing a strength or a time are mutually exclusive

d exhaustive. Therefore, the probability of observing any

strength € oax1) plus the probability of observing any tinie-0

and<x) is one. The ternw,,,. denotes the maximum equivalent

he2 stress in the specimen when loaded to the static test load.

2—_n &) AY"oNt (10) The development of the likelihood needs to cover these two
2 Y Lo joint, exhaustive events. The development will be given in steps,

beginning with the derivation for time distributions first.

whereo is the equivalent stress resulting from the constant load. The event of observing a tim@enoted byt<T<) occurs if

Now, on failure oos equalso . Taking this into account and and only if a time is observed for all elements of a specimen.

solving Eq.(10) for o; yields Eq.(11) (dropping the subscrigt Following the argument of EqJ1) in Batdorf and Heinisch2],

and in what follows, understanding tha is the initial equivalent Egs.(1) and(2) of this paper can be used to express the probabil-

stress$: ity of this, as(Eq. (14)):

where (1) is such that Eqs(8) and (5) are first met at;, and
oef, andag; are the final and initial equivalent stresses, respe
tively. When the load is constant as in stress rupture tests,
integration on the right-hand side of E®) can be carried out to
yield Eq. (10):

(06" 2= (0e)" 2+
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P(O<T<»>)= exp[ 7—JJJJ’ J (M
—7l2 o

The event of observing a time that is greater thadenoted byt<<T< ) occurs if and only if this occurs for all elements of a
specimen. Arguing as for Eq14), this can be expressed formally . (15)):

cosd&dqﬁdd;dV] —exp{lv( ”‘ax) ] (14)

aL(X.y.2,¢,4) "

Op . O max m
P(t<T<ow)=exp ypeyi VJJ'IJ f_ , 1n-2) | cos¢dedydV —exp[—ltv( UO) ]

UL(XyZ¢$)

(15)

The monotonic nature of Eq12) and hence Eq(11) implies that there can be no value of the equivalent stress lessoffdn
+ (UE/B)t]l’(“’Z) for any elemento is a function of location and angléor which it is true that an observed time would be between
t and infinity. Thus Eq(15) is valid. Sinceo [1+ (02/B)t]¥("~?) is continuous irt (for any element Eq. (15) reduces to Eq(14)
whent=0. Therefore, Eq(14) can be employed to obtain the probability of a strength failure ortka0, as in Eq.(16).

1 27 (w2
P(T=0)=l_eXp[ —m””o J 2
\%

Since the events (@T=<t) and ¢<T<«) are mutually exclusive and exhaustive of the event {[0<<), the joint probability that
(0<T<t and a time is observeds given by Eqg.(15 minus Eq.(16) as Eq.(17):

1 2w (w2 m
P(0<T=<t and a time is observed:exp[ —mJJJJ J (M) cos¢d¢d¢dv}
0 —7l2

O'L(X,y,Z, ¢v ‘ﬁ) m

g9

cos¢d¢dz//dv} - 1—exp[ - |V<Uﬂx) } . (16)
0o

Jo

aL(Xy.2,¢,4) "

(0} '
—expy — anv fjjf f7712 )1/(n2) cos¢pdpdydV

UL(XyZ¢ )

m m
:exp[lv(gmax) ] p{IlV(Umax) . 17)
Jo Jo
The cumulative(margina) distribution for an observed time ofis given by Eq.(18):
P(T<t)=P(T=0)+P(0<T=<t), t>0
—P(T=0), t=0. (18)
In view of Eq.(16), Equation(18) reduces to Eq(19):
aL(XY,Z,¢,4) "
2m :
P(T<st)=1—exp| — ypny ffff f 70 1U(n-2) cos¢pdpdydV
s (1+ LRES AR
m
=1—exp{—|tv(gﬂx) } t=0. (19)
Jo
It is noted for reference, by employing Eq44) and(17) and the definition of conditional probabilitpr Bayes Theorejthat (Eq.
(20)):
axy.z.é.4) " )
Jo
=y o 1U(n-2) cos¢pdpdydV
P(T<t|A time is observep=1—exp, UL(X y:2.¢, "b)) . (20)
2 oL(x,y,z,¢,4)\"
47TV jjff fﬂr/z( Jo cosgdgdydy
\ /J
640 / Vol. 122, OCTOBER 2000 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Equation(20) is analogous to the distribution of “customer” function f, is given by the derivative of Eq21) with respect to
observed times after a proof test has been carriediothis case strength, while forS, the complement of E¢(21) is employed,
at o ). Equation(20) will not be used in our derivations, since itsince it is a censored strength observation with respect to flaw
does not employ the strengths of specimens that fail on load-upopulation 1.

The event of observing a strengttienoted byo aye=<0maxL » A similar expression fog, holds for the second flaw popula-
where o maye denotes the maximum value of, in the specimen tion. Since Eq(23) conditioned on (82X, < o ax) MUSt integrate
occurs if and only if the strength for at least one element is legs unity and the flaw populations are independent of each other,
than the o, for that element. Now the events €Gtrength the event of failure by one is mutually exclusive of the other.
S Omaxe) aNd (O maxe<strengths o, ) are mutually exclusive Also, both events are exhaustive. Thus, the likelihood for an ob-
and exhaustive of the event€Gstrength= o sy ). Thus, the joint  served strength and observed flaw population is given by aither
probability that (G<strengths onqce and a strength is observed or g, .
follows from the Batdorf element argument using E@s.and(2) The distribution for a specimen time observation is built on the
as(Eg. (21)): development of Eqs(14), (15), (17), and (19). Since all flaw
populations must have critical strengths greater igg,, for all

P(O<strength= oinaxe and a strength is observed elements(in order to observe a time upon failyreand the ob-

1 2w (w2 (g (X,y,z,¢,)|\™ Served timey;, is the minimum of all possible times, this prob-
=1-exp — — f J J j f (e—) ability, F, is given formally by Eq/(25):
4V 0 J-m2 0o
v F(Yi) = S1(0max1) S2( 0 max) = S1(Tmaxeti) So( O maxezi)
-cos¢dpdydV =S1(Omaxt) So(Tmaxt) = Su(Yi) S:(yi),  Vi>0, (25)
where the dependency gn is given from Eq.(11) by Eg. (26):
T max m O_E 1/(n172)
:1—exp{—lv(0—0) ] (21) Teji= 0L 1+B_,-yi , (26)
Where o' maye<0maxL -

¢ . and where the survivor functio§; for strengths is given by Eq.

_ A specimen has a censored strength observé#inalogous t0 a (14) and the survivor functio, for times is given by Eq(15) for

time runout if and only if the specimen strength is greater thaR,oh flaw population. The monotonic nature of E2¢) implies

the censored load. Clearly, the com_plement QT 51-)_ (1—I_Eq. that there can be no value of the equivalent stress less than the
(21)) can be employed to evaluate this probablllty, W"@“ak'r‘g value of Eq.(26) for any element such that an observed time
on the censored load value. Also, H46) gives the probability \yoiq be greater thap, . This also implies that g censored by

that a strength is observed. another flaw populationj, could not have an equivalent stress

2.1.3 Distributions of Censored Observations Due to Compdgss tharo;; , otherwise by the monotonicity of E(6) t would
ing Flaw Populations. We now consider the censoring that ochave been observed. Thus, E2H) is valid. Differentiation of Eq.
curs when competing flaw populations are present in a specimé#P) Yields the probability density for a time observation of; ,
The subscript (now) denotes théth observation and the subscriptwhich is (Eq. (27)):

j denotes thgth flaw population. A time is observed if and only if
min{oej}>oy , for all elements, and thus all flaw populations un- flyi) =f1(yi) Sa(yi) + Si(yifa(yi) (27)
dergo subcritical growth. In this case, the time that is observed is

the minimum of the times computed by Ed.2) for each of the The first term on the right-hand side of E7) covers the

failure modes. Otherwise, a critical strength for at least one fIagﬁléit%%nsgc\gr?écpe:;ecg?/z(?;\ﬁi tsl,gpueagsogliiiéotglzgvegggﬁg(t)ignl’z
population is less than or equal &g for at least one element, andFrom Eq.(27) it follows that the joint probability density of a

failure will occur on initial loading, i failing from the first flaw population and at tiy\eis
The distribution for a specimen strength observation is derivgS gczgg)n_ aling pop o4

by employing the probability of having a strength of less than
equal tox; that is observed. Since at least one flaw population hy(y))=F1(y)S(Y)
must have a critical strength less than or equadtofor at least 1Y) =htyi Yi)-

one element(in order to observe a strength upon failyrénis For a time observed for flaw population 1, the probability den-
probability is given by Eq(22): sity functionf, is given by the derivative of Eq17) with respect
N1 _ _ —y = to time, while Eq.(15) (or the complement of Eq19)) is used,
FOW=1=S10)S:(X),  0=Xi=Tmax , @2) ith t equal to the time to failure fos,, since it is a censored
where, for simplicity, the setup is given for two competing flawime observation with respect to flaw population 1.
populations,S denotes the survivor function based on ER1) A similar expression foh, holds for the second flaw popula-
(the probability that the critical strength is greater tlxani.e., the tion. As in the case for a strength observation, since @@)
complement of Eq(21) evaluated ax;), and it is assumed that the conditioned ony;>0 must integrate to unity and the flaw popu-
flaw populations act independently of each other. Differentiatidations are independent of each other, the event of failure by one
of Eq. (22) yields the probability density for a strength observais mutually exclusive of the other, and both events are exhaustive.
tion of x;, which is(Eq. (23)): Thus, the likelihood for an observed time and observed flaw popu-

lation is given by eitheh,; or h,.
f(xi) = F1(%:) Sa(Xi) + Sp(%)) F2(x;) - (23) o _ o
. . o . 2.1.4 The Complete Likelihood FunctionThe likelihood of
From Eq.(23) it follows that the joint probability density of a 5 jngividual observation is defined approximately as the prob-
specimen failing from the first flaw populati@nd at strengthx; ability [F(x+A)—F(x)], whereF is the cumulative distribution
is (Eq. (24)): function andA is sufficiently small.
N i _ Dividing by A and taking the limit as\ approaches zero gives
91(X) = T1(x)) So(xi). (24) the density functiofwhen it exist$. SinceA is a constant scalar,
For an observed strength of flaw population(standard fast the likelihood can be defined as the density evaluated at an obser-
fracture data point or failure on loadinghe probability density vation. In the case of censoring or runouts, the probability of the

(28)

Journal of Engineering for Gas Turbines and Power OCTOBER 2000, Vol. 122 / 641

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



event is used as the likelihoddee Schenk et al[4]). For com- a;=1, if the ith specimen is a censored strength
putational reasons, the natural logarithm of the likelihood is usu- ) )
ally taken[12]. observation(unknown failure mode

Now, for observed failures each observation is either a failure

strength or a time at which failure occurred. Thus El) multi- =0, otherwise (34)
plied by dx; gives the probability of an observed failure strength _ . . . . .

due to flaw population 1 in the interval from to x; +dx; . Like- Bii=1, if the ith specimen is a time runout

wise, Eq.(28) multiplied by dy; gives the probability of an ob- (unknown failure mode

served time due to flaw population 1 in the interval frgmto

y;+dy; . This forms the basis for developing the likelihood func- =0, otherwise, (35)

tion for observed failures. Let:
where(Eq. (36))

6;=1, if the ith specimen fails from flaw populatiof 811+ Opi+ Y+ Yoi+ @y + agi+ By + By =2, if the
with a strength observation ith specimen is a censored observation
=0, otherwise (29) .
=1, otherwise
(36)
yji=1, if the ith specimen fails from flaw populationj
) ) ) or for j concurrent flaw populations
with a time observation
i
where is a censored observation
=1, otherwise
Ot O+ v+ yai=1. (31)

Then the complete log likelihood function fog and observed
Then the likelihood for an observed strengthand observed flaw population, or an observed tinyg and observed flaw popu-
flaw population, or an observed tinye and observed flaw popu- lation, or an observed censored strengthxat or an observed
lation is (Eq. (32)) from Egs.(24) and (28), the similar expres- runout aty; is
sions forg, and h,, and the definitions of Eqg29), (30), and )
1= InL,
=1

(31):
Li=[f1(x)Sa(xi) 128 Sy(%i) Fo(xi) 192 [ F1 (i) Sy(y;) 170 .
ISiyfly) ] =2, In[f106) () P2 (y;) "Sy(yi) 72 Sy () Sy () P
i=1
SLROOTS 00RO S 0)72] HIN[S,(x0) 1T 5% P2Sy(y,) (1) Y2S5(%,) 2 S (y,) P ]
n Xi 1i Xi 2i i 1 i 2i Xi i i 2|,
1S5 58 (%) S, (y,) i (y,) 2], (32) 2 el Y -

~ For future reference, note that the bracketed terms in the |Qﬁﬁere8j(xi)“ii is defined by the complement of E¢(21), while
line of Eq.(32) each only involve flaw population 1 or flaw popu-sj(yi)ﬁji is defined by Eq(15). A generic data set is provided in

lation 2. The log likelihood is, by definition, the logarithm of theyhe' Appendix to further explain the computation of the individual
likelihood of the complete data set, which under independencejiig|ihood for a specific flaw population.

the product of the; . This yields Eq.(33):
2.2 Development of Confidence Bounds. Methods for ob-
n n taining likelihood ratio confidence bounds of parameters for indi-
_ _ 5, 5 N7 721 vidual flaw populations and reliabilities at a fixed stress and/or
= Zl InL;= ,21 N[ F3 (%) 2iS1(xi) 2 Fa(yi) 7iS1(yi) ] strengths at a fixed probability of failure are given in Cuccio et al.
[5]. The likelihood ratio methofl13] is based on the direct use of
+IN[Sy(x) 1 f (%) 22S,(y;) "ify(yi) 2] (33)  the likelihood ratio statistic, Eq38)

as the log likelihood of the observed strengths or times and flaw W(B)=2[1-1g], (38)
populations for the data set of actual failure observations. -

Any terms accounting for censored observations due to te¥ferel is the appropriate bracketed tesnof Eq. (37), | is the
termination must be added to E®3). These type of observationsvalue of the log likelihood function evaluated at the joint maxi-
censor all flaw populations, and, hence, the appropriate survivdem likelihood estimate of all parameters,is any parameter,
term needs to be entered in E&3) in each bracket. Then sinceandlﬁ is the value of the log likelihood function evaluated at a
the bracketed terms of the completed Eg3) only involve a fixed value of 8 and the maximum likelihood estimates of all
single mode, the maximum of EB3) is obtained by maximizing other parameters conditional on the given valuggofV(8) has,
individually each of the summed bracketed terms. But, due to th@proximately, a chi-squared distribution with one degree of free-
nature of thes;; andy;; for the observed strengths and tin{ee., dom. This yields a a confidence region, on the paramefeas
within a bracket, one and only one is unity and the others a(Eq. (39)):
zerg, the maximization of an individual sum of brackets is ob-

tained from a standard censored data analysis. {BW(B)=<x2.}. (39)

In order to obtain the complete log likelihood function that will ’
also account for runout observations, let: Obtaining confidence limits on a quantity such as a reliability
642 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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Table 1 Pooled fast fracture and static fatigue data set from NT154 Silicon Nitride—ORNL tensile buttonhead specimens [14]

Fast Fracture Data at 2200°F (1204°C) Static Fatigue Data at 2200°F (1204°C) and 54.4 ksi (375 MPa)
Failure Strength, ksi (MPa) Failure Mode Time to Failure, hours Failure Mode
52.80 (364.1) Internal 0.40 Internal
60.30 (415.8) Internal 0.50 Internal
61.40 (423.4) Internal 0.84 Internal
61.80 (426.1) Internal 6.00 Surface
65.30  (450.2) Internal 7.00 Surface
66.30 (457.1) Internal 12.00 Internal
67.50 (465.4) Internal 19.00 Internal
69.50 (479.2) Internal 24.00 Surface
71.20  (490.0) Internal 40.00 Internal
71.80 (495.1) Censored 43.00 Surface
72.00 (496.4) Surface 66.00 Internal
73.40  (506.1) Internal 80.00 Surface
7430 (512.3) Internal 120.00 Surface
76.20  (525.4) Internal 141.00 Internal
78.30 (539.9) Internal 153.00 Internal
79.30 (546.8) Internal 252.00 Surface
80.10 (552.3) Internal 253.00 Surface
85.00 (586.1) Internal 266.00 Internal
86.90 (599.2) Internal 525.00 Runout
96.40 (664.7) Internal 528.00 Runout

requires substitution for, and elimination of, one of the distribufunction given in Eq(37) with a constraint equation defining the
tion parameters, e.ge,y, for a particular flaw population. If only particular conditions for which the confidence limits are desired.

one failure mode is involved, then this can be carried out in a . . . .
straightforward manner, maximizing the conditional likelihoo 2.2.1 Likelihood Ratio Confidence Bounds for a Specimen or

function in terms of the introduced quantity. However, a muc omponent Probability at a Specified Timeror a specified ser-

; : ; : < Vice time,t, the reliability of a componenfagain with two inde-
simpler approach, is to recognize that making the substitution Igecndent flaw populationss given by Eq.(40)-

equivalent to imposing a constraint on the conditional likelihood®
an observation that applies equally well to the situation of com- R(t)=S (t t 40
peting failure modegcf. Cuccio, et al.[5]). Thus, we have a (D=S(HS,(V). (40)
constrained optimization problem comprised of the log likelihoodhere from Eq.(19):

ULC(X!y7Zv¢!$) ™
1 2w (w2 0. ’
- — ]
v (1+ 5 ote(xY.2.00)

and the subscript refers to a reference compongpossibly a Engines & Systems. Note that the solution given by E®) is
specimen type Taking the logarithm of Eq(40) yields: employed to find the value of that meets the bounds of E@9).
, v is then inverted to obtaiR(t) for specified values of.
i):ln( 1 i) 42) For illustration purposes, this procedure has been applied to
R(t)  Sy(t) Sy(t))” data on tensile specimens of a common size tested at 2200°F
. . ) o 1204°Q for fast fracture strengths and stress rupture lives with a
Noting that Eq(42) imposes a constraint on the optimization o tress rupture loading of 54.4 k875 MPa: see Table 114].
|, given by the complete Eq37), | ; can be obtained by a con- There are two competing failure modes: internal and surface; one
strained optimization as the solution of E¢3): censored strength observation having an unidentified fracture ori-
1 gin; two time runouts; and 20 strength and 20 time observations.
)Hn(i)_ (43 Analyses were performed using the CERAMIC/ERICA proba-
Sy(t) bilistic life prediction codes. The maximum likelihood parameter

This setup produces a nice division between the specimen dg%lmates for the interal flaw population are,=926.7

throughl and the component characteristics through the constraMtPam_”?/mv m=8.19, B=21,230MPa’h, and_ﬁ=2_2.5; while
in Eq. (43). The capability for this type of analysis is given by usdhe estimates for the surface flaw population yield values of
of the codes ERICA and CERAMIC developed by Honeywell,=1,338.4MPamn?™ m=10.79, B=2,000MPa’h, and

y=In +In(

1
Maximize |, subject to} =In(
et ory=ls

Journal of Engineering for Gas Turbines and Power OCTOBER 2000, Vol. 122 / 643

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



99.999 / 7 By doing so, this approach also reveals whether slow crack
- 995 . o growth has been the only time-dependent failure mode acting dur-
§ " ing the static fatigue experiments. Consider Fig. 1, for example.
5 %00 / The analysis of the fast fracture data alone resulted in a Weibull
°>:. A / - modulusm of 18.55. One would expect that by pooling the fast
£ 500 L~ '/ fracture data with the static fatigue data, a higher Weibull modu-
§ 20.0 l/ A lus should be computed, due to the increased amount of data
e " L~ .~ available for parameter estimation.
2 100 Again, this is only true if the underlying assumption that slow
_‘5_'; 5.0 — crack growth is the only time-dependent flaw population acting on
& 20 the specimens during the static fatigue experiments is correct. In
1'0 this case, the pooled data analysis resulted in a lower Weibull

modulusm of 14.19, and a fairly low slow crack growth exponent
n of 38.7 (see Fig. 3.

On the other hand, dynamic fatigue experiments resulted in a
very high n parameter value of 185. In the case of the static
fatigue experiments, it could be shown that creep damage accu-
mulation contributed to comparatively low times to failure, and,
therefore, to this artificially low slow crack growth exponent.
Since the static fatigue data have been heavily biased by creep,
A . . . - larger scattering resulted for the pooled data set, which in turn is
n=18.1. While conventional fatigue data analysis is not even able h
to compute fatigue parameters from a static fatigue data set g h(pressed by the decreased Weibull modulus.
erated only at a single stress level, the method suggested by Fett
and Munz[15], does allow the computation of slow crack growth
parameters for a single flaw population using fast fracture data
and such a fatigue data set. Wu et[dl4], used this method to
analyze the data set given in Table 1. The resulting parameters pmenclature
the volume flaw population weréh=7.45, 6,=976.3MPa’h, A = slow crack growth parameter

fA=16.33, andB = 216,250M Pazh. a = crack length

0.1 1.0 10 100 103 104 105 106
G9096-2A Time to Failure, hr

Fig. 2 Resulting Weibull plot for specimen or component life
prediction including likelihood ratio confidence bounds

The likelihood ratio confidence bounds that result from solving  ANSYS = finite element modeling computer code

Eq. (39 for selected values df for the internal flaw population ASME
are shown in Fig. 2. The curve flattens for “small” times due to  ASTM
the jump att=0 in the time distribution. This phenomenon gen- B

erally holds in the time domain. °C =

CERAMIC
DoE

American Society of Mechanical Engineers
American Society for Testing and Materials
slow crack growth parameter

degrees Celsius

AlliedSignal ceramic life prediction code
U.S. Dept. of Energy

Summary and Conclusions ERICA = AlliedSignal ceramic life prediction code
The methodology presented in this paper is generic enough to F,F = probability

be applied to cyclic fatigue data analysis and life prediction as f = probability density for strength observation
well, simply by changing the underlying stress-time transforma- f = probability density for time observation
tion (Eq. (12)) appropriately. The methodology is implemented °F = degrees Fahrenheit

into the CERAMIC/ERICA probabilistic life prediction codes | = multiaxial stress factors for fast fracture

[16], and currently allows the computation of maximum likeli- I, = multiaxial stress factors for slow crack growth
hood best estimates for all material paramet@veibull modulus K = stress intensity factor .

m, characteristic strength,, slow crack growth parameteBsand Kic = critical model stress intensity factor

n), including the likelihood ratio confidence bounds of all concur- ksi = thousands of pounds per square inch

rently acting(competing flaw populations in a single run using a m,m = first Weibull parameter or Weibull slope
pooled set of fast fracture and static fatigue data, even if the static =~ MPa = MegaPascals

fatigue data are generated at a single stress level. n = slow crack growth parameter
ORNL = Oak Ridge National Laboratory
P = probability

P; = probability of failure

Data Pool: Fast-Fracture and Fatigue Data R = reliability or probability of success

600 m=14.19 - S = probab!l!ty of surv!val for s_trength observatlon
o0 = 684 MPa mm®/™ S = probability of survival for time observation
500 - n=387 2 SCG = subcritical crack growth
B =232 MPa“h t = time
&€ 200 A R L DO S @ t; = time to failure _
2 A ’, * ."---._‘..l U.S., USA = United States of America
@ - = V = physical size of a specimen or component
£ 300 | o Fatigue Data W(-) = likelihood ratio statistic
n B Runouts
& Fast Fracture X; = observed strength
A Failure-on-Loading - Y = crack geometry factor
~~- CERAMIC : y; = observed time
200 o1 1 0 o0 103104 ge,0 = effective stress levels
G9096-3B Time to Failure, hr omax = Maximum applied principal stress on the compo-
nent

= second Weibull parameter

Fig. 3 Pooled data analysis of AS-800 Silicon Nitride fast frac-
¢,y = angles used in integration of unit radius sphere

ture and static fatigue data (1204°C/2200°F)

644 / Vol. 122, OCTOBER 2000 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Appendix

Table A1 Computation of the individual likelihoods of an example data set

component of the volume | component of the surface
stress time to failure flaw population likelihood likelihood
oy t volume d/dt of Eq. [17] Eq. [15]
fast fracture or
o, failure on loading surface 1-Eq [2]1] didoof Eq. [21]
Oy t; runout Eq. [15] Eq. [15]
fast fracture or .
o, failure on loading volume d/doof [21] 1-Eq. [21]
o ts unknown Eq. [15] Eq. [15]
fast fracture or .
of failure on loading unknown 1-Eq. [2]] 1-Eq [21]
(o t; surface Eq. [15] d/dt of Eq. [17]"
Hz L{volume) Hz L(surface)

“Equivalent definition for surface flaw population has to be used

Maximization ofL(flaw population yields the best estimates, o, é, andn for this specific flaw population.
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References
. . L - Fracture Data,” inLife Prediction Methodologies and Data for Ceramic Ma-
(1] \é\lﬁgglﬂh VAvcaéggéag ';riggi“ia_lgheory of the Strength of Materials,” R. terials, C. R. Brinkman and S. F. Duffy, eds., ASTM STP1201, pp. 250—288.
[2] Batdorf, S. B., and Heinisch, H. L., 1978, “Weakest Link Theory Reformu- [9] Tucker, W. T., arld' Jc')hnson,'C.. A., 1994, The Multiaxial Equivalent .Of
lated for Arbitrary Failure Criterion,” ASME J. Appl. Mech61, pp. 355— Stressed Volume,” irLife Prediction Methodologies and Data for Ceramic
’ ' ' B Materials, C. R. Brinkman and S. F. Duffy, eds., ASTM STP1201, pp. 265—

358.
[3] Lamon, J., and Evans, A. G., 1983, “Statistical Analysis of Bending Strengths 279. . . . .
[10] Trantina, G. G., and Johnson, C. A., 1983, “Probabilistic Defect Size Analysis

for Brittle Solids: A Multiaxial Fracture Problem,” J. Am. Ceram. So66,
Using Fatigue and Cyclic Crack Growth Rate Data,’Hrobabilistic Fracture

No. 3, pp. 177-182.
Mechanics and Fatigue Methods: Applications for Structural Design and

[4] Schenk, B., Peralta, A. D., Brehm, P., and Menon, M. N., 1998, “CERAMIC/
ERICA: AlliedSignal Engines’ Life Prediction Codes for Structural Ceramic MaintenanceJ. M. Bloom and J. C. Ekvall, eds., ASTM STP798, pp. 67-78.

Applications,” Proceedings of the World Ceramics Congress CIMTEC 1998 [11] Sturmer, G., Schulz, A., and Wittig, S., 1993, “Lifetime Prediction for Ce-
Florence, Italy. ramic Gas Turbine Components,” ASME J. of Gas Turbines and PMS5,

[5] Cuccio, J., Peralta, A. D., Song, J., Brehm, P., Johnson, C. A., Tucker, W. T.,  No. 1, pp. 70-75.
and Fang, H., 1994, “Probabilistic Methods for Ceramic Component DesigiT12] Nelson, W.,Applied Life Data Analysiswiley, New York.
and Implications for Standards," ihife Prediction Methodologies and Data 73] cox, D. R., and Oakes, D., 198Analysis of Survival DataChapman and
for Ceramic Materials C. R. Brinkman and S. F. Duffy, eds., ASTM Hall. New York. T

(6] ﬁTPli?leﬁ’\“ 2?31_308' L M. J K LA d Gvek 1P 1994[14] Wu, D. C., Peralta, A. D., Menon, M. N., and Cuccio, J. C., 1995, “Subcritical
. emetn, N. N., Powers, L. M., Janosik, L. A., and Gyekenyes, J. ., ' Crack Growth Life Prediction For Ceramic Components Of Advanced Heat

Time-Dependent Reliability Analysis of Monolithic Ceramic Components Engines.” ASME Paper 95-GT-236
U;ir;g The CgRES/L;fe Integrated Desigr|1 Program,l'(U'rﬁe Precci'iction Meth- [15] Feg T ’and Munz pD 1991 “Méthods of Determining Subcritical Crack
odologies and Data for Ceramic Material€. R. Brinkman and S. F. Duffy, v e ’ - e 3
eds., gASTM STP1201, pp. 390-408. fry Growth by Static Lifetime Tests With Natural and Artificial Flaws,” J. Test
Eval., 19, No. 6, pp. 461-466.

[7] Johnson, C. A., and Tucker, W. T., 1992, “Advanced Statistical Concepts of
Fracture in Brittle Materials,” irEngineered Materials Handbook—Volume 4; [16] Schenk, B., Brehm, P. J., Menon, N. M., Tucker, W. T., and Peralta, A. D.,

Ceramics and GlassesS. J. Schneider, Chairman, ASM International, pp. 1999, “Status of the CERAMIC/ERICA Probabilistic Life Prediction Codes
709-715. Development for Structural Ceramic Applications,” ASME Paper 99-GT-318.

Journal of Engineering for Gas Turbines and Power OCTOBER 2000, Vol. 122 / 645

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Patrick T. Scarborough

e-mail: ptscarbo@southernco.com

Howard L. Hendrix

e-mail: hihendri@southernco.com

Matthew D. Davidson

g-mail: mddavids@southernco.com

Xiaofeng Guan
e-mail: xguan@southernco.com

Southern Company Services,
P.0. Box 1069,
Wilsonville, AL 35186

Robert S. Dahlin

e-mail: rsdahlin@southernco.com

E. Carl Landham

e-mail: eclandha@southernco.com

Southern Research Institute,
P.0. Box 1069,

Power Systems Development
Facility: High Temperature, High
Pressure Filter System
Operations in a Combustion Gas’

The Power Systems Development Facility (PSDF) is a Department of Energy (DOE)
sponsored engineering scale demonstration of two advanced coal-fired power systems.
Particulate cleanup is achieved by several High Temperature, High Pressure (HTHP) gas
filtration systems. The PSDF was designed at sufficient scale so that advanced power
systems and components could be tested in an integrated fashion to provide confidence
and data for commercial scale-up. This paper provides an operations summary of a
Siemens-Westinghouse Particulate Control Device (PCD) filtering combustion gas from a
Kellogg, Brown, and Root (KBR) transport reactor located at the PSDF. The transport
reactor is an advanced circulating fluidized bed reactor designed to operate as either a
combustor or a gasifier. Particulate cleanup is achieved by using one of two PCDs,
located downstream of the transport reactor. As of the end of 1998, the transport reactor
has operated on coal as a combustor for over 3500 h. To date, filter elements from 3M,
Blasch, Coors, Allied Signal (DuPont), IF&P, McDermott, Pall, Schumacher, and Spe-
cific Surface have been tested up to 1400 °F in the Siemens-Westinghouse PCD. The
PSDF has a unique capability for the collection of samples of suspended dust entering
and exiting the PCD with Southern Research Institute’s (SRI) in-situ particulate sampling
systems. These systems have operated successfully and have proven to be invaluable

Wilsonville, AL 35186 assets. Isokinetic samples using a batch sampler, a cascade impactor and a cyclone
manifold have provided valuable data to support the operation of the transport reactor
and the PCD. Southern Research Institute has also supported the PSDF by conducting

filter element material testingS0742-4798)0)02203-1

Introduction two of the PCDs. The Advanced Pressurized Fluidized Bed Com-
Hot gas filtration technology is becoming increasingly morgustor(APFBC) train will be integrated with a topping combustor

important in the development of advanced power technologit,?snOI gas turbine for long term testing of two additional PC.DS in an
With the highly competitive natural gas market, major improve'-ntegrated system and assessment of the control and integration
ments in the discovery and extraction of natural gas and the refisyes associated with the APFBC system.

tively low capital cost of the technology to burn gas for power Transport Reactor. The KBR transport reactor technology,
generation; coal is facing serious challenges in the industry. Thder development at the PSDF at a scale of about 2 t¢h800
PSDF is dedicated to the development of advanced coal-basgghy) of coal feed, can operate either as a gasifier or combustor.
generation technologies. Through coal gasification, PSDF hopgssts will be conducted in both configurations. In the gasifier
to demonstrate that coal can remain competitive with natural gggde, coal is introduced and fired sub-stoichiometrically. The
as a viable energy alternative. The PCD will play the most crucighy| devolatilizes, the volatiles pyrolyze and the residual char is
role in filtering out parpculates from the gas stream and protectingaam gasified. This staging of the gasification reaction forces
the downstream turbines. The most critical components in thg,qen to react with char rather than volatiles, as is characteristic
PCD are the filter elements themselves. The PSDF is challenggdy iy ped gasifiers. As a result, the size of the gasifier is reduced
with testing elements for their viability in commercial operation,oouse the amount of char to be gasified by reaction with steam

tCotrawmercllalhwabllltytofflllter ele?enﬁtrellespeavny on rec?lfsllttancg reduced substantially. Operation in the combustion mode is
o thermal shockmaterial properties filter performance and filter similar, but the reactor is fired with excess air, and a fluidized bed

life. heat exchanger is included in the reactor loop to remove heat.

Project Description Advanced PFBC. First generation PFBC technology offers
The PSDF is configured into two separate trains. The transptite advantages of being more compact and efficient than pulver-

reactor train is used to produce a particulate-laden gas for testingd coal units. The PFBC design is simpler than most advanced

power generation systems. However, first generation PFBC sys-

The PSDF is supported by the U.S. Department of Energy’s Federal Enet§ms have limited efficiency, due to low temperature operation

Technology CentefFETC), under Contract DE-FC21-90MC25140 with Southerngnd the use of ruggedized turbines. To improve efficiency, PFBC

Company Services, Inc, P.O. Box 1069, Wilsonville, AL 35186-1069, telefax: 20%s : ;

670-5843. The FETC Contracting Officer's Representative is James Longanbacr%yStzms must ergploy h(c;t p%r.tlcucljate. I’emovhal and a to;()jplng CyCI.e
Contributed by the Intemational Gas Turbine Instit(@TI) of THE AMErican |11 Order to use advance turbine designs. These seconc -generation

SOCIETY OF MECHANICAL ENGINEERSTor publication in the ASME durnaL oF  APFBC designs are expected to be capable of achieving 50 per-

ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Interna-cent net plant efficiency. Advancing the development of APFBC

tional Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, J : :

7-10, 1999; ASME Paper 99-GT-343. Manuscript received by IGTI March 9, 19E;J§,§Stems ISl On? of the prlmarylz gﬁalshOf the PSDE' |

final revision received by the ASME Headquarters May 15, 2000. Associate Tech-At @ scale of 3 tons/k2700 kg/hy, the FOStQIj Wheeler APFBC

nical Editor: D. Wisler. system under development at the PSDF utilizes a topping cycle.
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Results

« 91 filter element candles on two
DS plenums Operationing Conditions. Typical operating conditions of
Outto Turbine ¢ : ;‘,’ s.:i";’e‘;‘;;‘g‘;}yp’e““‘“s are back- the Siemens-Westinghouse PCD for the KBR process are summa-
+ Tangential inlet rized in Table 1.
D‘“?Q“L' ; - Cylindrical shroud To date, the PCD has been exposed to coal combustion
n Top View particulate-laden gas from the KBR transport reactor for over
— 3500 h since initial start-up with about 1400 h in 19%e Fig.
Shroud 2). I_nitial operations were conducted at600 °F (320 °Q by
Shro flowing all of the gas from the transport reactor through a gas

cooler. The primary reason for this approach was to operate the
PCD as conservatively as possible while gaining familiarity with
Fig. 1 Siemens-Westinghouse PCD the transport reactor. As operation of both the reactor and the PCD
were better understood, the temperature in the PCD was increased
to ~1000 °F (540 °Q by partially bypassing the gas cooler. Op-
eration at this temperature went quite well, so shortly afterwards
the PCD inlet temperature was increased to its present operating
The process is a hybrid system that combines partial gasificatigmperature of~1400 °F (760 °C) where it has been for all of
with PFBC. Coal is first fed to a pressurized carbonizer, where1p9os.
is converted to a low-Btu fuel gas and char. The char produced in . . .
the carbonizer is transferred to a circulating PFBCPFBQ Permeance. For a given face velocity the baseline pressure
where it is subsequently burned. Sulfur is removed in the proce¥@Pp just after cleaning with a back-pulse changes with time as a
by the addition of limestone into the carbonizer and CPFBC. THgSidual cake forms on the filter surface. If the face velocity re-
carbonizer fuel gas and CPFBC flue gas are cleaned of partié}ins constant, the rate of change in the baseline pressure drop
lates in separate ceramic filters, after which the fuel gas is fired3fould approach zero as the filter system reaches steady state.
a Specia”y designed topp|ng combustor before entering a h|ﬁmce face Ve|OCIty IS Changed falrly often in test faCIlltIeS, SUCh as

temperature gas turbine using the CPFBC flue gas as the oxidaf¢ PSDF the change in pressure drop is monitored by plotting the
systempermeanceversus time. Permeance is defined as the face

Particulate Control Devices. At the PSDF, three PCDs havevelocity, divided by the pressure drop and corrected for gas tem-

been installed in the process structure. Siemens-Westinghouse g@siture. The equation for permeance is

provided two of the PCDs. The smaller Siemens-Westinghouse .

PCD can test up to 91 candle filter elements and is installed on the Permeance (FaceVelocityu 1)

KBR transport reactor process. The larger Siemens-Westinghouse (AP) pog

PCD contains up to 273 candle filter elements and will be used to

remove particulate from the vitiated air leaving the combustor in

the FW APFBC system. In addition to the Siemens-Westinghouse

systems, a Combustion Power Compd@PQ moving granular Table 1 Typical operating conditions in the Siemens-Westinghouse

bed filter is installed and will be tested on the KBR transpoRCD

reactor.

Temperature 1350-1400°F (732-760°C)
Siemens-Westinghouse PCD DesigBirty gas from the trans- Pressure 200 psig (13.8 bar, g)
port reactor enters the PCD through a tangential inlet nozzle, the] Face Velocity 5.0 ft/min (91 m/hr)
flows in an annulus between the vessel wall and a shroud. The g Baseline Pressure Drop 80 INWG (200 mbar)
flows both over the top and under the bottom of the shround int Baseline Permeance 0.154 ft/(min*INW)
the central filtration zone of the vessel. Dirty gas flows through (1.13 m/(hr*mbar))
the filter elements, depositing the particulate on the filter surfacﬂ Back-pulse Pressure 400-500 psig
Figure 1 shows a schematic of the system operation. (27.6-34.5 bar, g)
The filter elements are attached to one of two plenums, or lev Back-pulse Duration 0.2 seconds
els, which support filter elements, collect the clean gas and dig Back-pulse Interval 40 minutes
tribute the pulse flow. There are 55 filter elements attached to th Particulate Loading 11,000 ppm
lower plenum and 36 filter elements attached to the upper plenun
Each filter element has a series of gaskets to provide a dust tig Particle Size MMD 18-25 micron

seal, and there is a Siemens-Westinghouse fail-safe device located
above each filter element. The fail-safe is designed to limit ash
penetration in the event of a filter element failure.

The clean gas flows from the plenum to the outlet of the filter %5 m
vessel through the support tube, which is attached to the vesse ”°°i |
tubesheet, and eventually downstream to a gas turfvihde in / 1
gasification mode The tubesheet provides a physical barrier ™ / i
separating the “dirty” and ‘“clean” sides of the PCD. The 50
Siemens-Westinghouse tubesheet is designed with a double corg 500 - /
expansion joint, to provide a positive seal at a variety of operatingg 1 / X
temperatures. 80 /_, '

As the particulate accumulates on the outside of the filter sur-

face, the differential pressure will continually rise. Periodically, a ol / ;
pulse of high pressure gas generated by the back-pulse skid re 1 ,—/ 1
moves the filter cake. This gas flows into the filter vessel through  *~———sr oo tos G888 NNEeEEESE 2 z

.. . . P . S = 3= = == == = = = = 22
the pulse piping and is channeled to the individual plenums via 23333 § 5 8523323335 :555¢2¢8 § gz g5

the support tube. The filter cake removed from the filter elements Date

falls to the bottom of the vessel, where it is removed and cooled

by a screw cooler and lockhopper system. Fig. 2 1998 KBR cumulative hours on coal
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T [T Table 2 Filter elements tested at PSDRas of 1231/98)
- [ oomme s ] =TT V
1 A
. O N .
[Rabemaiongview Limestone -ZSmicron | | M Oxide Composite 790
[ Fiorida Uimestone -25 micron -
R 030 Type 203 Composite 1250*
£ 2 \ . Blasch Alumina/mullite 50
A iy . Coors P-100A-1 | Alumina/mullite 810
£ I 4 AN
£ om0 rift f Allied Signal | PRD66C Composite 1350
3 ore Vs L e e MW (Dupont)
3 ] TN IF&P REECER Recrystallized 1350
010 silicon carbide
McDermott Composite 1350
_
005 Pall 326 SiC 3210
ot 4427 SiC 3210
o 300 600 900 1200 1500 FeAl Iron Aluminide 1350
Fio.3 1998 PCD h | Schumacher F40 SiC 620
1g. permeance versus nours on coal TF20 Sic 1350
T10-20 SiC 2590
Under ideal conditions, the permeance will decrease as the re- ipu?f;f: CC-4001 Cordierite 30

sidual cake forms until a steady-state value is reached. If the per- * The 3M Type 203 ker clements with 1250 hours have been
meance fails to reach a steady state, operations may eventually be removed from the PCD.

affected, due to higher than acceptable pressure drops. Eventually,

the plant may have to shut down to avoid compromising the me-

chanical integrity of the PCD.

The permeance of the Siemens-Westinghouse PCD for & of many of the filter elements. Understanding why the events
nearly 1400 h of testing in 1998 is shown in Fig. 3. There aﬂuring start-up occurred was relatively simple and was followed

several items of interest shown on the graph. by changes in operating procedures as well as additional training.

_An element failure occurred in early April 1998, while transi- Transition to Coal. In September 1997, several monolithic
tioning to coal. This resulted in a shut down. During this time gxide filter elements failed during the transition from the start-up
significant number of filter elements were cleaned and/or replacg@rer to coal feed. All but one of these failures occurred during
with new filter elements. New elements were installed after 500the transition to coal or when there was an upset in the coal
of operation resulting in the large step change in permeance asf@&der. Concurrently, there were monolithic silicon carbide and
newer/clean elements began operation. During the year, dolomifinposite oxide and silicon carbide filter elements installed from
as well as limestone sorbents were used in the operation of Wi§ariety of manufacturers that did not fail during these thermal
transport reactor. Changes in these sorbents, type as well as gfia@sients.
size, are indicated on the graph. Several “breaks” are shown infter in-depth analysis and the installation of thermocouples on
the curve. These are primarily due to rapid changes in gas floe surface of the elements, the cause of the failures is now
temperature, pressure, etc. on start-up and shut-down. thought to be determined. It is currently believed that the tempera-
ture in the transport reactor was too cool to fully combust the coal
prior to the solids entering the PCD. Consequently, coal burned on
Materials Exposed. In light of the critical defense that the the surface of the elements thermally stressing the elements to the
PCD provides to the downstream equipment, a variety of filtggoint of failure. This was not readily evident from plant
elements have been tested. The variety in material compositionimgtrumentation.
these elements range from cement-like materials, commonly reAs a result, the start-up burner was modified to allow higher
ferred to as Alumina/mullitelmonolithic oxide$ or monolithic temperatures prior to firing coal, and the start-up procedure was
silicon carbide elementsilicon carbide, to many different types modified to require the transport reactor temperature to exceed
of weaves and layered materials, commonly referred to as coi200 °F(650 °Q before coal feed can begin. This procedure was
posite elementfcomposite oxides, composite silicon carbide followed during the next start-up and no similar transients were
Table 2 below shows the filter elements that have been tested aletected. These experiences have shown that the thermal proper-
the maximum number of exposure hours for each type of filtéles of the monolithic silicon carbide elements make them much
element. less susceptible to these types of thermal transients than the mono-
During the 3500 h of combustion testing on the KBR transpolithic oxide materials.
reactor, there have been several incidents where filter elements
have broken during operation. These incidents can be broadlySystem Performance
categorized into two groups: initial operation of a developmental
reactor and transition from propane to coal during start-up.

Filter Element Materials

Inlet Mass Loadings. Figure 4 gives a summary of the par-

ticulate loadings measured in the gas stream entering the PCD
Initial Operation. As with most new facilities, there were during 1998. The first series of measurements were made during

start-up challenges with various pieces of equipment througholest Campaign ZTC02 which lasted from April 5, 1998, until

the plant, and the PCD was no exception. During this period dfay 13, 1998. The last series of measurements were made during

learning, the PCD was filled to an ash level high enough to bredlest Campaign 3TC03) which lasted from May 31, 1998, until

a significant number of filter elements. Additionally, a significanfugust 10, 1998.

amount of coal was fed into the transport reactor, while the systemDuring 1998, runs were also completed with the Eastern Ken-

was being heated. The transport reactor was at a temperaturetboky coal that is being considered for the Lakeland Clean Coal

enough to cause the initial combustion of the coal, and the PQ@chnology Project. Additionally, Gregg mine limestaféorida

was at a temperature of about 400(Z00 °Q. It is believed that limestong, the limestone being considered for the Lakeland CCT

when the smoldering coal reached the filter elements it igniteBroject, was also used during 1998. Various other types of lime-

causing a rapid increase in the filter element temperature and failene were also used during the year. The differences in loadings

648 / Vol. 122, OCTOBER 2000 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 3 1998 collection efficiencies for the Siemens-Westinghouse

PCD

Run| Outlet |Loadings, ppmw| Efficiency |Penetration
Run Date | Inlet | Outlet % %
5 o I l 4/23/98 |10,150'] 4.56 | 99.96 0.04
) o0 I l I . l LN l 'R | 4/24/98 |10,150'| 4.78 | 99.95 0.05
I | l I I I I I l I I I l I I I § 5/5/98 110,150'| 6.13 99.94 0.06
§§§§§§§§::::i%%ﬁééig“gé 5/7/98 |10,150'] 8.19 | 99.92 0.08
5522983388533 5688888;3353° 5/13/98 [10,150'] 11.8 | 99.88 | 0.2

6/05/98 | 8,600 | 0.15 | 99.9982 0.0018

)

ig. 4 1998 PCD inlet loadings

6/08/98 | 8,500 | 0.13 | 99.9985 0.0015
6/10/98 | 8,300 [ 0.17 [ 99.9980 0.0020

are attributed to several factors. Varying flue gas velocities
through the primary cyclone from the transport reactor produced 6/12/98 | 9,200 | 0.27 | 99.9971 0.0029
varying cyclone collection efficiencies and varying particulate

loadings to the PCD. Operational changes in the transport reactor,
differing feed requirements for various types of sorbent materials
and variations in the compositions of the coal are just a few of the
other factors that attributed to some of these variations. Regard- 8/03/98 | 7,700 | 0.32 | 99.9959 | 0.0041
less, PCD performance was not negatively affected by varying 8/0598 | 5700 | 037 | 99.9935 | 0.0065

coal and sorbent material.
8/07/98 | 6,200 | 0.21 99.9966 0.0034

7/29/98 | 8,500 | 0.03 | 99.9996 0.0004

TCO03

7/31/98 | 6,200 | 0.18 [ 99.9971 0.0029

Outlet Mass Loadings. Figure 5 gives a summary of the par-

ticulate concentrations exiting the PGivhat would be entering 8/10/98 | 6,800 | 0.22 | 99.9968 | 0.0032
t_he tUI’bInQ d_UI’II’Ig 1_998- As shown in _the flgure, the outlet par- 1. Inlet loading used in these calculations is the average value for the
ticulate loading varied from 0.03 to just over 10 ppmw. Also four inlet sampling runs petformed during stable reactor operation
included in the table are the corresponding blank values for each with dolomite addition.

run. The blank values indicate the magnitude of the error associ-

ated with flue gas interaction with the filter material, weighin ) )

errors and any other problems that may have occurred in handl?ﬁ@e penetration through the PCD during any segment of TCO3.
the substrates. In all but one case, the measured loadings wer@uilet loadings as high as 12 ppmw had been measured during
least 60 percent greater than the corresponding blank values, slig02. As mentioned above, the source of this particle penetration
gesting that there was a very low, but measurable, concentratitsgs traced to a sealing problem between the 3M filter elements
of dust in the flue gas. The TCO3 outlet loadings were signifand their fail-safe devices that was allowing particles to penetrate
cantly lower than the outlet loadings obtained during T¢®20 between the tubesheet and the element/fail-safe assembly. To ad-
12 ppmw, when there was some leakage caused by an inadequ@ess this problem, 3M modified the element's flange assembly.
sealing arrangement between the 3M filter elements and thBe outlet loadings measured during TCO3 confirm the modifica-
tubesheet. This problem was solved prior to TCO3 by the use ofi@ns were effective in eliminating the leakage that had occurred
3M-designed modification. previously.

Collection Efficiency. PCD collection efficiencies, which are Destructive Filter Element Strength Testing. To date, ex-
shown in Table 3, were calculated using corresponding inlet akgnsive destructive testing has been performed on many of the
outlet loadings. These collection efficiencies are quite high corfilter elements. Destructive testing has aided in the understanding
pared to those obtained with control technologies that are c@f the failure events with the monolithic oxide filters and served
rently in service at many conventional coal-fired power plantgs a prediction tool for the performance of elements under thermal
Collection efficiencies confirm that there was very little particustress conditions.

Non-Destructive Filter Testing. The PSDF is working
closely with Dr. Roger Chen at West Virginia UniversitwVU)
to evaluate his acoustic technique for non-destructively determin-
: ing the mechanical properties of filter elements. Under a separate
- T : DOE contrac Dr. Chen has evaluated 36 filter elements that are
[ DBorkoomeion ___ ; undergoing testing at the PSDF. He obtained a baseline Young’s
i Modulus for each of the filter elements tested and his values

1000.00

100.00

10.00

closely agree with the values obtained through literature or from
the manufacturer.

! The 36 filter elements tested have included twelve Coors

; P-100A-1, twelve Pall type 326 and twelve Schumacher TF20.
The Schumacher elements are being tested on the transport reactor
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001 N § _. train and have been measured aftef000 h exposure. The results
g §$ 8 F %8¢ 5§ % 5; £:: ¢ ¢ showed a general decrease in Young's Modulus over time. Expo-
E g3 zz 25288 33 sure of these elements will continue and the changes in the mate-
g §°*F e g8tz
’Research sponsored by the U.S. Department of Energy’s Federal Energy Tech-
Fig. 5 PCD outlet loadings nology Cente(FETC), under contract DE-AP21-95MC05134.
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rials monitored over time. Ultimately, the elements will be de- < Worked with the filter element manufacturers such as 3M and
structively tested to confirm the results from Dr. Chen’s analysiRall to evaluate two-meter filter elements. The use of the longer

. . . filter elements should improve the economics of the filter systems.
Operational Developments and Achievements. Operation- P Y

ally, the PCD has worked well, with few mechanical problem$uture Activities
Consequently, many accomplishments were seen during the last

twelve months of operation. The most significant of these are1999 is shaping up to be a very busy year at the PSDF. The
listed below: current plans call for combustion-mode operation of the transport

reactor with the Siemens-Westinghouse PCD in the first quarter.

* The PCD has operated successfully on coal for over 3500the unit will then be modified for gasification testing later in
Over 3000 h of this operation has been at a PCD inlet temperaty/®39. Commissioning of the Foster Wheeler APFBC will resume
of ~1400 °F(760 °O. as operational difficulties with the topping combustor are over-

* There have been no incidents of ash bridgiagorocess by come. During that time there are many objectives related to the
which ash collects between elements and can cause failures filter system:

» There have been no incidents of candle bow(itng elements . -
themselves bending during exposure » Operate the KBR PCD for a minimum of 1000 additional

« No measurable elongatiofa process by which the elementhours at a temperature of 1350-1400(780-760 °C.
stretches, which compromises strengtt silicon carbide filter ~ ¢ Prepare the transport reactor for gasification trials in the last
elements has occurred after 1000 h exposure at 1350—1400t of 1999. _
(730-760 °G. » Raise the face velocity for the PCD on the transport reactor

« Filter elements from 3M, Blasch, Coors, Allied Sigr(@u- trajn to determine if a reduction in capital cost can be realized by
pond, IF&P, McDermott, Pall, Schumacher and Specific Surfacésing fewer filter elements.

have been tested. * Start-up the Foster Wheeler APFBC in a “first-generation”
« Exposure of several clay bonded silicon carbide filter eldFBC mode. _ _
ments has exceeded 3200 h. » Continue to work with the filter element manufacturers to

- The PCD operated on coal for over 800 h with two brokefvaluate new materials and two-meter filter elements, as they be-
filter elements to monitor fail-safe performance. The outlet loagome available. ) ) - )
ing measured was no greater than 15 ppm. The PSDF is WOI’kiI’J?‘ Continue destructive testing of the exposed S|]|con carbide
with Siemens-Westinghouse and others to improve the-aife filter elements to evaluate their property changes with exposure.
performance. . Contlnue supporting the .research Qf Dr. Chen and others on

« The originally supplied back-pulse valvéhe system used to non-destructive testing techniques for filter elements.
remove the collected ash cakead a design flaw that limited their
performance. This flaw was identified and corrected. Acknowledgments

* The collection efficiency of the Siemens-Westinghouse PCD

has been demonstrated to be greater than 99.99 percent. The authors wish to acknowledge the contributions and support

. i A : rovided by various project managers: Jim Longanbd®E),
The ability to isokinetically collect representative as arty Fankhanel(KBR), Zal Sanjana(Siemens-Westinghouse

samples from the process gas stream has been demonstrated. f ) B
* The Siemens-Westinghouse PCD has successfully opera?&ﬁj Duane PontiuéSR). The U.S. Department of Energy's Fed

continuously with outlet loadings below 1 ppm for 800 h. eri',.égi?ggfﬁ:;?g?%e Creor.]éit[’ under  contract DE-FC21-
e PSDF has successfully demonstrated the operation of t% p project.

: h he authors would also like to especially thank Rich Dennis
transport reactor and PCD with the design coal and sorbent for )
Lakeland CCT project. OE), Ted McMahon(DOE) and everyone who has been in-

* Installation of filter elements in the Siemens-Westinghousveowed in supporting the PCD testing over the last year. There are

PCD for the Foster Wheeler combustor has been completed. well over 100 people who have provided their expertise, support

« The Foster Wheeler APFBC has been pressure tested Denfooﬂﬁrge;?i?é tgstg'; liosalr;rOfetlhe dgreoiictth;??nsﬂfcess of the
solids circulation tests performed. prog gely put.

« A better understanding of what is happening inside the PCIQ
during operation has been developed. This was accomplishe
through many avenues: on-going FLUENT modelimdich is a Face Velocity

8menc|ature
volumetric flow/filtration area, ft/min

cooperative effort between the DOE and P$Dfampling to de- M = gas viscosity at operating conditiorts?
termine what fraction of the particulate is being separaiéat to AP = filter pressure drop immediately after the
reaching the filter elements, and pulse system modeling and backpulse, INWG

optimization. Moo = gas viscosity at 20 °C and 1 atmP
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Experimental and Numerical
Studies of Two-Stage
w.m.v.way § Ethane-Air Flames

S.C.L This paper reports results of experimental and numerical investigations on ethane-air
F. A. Williams two-stage combustion in a counterflow burner where the fuel stream, which is partially
premixed with air for equivalence ratios from 1.6 to 3.0, flows against a pure air stream.
Center for Energy and Combustion Research, Similar to methane, the two-stage ethane combustion exhibits a green fuel-rich premixed
Department of Applied Mechanical flame and a blue diffusion flame. Flame structures, including concentration profiles of
and Aerospace Enginesring, stable intermediate species such agig, C;H, and CH,, are measured by a gas chro-
University of California, San Diego, matography and are calculated by numerical integrations of the conservation equations
La Jolla, CA 92093-0411 employing an updated elementary chemical-kinetic data base. The implications of the
results from these experimental measurements and numerical predictions are summa-
rized, the flame chemistry of ethane two-stage combustion at different degrees of premix-
ing (or equivalence ratio) is discussed, and the relationship between NOx formation and
the degree of premixing is established. The present work helps to increase understanding
of flame chemistry of hydrocarbon fuels, identify important reactions for pollutant forma-
tion and suggest means to reduce emissifB8742-47980)01303-X]
Introduction complementary theoretical and computational studies are facili-

Ethane is the second most important hydrocarbon constituentiﬁ ge?{erﬁi?]zc:gogrggrrgfy%ﬁ#gf:r?tlglcggjgtﬁ\éiion equations along

natural gas(NG). Variation of ethane concentration is found to
influence ignition, combustion and extinction of NG-air mixturegxperiments
in practical applications such as in gas turbines and internal com-_ . . S
bustion enginegl]. Trumpy et al.[2] and Leppard 3] studied This s.tudy employgd a laminar c.ounterﬂow b”".‘er which is
preknock chemistry of ethane in internal combustion engines aﬁ&hematlcally shown in Fig.(d). In this burner, coaxial streams

helped to develop understanding of the ethane ignition mechaniSm- e from two ducts placed one above the other, each with exit

at temperatures lower than 1100 K. Laurendeau and co-work%qlggrei'i?sml_et?sr (1); an?nmgr]{ d-l;ﬂg :giﬁ)irritéogf cg;g“gi&g‘giin the

developed an experimental method using laser-saturated fluorr(%smZ

cence to measure nitric oxide in laminagHg/O,/N, premixed X The.ethane-alr mixture flows through the upper dupt, and
; . L the pure air stream flows through the lower duct. The equivalence
flames[4] and in laminar counterflow ethane diffusion flanig

These nonintrusive optical measurements of NO have advanéggo of the fuel stream is in the range from 1.6 to 3.0 in the

o . - ._present study while the mean strain ragejs adjusted to 9@~ !
our knowledge on NO formation in both premixed and OIIfoSIOIEased on the total flow rates from the upper duct and from the

flames. Lean premixed flames of ethane at pressures ranging frl%W o

. . er duct, that isa=2(Q,+ Q,)/(LA), whereQ, andQ, are the
lto 10 atm were_studled _by Drake et[d] in a flat-flame burner,_ volumetric flow rates from the upper and lower ducts, respec-
providing useful information to better understand NO producUO{i\/ely

at hlgh.f)ressures. . for In the experiment, the desired equivalence ratio and strain rate
Detailed measurements and computations for flame StructUlgs estaplished first, and then a torch is used to ignite the flame. A

of staged ethane combustion are not available in the Iiteratui_%icm photograph of such a flame is shown in Figb)1It can be
Since those measurements and their comparison with theory M@, that there are two distinguished flame zones: One is thin with
improve our understanding of two-stage ethane flame chemistryjfeen emission, and the other is thicker with blue emission. The
gas turbines and other combustors, an experimental and compggmer is the premixed flame, where the ethane is consumed to
tional study of a two-stage ethane-air flame is performed heref&m carbon monoxide and hydrogen along with some carbon
investigate how ethane is oxidized and how the intermediate spgoxide and water, and the latter is the diffusion flame, where the
cies such as £1,, CH,, and CH, are formed in rich premixed CO and H produced in the first stage burn. It seems likely that the
and diffusion flames. As discussed in our previous publicatiorglor of the premixed flame is dominated by emissions frogn C
[7.,8], staged combustion can be realized in a counterflow burngsecies, while that of the diffusion flame reflects excited,CO
where, for instance, a fuel-rich mixture flows downward countesmissions stemming from the oxidation of CO. These flame colors
to a stream of pure air. are the same as those of two-stage methane-air flifes

A practical motivation for studying this configuration arises A SRI-8610C gas chromatograp8RI Instruments which has
from its possible utility in increasing combustion stability andVolecular Sieve and Silica Gel columns with a thermal conduc-
combustion efficiency and in reducing pollutants. A test rig can Bivity detector (TCD) and a flame ionization detect¢FID), is
constructed that affords ready access for instrumentation, s@miployed to measure concentrations of stable species. A metha-

nizer accessory is built in the gas chromatograph so that the FID

Contributed by the International Gas Turbine InstitU@&TI) of THE AMERICAN €@ be used to measure concentrations of CO ang&3Qvell as
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL oF  those of hydrocarbon species. Gas samples in the flame are taken
ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Interna—by a quartz microprobe whose t|p has an outer diameter around

tional Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, J . :
7-10, 1999; ASME Paper 99-GT-108. Manuscript received by IGTI March 9, 199 5 mm and an inner diameter around 0.1 mm. In the present

final revision received by the ASME Headquarters May 15, 2000. Associate Teihane flames, the measurable SpeCie_s by the FID age CB,
nical Editor: D. Wisler. CO,, CHg, CH,, CH,, and GHg. Nitrogen and oxygen are
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Results of Experimental Measurement and Numerical

Computations
Ethane & Air The computational results are compared with the measurements
* * # Green in Figs. 2—6, and predicted NO, CH, N, and HCN are shown in
p) / Premixed Flame Fig. 7. Each one of these figures has four subfigures, lalfa)ed
(b), (c), and (d), which correspond to equivalence ratigs, of

1.65, 1.85, 2.20, and 2.65, respectively, in decreasing degree of

15 mm

Stagnation
Plane

Blue
Diffusion Flame Prediction Measurement

0.15 1 2400
{ 2100
1 1800
0.10 1
1 1500
] 1200
0.05 | 900
b ]
(b) { 600
Fig. 1 (a) Schematic diagram of a two-stage flame of ethane 0.00 ! 1 300
in counterflowing streams; (b) a photograph of the flame @ Z
sketched above. g 1 2100
! ] 1800
E 0.10 ]
o 1 1500
measured by the TCD. Concentrations of water and hydrogen ar<-8 L 1200
not measured in the present study. Temperature profiles are mei®  0.05 } 1 900 3
sured with a Pt-6% Rh versus Pt-30% Rh thermocouple with a8 1 ] o
bead diameter of 14@m; corrections for radiation are made. g 600 ;
§ 0.00 | 1 300 'é
_ _ & Jaio &
Numerical Computations o [ 1 1800 o
The computational methods employed here were described pre ¢ 0.10 ] 5‘-’
viously [7,8]. The numerical integrations concern laminar flames © 7 1500
with potential flow in the outer streams. The air-side potential- 1200
flow strain rate was taken to be 90%s estimated to be within 10 £ 45 :
percent ofa for these flames. Radiation from G@nd HO is = - 7 900
taken into account in the energy equation. With these assump2 1 600
tions, the equations of continuity, radial momentum, energy and 2 ]
chemical species reduce to those given previo(iSlg0]. The 0.00 1 300
present computations employ a numerical code developed a J 2100
RWTH, Aachen, German}11]. i
The present study employs a detailed chemical mechanism cor 0.10 | ] 1800
sisting of 186 elementary reactions among 45 species, which ar 1 1500
CH;0, CH,0OH, O, H,, H,O, HO,, H,O,, H, OH, O, CO, ]
CO,, CH,, CH;, CH,O, CHO, GHg, CHs, CH,, CHs, I 1 1200
C,H,, C,H, singlet* CH, and triplet CH, CH, HCCO, GH-, 0.05 - 1 900
C3Hg, CHs, CHy, CHs, Ny, HCN, N, NH;, NH,, NH, HNO, ]
NO, N,O, N,H, NO,, NCO, CN, and HNCO. This reaction 1 600
mechanism is upgraded from our 177-step reaction mechdsiksm 0.00 J 300

by adding species £l and 9 reactions for its production and
consumption. These 9 reactions and their rate parametersibr C
are taken from the paper by Frenklach et[aR] (reactions 95—
101, 107 and 111 With the exception of the rate parameters fogig. 2 Comparison between measurement and prediction
CHy+H—CyHz+H, and GH,;+OH—C,H;+H,0 as discussed for profiles of temperature and major species for strain rate
below, all rate parameters listed in Table 1[8] are kept un- 2=90s~! at different equivalence ratios: (@) ®=1.65; (b)
changed in the present study. ®=1.85; (¢) ®=2.20; (d) ®=2.65.
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Prediction
Csz H X20 —_—
OH X20 ........... O XZO PTTTYTITIN
T ......
Measurement
0.15 2400
(al__& $=1.65 3 2100
i ST 1 1800
0.10 | H B 1
: 4 1500
: 4 1200

0.03

0.00 p=
0.10
0.05

0.00

Temperature (K)

0.05

Mole Fraction of H, OH, O and C,H,

0.00 =

0.05

0.00

Fig. 3 Comparison between measurement and prediction for
concentration profiles of ethane and predicted concentration
profiles of radicals H, OH, and O for strain rate a=90s7! at
different equivalence ratios: (@) ®=1.65; (b) ®=1.85; (¢)
®=2.20; (d) ®=2.65.

Prediction

CH, B
2400

0.010

2100
1800
1500
0.005
1200

900

600
1 300
2100

0.000

1800
1500
1200
900
600
300
2100

0.003

ad e oo baa Laa bl g,

0.000

1800

Temperature (K)

1500

0.005
1200

900

Mole Fraction of H, OH, O and CH,

600

'S BPENTH RS PSP PSR SR

0.000 300
2100
1800
1500
0.005 1200
900

€600

PO APPSR JTRIEV BTSN BTSTIN PR SN BTt

300

Fig. 4 Comparison between measurement and prediction for
concentration profiles of intermediate species CH 4 and com-
puted concentration profiles of radicals H, OH, and O for strain

rate a=90 s~ ! at different equivalence ratios:  (a) ®=1.65; (b)
®=1.85; (c) ®=2.20; (d) ®=2.65.

premixing. Results in these figures show how the equivalensared and predicted profiles for CO, €@nd temperature, differ-
ratios(related to the degree of premixinmfluences structures of ences typically being less than 10 percent, comparable with the

ethane flames.

previously discussed7,8] measurement uncertainty. The two-
stage structure is very evident at the higher degrees of premixing

General Flame Structure. Figure 2 shows profiles of tem- in Fig. 2a) and(b), with the premixed flame on the left, produc-

perature,T, and of concentrations of reactantsHg and Q and

ing CO and H, which burn with Q from the air in the diffusion

products H, CO, and CQ, indicating good agreement of mea-flame about 4 mm away. At the lesser premixing in Fig) 2nd
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Prediction Prediction
CzH, H —— C,H, H—
oH ........... O OH ........... O beaverasens
T  ------ T -
Measurement Measurement
C2H4 & CzHg 8
0.020 -, 2400 0.020 1 2400
@ ¢ e ¢ =165 1,00 @) o ¢ =165 3 2100
0.013 "; “‘ = 1800 0.015 .' ":‘ "\‘ 5 1800
i : S 1 1500
0.010 0.010 ‘ ]
H 1200
: ]
b 800
0.005 0.005 i :
1 600
0.000 | 0.000 300
2100
- s ) ]
"—“\) 0.015 I = 0.015 1800
(&) &) 1
o] [ , o) X 11500
£ 0.010 ] £ 0.010 ]
& ' J 1200 ) - 1200
] . ;
© _t Jsoo &= © ! s00 =
= 0.005 1 o = 0.005 )
(@) [ ] < (@) 600 ot
a 1 600 5 . g 5
= y = = i 00 ®
— 0.000 ] 300 < — 0.000 | £
g Jai00 & 2 2100 8
S 0.015 1600 £ S 0.015 1800 £
e [ ] S 3 [ e
3] E = 3} [ -
& J 1500 s _ 1500
010 ] =~ 0.010
= O 3 1200 = F 1200
[3) 1 o
© 3 = 900
S 0.005 ] 900 < 0.005
600 600
0.000 - 300 0.000 300
J 2100 2100
0.015 | 3 1800 0.015 1800
- 1500 1500
) ] 0.010
0.010 1 1200 1200
] 900
0.005 ] 900 0.005
J s00 600
300 0.000 300

Fig. 5 Comparison between measurement and prediction for

Fig. 6 Comparison between measurement and prediction for

concentration profiles of intermediate species C  ,H, and com-
puted concentration profiles of radicals H, OH, and O for strain

rate a=90 s~ ! at different equivalence ratios:  (a) ®=1.65; (b)
®=1.85; (c) ®=2.20; (d) ®=2.65.

concentration profiles of intermediate species C ,H, and com-
puted concentration profiles of radicals H, OH, and O for strain

rate a=90 s~ ! at different equivalence ratios:  (a) ®=1.65; (b)
®=1.85; (c) ®=2.20; (d) #=2.65.

(d) the two flames have nearly merged, so that CO peaks only.r

. : . he maximum CO concentration occurs in the premixed flame,
sl_lghtly to the left of C.Q' Th's can be understood by re_ferrlng toWhile the maximum concentration of GG found in the diffusion
Fig. 1 where the configuration illustrates that the premixed flam

ﬁgme. As expected, Fig. 2 shows that the maximum concentration

with lower equivalence ratios, which have higher burning veloc S : ! :
ties, will propagate further upstream, producing larger separatigh CO decreases with increasidg experiment and computation

distances between the two flames. Increasing the strain ra@€e, although spatial resolution difficulties prevent experimental
slightly decreases the separation distance but does not changgdaatification of the peak value at highér. The maximum con-
flame structure. centration of CQ is essentially the same for different premixing
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Prediction CH,+0,—CO+0OH+H (R2)

NO x200 — HCCO+H—CO+CH, (R3)
CH x_2°000 HCCO+0,2CO+OH (R4)
N x25000 and the oxidation step
HCN X500 oo
T e CO+0OH—CO,+H. (R5)
These reactions are consistent with CO being produced in the
0.025 7 2400 premixed flame, since CHO, GHand HCCO are formed and
J 2100 consumed there and do not exist in the diffusion flame according
0.020 ] to the computational results. Most of G& formed, througtR5,
1 - 1800 in the diffusion flame, in which the OH concentration peaks and in
0.015 } 3 1500 which the CO concentrations are everywhere much higher than
: ] those of OH so that CO is consumed gradually.
0.010 ] 1200 Ethane Consumption Chemistry. Figures 3 shows measured
. -] 900 and predicted profiles of ethane concentrations. Computed con-
0.005 | J s00 centrations of the radicals H, OH, and O are also plotted in this
h figure since these radicals are the dominant species that attack
0.000 1 300 ethane and other hydrocarbons. Predicted profiles of temperature
2 2100 are replotted in Fig. 3 for orientation. It is seen that ethane rapidly
— 0.020 | ] disappears in the premixed-flame reaction zone where the tem-
5 1 -] 1800 peratures are around 1750 K.
= 0.015 | 1 1500 The four principal reactions that consume ethane, identified by
c : ] the numerical computations, are
= o010} 7 1200
% . r .: 900 g C2H6+H*>CZH5+H2 (R6)
;, 0.005 : _ 600 g C,Hg+0O—C,Hs+OH (R7)
d 0.000 P 1 300 ‘é C2H6+OH—>C2H5+H20 (R8)
= i Jai0c &  and
© 0.020 f ] g
c ; 4 1800 5 C,Hg+CHz—C,Hs+CHy. (R9)
-_% 0.015 J 1500 & At low equivalence ratios, two peaks are predicted in the H and
g L ] OH concentration profiles, a low peak in the premixed flame and
£ 0.010 | 7 1200 a much higher peak in the diffusion flame. Concentrations of OH
o [ 3 900 in the premixed flames are much lower than those of H,Rfhds
T 0.005 | 3 much faster thamiR7, R8, andR9, based on computational results.
= s -] 600 Therefore, about 80 percent of ethane is consume&@yFrom

0.000 1 300 Fig. 3, it is also seen that the radical H, which is produced in the

diffusion flame, diffuses back to attack the reactants at higher

0.020 | 7 2100 but not at lowerb, where sufficient is produced in the premixed
’ 2 1800 flame. _ o _
015 s ] The ethyl radical GHs, which is unstable, decomposes rapidly
o.01 5 1500 to C,H, and CH, through reactions
0.010 | 7 1200 CoHs+M—CoHa+H+M, (R10)
9 4 800
0.005 F 1 C,Hs+H—2CH, (R11)
) [ <4 600
. ] and
.000 & 300
0.00 6 C2H5+02*>C2H4+ H02 (R12)
ReactionsR10 andR11 consume more than 60 percent and 30
) ) ) ) percent of GHs, respectively. It may be noted that reactidris
Fig. 7 _Predlcted concentration p‘rof|les of NQ, CH, N, anq HCN R2, R5, andR10 are the major sources of H radicals in the pre-
for strain rate  a=90s~! at different equivalence ratios: (&) mixed flame reaction zone. The main products from reactRés
®=1.65; (b) ®=1.85; (c) ®=2.20; (d) ®=2.65. throughR12 are HO, H,, C,H,, CH, and CH;, with the latter

four species being further oxidized.

Formation and Consumption of CH,. Measured and pre-
and, consequently, the maximum flame temperature is about 2:digted profiles are plotted in Figs(@—(d). These figures indicate
K for all four cases, regardless & This is because all of the fuel that the maximum mole fraction of GHs about 0.5 percent and
finally is burned completely in the diffusion flame, and the straif$ insensitive to the equivalence ratio in these flames. It is formed
rate is the same in all cases. dominantly by

T_he production and consumption of _CO are found to occur CHs+H+M—CH,+M (R13)
mainly through the four production reactions
and by reactionR9 and is consumed by the three well-known
CHO+M—=CO+H+M (R1) reactions
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CHy+H—CHy+Hj, (R14) CoHgtH—CoHy+Hy (R21)

CH,+OH—CH3+H,0 (R15) and

and C2H3+ 02—>C2H2+ H02 . (R22)
CH,+0—CHz+OH. (R16) Following these reactions, the,ld, is oxidized mainly by

As shown in Fig. 4, good agreement between experiment and C;H,;+O—HCCO+H (R23)

prediction is obtained when use is made of the rate parameters fgg

R6 throughR15 listed in the Table 1 df8]. All of the differences

seen in Fig. 4 can be attributed to uncertainties in probe position- C,H,+0—CH,+CO. R24)
ing and sampling. Different from CH,, C,H,, and GHg, which are mainly attacked

C,H, Chemistry. Ethene is consumed by the reactions by the H radical, the removal of 8, is dominantly by the O
radical in the current reaction scheme.

C,H,+H—CHz+H,, (R17) In a first approximation, chemical-kinetic steady-state balances
C,H,+0—CHz+CHO R18) for C,Hz and GH, result in
K7Xen, Xn
and - e o
22 (Kot Kog) Xo

C2H4+OH—>C2H3+H20. (ng)

. This equation implies that the lower consumption rate y
Among these three reactionBL7 removes most of the . 7 andR19, in comparison witlR18, leads to a Iowergcﬂér:;?:en-
This occurs because.the concentration of His much Ia.rger thﬁ tion of GH, in the flame, consistent with experimental obser-
that of the O and OH in the premixed flame, as seen in Fig. 5, aions The previous rate parameti8$predicted GH, concen-
computations show thaRl7 is much faster thail8 andR19 trations in excess of &, concentrations in both GHand GHg
there. . _flames, contrary to experiment, but the new rates reverse this re-
t|8tionship and also lower the sum of the concentrations 41,C

steady-state balances fopH; and GH, result approximately in and GH,, improving agreement with experiment.

KeXcp X Measured and predicted profiles ofHG are plotted in F_igfs. _
.~ Gl , (1) 6(a) to (d). The agreement between experiment and prediction is
24 (Ky7Xyt+kioXo) (1+KyaXp/Kyo) fair at lower equivalence ratios, but the predicted maximum con-

wherek; is the rate constant of the reacti®iandX; denotes the centration of GH, is much higher than the measurement at higher
mole fraction of the specigs The validity of Eq. 1, within error €duivalence ratios. This difference is probably due to over-
less than 20 percent at the position of maximdg,, , is sup- Simplified GH, chemistry employed here. The links of,id,
ported by the computational results 24 chemistry to soot inception make it more complicaféd]. In

It is found that if the rate parameters listed(#] are used, then particular, there are indications that additional outlet channels,

. . . such as through OH attacks, rate for which are extremely uncer-
wﬁngr?ﬁéﬁtﬁg dﬁg&?gg?'gfﬂ t?\fzeﬂégﬁctgr?t:g\t,ivotr)é Z;?;?lrdogl-/lvf’ ta_lin [14], need to be included. More work is needed to resolve this
is too high in comparison with experimental results. The first Oqlscrepancy.
these problems was not encountered in our previous 8k  NOx Formation. In the present study, concentrations of NOx
because gH, and GH, were not distinguishable by the Porapakvere not measured by our NOx analyzer because its response to
Q column used in the previous gas chromatograph measuremeiiih concentrations of the ;Cspecies produces false high NOx
[8]. The second of these problems was encountg8gdbut the readingg8]. Work is continuing to enable reliable NOx results to
concentrations of both ££1, and GH, are much lower in methane be extracted in the presence of these complications, but that work
flames than in ethane flames. is not yet completed. Despite the absence of these critical experi-

According to Eg. 1, the concentration ofiL, increases with mental tests, the present computation may give insight into the
increasingks and with decreasing,;, kig, andky;/kyg. The NOx formation mechanism in ethane flames, since the present
values ofkg, kyg, andk;;, however, cannot be changed becaussitrogen chemistry is reasonably successful in two-stage methane
these values are less uncertain and have led to the good agfgnes[8].
ments as shown in Figs. 3 and 4, for example. In order to obtainin two-stage ethane flames, both thermal NO formation
improved agreements between measured and predicted concentra-
tions of both GH, and GH,, values ofk,, andk,¢ are reduced to O+Nz—NO+N (R25)
ki7=2.25X10'T**2exp(~6727M) and  kyg=2.70<10°T***  and the prompt mechanism
exp(—1450r), respectively, which are smaller by a factor of 2

than those given by Bhargava and Westmore[dr8l These new CH+N,—HCN+N (R26)
rate constants are within the reporfdd] uncertainties, which are gre important. Both of these steps are followed by
a factor of 2.4 ink;7 and a factor of 2.75 ifkyg. N+0,—NO+0O. The CH radicals are dominantly formed from

Figures %a)—(d) compare measured concentrations gHE  triplet methylene by
with predictions based on these new rate constaptandk,q. It
is seen that the agreements are excellent. These figures indicate CH;+H—CH+H, (R27)
that the maximum concentration obid, increases with increas- 5
ing equivalence ratio, as the premixed flame, whej Qlisap-
pears, moves closer to the stagnation plane locatee-at CH,+OH—CH+H,0, (R28)

Formation and Consumption of C,H,. The radical GH;, Where the CH is from reactionR24, isomerization of the singlet
which is the main product of reactiofd7 throughR19, decom- and the reaction CH+H—CH,+H,. The most important con-

poses to GH, dominantly by sumption steps for CH species are

CHz+M—CoHy+H+M (R20) CH+H,0—CH,O+H, (R29)
and less importantly by CH+CO,—~CHO+CO (R30)
656 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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cific information in the figure is associated with this condition, the
general scheme applies over a wide range of conditions for which
two-stage flames exist. In this figure, the heavier arrows represent
the main pathways, with the agents and their fractions given in
light print. The fractiongin parenthesgsare obtained by integrat-

ing consumption rates over the entire field, including both flames.
Indications of the fates of some of the minor species, suchkds C
CsH;, CsH,, and GHg, have been omitted from preceding dis-
cussions and the diagram for simplicity, although these generally
proceed along mainly to the G@nd HO products. The diagram

is designed to track the carbon atom in ethane rather than the

02(4) CH3
o9
C2H4 2

g&gg H(6) hydrogen atoms. The N and HCN, derived from CH, are the
OH(2) sources of prompt NQ through subsequent pathways that are not
C2H3 s H20(59) shown. _ .
02(42) ‘ & CO2(23) It is seen here th_at H plays_ the most important role in fuel
, H(S6),, 5} 02(17) consumption. The important intermediate species apklsC
A HCC *CH2 CHa, CHg, CH,, CH,, CHg, CH,, HCCO and CH. Because
00,,’(13 M) C,H,, CH,, and CH are much more stable than other species in
023) H) N209) N flames, their concentrations are high and measurable. The oxida-
C2H2 —» CH2 CH > tion of radicals CH, HCCO, CH,, CHO, and CHO leads to CO

OH®) HCN and CQ. The radical CH is derived from CHand proceeds to

Fig. 8 Reaction path for ethane in a two-stage ethane-air flame form N and HCN as Wel,l as CO and QOAIthough Qn_ly less .
with equivalence ratio  ®=1.65 and strain rate a=90 s~ than 1 percent.of the CH is consumed by nitrogen, this is the main
source of NO in these flames.

Besides their potential practical interest in increasing combus-
tion stability and reducing pollutant formation, two-stage flames
of the kind studied here afford advantages for determining flame
chemistry, providing a greater range of reaction-zone conditions

CH+0,—CHO+0. (R31) and larger distances for easier spatial resolution, thereby aiding in
aining reliable experimental results. In identifying rate param-

rs for numerical computations to compare with the present ex-
periments, the previously employed elementary rate data for the

and

On the basis of a chemical-kinetic steady-state balance, the QE
radical concentration can be approximately calculated from

(ko X+ KagXon) Xen reactions GH,+H—C,H;+H, and GH,;+OH—C,H;+H,0
Xenw= 2 (3) have been modified here to obtain better agreement between ex-
KagX,0F KaoXco, T kaiXo, perimental measurement and numerical computation.

if X, is known. It is clear from this equation that increasing the

concentrations of COQand HO in the region where CH exists
reducesXcy, and thus decreases N@roduction rates. Concentra-Acknowledgment

tions of CH decrease with decreasibg since the higher premix-  This research was supported by the National Science Founda-
ing means higher concentrations of @nd leads to a faster con-tion under Grant No. CTS98-12996.
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| Improved Operating Efficiency
saeniess | THrough the Use of Stabilized

Thermo Electric Company, Inc.,
Saddle Brook, NJ 07663-6167 Th I
e-mail: us-info@thermo-electric-onling.com e rm 0 c 0 u p es

The development of a “stabilized” temperature sensor has led to significant increases in

Michael R. Storar turbine operating efficiency by maximizing output when compared with present sensor
Instrument Maintenance Master Technician, technology. These stabilized type K and E thermocouples are superior to existing stan-
Watson Cogeneration Company, dard non-stabilized thermocouples because they are not prone to the typical aging effects

Carson, CA 90749-6203 in the 400 to 600°C (752 to 1112°F) temperature range that can result in measurements

errors. A complete set of 18 stabilized type K thermocouples were installed on the exhaust
of several gas turbines used for power generation. These thermocouples were subjected to

Ph"“p L. GfaV normal operating conditions for a period of one year. During that year, the increase in
Staff Engineer, Electrical Instrument, turbine output has ranged from 0.5 percent to almost 2.0 percent. This increase in output
Watson Cogeneration Company, also translates into significant cost savings. In addition, the stabilized thermocouples have
Carson, CA 90749-6203 given the turbine maintenance technicians more confidence in the accuracy of their tem-

perature measurements and resulted in improved troubleshooting and decision making.
[S0742-479800)02502-3

Introduction critical in preventing under firing or over firing of the turbine.

. . ) . . . der firing is the condition where the turbine is being operated at
The purpose of this paper is to first give a brief explanation cHn.. - . >

why ter%pgrature measpurpement is critigcal to efficientpgas turbiff f|r|_n_g temperature that is lower thar_l _the _optlmal point, therefore
Ecrlflcmg efficiency and fuel. Over firing is the condition where

. . - S
operation. Then discuss the aging phenomenon common to T)f & turbine is being operated at a firing temperature that is higher
an the recommended maximum. This will result in greater stress

can eliminate the effects of aging. Next, various data is presen%le V\;;:tzr :nn dtrni:ggzg]?ng?r:?gr?gﬁgésczggs W.#L:Pec;gre(en chilgee tzfm_
flustrating the improved temperature measurements and increas%gagure measurement and control is critic,:al to ensurig that the
output and efficiency resulting from the use of stabilized therm rbine is operating at optimal efficienc 9
couples versus standard nonstabilized thermocouples when - P 9 P Y-
stalled on a gas turbine over an extended period of time. Finally, . .
the conclusic?n and plans for further monito?ing are presented. Xglng Effects of Non-Stabilized Thermocouples
Standard non-stabilized Type (90 Ni/10 Cr versus 95 Ni/Si,
. . Al) and Type E90 Ni/10 Cr versus 45 Ni/55 Clthermocouples
Temperature Measurement and Turbine Efficiency are subje():/tpto aging effects when exposed to the temperatLFJ)re range
Optimizing turbine operating efficiency requires precise controff 400 to 600°C(752°F to 1112°F in which aging occurg1].
of operating temperatures. In turn, precise control of operatifddis phenomenon is common and well known within the industry
temperatures requires accurate measurement provided by actgscribed elsewhere. The effects of aging cause a positive shift in
rate, stable and repeatable temperature sensors. This is criticah® thermal emf output of the thermocouple which results in a
optimal turbine efficiency because temperature control is usedt@mperature reading that is higher than the actual temperature be-
limit the turbine firing temperature for gas turbines by regulatinglg measured. This positive shift is typically about 5¢@F).
fuel flow. The firing temperature in the combustion chamber @ging can begin to effect the output of a thermocouple in as little
“burner cans” is the hottest in the turbine and the most difficult t&s 5 h exposure to the aging temperature range describi@l. in
monitor due to the heat and thermal gradients. However, exhaégling can also be a problem for thermocouples that measure tem-
temperature is measurable and is directly proportional to the firipgratures outside the aging temperature range if the thermocouple/
temperature. Typically, Chromel-AluméType K) thermocouples process must pass through the aging range during a heat-up or
are mounted in the turbine exhaust duct to provide a temperat@@ol-down period.
feedback proportional to the firing temperature. This temperatureThe cause of aging can be attributed to the positive thermoele-
feedback is subject to a time lag corresponding to the velocity gfent, Chromel90 percent nickel, 10 percent chromiyrshared
the air moving through the turbine and the response time of th Type K and E thermocouples. In order to understand the aging
thermocouples. process of Chromel, the atomic structure must be examined. The
Turbine operating efficiency is directly proportional to the firatomic lattice structure of Chromel is face-centered cbicc)
ing temperature of the gas leaving the combustion chamber a#iich is common for other Ni/Cr alloygeference Fig. 11 In the
entering the turbine. This means that the higher the firing tempefe.c. structure, there are a total of four atomic sites or positions
ture, the greater the operating efficiency will be. However, th#at can be occupied by atoms per unit cube, three face sites and
maximum firing temperature is limited by the metallurgical conene corner site.
straints of the turbine components. Precise temperature control i$Jnaged or fully annealed material is in the “disordered” state
meaning that the nickel and chromium atoms are randomly dis-
Contributed by the International Gas Turbine Institd@T1) of THE American  tributed throughout the latticgeference Fig. (). To obtain this
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL oF  structure the material is generally processed at a temperature of
ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Interna- gbout 1000°q1832°ﬂ and then subjected to rapid COO"ng. All

tional Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, J . : : . :
7-10, 1999; ASME Paper 99-GT-401. Manuscript received by IGTI March 9, 19;Q'Fermocouple wire 1S normally supplled in this annealed state.

final revision received by the ASME Headquarters January 3, 2000. Associate Tech-JPON aging Ni/Cr alloys in the temperature range of 400 to
nical Editor: D. Wisler. 600°C (752 to 1112°F, diffusion takes place until the atoms have

K (Chromel-Alume) and Type E(Chromel-Constantarthermo- t
couples, the cause and effects and how stabilized thermocoupr]
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Fig. 1 Face-centered cubic atomic lattice structure

reached equilibrium. When equilibrium is reached, the atoms haM®n-Stabilized Versus Stabilized Thermocouples
arranged themselves in what is termed “long-range ordeef- . . . i
crence Fig ), n longrange rder allof e niokelatoms o, e DPIcal consructon or both he new stabilzed terme
cupy the face center sites on the lattice and all of the chromiuff Ip d pF:h_ ot i tal sheathed (ki | p latex
atoms occupy the corner sites. However, it is not possible for tigPlaced on tnis project 1s metal sheathe neral insulate

able design. This is also the most common construction for most

long-range order to exist for Chromel over the entire lattice b ' - )
cause the ratio of nickel atoms to chromium atoms is close iradustrlal thermocouple applications. Ml cable construction con-

10:1. In order to achieve a perfect long-range order the requirgfits Of an outer metal sheath, usually made of a stainless steel or
ratio would be 3:1. As a result, part of the structure is ordered affkel based alloy, filled with a compacted ceramic insulation that
the balance is disordered. This is known as “short-range ordeptmounds the thermoelements. The ceramic insulation most com-
(reference Fig. (t)). When Chromel is aged and the structurdonly used is MgQ(magnesium oxide The advantages of this
becomes short-range ordered, significant changes in the physiéicable construction include superior protection of the thermo-
properties occur. These changes include an increase in resistigments, vibration resistance and flexibility.

of approximately 5 percent and a significant positive change innitially, any new thermocouple whether it is stabilized or non-
thermal emf. stabilized should meet the initial calibration tolerance as specified

o _ by ASTM E230 shown belowWA4]:
Stabilizing Thermocouple Manufacturing Process. Thermo

Electric developed Stabilized Type K and E thermocouples d&pe  Range Standard Tolerance Special Tolerance
scribed elsewherf8]. Specially selected thermocouple alloy ma= 5" 1560°Cc =
terials is first matched to meet the special limits of error of thee  0-870°Cc =+
thermocouple type after being processed using a proprietary pro-

cess. After this process the entire thermoelement is in short rangd he advantage of stabilized thermocouples is that they will re-
ordered state eliminating the future thermal shifts regardless m&in within the special tolerance limits over long periods of time
heating rate from ambient to 11009€Q000°F. It makes no dif- even when used in the aging temperature range. Whereas non-
ference if the heating rate is fast 20 min or slow 183h stabilized thermocouples exhibit significant drift over time when

2.2°C or=0.75 percent +=1.1°C or*0.4 percent
1.7°C or=0.5 percent =*=1°C or =0.4 percent

Initiolly

Non—stabilized Chromel
OO0 O0OO0OO0OO0OOO OO /

L ! Ambient

Temperature
O O O O O O 0 o O : .
Stabilized Chromel

Furnace at 538°'C (1000°F)

After Time at 538°'C (1000°F)

Stabilized Chromel
Partially—Stabilized Chromel
O 0O 0O O 0o/o o O/; Non—Stabilized Chromel
Ambient
Temperature

~400°C (752'F)

o o0 o0 o0 0 o0 o0 o0 o

Stabilized Chromel
Furnace at 538°C (1000°F) obtized LAarome

Fig. 2 Non-stabilized versus stabilized chromel exposed to the aging temperature

660 / Vol. 122, OCTOBER 2000 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



exposed to the aging temperature range. The typical drift is afable 2 Deviation of used non-stabilized thermocouples at
proximately 5°C(9°F) in the positive direction and can begin t0538°C (1000°C) calibrated by NIST versus Thermo Electric
occur in as little as 5 h. As stated previously, the cause of this sFT/C No. _ NIST Deviation °C (°F) TE Deviation °C (°F)

is the change in atomic structure of the Chromel thermoelemen2 5.3(9.6) 43(7.8)
Examination of the structural differences between a noig 43(7.8) 4.9(8.8)
stabilized versus a stabilized Chromel thermoelement exposec14 47(8.9) 5.3(9.6)

the aging temperature range can help give some insight into 1

changes that occireference Fig. 2 Keep in mind that stabilized Note: Values were recorded in °F; °C values were converted and roum.led-oﬁ’
thermocouple MI cable material is supplied in the short-ranto the nearest 1/10 degree. Al calibration data was taken at an immersion depth
ordered state while non-stabilized thermocouple Ml cable materfapproximately 30.5 em (12.0 inches).

is supplied in the fully annealed or disordered state. Initially, both

the stabilized and non-stabilized thermoelements are inserted ifgye 3 peviation of a non-stabilized thermocouple at 538°C

a furnace(or the process to be measuyed a temperature in the (1000°F) initially and after 16 h at temperature

aging range, i.e., 538°CL000°H. The non-stabilized thermoele-Initial Dev. °C (°F) Dev./16 Hrs °C (°F) ASC (°F)
ment has a uniform disordered structure throughout its Ieng-——04((') 8) * 14(2.6) 1.0(1.8)
while the stabilized thermoelement has a uniform short-range « A B AT
dered structure throughout its length. The part of the thermoeNote. Values were recorded in °F: °C values were converted and rounded-off

ment that is where the thermocouple junction would be is heat,, 4 nearest 1/10 degree. ’

and the other end where the termination would be is at ambient

temperature. After some time at temperature, the stabilized ther-

moelement retains its initial short-range ordered state uniformly

throughout its entire length. However, the non-stabilized thermgmit of +2.2°C (=4.0°P for Type K at this temperature. This is
element develops three separate structures along its length. Ingh&, close to the typical 5°®°F) positive shift expected. One of

hot part of the furnace/process the exposure to the aging tempgfgs 18 thermocouples was damaged upon removal and was there-
ture range has caused the material to become short-range ordesed excluded from the dataeference Table)l

or stabilized through the diffusion of the atoms. At the mouth of Three of the remaining 17 non-stabilized thermocouples were
the furnace or where the thermoelement exits the process, §iffected at random and sent to NIST for calibration at the same
structure has some short-range ordering and is partially stabilizegnperature for a comparison and verification of Thermo Elec-
The material that is outside the furnace or process at ambigfi's results. NIST found the average positive shift of the three
temperature retains its original disordered or fully annealed staiRermocouples to be 4.8°@®.6°P. The results were within 1°C
This change to three structurally different zones contributes to theg°F) for all three thermocouples tested confirming that the

positive change phenomenon in non-stabilized Chromel. agreement between the two laboratories is goveterence Table
_ ) 2). This is also within thet1.14°C(*2.06°B limit of uncertainty
Supporting Data—Aging Phenomenon for Thermo Electric’s calibration. It should be noted that the pe-

riod of time for which these 18 non-stabilized thermocouples had
een installed and operating in the turbine is unknown. Most
Ikely it had been a number of years. Also, the original calibration

A complete set of 18 non-stabilized type K thermocouples wefi@ta for these 18 thermocouples was not available. However, it is
removed from one gas turbine in October 1997 and calibrated [§ASonable to assume that they were initially supplied within
Thermo Electric at 538°C1000°B. Thermo Electric maintains al lerance. . .

NIST traceable calibration laboratory using reference standardsTQI_ confirm theh aging phlenomenolr), a newnused non-
calibrated by NIST. The calibration procedure was as follow: ;ablr:zed typ? Kd ern;ocoype was calb:jated at 536Fa00°H
four to five samples were tied together with a base metal refere 3é-|; Srmo E efctrlc. T fen It was edxp(f)se rtlo 5‘3&@00'.2 n g
standarddirectly traceable to NISJTin the center so that all junc- € laboratory urﬂace olr a %EI’IO ho 1hG han re-call rart_‘(_af gt
tions were together with no temperature gradient between thepo, C(lgoo . The results s |°W ¢ r?“ € thermocouple shiite
Then the thermocouples and the standard were inserted into RgSitive by 1°C(1.8°F after only 16 h at temperatureeference
middle of the uniform temperature zone of the furng&approxi- able 3.
mately 12 in. The test measurements were taken after the ther-
mocouples and the standard reached a steady-state thermal equi- . -
Iibriump(approximately 50 min y Installation and Performance of New Stabilized Ther-
The data shows that the average deviation of the thermocoupi@couples

is a positive 4.1°Q7.4°F which is outside the special tolerance The new stabilized thermocouples were installed at the Cogen-
eration facility located on the site of a refinery. The facility is
capable of producing 385 MWmegawatts of electricity and 1.2

In order to provide supporting information illustrating the posi
tive shift phenomenon common to non-stabilized type K therm
couples, the following data was collected:

Table 1 Deviation of used non-stabilized thermocouples at million pounds per hour of steam from 4 gas turbines. The new
538°C (1000°F) calibrated by Thermo Electric stabilized thermocouples were installed on turbine unit #91 in
T/C No.___Deviation °C (°F) T/C No. __Deviation °C (°F) April 1997, unit #92 in October 1997, unit #93 in March 1998,

1 4.838.7) 10 5.9(10.7) and unit #94 in January 1998. Each turbine requires 18
2 4.3(7.8) 11 n/a (damaged) thermocouples.

3 2.6 (4.6) 12 5.109.DH A data “snap-shot” was taken of unit #91 immediately before
4 3.054) 13 1.2(2.2) and after the installation of the new stabilized thermocouples. No
5 510.2) 14 5.3(9.6) other modifications were made and other operating parameters
6 2.6(4.6) 15 4.4 8.0) such as inlet temperature, humidity, fuel composition, etc, re-
7 31(5.6) 16 46(8.2) mained fairly consistent. The results show that the spread of the
8 4.98.8) 17 5.0(9.0) 18 thermocouple readings dropped from 402°F) with the

9 4.0(7.2) 18 4.3(7.8) un-stabilized thermocouples to 32.8Y69°F for the new stabi-

lized thermocouples. Spread values this low have not been re-
Note: Values were recorded in °F; °C values were converted and rounded-off  corded since the entire turbine unit was brand-new. In addition,

to the nearest 1/10 degree. the output increased from 81.94 MW to 83.50 MW, which repre-
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Table 4 Deviation of stabilized thermocouples at 538°C
(1000°F) initially and after 1 yr of service

T/CNo.__ Initial Dev. °C (°F) __ Dev./1Y1 °C (°F) A°C (°F)
1 -1.2(2.1) n/a n/a

2 -1.2(2.2) na n/a

3 -1.2(-2.2) -1.1¢-1.9) 0.2(0.3)
4 -1.1(-2.0) n/a n/a

5 -1.3(2.4) n/a n/a

6 -1.3(-2.3) n/a n/a

7 0.8(-1.5) -1.4 (-2.5) 0.6 (-1.0)
8 0.7(-1.3) n/a n/a

9 -1.9(-3.5) n/a wa

10 -1.2(2.2) n/a n/a

11 -1.8(-3.3) n/a n/a

12 -1.3(-2.4) -1.7(-3.0) -0.3(-0.6)
13 -1.2(2.1) n/a n/a

14 -1.8(-3.3) -1.7(-3.1) 0.1(0.2)
15 -1.9(-3.5) n/a n/a

16 -1.6 (-2.9) -1.7(-3.1) -0.1(-0.2)
17 -1.1(-2.0) n/a n/a

18 -1.2(2.2) -1.7(-3.1) -0.5(-0.9)

Note: Values were recorded in °F; °C values were converted and rounded-off
to the nearest 1/10 degree. Only six of the 18 thermocouples were removed for
calibration after one year of service.

Uncertainty of Calibration for Thermocouples at Thermo
Electric

Test reproducibility for thermocouples in the 538°C (1000°F) to
1093°C (2000°F) temperature range = £ 0.56°C (¢ 1.0°F)

Uncertainty of calibration by NIST for base metal type K and N
standards in the 0°C (32°F) to 1100°C (2012°F) temperature range =
+ 1.0°C (= 1.8°F)

Uncertainty of calibration by Thermo Electric:

Urg = £V (Unist)’ + Ree)’

Urg = Uncertainty of calibration by Thermo Electric

Unist = Uncertainty of calibration by NIST

R1e = Reproducibility of test by Thermo Electric

Uncertainty of calibration for type K thermocouples at 538°C
(1000°F) by Thermo Electric:

Urp =2V (1.8°FF + (1.0°F) =+ V324 +1.0 =424

Upg =+ 1.14°C (= 2.06°F)

were removed for calibration by Thermo Electric. The six re-
moved were taken randomly from locations spaced around the
circumference of the exhaust. All six thermocouples were still
within special tolerance limits at 538°@000°F. In addition, the
amount of change for each individual thermocouple did not ex-
ceed 0.56°Q1.0°P (reference Table 4

Data was also taken on unit #92 comparing the new stabilized
thermocouples to the non-stabilized thermocouples. Two sets of
data were taken for the non-stabilized thermocouples over the
week immediately following a water-wash of the turbine in the
fall of 1996. The same data was collected immediately after a
water-wash in the fall of 1997 after the new stabilized thermo-
couples were installed. Operating conditions were similar for this
off-peak season for 1996 and 1997. It was found that for the week
immediately following the water-wash in 1996 the average cor-
rected MW output was 83.97 MW. In 1997 with the new stabi-
lized thermocouples, the average corrected MW output had in-
creased to 85.18 MW. This represents a 1.44 percent increase. The
second set of data taken two months after the installation of the
new stabilized thermocouples shows that the increased output
from the new thermocouples was maintained and did not decrease.
The corrected MW is a term used to indicate that the MW output
has been normalized to be independent of inlet air temperature
and DeNOx steam injection levels. This allows for a fair compari-
son of gas turbine performance from one time during the year
with another time. The corrected MW calculation does not ac-
count for all inlet conditions but it is accurate enough for a fair
comparison and is commonly used. No other modifications were
made to unit #92 over the year that would enhance performance.

Unfortunately, similar performance comparisons cannot be
made for units #93 and #94. During the turn-around for these units
when the new stabilized thermocouples were installed, other
modifications were made that affect turbine performance. Al-
though overall efficiency and output have increased, it is impos-
sible to isolate the portion contributed by the new thermocouples.

Summary

This paper was written to document the results of using stabi-
lized Type K thermocouples in lieu of non-stabilized thermo-
couples in gas turbines for power generation. It was found that the
stabilized thermocouples maintain their calibration tolerance over
long periods of normal turbine operation whereas non-stabilized
type K thermocouples drift in the positive direction out of toler-
ance. Increases in turbine output attributable to the stabilized ther-
mocouples have been shown to be in the range of 0.5 percent to
almost 2.0 percent.

We believe that a valid comparison can be made among ther-
mocouples tested under identical controlled conditions such as
this study. However, it would be difficult to make a quantitative
prediction on how much the calibration of these thermocouples
will change in actual environment. In this study, temperature,

sents an increase of 1.9 percent. The increase in output is dudirtee, composition of the thermocouples and environmental condi-
the fact that the old non-stabilized thermocouples had aged duriignh common to all the independent variables which affect their

operation and shifted positive by approximately 59CF). This calibrations. However, the thermocouples are subject to vibration,
positive shift means that the thermocouples would be readingpisture, and contaminations in actual turbine engine operations.
higher than the actual temperature, therefore causing the turbindtese factors, which all have adverse effects on the calibration of
under fire. Of course these results will vary slightly over timéhermocouples are not encountered in the laboratory testing. The
given the changing operating conditions of the turbine, but it isombined effects of these factors on the calibration of the thermo-
clear that the stabilized thermocouples have a positive effect oouples, together with those of temperature, time, etc., should be
the operation and efficiency. measured in-sit{i5].

All thermocouples supplied for each unit were calibrated in Future plans for this particular project include periodic moni-
Thermo Electric’s laboratory at 538°@000°H prior to installa- toring of the stabilized thermocouples in use to determine how
tion. Using the same calibration procedure as previously statdéoing they will remain within tolerance. At this time the proposal is
All were within the special tolerance limits df2.2°C(+4.0°F at  to remove three thermocouples at random from each turbine on an
538°C (1000°H. The thermocouples installed on unit #91 wereannual basis for re-calibration. This data should give good insight
subjected to normal turbine operation for a period of one yeanto the expected life of the stabilized thermocouples and how
This was almost continuous operation equaling 8137 hours totahg they remain within tolerance. In addition, a complete metal-
including 10 start-ups. After one year of operation, the turbinergical examination of the turbine components determined that
was brought off-line and six of the original 18 thermocouplethere were no indications of over firing.
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Thermoeconomic Analysis of Gas
Turbine Based Cycles

The thermoeconomic analysis of gas turbine based cycles is presented and discussed in
this paper. The thermoeconomic analysis has been performed using the ThermoEconomic
M SciaIfJ Modular Program (TEMP V.5.0) developed by Agazzani and Massardo (1997). The

) modular structure of the code allows the thermoeconomic analysis for different scenarios
(turbine inlet temperature, pressure ratio, fuel cost, installation costs, operating hours per
year, etc.) of a large number of advanced gas turbine cycles to be obtained in a fast and
reliable way. The simple cycle configuration results have been used to assess the cost
functions and coefficient values. The results obtained for advanced gas turbine based
cycles (inter-cooled, re-heated, regenerated and their combinations) are presented using
new and useful representations: cost versus efficiency, cost versus specific work, and cost
versus pressure ratio. The results, including productive diagram configurations, are dis-
cussed in detail and compared to one anotti&0742-47980)01903-1
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Introduction nents that compose the gas turbine based cyclampressor, ex-
plander, combustion chamber, regenerator, inter-coole, tie.
aﬁalysis is particularly well suited for cost versus efficiency and

¥dst versus specific work evaluation of advanced gas turbine

tim and ‘?"?“V'”dg rglatlor;shl_?ﬁ between fllct)w ra;t_es, Energy €Xcles. The different cycle configurations are presented and dis-
change, sizing design, etc. The various alternatives are usu ! sed in detail and compared to one other.

compared on the basis of purely thermodynamic measures as
ficiency, irreversibility or specific work. Gas turbine simple and
complex cycles have been analyzed in detail, from the thermody-
namic point of view, in a number of publication$—3|. The re-
sults are usually shown on the classic efficiency versus specifiirect Thermoeconomic Analysis(DTA)
work diagram taking into account TITTurbine Inlet Tempera-  The thermoeconomic approach here utilized is similar to clas-
ture) and pressure ratio influence. Only sometimes has the e&ga| TFA but employs an original direct approach to carry out the
nomic analysis been carried-out in a very simplified way, after thgermoeconomic analysiand Optimization—DTQ In DTA, the
thermodynamic investigation. -analyzed plant is subdivided into a set of units, each one including
The rapid development of new cycles based on gas turbigfe or more physical components, connected by material flows.
technology in the last years evinces the importance of a completge schematization of the plant in single units interconnected by
coupling between the thermodynamic and the economic analysisaterial and mechanical work streams is the “physical structure
This complete analysis shows the influence of the most importasftthe system,” and a new study of the system has been intro-
cycle parameters and the economic boundary conditions durigced, called “Functional Productive Analysis.” The graphical
the design phase of advanced systems. representation is called “Functional Productive Diagram,” while
A thermoeconomic approach maybe used to solve this problethe productive purpose of each component is defined by introduc-
in fact, thermoeconomics is a technique, which combines thermiag functional exergy flows in addition to the physical exergy
dynamic analysis directly with economic aspects in order to opfiows. The complete mathematical formulation of this Functional
mize thermal systems like a gas turbine based cycles. There Rreductive Analysis has been presented by Agazzani and Mas-
essentially two thermoeconomic techniques proposed in literatwardo[5]. By means of the “Functional Productive Analysis” in
and analyzed in detail by the authors in previous wdeks6]. which each component has several inputs and one o(tpad-
The approach here used is similar to Thermoeconomic Functional) the “functional exergy flows” among the components to be
Analysis (TFA) [7], but employs an original, direct approach tccalculated. In addition, marginal and average unit costs of each
carry out the Direct Thermoeconomic Analy$BTA) and Opti- functional exergy flow are determined, and therefore the global
mization (DTO). thermoeconomic performances of the componefitgernal
Simple steam plantg8] and simple regenerative gas turbineeconomy are defined.
cycle[8] have been studied using the TFA approach, while simple The thermoeconomic analysis of thermal energy systems has
and complex steam plants, simple gas turbine, and combinlegen performed using a modular simulator tool called TEMP, de-
cycles have been investigated using the DTA/DTO appr¢ath scribed in detail by Agazzah#]. The tool has been aimed at the
In this work the thermoeconomic analysis has been carried dotlowing targets: thermodynamic and exergy analysis, thermo-
using an apt tool developed by the AuthdfEMP code: the economic and environomic analysis optimization. The modularity
modular organization of the code makes the DTA of several adf the code facilitates the study of several cycle configurations.
vanced gas turbine cycles obtainable in a fast and reliable wayhe code has been expanded by means of the introduction of new
Thanks to the use of apt cost functions for the different compoiodules[9,10] and now the 5.0 version is composed of 53 mod-
ules. There are three routines for each module included in the
Contributed by the International Gas Turbine Institd@TI) of THE Averican  COde library: the first is used for the thermodynamic analysis; the
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL oF ~ second for the exergy analysis; and the third for the thermoeco-
fonal Gas Turbine and Aéroengine Congres and Extibition, Incianapolis, IN, JujaiC analysis. The plant data chart contains all the physical com-
7-10, 1999; ASME Paper 99-qu-312. M%nuscript received b’y IGTI MgrchYQ, 1’9E;J§;6nent5; hC_)W .they are phy5|cally InterconneCted. among them-
final revision received by the ASME Headquarters May 15, 2000. Associate Tee‘ﬁelveS; their fixed thermodynamic values, and, in some cases
nical Editor: D. Wisler. includes economic data valuéise., unit fuel price or unit elec-
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tricity price); fictitious units; environment unit; functional produc-of these costs and PEC is called Fixed Capital Investr(feat),
tive diagram; data of some heat exchandgeometry and metal- and it represents the total system cost assuming a so-called over-

lurgy); etc. night constructiorf14]. Indeed the Total Capital Investme(fitCl)
is considered the sum of fixed capital investment and other out-
Cost Evaluation lays. A factor method is used for the estimation of FCI, and the

) ) _ cost components of FCI is evaluated in term of a percentage of the

The thermoeconomic technique used here must have reliaplec as follows: Purchased Equipment Installatids percent;
and updated cost functions of plant components. Determiniipgping:30 percent; Instrumentation and Cont@0 percent;
these functions is rather Complicated since it is difficult to COrElectrica| Equipment and Materia<0 percent; Landg5 percent;
sider every factor that contributes to estimate the final purchaggil, Structural and Architectural Work20 percent; Service
cost of a Component to its full extent. They must be re.lated %C”meFGS percent; Engineering and Superviskﬁo percent;
thermodynamic parameters of the plant and factors covering evefynstruction=15 percent of the previous costs; Contingencies
type of item. Furthermore, it must be possible to update them hyi5 percent. The following terms have been considered for other
taking into account the progress of both performance improvgytiays: start-up costs-10 percent FCI; working capital 15 percent
ment and market prices. , TCI; licensing R&D=7 percent FCI; allowance for funds used

In particular for DTA there is a need to evaluate the capital coglyring constructios:8 percent FCI. The results shown in this pa-
for each unit(Purchased Equipment Cost—PE&S a function of per have been obtained using both of the previous approaghes:
its product and the sizing variables. The following equation haseC approach: only Purchased Equipment Cost is used as usually

been used to evaluate the capital cost rate of a uriit * presented in literature for Thermoeconomic analysis; @ndCl
= .FCR ® approach—the thermoeconomic analysis has been carried out us-
Zr:m, (1) ing the Total Capital Investment parameter. Obviously, the per-

centages can be easily modified if necessary.
where®, is the maintenance factor; FCR the annual fixed charge

rate percentN the number of operating hours per year, &hds
the Purchased Equipment Co®®EQ. The following standard q;
values have been considered: FEBB.2 percent;®,=1.06; N Slmple' Cycle Results ) ) )

=800Qh/y]. These values can be easily modified to take into The first plant analyzed is a simple gas turbine cycle and the
account different financial scenarios. The purchase costs canfigd quantities used in the calculation are: ambient conditions:
estimated by two types of equatior#: cost equations: written in 15°C, 101300 Pa; relative humidity 60 percent; compressor, ex-
terms of geometrical and manufacturing variables: @netosting Pander, and combustion chamber efficiencies: 0.86, 0.88, and
equations: written in terms of performance and stream variabl@$96; electrical efficiency: 0.985; mechanical efficiency: 0.98;
[4,5]. Every price estimated by the two methods has been es€gmbustor pressure loss: 3 percent; fuel composition: 93 percent
lated to updated prices by means of an escalation index. One sdiw and 7 percent b power: 60 MWe. The complete set of
index is the Chemical Engineering Plant Cost Indés]. The thermodynamic and_ thermoeconomic results is reported by Scialo
original cost functions for the compressor, combustor, and turbift0l; only the most important results are shown here.

equations as follows: .Figure 1 show; the classical efficiency versus specific work
. diagram for two different TIT value§1200 and 1400°C In the
= 395m, figure, point A represents the maximum efficiency condition, and
COMPressor: == 5.9~ +Be-In Be ) point B the maximum specific work condition. The minimum cost
. conditions are represented by points @hd C; the first for PEC
combustor: = =c.. 25.6m, analysis(only equipment costs are consideredd the second for
© T 0.995- Appercent TCI approach.

The thermoeconomic analysis has been carried out for three
[1+exp(0.018 Ta—26.4 )] (3)  different fuel cost values to evaluate the impact of this parameter

266.3 ™M on the system economy. It is possible to note that point B is very
turbine: E=c¢; ———2-In g, close to points Ctaking into account the fuel cost value, while
0.92- n;s the effect of TIT is not very evident on the cost point position.

[1+exp(0.036 Ty 54.4C,)] 4) When TCI approach is used the minimum cost points move to the

proposed by El-Sayed and Trib{&?] and modified by Frangopo-

ulos[8], have been updated by the Authors as shown by Agazzani

and Massard5] to take into account the influence of the allow- 0.40
able maximum temperature for the combustor and the expander. _ _ A
The values of the coefficients, andc, have been calculated by o.as L[ TIT = 12000°C] |

using, as reference, the gas turbine costs reported by 1995 Ga:s
Turbine World Handbook, and verified using the last available
edition[13] of the Handbook as shown by Scidlt0]. The data 034 L 40 s
presented are applicable for industrial and aeroderivative gas tur-s

—

0.36 —

i[PEC] T fuelcost .
bines in the range of the GTW handbook d&tal MW-250 % 0.32 .L T, 1 C, |210° (8/ka] €'
MW). The subdivision of a gas turbine into three components is £ g < le :g: {:j:j} Cs

very useful when considering the present thermoeconomic study® ©-30 +i==
of advanced complex gas plants, in which the components can be _L
arranged differently than in the simple cycle gas turkimeo ore 028 4

more compressors, two or more combustion chambers and ex-
panders, etg.

Estimating the cost of purchased equipment is obviously the .24
first step in any detailed power system cost estimation. However, 220 2
in the thermoeconomic analysis, one should consider the capital
cost necessary to purchase the land, build all the necessary fagiir. 1 Efficiency versus specific work a simple cycle gas
ties, and install the required machinery and equipment. The suurbine

0.26 -

TIT = 1400¢{°C]

—

300 340 380
ggeclﬂc work [kJ/kg alr]
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Fig. 2 Simple cycle gas turbine: operating hours per year
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Fig. 4 Simple cycle gas turbine: total and variable cost versus
efficiency and specific work

zone where pressure ratio values are low. In this case the influence
of the fuel cost is less important since the influence of capital
costs has increased.

The effect of an increase of fuel cost is quite evident: the mini-
mum cost position increases the pressure ratio and the efficiency
to compensate the energy cost; the opposite when fuel cost is
reduced. The proximity of point B to points' @ compatible with
the pressure ratio values published in literature for 60 MW heavy
duty gas turbines, where the minimization of the cost is one of the
most important goals.

Figure 2 shows the influence of the operating hours per year on
the thermoeconomic performance of the plant versus cycle pres-
sure ratio. The difference between PEC and TCI analysis is evi-
dent, not only in the level of the costs, but also in the different
pressure ratio values that minimize the costs. When PEC is used,
the pressure ratio is about 15, and when TIC approach is used, the
value is between 8 and 10.

Figure 3 shows a new representation of the thermodynamic and
thermoeconomic performance of gas turbine plants. The results
are presented using the cost versus efficiency and cost versus spe-
cific work diagrams. In this case, both of the results obtained with
the PEC and TCI approaches are shown. When the cost versus
specific work curves are analyz€ig. 3(a)), the influence of the
compressor pressure ratio is evident and the minimum cost is
practically coincident with the maximum specific work condition;
the influence of TIT and the type of analysBEC or TC) is
evident too. The use of the TCI approach is noteworthy, since an
inversion of the curves is present when this approach is used
rather than the simplified on@EQ. This inversion is due to the
simultaneous influence of installation and fuel costs at low pres-
sure ratio and low efficiency values. FiguréB(cost versus ef-
ficiency) shows a rapid increase of the cost when the pressure
ratio increases without a correspondent increase of efficiency, par-
ticularly for TCI analysis. In this case the TIT influence is more
evident, particularly in the different shape of the curves. Figure 4
shows the same diagram as in Fig. 3, where both capital and
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variable costs are reported together with the total ¢fwst both 1.6

PEC and TCI analysjs The shape of the total cost is strictly Total
correlated to the capital cost behavior, while the predominant in- 4 20
fluence of efficiency on variable costs is quite evident. 16
8 12
Advanced Gas Turbine Cycles e
H . . - I = 0, I
In this part, the thermoeconomic analysis of advanced gas tur- 8¢.8 Tvariable 0532 0389

bine based cycles is presented. Figu(a) Shows as an example ¢ _—
the layout of a complex plant including three compressors, two 0.6 + . .o\ umnnnnannns . | S 228 ..
inter-coolers, two combustion chambers and two expar(ifees- € =0.725 0.697™
cooled, regenerated and re-heated cycles IQRRIgure 3b) —— _
shows the functional productive diagram of the plant. This dia- ¢, ¢ > 0.826 , , . ‘
gram is an automatic output of the code TEMP, and is analyzed in 220 240 260 280 300 320 340 360
detail by Sciald10]. Specific work {kJ/kg air]
Before presenting the thermoeconomic results for such a com-
plex plant, the analysis has been carried out for simplified cycles 4 4
such as inter-cooled, regenerated, re-heated, inter-cooled anc
regenerated, re-heated and regenerated, inter-cooled and re 1.2 +

Total

heated, etc. -
. . . . &!0 T TIT=1400[°C]
Regenerated Cycle. Using the lay-out of Fig. 5 without inter- - ) 4
cooler and second combustion chamber, the cycle coincides with a 0-8 + _C3pita! 4

regenerative one, where the hot gases leaving the expander ar Variable

used in a regenerator to heat the air at the compressor outlet. This 0.8 1 variable =TT

way the efficiency of the system increases, given that a reduced ¢.4 L

fuel mass flow rate is necessary for the same power output always III Capital

(60 MWe). The regenerator has been analyzed from the thermo- 0.2 = : i f : 1
economic point of view using the equations suggested by Fran- 0.35 0.37 0.38 039 0.4 0.41 0.42 043

gopoulos[8]. The analysis has been performed with a fixed tem- Efficiency

perature approach value of 30°C, and the effectiveness has bg%ns Regenerated cycle: cost versus specific work and ver-
obtained as a result of the calculatipt0O]. sus efficiency

Figure 6 shows the cost versus efficiency and versus specific
work diagrams for the regenerated cycle for two TIT val(lE200
and 1400°C. It is interesting to note that the minimum cost does
not coincide with the maximum specific work condition; in factbeen considered fixed the calculated regenerator effectiveness is
for low-pressure ratio value@—8) the efficiency is high and the shown in the cited Fig. 6. In the zone of minimum cost, this
capital cost values decrease. On the other hand, for large spegiti¢ameter is about 0.80, and it decreases when the pressure ratio
work values(high-pressure ratjothe influence of capital cost is increases together with the capital costs. The use of high regen-
evident and predominant. When TIT influence is taken into aerator effectiveness value suggested at low-pressure ratio values
count, it is possible to observe that for H#TL400°C, the capital by the classical thermodynamic analysis is confirmed.
cost influence decreases for low pressure ratio values if compared ) . .
to TIT=1200°C result§10]. The cost versus efficiency diagram, Inter-Cooled Cycle. In this case the cycle is obtained
shows that the pressure ratio influence on the capital cost behafigf the layout of Fig. 5 using only an inter-cooler and two

is predominant. Since the regenerator approach temperature f3&Pressors. _ o _
The compressor pressure ratiB{) is divided in two parts:

Low-Pressure Compress@rPC) and High Pressure Compressor
(HPO). First of all, a thermoeconomic analysis to evaluate the
(a) influence of pressure ratio distributions has been carried out and
Fig. 7 shows the results obtained for three different overall pres-
sure ratios Br,;=15; 30; 65).
nasy Y For eachB, curve the influence of differens pc values has
:;‘,,,,@, been investigated; the classical thermodynamic minimum com-
i a2 pression work condition coincident witB pc= Brpc=5art (Bior)
vy ! is also reported in the figui@oint B). It is clear that the minimum
cost conditiongpoint C) are considerably dependent on the value
of Bt @and B pc. In particular minimum cost condition is always
present between maximum work condition and maximum effi-
o ciency condition(point A). The cost is influenced bg,, and for
T (b) its minimum value(15) the costs are lower than for high-pressure
T ratio values; this aspect is mainly correlated with the compressor
BBBIY 0 capital cost equations, where the influence of pressure ratio is
noticeable. Figure 8 shows cost versus specific work and versus
efficiency for two different TIT(1200 and 1400°C The influence
of TIT is noteworthy for specific work diagraiffig. 8a)), while
the effect of TCI or PEC approaches is also evident particularly
for the cost values and also for the cost curves behavior versus
pressure ratio. In this case, minimum cost conditions are near the
zone of maximum specific work and maximum efficiency for PEC
Fig. 5 Inter-cooled, regenerated and re-heated cycle:  (a) sim-  analysis, while some differences exist when the TCI approach is
plified layout; (b) functional productive diagram used.
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Re-Heated Cycle.

two expanders are used, and the cycle pressure (@tjpansion
ratio) is divided in two parts agaifHPT and LP7. First of all, the
thermoeconomic analysis has been carried out to evaluate the
fluence of this distribution on the thermodynamic and thermoec

nomic performance of the plant.

440 460

Inter-cooled cycle: efficiency versus specific work
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Fig. 9 Re-heated cycle: efficiency versus specific work

Figure 9 shows the efficiency versus specific work diagram for
two different total pressure rati¢gd8 and 58 obtained in the case
of maximum efficiency when the expansion ratio is the same for
high and low pressure expande® (o= B.p71), for two TIT val-
ues (1200 and 1400°C In the diagram the costs indicated are
correspondent to the high-pressure turbine expansion ratio condi-
tions shown. It is interesting to observe the great influence of the
expansion ratio distribution on the system costs. Cost distributions
versus specific work and versus efficiency are presented in Fig. 10
for both TCI and PEC approaches; the TIT influence is also in-

In this case, two combustion chambers angluded in the analysis. When TCI analysis has been used, mini-

mum cost condition is in the zone of low total pressure ratios,
while for PEC analysis this condition is close to the maximum
qﬁi_ciency zonghigh pressure ratio valjieln this case, the maxi-

wum specific work condition does not coincide with minimum
cost zone either, and the effect of pressure ratio on the cost is
similar for both of the applied approaches.

Figure 11 shows the plots of nondimensional total cost versus
pressure ratio of the previously investigated systems. Two differ-
ent Bypt solutions are included for the re-heated cycle. It is im-
portant to note that for intercooled cycle the costs are weakly
influenced by total pressure ratio value; while the minimum cost is
obtained for the regenerated cycle when the pressure ratio is par-
ticularly low (<6). The Bypr choice is not particularly important
for the re-heated solution in the zone of high overall pressure ratio
values; while for low values the solutiofpt=2 is preferable
from the cost point of view. The influence of TIT is evident also,
particularly for re-heated cycle. In fact, two expanders are used in
this case and the cooling mass flow rate increases.

Regenerated and Re-HeatedRRh) Cycle. The thermoeco-
nomic results for this case are shown in Fig. 12. The influence of
TIT is noticeable in this case also, and the effect of the increase of
cooling mass flow rate with TIT must be carefully considered,
since two expanders must be cooled in this case too. The mini-
mum cost condition for this cycle is practically coincident with
the maximum efficiency condition and the pressure ratio is about
10(TIT=1200°C). The behavior of the cost versus specific work
curves is different. In fact, the specific work remains practically
constant when pressure ratio is over 20 and the correspondent cost
grows rapidly.

Inter-Cooled and Regenerated(ICR) Cycle. The thermo-
economic results are shown in Fig. 13; in this case the TIT effect
is noteworthy, minimum cost condition coincides with maximum
efficiency point for TIT=1200°C, while for TIT=1400°C the
pressure ratio at minimum cost is low@ than its value at maxi-
mum efficiency poin{14). From the specific work point of view,
minimum cost conditions for both TIT values do not coincide with
maximum specific work; this condition has been obtained at very
high-pressure ratio values.
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25 L The comparison between nondimensional thermoeconomic per-
g formances of the cycles investigated is presented in Fig. 15: cost
= 21 versus efficiency and cost versus specific work.
8 All the nondimensional results have been obtained for
1.5 + TIT=1400°C, N=8000 hours per year and TCIl approach. The
best cost performance can be obtained with an inter-cooled regen-
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Fig. 10 Re-heated cycle: cost versus efficiency and versus
specific work 13 4 -m
12 1 42
= 114
2 0l
Inter-Cooled, Regenerated, Re-HeatedICRRh) Cycle. In -
this case the number of variables that influences the thermoeco-= @ T
nomic analysis is large and also a large number of data, con-§ 8 +
straints, etc. are used and reported by Sdia. Figure 14 pre- 71
sents efficiency versus specific work diagram atF400°C and
for different B,,; and Bypr, While the B pc= Bupc condition has 6+
been used. The maximum efficiency, minimum cost, maximum 5 ; . ; ;
specific work and sqrf§ro1) curves are also shown in the figure. 200 250 300 350 400 450

It is interesting to note that increasing the total pressure ratio,
the minimum cost curve is close to the maximum efficiency con-

dition, and in this case thg,pr value is very low if compared Fig. 12 Regenerated and re-heated cycle: cost versus effi-
with Brot- ciency and versus specific work  (TCI approach )

Specific work [kJ/kg air]
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Fig. 15 Cost versus efficiency
erated cycle, and in this case minimum cost coincides with maxvork (b) for advanced gas turbine based cycles
mum efficiency zone. Also using regenerated, inter-cooled,
regenerated/inter-cooled/re-heated cycles it is possible to obtain

good results. In these cases minimum cost conditions do not co- . i .
incide with maximum efficiency values. A good result from thdormance(efficiency, specific workfrom a simple to a complex

cost and specific work point of view is shown by the inter-coole@Ycle can be easily associated to an evident improvement of the
regenerated and re-heated cy(ifethis case the curve is very flat 9€nerated electricity cost.
since the pressure ratio influence is wedkis important to note
that re-heated cycles without inter-cooling are not good solutions .
from the thermoeconomic point of view and that taking into ad-onclusions
count practicality, reliability, maintenance and the modest differ- A computational modular approach for the thermoeconomic
ences shown in Fig. 15 the intercooled cycle should be the magignulation of gas turbine based cycles has been presented. Thanks
attractive, free from the complexity of regeneration and reheat.to the use of a robust, efficient and reliable td®EMP), the

It is possible to conclude that, thanks to the thermoeconomigrametric thermoeconomic analysis of a large number of plants
analysis here presented the improvement of thermodynamic pe#&s been carried out and the results presented and discussed. The
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Fig. 14 Re-heated, regenerated and intercooled cycle: effi-

ciency versus specific work

(TCI approach )
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following main conclusions can be stated:

1 For the first time in the thermoeconomic field not only has
the purchased equipment coBEQ evaluation been considered,
but the influence of total capital investmgiCl) has been taken
into account also.

2 The thermoeconomic analysis using PEC is more dependent
on the fuel cost; the opposite is true for TCI analysis, where the
capital costs are more important.

3 The thermoeconomic results have been presented in a new
and useful way: cost versus efficiency, cost versus specific work,
and cost versus pressure ratio. This original representation enables
us to obtain and use a direct evaluation of the best thermoeco-
nomic conditions of the plant.

4 The obtained results for simple cycle gas turbine plants con-
firm the maximum specific work condition in the range of mini-
mum cost when PEC approach is used, taking also into account
the variation of fuel cost. By using the TCI technique, the mini-
mum cost condition moves to very low-pressure ratio value and
low efficiency zone.

5 The subdivision of the gas turbine costs into three compo-
nents has been essential for the thermoeconomic analysis of ad-
vanced gas turbine based cycléster-cooled; regenerated; re-
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heatedl, the upgrading of the cost equation coefficients has alsbp percent= pressure losgpercent
been carried out to take into account the technological improve- m = mass flow ratg¢kg/s]
ment of the components. ;

6 For advanced cycles, the results of the thermoeconomsltl:Jbscrlpts )
analysis have been presented and carefully discussed; in particu- & g = air, gas )
lar, the TIT and pressure ratitotal, low-pressure, high-pressure ¢, t = compressor, turbine
influences have been taken into consideration. LPC, HPC = low, high pressure compressor

7 The new cost representationersus efficiency, versus spe- LPT, HPT = low, high pressure turbine
cific work, and versus pressure ratibave been presented and Tot = total
they have shown their importance in defining the best thermoeco-
nomic design of the plant.

8 The technique presented here can be used to analyze Cg%?_ferences

bined plants mixed cycIe@TlG ISTIG etc) as reported by [1] Pilidis, P., and Mathieu, P., 1991, “The Use of Gaseous Fuels on Aeroderiva-
LN ! ’ ’ . tive Gas Turbines,” ASME Paper 91-GT-44.
SCIa|0[lO], and advanced GT and fuel cell combined plants. [2] Wilson, D. G., and Korakianitis, T., 1997, “The Design of High Efficiency

9 Economic results here presented must be considered not as Turbomachinery and Gas Turbines,” Prentice-Hall, Inc., Englewood Cliffs,

an absolute solution but mainly for the thermoeconomic compari-  NJ.
son of different gas turbine based cycles. [3] Cohen, H., Rogers, G. F., and Saravanamuttoo, H. I. H., 1888, Turbine
Theory Longman, UK.
[4] Agazzani, A., 1995, “Ottimizzazione termodinamica, economica e di impatto
Acknowledgments ambientale dei sistemi energetici,” Ph.D. thesis, University of Pisa.
. ) ) [5] Agazzani, A., and Massardo, A., 1997, “A Tool for Thermoeconomic Analy-
The authors would like to thank the University of Genoa, the  sis and Optimization of Gas, Steam and Combined Plants,” ASME J. Eng. Gas

MURST (CoFin 99 for the financial support granted to this re- __ Turbines Powerl19, pp. 885-892.

: : . [6] Agazzani, A., Frangopoulos, C., and Massardo, A., 1998, “Environmental
search, and Dr. A. Agazzani for his valuable collaboration. Influence on the Thermoeconomic Optimization of a Combined Plant with

No, Abatement,” ASME J. Eng. Gas Turbines Pow#20, pp. 557-565.

Nomenclature [7] Frangopoulos, C. A., 1983, “Thermoeconomic Functional Analysis: a Method
.. for Optimal Design or Improvement of Complex Thermal System,” Ph.D.
Ce = electr|C|t_y cost thesis, Georgia Institute of Technology, Atlanta, GA.
FCR = annual fixed charge raf@ercent [8] Frangopoulos, C. A., 1994, “Application of Thermoeconomic Functional Ap-
GT = simple cycle gas turbine proach to the CGAM problem,” EnergyL9, No. 3, pp. 323-342.

[9] Massardo, A., and Lubelli, F., 1998, “Internal Reforming Solid Oxide Fuel

IC = intercooled gas turbine Cell—Gas Turbine Combined Cycl¢f)RSOFC-GT: Part A—Cell Model and

N = number of Operating hours per year Cycle Thermodynamic Analysis,” ASME Paper 98-GT-577.
PEC = purchased equipment Cd:ﬁ] [10] Scialg M., 1998, “Thermoeconomic Analysis of Power Plants Based on Gas
R = regenerated gas turbine Turbine Technology,”(in Italian), Master thesis, University of Genoa, Italy.

[11] Chemical Engineeringl998, McGraw-Hill, New York.

Rh = re-heated gas turbine [12] El-Sayed, Y. M., and Tribus, M., 1983, “Strategic Use of Thermoeconomics

TCl = tOtal_ capital investmer(i$] for System Improvement,” ifEfficiency and Costing: Second Law Analysis of
TIT = turbine inlet temperaturfK] ProcessesGaggioli, R. A., ed., A.C.S. Symposium Series, No. 235, Washing-
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Detailed Experimental Studies of

Flow in Large Scale Brush Seal
L.u.cen § [Vlodel and a Comparison With
mtWood & CFD Predictions

T. V. Jones
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Parks Road,
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A five times scale model of an engine brush seal has been manufactured. The bristle
stiffness and pressure were chosen to satisfy close similarity of the relevant non-
dimensional parameters, and the choice of parameters is described. The comparison of
flow characteristics for the model seal and an engine seal confirmed the non-dimensional
similarity. Detailed pressure measurements were performed within the bristle pack by
employing hollow bristles. This novel measurement allowed insight to be obtained into the
J. W. Chew ope_ra_tion_ of both c_Iearance an_d int(_arference_sea_ls. In particular, the measurepl pressure

variation in the region of the bristle tips was significant. The deflection of the bristles was
determined by comparing the bristle tip pressures with the static pressures along the
shaft. Hence the compaction of the pack in this region was found directly. A numerical
modeling of brush seals employing anisotropic flow resistance has been developed. Pre-
dictions were compared with the measured pressure distributions within the pack. This
enabled sensible selection of the pack resistance distribution to be made. Although uni-
form anisotropic resistance throughout the pack gave reasonable flow rate characteris-
tics, the pressure distribution was not reproduced. A variation of resistance coefficient
consistent with the observed compaction was required to give a solution comparable with
the experiment4.S0742-47980)01703-9

Mechanical Science Group,
Rolls-Royce plc.

Moor Lane,

Derby, United Kingdom

Introduction tioned in a water and an oil tunnel. Visualization of the flow field
. o . revealed the flow structures. Pressure along the surface of the
Brush seals are a form of shaft seal in which fine bristles a

. ; . Lhaft was also measured.
closely packed so that they offer relatively high resistance to flow. In this paper, a Large Scale Mod@lSM) was designed not

In manuf_acture the brls_tle pack is clam_ped _betwgen a front plab%y geometricallly similar to the engine seal but also physically
on the high pressure side, and a backing ring, giving SUPPOIt Qfiiiar Thys the bristles behaved in the same manner as in the
the low pressure side. The build clegrance seal is deS|gned wit r?gine seal. This aided fundamental understanding of mechanisms
small gap between the relaxed bristles and the static rotor, ;s seals. In addition, such detailed information was used to
shown in Fig. 1, whereas the build interference seal has a negaiiyg mine the numerical modeling, thus enabling the numerical
clearance and is in contact with the shaft and is conseque deling to be improved.
displaced. In the clearance seal under a pressure differential the
bristles move radially inward so as to close the gap. This is re- ) .
ferred to as blowdown in the following. The Dimensionless Groups

Engine experience has shown that significant improvements inThe performance of a brush seal may be expressed in func-
engine performance and efficiency can be obtained by replacifighal, form as a relationship of the following 13 physical
labyrinth seals with brush seald]. Considerable efforts have quantities:
therefore been underway to develop brush seals since the 1980s.
However, the design of brush seals for future needs is becoming f(Ap,T.p.p.R.L,0,pp,.E,m,fp,f5,fpr) =0,
threatened by a lack of detailed understanding of basic mechghereAp is the pressure differential across the s@alp, u, and
nisms of flow and instabilities. There would appear to be I|tt|ﬁ are the gas total tempera’[ure, density’ Viscosity, and gas con-
likelihood that this understanding can be derived from industrigtant, respectivelyt. is a characteristic lengthy is the rotation
development rigs, and it would be prohibitively expensive to akpeed of the shaffj, andE are the density and Young’s modulus
tempt fundamental studies in this environment. Because of thgf the bristle materialm is the mass flow of the gas through the
dimensions, e.g., bristle length 15 mm, diameteur, 11 close seal; andf,, f5, andfgg are the friction coefficients within the
packed rows giving a pack thickness of approximately 0.70 mrpristle pack, on the shaft surface and on the backing ring face.
actual seals are virtually impossible to study in the required detail. Using conventional dimensional analysis the above quantities
A representative large-scale model is therefore a feasible approagfly be expressed in terms of non-dimensional groups as follows:
to the experimental study of the flow mechanisms.

Braun et al[2] have investigated the complex flow fields in a Ap pLyRT wL p, E myRT B
simulated brush seal. The pack of rigid lucite bristles was posi- p_u w \/ﬁ;p_u puLi fo.fer.fs| =0.

Contributed by the International Gas Turbine Instit(i8TI) of THE AMERICAN The pressure, replacedpRT in some groups due to the perfect
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME GURNAL oF  gas law. The termpLRT/u is Reynolds number. The non-
ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Interna-dimensional shaft rotation group,L/\/R'T is neg|ected since

tional Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, J _ P : :
7-10, 1999; ASME Paper 99-GT-281. Manuscript received by IGTI March 9, 19E;J§?essure drop/flow CharaCter.IStlcs .for single seals "’Fre not highly
final revision received by the ASME Headquarters May 15, 2000. Associate Tedlependent on speed, and simulation of shaft rotation would be

nical Editor: D. Wisler. difficult in practice in the context of the LSM design. The density
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Fig. 1 Schematic of build clearance brush seal

ratio p,/p accounts for buoyancy forces. Since the bristle densit
is three orders of magnitude greater than the gas density, this te
is not considered to be important and is ignored. The bristle fle
ure characteristic is included in the stiffness telfp,, which
dictates the extent to which applied pressure influences deflecti
and compaction of the bristle pack. The flow function dgs
=mRT/p,L2. The coefficient of friction between neighboring
bristlesf,, and at the backing rinflgg have a considerable effect
on seal performance. The hysteresis in the flow characteristic of
brush seal provides a measure of the extent of the influence
friction. Replication of this hysteresis of an engine seal in th
LSM experiments requires matching the frictional tefppand (a)
fgr. Selection of an appropriate backing material may fulfill the
friction factor fgr, however, the friction factor between bristles 72 89
fy is constrained by the selection of a bristle material that wil 8
comply with the criteria of the more influential stiffness term. The
other friction termf is considered to have a second order effec
on bristle displacement and in the absence of rotation is ignore
Taking all of the above into consideration, the seal performanc
can be reasonably described by the following relationship of si
dimensionless quantities:

m\/RTif Ap pLVyRT E ;
puL2 Pu , M ’pu’ brIBRJ:

It should be noted at this point that previous workers hav
employed large models of brush seals to validate an i
compare with numerical simulations, for example Braun an 75
Kudriavtsev[3]. (b) '

joo
joo

60.925
o

100

115

72 89

Test Section

The gas for the large scale model is air. A scale of five ir
geometry was chosen because it allows representative testing
be performed at close to atmospheric pressure when the Reyno
number is the same as for the engine seal. The high aspect ratic
the seal periphery to height is such that the flow is judged to k N
essentially two dimensional at any location. Thus a linear mod
was considered to be sufficient to represent the brush seal flon

The test section of the large scale model is shown in Fig).. 2
The cross sectional area is a parallelogram with angle of 45 de
which is the same as the bristle lay angle. The cross section is 2
mmx115 mm. The length of the test section is 190 mm, and th 29 _7{.9
bristle pack was installed in the middle. The overhang radie - I i
length of the bristles is 5 mm. Therefore, the backing ring cleai (¢)
ance of 4.075 mm corresponds to an interference seal with the
build interference of 0.925 mm; and the backing ring clearance Biy. 2 Large scale model: (a) Test section; (b) configuration of
6.5 mm corresponds to a clearance seal with a clearance of thinterference seal; (c) configuration of the clearance seal.

mm, as shown in Fig. (®) and (c). There were 4125 bristles
within the pack. term E/P,, the same in the model and the engine. Algpand

The bristle pack consists of aluminum alloy wires to BS 14713 were approximately the same for both cases.

5251 H8. Table 1 gives the properties of the real engine seal andrhe seal housing was constructed from aluminum alloy plate,
the large scale model. Aluminum alloy was chosen as the begth the exception of the top plate which is manufactured from
available compromise to maintain Reynolds number and stiffnggsrspex to provide optical access.

58.5
XX X X X X X
\ Joo

100

115

—
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Table 1 Parameters of the engine seal and large scale model with a Prandtl mixing length model of turbulence. Uniform total

Engine Seal Tests Large Scale Model Tests temperature of the air is assumed. The conservation equations for
Bristle Length 15 77.8 mass and momentum are as followsspectively:
(mm) _
Bristle Diameter 007112 036 V-(pu)=0 @
d (mm) — T_
Lay Angle ¢ (°) 45 45 ngg_VMeVl:l+VﬂeVu_ Vp (2)
Young’s modulus 207 60 Within the bristle matrix the right hand side of the momentum
g(GngB — =55 5756 conservation equatiofEqg. 2 is modified with the addition of a
pea(s;’;n?) mistie anisotropic, non-linear resistance ldf#&q. 3. The tensors A and
T Brietic T 11 B contain six unknown constants which were chosen to reproduce
Rows experimental data. The form of E() has been validated against
Packing Density 2600 504 independent tests on well defined anisotropic porous mdééls
(/inch)*
Clearance | Interference | Clearance | Interference Fr=—Auu—Bp|ulu )
Backing Ring .58 0.725 79 4075
Clearance (mm) pU- VU=V ueVu+V.uVu'=Vp+F,
E:r‘::]f)awa““ 06 —0.185 29 ~0.925 This represents the body force acting on the bristle ma#iand
B are the viscous and inertial resistance tensors:

*packing density is the number of bristles per circumference length
A=aneentaseest a gL,

B=bne ent bsesestb,es; .

Measurement System . -
) ) ) The resistance coefficients,,, a5, a,, b,, bs, andb, are
In order to obtain the details of the flow field, three sets Qfefined in the principal directions, which are; normal to the
pressure tappings were installed in the large scale model. Firstiistles in ther- 6 plane €,), aligned with the bristles in the- 6

eight pressure tappings were on the backing ring with the radi : — . i
distance from the edge of 1.5, 5, 10, 15, 20, 30, 40, and 50 m l:.ane E)’ and in the axial directiong;) (see Fig. 1. The bound

Secondly, 14 tappings were on the top plate with axial distance®Y conditions are the total p_ressu@and fIc_)w angle at inlet, static
mm between the tappings. Thirdly, approximately 80 bristles wepgessure at outlet, and no-slip, no-penetration at the walls.

replaced by tubes of 200 micron bore. A tapping hole of diameter'n the bending calculation it is a}ssumed that the bristle defle(_:-
approximately 100 microns was drilled in the bristle. The medlOns are much smaller than the bristle length, and, therefore, axial
surement points were at 0, 5, 10, 15, 20, 35, 50, and 70 mm fr flections are |ndepend_ent of the forces and defle_ctlons mﬁh_e
the bristle tip. Al of these bristle tappings were installed in thg!an€- Cantilever theory is used to calculate the bristle deflections.
iction between bristle rows and between the bristle pack and the

iddle of th tion to eliminate end effects. Tappi thg!ction De : / ; ! .
migie o the section 1o eliminate end etects. 'appings on é;?cklng ring are included in the modeling. Similar assumptions

with end tappings measured the static pressure at the tips sincedhd calculating have been performed by other workers in the field.
deflection of the bristles is small. For other bristles, the tappin%% . | and Modeling R |
were nominally aligned in the direction of main axial flow; how- xperimental an odeling Results

ever, this was somewhat indeterminate. Thus, the pressure valuqsmw Characteristics. As described in the previous section,

measured by these tappings may include a component of dynampg fiow function is a function of the pressure drop across the seal,
head and hence not give the local static pressure within the pagi the stiffness term and frictional terms; therefore, if we have
The upstream and downstream pressures were measured f{g8htical Reynolds number
S

the inlet and outlet walls of the test section. The mass flow wa
measured by an orifice plate downstream. The pressure instrumen- pL\/ﬁ
tation included 32 Channel Scanivalve ZOC14BNP Syd@r85 “ )
ban and 48 Channel Pressure Systems Inc. ESP-48 Scébwer

10) bar. the stiffness term

Air supply was from a 30 bar tank via a Norbro 40R series E
electrically controlled actuator and a manual ball valve. A manu- (_)
ally operated G4 regulator followed to control the upstream pres- Pu

sure to the test section. The flow passed through the test secligiy frictional terms, we should have the same relationship be-

and then exited to atmosphere via an orifice plate flow meter. Thgeen mRT/p,L2 and Ap/p, for both engine seal and large

orifice plate was preceded by a manually operated ball valé@ale model. The pressure rafip=p,/pq is used as an alterna-

which was used to set the downstream pressure. When the bglh 1o Ap/p, .

valve was fully open, the downstream pressure approached atmoggth engine seal and LSM tests were taken at room tempera-

spheric pressure. _ _ ture. The working gas was air. TherefoR, T, and x are almost
Instrumentation was interfaced to a 386 PC via a CIL Alphgame for the engine seal tests and the LSM tests. Matching Rey-

Block interfacing system. The GW-basic code controlling the inyo|ds number givesp(,)./(p,);=L,/L.=5. However, if
terfacing system has been used for the calibrations and the

measurements. ( E) _( E)
Pu/o \Pu/,’
Numerical Modeling we have 0,)e/(py)=E</E,=3.45. This means that we cannot
The model is described in Chen et Bl] and is based on the have the same Re and stiffness term simultaneously. However, the
model by Turner et al5]. For completeness a brief description isexperimental results show little difference between them, as
given here. For a fuller discussion of porosity modelling readeshown in Fig. 3.
may refer to Chew and Hogf$] and papers by Hendricks et al. The engine seals were tested on the enginfdfigand the LSM
(e.g.,[7). tests were taken on the large scale model described below. The
Outside the bristle pack, which is assumed to be a rectangutasts were taken when the upstream pressure was regulated at a
region, the Reynolds-averaged Navier-Stokes equations are usedstant level. The downstream ball valve cycled from closed to
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Fig. 3 Flow characteristics for the clearance seals

Fig. 4 Ratio of seal flow to orifice flow versus pressure ratio
(clearance seals )

fully open to closed so that in the first part of the test the pressure

across the seal was increasing and in the second part decreagiip term of the LSM is also plotted in Fig. 4 and is certainly in
The minimum downstream pressure would be obtained when tjeod agreement with the engine seal data. The greater degree of
valve was fully open. uncertainty is evident in the LSM results.

In Fig. 3, the results for the flow functiog versus the pressure  Similar tests were taken for the interference seal for the LSM.
ratio p, are presented for the clearance seal. The engine seal g-engine data were available for a geometrically similar case but
sults are from the test under the upstream pressure of 7 bar. Tadest which was close to that required was used. Thus several
LSM tests were taken under the upstream pressures of 1.4 bar paints from the static tes{] were plotted in Fig. 5 for compari-
2.02 bar. The upstream pressure of 1.4 bar for the LSM can $en. Two LSM tests were taken for upstream pressures of 2.02 bar
considered to represent the engine seal under 7 bar accordingnd 3.18 bar, which correspond to the upstream pressure of 7 bar
the matched Reynolds’ number. Similarly,=2.02 bar for the and 11 bar for the engine seal according to the matched stiffness
LSM corresponds t@,=7 bar for the engine seal if the stiffnessterm. The engine seal data are from static tests when6 bar.
term matched. The flow characteristics for the LSM are in excehs shown in Table 1, the interference of the LSM is 5 times that
lent agreement with that of the engine seal. The experimengfithe engine seal; but the backing ring clearance of the LSM is 56
results show that all three cases exhibited almost the same fltmes that of the engine seal. Thus, the flow function for the LSM
function/pressure ratio characteristics. This indicates the LSM ii$- larger than that for the engine seal possibly to this geometry
deed can represent the engine seal behavior despite the fact difrence.

Re and the stiffness could not be exactly matched simultaneouslyThe level of hysteresis in the lower pressure test is generally
Hysteresis effects were also very similar indicating that the frictegligible whereas that in the higher pressure test is an order of
tional terms are approximately satisfied. magnitude less than that for the clearance seals. Since compaction

The flow characteristics can also be presented as the ratio of ¢fdhe bristle pack is the only mechanism by which hysteresis can
flow function to that for inviscid compressible flow through arbe manifest in the flow function/pressure ratio relationship, gen-
orifice of constant cross section. This ratio indicates an equivalegtally lower levels of hysteresis would be expected in interference
flow area, which changes as a consequence of blow down &®hls which are always in contact with the shaft. The fact that
compaction of the bristle pack. hysteresis is evident in the higher pressure test provides evidence

It can be shown that the ratio of the flow function of a given gathat at above a certain differential pressure, compacting of the
through a brush seal to that through an orifice of constant crdsdstle pack does produce a reduction in flow area.

section, digear, Is proportional to Pressure Distribution. The detailed pressure distributions

mVRT were measured when the upstream pressures were maintained
& 5D? constant and the downstream valve was always fully open. The
o PP exact downstream pressure was determined by the flow rate and
Dideal M P a resistance of the exhaust pipework.
Po Qo
In Fig. 4, the flow ratio term 025
m\/RT) / p a
e~ - 0.2
p.D? Po & //
is plotted against the pressure ratio for the clearance seals. For the . A
engine seal, as the downstream pressure is initially decreased, the e b A
flow ratio term decreases, indicating that as a result of blow down

and compaction the flow area through the seal is reducing. As %

downstream pressure is further decreased from a pressure ratio of —LSM (Pu=2.02bar)

1.1, the flow ratio term becomes reasonably constant, indicating s —LSM (Pu=3.18bar)

that the mean flow area through and bypassing the seal is constant. A Engine Seal (Pu=6bar)
Increasing the downstream pressure from the maximum pressure,

ratio of 1.5 produces a further small reduction in the flow ratio °° . N N . 5 5
term, and, therefore, indicates a further reduction in flow area. Pr

Mechanism for this further small reduction in both the LSM and
engine seal are still under consideration at this time. The flow Fig. 5 Flow characteristics for the interference seals
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As the CFD code employed was in cylindrical coordinates a 10
deg sector on a radius of 1040 mm was chosen to approximately
represent the linear model. The actual large scale seal was some-
what splayed, the thickness being approximately 5 mm at the root
and 8 mm at the tip. This is characteristic of engine seals. In the
CFD, the seal region was treated as a rectangle with a thickness of
5 mm. The resistance coefficients used in the CFD were chosen
as,a,=a,=1.258< 10'°, a,=a,/60, b,=b,=3.07x10°, bs=0,
to match the mass flow.

The experimental and CFD results for the interference seal are
presented in Fig. 6 and Fig. 7 fop,=2.11bar andpyq
=1.28 bar. Figure 6 shows the experimental and computed pres-
sure fields. The pressure values from the experiments are plotted
at the undeflected measurement points, i.e., the deflection of the

bristles is neglected. The static pressure predicted by the CFD is (&)

given for the same points. The legends identify the bristle rows:
the first row is the upstream row, and the 11th row is the down-
stream row. For plotting purposes a uniform spacing of points was
required. The results are plotted on a uniform grid for each @w

mm between adjacent pointShe actual measurement points are
less than these. Thus, all the extra points required in the plots were
linearly interpolated from the measurement points. This intro-
duced error at some points. Errors are also present in the measure-
ments themselves. Another error arises as measurement points
were assumed to be at the undisturbed design points even when
pressure was applied. In practice, the bristles may be curved or
twisted due to manufacture. Even though the pressure measure-
ments for the whole field are not accurate at all the points, they
still can be used to indicate the pressure field within the bristle
pack. It is the first time such detailed information has been ob-
tained for brush seals.

Pressure (bar abs.)

Bristle Length (mm)

(b)

22 ¢

24
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16 1
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Fig. 6 Pressure distribution within the bristle pack
ence seal: Pu=2.11bar; Pd=1.28 bar)
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(interfer-

Fig. 7 Pressure distributions for the interference seal: (a)
pressure distributions in the axial direction; (b) pressure distri-
butions in the direction along the bristles.

The experimental results show that the pressure began dropping
from the second row, most pressure drop occurring close to the
tips. The CFD results show that the pressure drop concentrates in
the downstream region, close to the tips.

Figure 7 includes two plots:

(a) A comparison of static pressure along the shaft through the
seal.x=0 is the backing ring face; a negatiwevalue is for
upstream positions before the backing ring; a posikwelue is
downstream behind the backing ring face. The points labeled
“Test: Top Plate” are the measurements on the top plate, corre-
sponding to the shaft surfa¢gé mm spacing between the measure-
ment point$. The points labeled “Test: Bristle Tips” are the val-
ues from the bristle tip tappings. The line is the result from the
CFD.

(b) A comparison of the pressure on the backing ring and for
the last row of bristles. Thg coordinate is the length along the
bristle.y=0 is the bristle tip, ang=77.78 mm is the bristle root.
The points labeled “Test: Backing Ring” are from the measure-
ments along the backing ring face. The points labeled “Test: Last
Row” are from the pressure tappings of the last bristle row. The
lines are from the CFD. The line labeled “CFD: Backing Ring”
gives the pressure distributionat 0, which includes the backing
ring face and the gap between the backing ring and the top plate.

Figure Ta) is the pressure distribution along the axis. The val-
ues measured by the bristle tip tappings are close to those from the
top plate, which confirms the measurement by the hollow bristles.
The experimental results show the non-uniform pressure drop
along the shaft surface. The pressure drop is in two steps: it drops
in a thin upstream region, then remains almost constant pressure
in the middle of the pack, and finally drops again near the backing
ring. This may be because the pressure differential compacted the
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upstream bristle rows since the bristles were initially splayed be-The results of pressure distribution for the clearance seal are
fore pressure was applied. The pressure difference was not lapgesented in Fig. 8 and Fig. 9 fop,=2.03bar andpy
enough to compact the whole seal but only the upstream rows.=4r1.47 bar. The situation is more complicated for the clearance
the middle of the seal, the pack was not dense enough to giveeal than for the interference seal since the bristle pack may be
high resistance to the flow so that the pressure did not drop muglartially blown down. From the experimental observations the
At the backing ring, the flow area contraction causes the pressiment rows of the clearance seal blow down to contact the top
to decrease rapidly. The CFD gives a different variation of preptate, which is very similar to that observed in the engine seal
sure, i.e., the pressure drop concentrates in the downstream redésts. The blow down is far from uniform. There were gaps be-
(x=—2 to x=0). The brush seal in the CFD is a uniform recttween the blown down bristle bundles The smaller resistance co-
angular porous medium and this is not in good agreement with tbfficients @,=a,=1.245<10°, a;=a,/60; b,=b,=1.3x 10%,
tests. bs=0) were used for this blown down region. Also small friction
Examining the results along the bristiggg. 7(b)), the follow- factors(i.e., 0.09 were given for the upstream rows in the mod-
ing is observed. The experimental results show the pressure of gliag to allow the bristles to blow down. This reflected the fact
last bristle row is the same as that on the backing ring face. Thisat the bristles were somewhat splayed in the large scale model
is a good check of the measurement by the bristle tappings. Théstle pack.
pressure in the upper half of the pagkX40 mm) is the same as  Figure 8 gives the pressure field for the clearance seal. Com-
the upstream pressure, which indicates little or no leakage flgyared to the interference sd&ig. 6), the pressure drop across the
through the pack in this region. The pressure decreases as gbal is less, i.e., for the clearance seal, the pressure drop across the
backing ring gap is approached and the air flows downwardeal isp,— py=0.56 bar, and for the interference seal, the pres-
along the bristles. The maximum pressure gradient occurs at #i@e drop igp,— py= 0.83 bar. The pressure decreases more in the
backing ring edge since the flow turns into the axial direction aipstream region than that of the interference seal. The pressure
the point. The measurement points for the last bristle row shavop still concentrates on the region close to the tips. It should be
the pressure rapidly decreasing in the gap between the backingiced that the figure was still plotted according to the unde-
ring and top plate, reaching a pressure of 1.37 bar whenflected positions of the measurement points. When the seal was
=5mm. The CFD gives reasonable agreement with the test Ipdrtially blow down, the front rows could bend downstream be-
the pressure drop obtained by the CFD is more concentrated ngad the following row. The state of blow down of the bristle
the edge of the backing ring. The experimental result from the tipws could be seen through the perspex model shaft.
of the last row is lower than that of the CFD. This implies the last The pressure field predicted by the CFD can be divided into
row had axial bending so it actually measured the pressure furthe&o regions: the region of the upstream two bristle rd®wn
downstream and hence gives a value between the two CFD lingswn to contact the shafand the rest of the padiat the initial
clearancg For the former the pressure drop is confined to the
bristle tips whereas elsewhere the pressure decreases gradually in

Test, Pu=2.03bar, Pd=1.47bar
Tip, Pu=2.03bar,Pd=1.47bar

22
2 _;
_ 8 18 L a
] & A
g, A
i - g X
e 2 |
2 2 14
H 2 a TestTopPlate
& 1p | X TestBisteTips
T ==CFD:1.5mm from Top-plate
= CFD:Top-plate
1 e
10 8 ¥ 4 2 ] 2 4 6
Axial Position (mm)
(a) (0 for backing ring edge)
(@) Backing Ring, Pu=2.03bar, Pd=1.47bar
& T T
X TestLast row
704 —
4 TestBacking fing X
. 60 {——==CFDLastrow n
E — CFD:Backing ring / {
- 50 &K
s 2 0
5 g 7 =
(]
% ﬁ ® / A
g © 2 Ay
/A 3
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0
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= el b) Pressure (bar abs.)
(b) Bristle Length (mm) tp  downstream
Fig. 9 Pressure distributions for the clearance seal: (a) pres-
Fig. 8 Pressure distribution within the bristle pack (clearance sure distributions in the axial direction; (b) pressure distribu-
seal: Pu=2.03 bar; Pd=1.47 bar) tions in the direction along the bristles.
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both axial and radial directions. Compared with the experiment, Tip, Pu=3.11bar,Pd=1.62bar
the CFD gives a smoother pressure distribution. The pressure de- 357

creases along the whole length of the bristles rather than concen- 4 Tes”‘fpp'ate

trates on the region close to the tips. 3 A :_;“,;B"we“:b
Figure 9a) shows the pressure distribution along the axis. The & _CFD:m.edab

CFD results are presented on two lines along the axial direction: 5 254 A A

one is on the surface of the top plate; another is 1.5 mm radial € X

distance from the surface of the top plate. The latter are the same §
points as the bristle tips when these are not blown down. The CFD

gives a sharp pressure drop for the first row of the bristles. Then

21

Press

the pressure exhibited a narrow plateau which corresponds to a o

local weak re-circulating flow after the blown down bristles. From ‘

here the pressure decreases gradually until the backing ring face is 1_10 8 & 4 2 o 2 4 6
reached. Behind the backing ring face, the pressure is almost the Axial Position (mm)

same as the downstream pressure. There is little difference be-(a) (0 for the backing ring edge)

tween the two lines. The experimental pressure distribution is
similar to that of the CFD with less pressure drop for the upstream

. Backing Ring, Pu=3.11bar, Pd=1.62bar
row and hence greater pressure drop for the rest, but the difference 80 - bl

is less than 10 percent. * TestLast row
The pressure decreases more evenly along the rear bristle row 0] | & TestBadingring
(Fig. 9b)) compared to the interference ségig. 7(b)). The pres- . 604 | o CFD:Lastrow, constntab
sure of the upper half of the bristley40 mm) is close to the E =+ CFD: Backing fing, constant ab
upstream pressure, which implies little flow exists in that region. = %01 | —CPD: Last row, varied ab
The CFD gives a lower pressure, but the difference is less than 10 g 401 | =—CFD: Backingring, varied ab
percent. The experimental pressure value of last row tip is very ¢ ©
close to that of the CFD, which indicates the axial bending of the 3
last row is very small, unlike the interference seal. @ 20
When using the same resistance coefficient tensors throughout w0l
the whole bristle pack, the CFD in general predicts a reasonable
pressure distribution throughout the pack. The agreement with the 0 3 - |
experimental results is better for the clearance seal than for the 1 15 2 25 3 35
interference seal. For the interference seal, the predicted pressureb) Pressure (bar abs.)

gradient is too large along the shaft under the bristle tips, and,
hence, is confined to too small a region, as shown in Fig. 7. It ®g. 11 Pressure distributions with varied resistance coeffi-
apparent that due to the bristle movement in this region the degrignts: (a) pressure distributions in the axial direction; (b) pres-
of compaction and hence resistance varies considerably throgFe distributions in the direction along the bristles.
the pack. This can be taken into account by varying the resistance
as shown in the example below.

The porous region was divided into five parts, as shown in Fighat the overall mass flow remained unaltered from that already
10. The example which used varying resistance coefficients dalculated with uniform resistance and the experiment.
given in Fig. 11 for the interference seal wifly=23.11 bar, py The results in Fig. 11 show that the prediction with varied
=1.62bar, Since the overhang region dominates the flow, it ligsistance coefficients gives much better agreement with the ex-
reasonable to consider using varied resistance coefficients in th@&iments both on the shaft and backing ring pressure distribu-
region. Region 1 extends from a position 3.8 mm from the shaft tpns. In practice, the geometry of the bristle pack may vary in a
the bristle roots. The other regions are of the same size withm@ore complex manner than assumed above. This modeling with
thickness of 1.25 mm and height of 3.8 mm in the overhang rghiform resistance coefficients can achieve a very good agreement
gion. Because the downstream bristles bend more in the axiéth average flow parameters such as the total mass flow rate, but
direction, the actual resistance downstream will be less since ihé not good enough to predict the detailed pressure distribution.
resistance falls as the bristles spread. The different coefficiedtis indicates that the deflections of the bristles play an important
applied in each region aret,=a,, a;=a,/60; b,=b,, andb, role in the pressure distribution of a brush seal.
=0. In regions 1 and 2a,=1.22< 10"Ym?, b,=1.26x10°/m. In )
region 3:a,=8.24x 1019 m?, b,=8.6x10°/m. In region 4:a, Conclusions

=4.24x101%m?, b,=4.6x10°/m. In region 5: a,=2.4 The following conclusions can be obtained through the experi-
X 10°/m?, b,=6x10*/m. These resistances were chosen sushental and numerical studies on the large scale model of the
brush seal.

1 Comparison of flow characteristics of the engine seal and the
large scale model has demonstrated that the two systems are not
Bristle only geometrically similar but also physically similar. Thus, it can
Pack be concluded that the assumptions made in the derivation of the
relevant non-dimensional groups are satisfactory.
2 The ability to measure the pressure distribution within the
bristle pack has provided a valuable insight into the operation of

Backing Ring both interference and clearance seals. Detailed flow information
has been obtained. In both seals, the form of the pressure drop
38mm |4l 45 4.075mm close to the bristle tips, in the overhang region, is very significant.
Shaft 3 It has been shown by visual observation and pressure mea-
surement that the bristle pack was compacted under pressure. The
Fig. 10 Divided porous regions with varied resistance coeffi- bristle bending in the axial direction could be several times the
cients bristle diameter. Together with the numerical prediction the mea-
678 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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surements give a clear indication of the way in which the com-  z = axial co-ordinate
paction and local resistance varied through the pack. ¢ = flow function
4 When using the single uniform resistance coefficient tensors ¢ = bristle lay angle(0 deg for radial alignmeint
to represent the whole bristle pack, the CFD in general does not w = viscosity
predict an accurate pressure distribution throughout the pack. The 6 = tangential co-ordinate
agreement with the experimental results is better for the clearance p = density
seal than for the interference seal. o = shaft rotation speed
5 The change in geometry of the bristle pack plays an impoéUbscripts
tant role in the seal behavior, especially in the pressure distribu-
tion through the pack. It is necessary to select varied resistance 0 = total (pressure, temperature etc.
coefficients in the modeling to give more accurate predictions. b = bristle
R = backing ring
e = effective; engine seal
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Royal Navy Experience of
Propulsion Gas Turbines and How
and Why This Experience is Being
Incorporated Into Future Designs

The Royal Navy (RN) has in-service experience of both marinized industrial and aero
derivative propulsion gas turbines since the late 1940s. Operating through a Memoran-
dum of Understanding (MOU) between the British, Dutch, French, and Belgian Navies
NiQE| Wright the current in-service propulsio_n engines are mariniz_ed vers_ions of the Rolls Royce Tyne,
ME215 Future Gas Turbines Olympus, and Spey aero engines. Future gas turblne engines, for the Royal N_avy, are
éhips Support Agency’ expected to be the WR21 (2_4.5 M_W)S to 8 MWengine ald_ a 1 to 2 MWengine in
Somerset. United Kingdorﬁ support _of the All Electrlc Ship Project. T_hls paper will d(_atall why t_he Royal Navy chose
' gas turbines as prime movers for warships and how Original Equipment Manufacturers
(OEM) guidance has been evaluated and developed in order to extend engine life. It will
examine how the fleet of engines has historically been provisioned for and how a modular
engine concept has allowed less support provisioning. The paper will detail the planned
utilization of advanced cycle gas turbines with their inherent higher thermal efficiency
and environmental compliance and the case for all electric propulsion utilizing high
speed gas turbine alternators. It will examine the need for greater reliability/availability
allowing single generator operation at sea and how by using a family of 3 engines a
nearly flat Specific Fuel Consumption (SFC) down to harbour loads can be achieved.
[S0742-47980)01203-5

James Rand

ME214, In Service Gas Turbines,
Ships Support Agency,
Somerset, United Kingdom

Background Configuration and Operation. The configuration of Royal

) ] Navy gas turbines is either CODLAG, COGOG, or COGAG us-
~ Why Gas Turbines Were Chosen. Although a gas turbine ing the principle of cruise/boost. The smaller Tyne engine or an
first saw service in the Royal Navy in 1947, it was not until 1964jectric motor is used as the cruise engine while the Spey or
that Naval policy changed so that aero derivative gas turbineflympus is used for sprinting. The majority of the operating time
became the first choice prime mover for major surface warshlpg.spem below 15 knots and thus the cruise boost system gives

The gas turbine was seen as a simple, compact, nonreciprocafiiige fuel savings. The disadvantage is that a logistic holding for
machine that had the potential for development and high reliabdeveral different engines is required.
ity. Their high power density allowed smaller engine rooms,

larger magazine space or smaller and thus cheaper ships. It wagpport Through a Memorandum of Understanding
perceived that the potential for higher reliability, availability, angmou).  The MOU was initiated in 1975 between the Dutch,
reduced personnel requirement far outweighed the then poor cygl&gian and British Navies and was later joined by the French
efficiency. _ o Navy and covers both technical and logistic support. The aim of
A major factor in the move to aero derivatives was the foresegie MOU is to invest in a pool of gas turbines, support facilities,
rapid exchange times for complete engines. An industrial basgfhintenance policies, technical manuals, practices, component
G6 engine in HMS Ashanti suffered a partial disc failure whickystems, and equipment common to the participating navies and
required removal of the complete engine, measured in weeks Wifys reduce expenditure through economies of scale and ensure
full dockyard support. Aero derivatives however, were shown {&mmonality to maximize benefits. Costs are shared based on
allow a complete ship re-engine in a few days in theatre. engine running hours with the major expenditure being the repair

All the advantages predicted by the change in propulsion poligid overhaul billfuel and shipborne labor costs play no part in
have now been realized with many of the reservations being notiag MOU).

serious as was first expected. The move from the steam and G6

turpines to Tyne gnd Qlympus brought about a new maintenanceSupport Policy

philosophy of limited life and upkeep by exchange. The new op-

erating and emergency procedures gave dramatically better availProvisioning. Provisioning of Gas Turbines and spares is on a

ability which paved the way to doubling the time between dockingPool” basis with equipment being allocated to MOU ships as

and refit intervals over those common with steam propulsion fite need arises. Pool Gas Turbines may be new, reconditioned or

ships. This, with the ability to significantly reduce the marinart life units. The planned size of the Pool at any given time is

engineering crew, has given a significant benefit to the deferdetermined by a number of factors including population fit,

budget. planned life, rates of random failure, and the repair down time of

unserviceable units. On removal from ships, life expired or unser-

Contributed by the International Gas Turbine Instit(@TI) of THE AMERICAN viceable Gas Turbines are returned to an overhaul facility for

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL oF  reconditioning, refurbish, or repair and subsequent return to the

ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Interna-Pool. When Ships go into refit or reserve, part life Gas Turbines

tional Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, J s
7-10, 1999; ASME Paper 99-GT-89. Manuscript received by IGTI March 9, 195;?;?&3’ be removed, preserved, modified or returned to the ol
final revision received by the ASME Headquarters May 15, 2000. Associate Tediecessanyto ensure their proper care and to supplement Pool

nical Editor: D. Wisler. stocks.

680 / Vol. 122, OCTOBER 2000 Copyright © 2000 by ASME Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 1 Engine release lives verses achieved lives

. Release Life. eleaselife :
| 3,500hrs / 10.years 5,000 hrs / 10 years | 7,500 hrs / 18 years
- 3,000 hrs 5,000 hrs 7,000+hrs
.1 3,000 hrs 3,000 hrs 6,000 hrs
. Spey SM1C .. | 9,000 hrs 9,000 hrs Lead engine at 1,500 hrs

Maintenance. Component “Upkeep by Exchange(UXE) is program with the OEM to formally extend the engines release life
the base philosophy for MOU gas turbines and their ancillatp that achieved by the MOU Navies.
equipment which makes for reduced operational downtime, re-In the early years of running, as OEM and operator experience
duced manpower, increased propulsion system availability agtew and novel/unforeseen failure modes became apparent, reli-
some reduction in ships’ staff skills level. In-situ repairs are alsance on OEM and operator proposed modifications was heavy.
conducted on a UXE basis for such items as combustion chafiiese modifications often brought with them increases in compo-
bers, auxillary gearboxes, and enclosure mounted equipment. @ant and thus engine life. However in the early 1980s the return
board repair techniques have of course been developed but thesexpenditure compared to gains was falling and it was decided
skills tend to be retained by the waterfront repair and specialigt cease accepting engine modifications unless there was an over-
technical groups. riding cost benefit or for safety.

Fleet Support. As with introduction of any engine into ser- Interval Between Overhaul Extensiongperating experience
vice, engine life was initially taken as that conservatively agreeshowed that there were significant variations in achieved engine
between the Rolls Royce and the RN following development arsathd component life between the same engine type fitted in the
endurance trials. By ensuring that development engines accumsame class of ships as well as between different classes and types
lated more equivalent hours than those in operational service @nship. Components were declaréainst OEM standargisas
understanding of possible modes of operational degradation wasserviceable well before and in some cases well after declared
gained: hopefully before they occurred in service. Soon operatitifip. The declared life of an engine therefore needs to be a sensible
experience and engine hours grew to such a level that engine ifempromise. The compromise is the balance of achieving the
expectations based on development engine testing were exceedekimum possible running hours against maintaining high
To gain experience of engine life specialist engine inspecti@vailability.
teams were formed and these are currently based in Bath, UK, and he reason for vastly differing achieved life was found to be in
Den Helder, The Netherlands. Corporate knowledge is maintaingdrt due to a combination of fuel, fuel system quality, engine
by mixing civilians with uniformed personnel who have operatingusbandry(especially that of the intake/filtration systgrand
and maintenance experience on gas turbines. varying operating profiles. Newer classes of ships were fitted with
improved fuel cleaning systems, better air intake filtration systems

nd ships’ staff were educated to give them a better understanding

. vt . 2 the need for good husbandry and maintenance of gas turbines
be non-contained within the engine carcass. Clearly it is of pargs 9 y g

ti " that this d th Th A d their associated systems. Combined with improved hot end
mount importance that this does not happen. 1he COMpPoONents giiar coatings, these measures dramatically improved the prema-
lifed in terms of major cycles; each cycle representing an excyl

. : . -~ ~1Ure failure of engines caused by corrosion, induced by salt borne
sion from zero to maximum speed and back. Whilst an initi 9 y y

. . . . ontaminates and fluxing sulphidation at the hot sections.
assessment of the cyclic usage rate is made, the installation of low g sulp

cycle fatigue countergLCFC) in a sample of ships allows for Modular Benefits. The Olympus and Tyne engines are 1960s
regular evaluation of ship operating profiles and hence cyclic covintage aero derivatives and as such are non-modular. The Spey
sumption. Engine component Group A life is occasionally recaéngine is 1970s modular build which needs an overhaul line to
culated on the basis of the operating profiles gained from theeak the engine into its six Maintenance Assembly Change Units
LCFC but due to the consequences of a low cycle fatigue failu(®ACU).

(such as a disc failujyet is the MOU’s policy to tread very warily
and conservatively in this area.

Life Sampling. Critical components(termed Group A are
those which are subjected to low cycle fatigue whose failure cou

Engine and Module Provisioning.A modular engine enables
the support structure to be targeted at the more vulnerable hot end

Modification Embodiment. One of the first modifications sections thus reducing procurement costs. Being able to break an
adopted on the Olympus engine was the installation of endoscag@gine into separate parts has many benefits and a major one is the
inspection ports to allow internal examination without an engineeduced costs of engine repair. To illustrate, the average cost of an
removal and strip. Endoscope inspection is the primary weapon@tympus repair has been £200K with a turn around time of 3 to 4
extending engine life, based increasingly on condition. This hasonths. With the Spey engine, 2 MACUs on average require re-
led to the MOU departing from OEM engine release lij€able furbishment each engine failure which gives a cost of £40K for
1). However, the MOU is currently pursuing a life assessmettie strip and X £40K for the MACU repair. By breaking the

Table 2 How Olympus and Spey were provisioned for and how Spey and WR21 should be provisioned for (based
on a 40 Gas Turbine fleet )

-Non’ Modular. - {ie |-1st’ lly
- Olympus) =~ {"Modular {ie: -Have Dohe S NR21Y
-Spares’ . - -Stock-{ 8 x Engines 6 x Engines 3 x Engines 0 x Engines
Level - s + 31 x MACU + 18 x MACU 18 x MACU
: Minimum . Holding ‘| 3 x Engines 3 x Engines 2 x Engines 0 x Engines
- (War Stock) +7 x MACU + 6 x MACU 7 x MACU
. Total Engines 8+40 15 + 40 9+40 4+40
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engine and exchanging the damaged MACUs for serviceable ones 4000

a turn around time of 1 month for the engine is possible. The 3500 +
damaged MACUs can then be repaired at comparative leisure. 3000 +
Spey engine procurement was based on the experience of non o 2500 +
modular Olympus and Tyne enginéBable 3. Using this previ- < 2000 £
ous experience failed to anticipate the benefits of a modular en- g 1500 1
gine and to realize the large potential for life extension which
resulted in significant over provisioning. 1%8 T
; 0 + -
Measuring Success . o S8 83885 %
The MOU and RN use a variety of indicators to measure the YEAR

performance of engine support. The most useful ones to demon-
strate the effects of life extension programmes are the Premature Fig. 4 Spey demonstrated mean achieved life

Removal RatdPRR and the Demonstrated Mean Achieved Life

(DMAL). The PRR is the quotient of the total number of gas

turbine failures to total engine hours riexpressed as per 10,000

h). The DMAL is the quotient of the total hours run by engines gjnce the Spey’s introduction in the late 1980s the PRR has

that have been removéde,, life expired or failed enging$o the  jmproved year on year as early novel failures were overcome and
total number of engines removed over a 12 month rolling averaggyestment into extending engine life paid ¢Fig. 3.

These indicators are generally moving in the right direction show- 1o Olympus DMAL is slowly increasing year on year. The
ing the tangible returns on expendituigig. 1). eaks and troughs tend to be caused by the Olympus engines on
The rise in Olympus PRR in the early 1990s were due to e Ajrcraft Carriersiwhich can accumulate 10 times more run-

failure mo_des: High Cycle F_atigue failures of turbine blades a ng hours than a frigaeachieving high life engines and on other
Starter Drive Bracket Cracking. These problems were addres$gQasions suffering early failuréig. 4).

by a calibrated burner campaign and a soft start modificationy,g Spey engines DMAL is very sensitive to single events

which showed results from the mid 19905g. 2). because of the comparatively low hours run but is improving as
hours run and number of engines in service increase.

2.8
281 Gas Turbine Progress—Lessons of the Past With an
” 27 1 Eye to the Future
E 26 ¢ With almost 30 years of gas turbine operation experience and
2.5 1 with current in service engine aero parents are being phased out,
244 the Royal Navy is at a point where there is a need for another step
o ) . _ ) change. This policy, termed The Royal Navy Marine Engineering
2'3° - N ® e B ©® ~ o DeveI(_)pm_ent StrategWIEDS_) is to adopt emerging technology
&8 3 8§ 8 3 8 8 5 3 that will give lower through-life cost and comply with future leg-
YEAR islation without detriment to the operational capability of the war-
Fi ship. To meet the strategy, the criteria for modern prime movers
ig. 1 Olympus premature removal rate are as follows:
» meet future emissions legislation to ensure RN ships are wel-
10 come in all foreign ports
PP * low at-sea maintenance requirement and therefore reduced
manpower
E 6+ « high reliability and availability
o 44 « high fuel efficiency at part loads as well as full power
e minimum total life cycle costs
2t « high power density
0 ‘_ N - t m + N © It has been recognized that to achieve this strategy, if gas tur-
&8 388 3 8 85 8§ bines are to be used, they must be diesel beaters in terms of
YEAR physical dimensions and through-life maintenance costs and have
Fig. 2 Spey premature removal rate good part and full load eﬁi_ciencies. It is only the advanceq pyclz_e
' gas turbines that can achieve the necessary thermal efficiencies
and these have to be fully modular if lessons learned in supporting
4000 Spey and Olympus are to be employed. The advanced cycle gas
turbine is the cornerstone of the MEDS and thus the Royal Navy
3000 + has returned, albeit with modern technology, to the intercooled
] and recuperative technology last used in the 1950s in HMS Gray
g 2000 4+ Goose(Fig. 5).
o As the cost of designing and developing an aero or industrial
1000 + marine or industrial gas turbine from concept onwards is ever
increasing, the Royal Navy is in collaboration with the US Navy
0 et and the French Navy in the development of the WR21 Intercooled
8558 33 885 8 Recuperated gas turbine. The WR21 offers the RN the following:
YEAR » improved availability using the lessons learned from the aero
Fig. 3 Olympus demonstrated mean achieved life world where down time is prohibitive in cost and sales
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Fig. 5 WR21'’s near flat specific fuel consumption curves compared to current in service engines
« reduced Unit Production Cost&/PC) with the ability to re- Studies have been undertaken to determine the number and size
place two engine¢Cruise/Boost with one of gas turbines required for the All Electric Ship Architecture
« reduced through-life cost and the use of a second generati@iig. 6), the objective being for the entire future fleet to run on a
modular gas turbine single family of advanced cycle gas turbine alternators. The stud-
« the ability to drive the ship farther, or faster or stay on statioies undertaken used typical destroyer, frigate and carrier displace-
for longer for a given fuel capacity ments and operating profiles, including electrical loading and pro-
« the prime mover for a high powered gas turbine alternator f@ulsion power and showed the optimum family of prime movers
an integrated full electric propulsion plant would be a WR21 at 24.5 MW, a 5-7 MW and 1-2 MW gas

turbine alternator. The 5—7 MW provides cruising power for frig-

At present the electrical generation on board RN vessels is cQas or destroyers whilst the 1—2 MW provides harbour load or

ducted by diesel generators. These have been inherently costlyf} heeq operatioftowed array and acts as an emergency “get
maintenance and will not meet future emission legislation witho O[)

” . . u home” power plant. A destroyer/frigate is likely to need two
additional complexity. To overcome this the RN are currentl p P y 9 y

- : R21 sized engines to achieve its top speed of 30 knots, whilst a
negotiating a MOU with France and The Netherlands for the d‘Eérrier will require between 4 and 8 WR21s for top speed opera-

velopment of a 1-2MW advanced cycle gas turbine alternat%n and a 5-7 MW machine to provide low speed and hotel
(1-2MW GTA. I%ectrical load. The 1-2 MW GTA also provides the opportunity

The development of the WR21 has enabled a nearly flat S consider retro-fit into T :
) - ype 23 Frigates and the use of the en-
curve to be achieved from 24.5 MW to 4 MW, and the 1—2M\%ne in mine hunter sized ships.

GTA is planned to produce a flat SFC curve at the lowest powers.
Thus due to different sizes of ship and the need to optimize effi-
ciency and operating cost over their operating spectra, there is a

need to complete the family with a mid size engine to fill the 2 to IFEP Architecture

7 MW power range. The provision of the small, medium, and

large(WR21) gas turbine will enable a flat SFC to be achieved for @ m
any size of vessel from minesweepers to aircraft carries and fle|

support vessels. The selection of engine to meet the small and RECTIFIER/

Q)

MEDS, but it is their use within an Integrated Full Electric Pro-

: INVERTER
power requirement has yet to be made.
It is not just the change to gas turbines that will meet thg .
pulsion (IFEP) plant that will ensure maximum savings to be ac-

crued. IFEP enables a single prime mover to meet both propulsiy I
and hotel loads and thus has the following benefits: co l@ |

e reduced number of prime movers and therefore UPC RECTIFIER

* increased availability of electrical and propulsion power 400v DC RING MAIN @m

* reduced maintenance _

* reduced fuel burn

 increased survivability Fig. 6 Typical integrated full electric propulsion architecture
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Summary » a family of three gas turbine alternators to give a near flat

SFC for all future platforms in the All Electric Ship
Past and Present. Many valuable lessons have been learned  Architecture

from past engine development and operation which will be bor

in mind for future engine development. %onclusmns

« The benefits of a modular engine are fast repair times, re-" The future of Royal Naval ship propulsion is seen in terms of
duced repair costs and greater ship availability. gas turbine alternators in an All Electric Shlp Architecture.
. ) . * Due to the high development costs industry and other gov-
* Early commitment to the full engine/spares requirement maynments will need to co-operate if the required lower through life
result in over provisioning. Procure equipment in stages to gain:gsts are to be realised. This co-operation with industry may see

good understanding of engine and component usage. the present Royal Naval reliance on aero derivative engines for
* In house teams of specialist engine inspectors can build upcav powers wane.
good knowledge base and help drive life extension policy. » A comprehensive understanding of the procurement and life

) ) management of the Olympus, Tyne and Spey engines will enable
The Future. For a single Navy the high development costs ofhe in service introduction of future gas turbines to be made with
gas turbine alternators do not give a significant reduction iinimum pain.

through life costs based on comparison with present simple cycle inallv “The views exoressed are those of the authors and do
gas turbines. However, a step change in ship propulsion is nee%%$necgssarily represenpt those of HM Government.”

to give lower through life costs and comply with future environ-

mental legislation without detriment to operational capabilitiegibliography

Therefore, partnershlp VYIth IndUStry. and Othel’. governments Bowers, N. K., 1966, “Gas Turbines in the Royal Navy,” J. Naval Erig, No. 2.

seen as the vehicle to gain the operational benefits at an affordalegan, S. J., Lamport, A. W., and Smith, A. J. R., 1970, “Gas Turbines in the
H i icRoyal Navy,” J. Naval Eng.19, No. 1.

deyelopment cost. To this end fuu".‘e qual Na\./al propuIS|on IS%‘nerwin, D. J., 1973, “Some Thoughts on the Reliability of Gas Turbines for War-

being directed towards an All Electric Ship Architecture and KeY ship propulsion,” J. Naval Eng21, No. 1.

development areas of this program are as follows: Shaw, T. R., 1974, “Gas Turbines in the Royal Navy, 1970 to 1973,” J. Naval Eng.,
21, No. 3.
. h|gh speed alternators to allow direct drive without a gearbﬁHara, D., 1975, “Shore Testing of Gas Turbine Ship Propulsion Machinery,” J.

. . Naval Eng.,22, No. 2.
° recuperated CyCIeS to gain the best compromise betwelgé?:\rson, A. D., 1984, “Gas Turbine Life—Influence on Ship Design and Opera-

power density and economy for ship fit tion,” J. Naval Eng.,28, No. 3.
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Experimental Investigation of
Adaptive Control Applied to HSFD
Supported Rotors

A. El-Shafei
M. El-Hakim This paper describes the experimental application of adaptive control to Hybrid Squeeze
Film Damper (HSFD) supported rotors. The HSFD has been shown to be an adaptive
Department of Mechanical Design damper capable of providing infinite damper configurations between short and long
and Production. damper configurations. Previously, theoretical investigations of the adaptive control of
Faculty of Engineering, HSFD concentrated on the development of the model reference adaptive control (MRAC)
Cairo University, Giza, method, as well as development of a nonlinear reference model. Simulations of the per-
Egypt 12316 formance of the adaptive controller during run-up and coast-down indicated the superior
performance of the adaptive controller. In this paper, the adaptive controller is tested on
a multi-mode rotor. A test rig is designed and developed using computer control. A simple
reference model is investigated consisting of a second order system. Three forms for
adaptation gain are studied. The results of the experimental investigation illustrated the
performance capabilities of the adaptive controller applied to the HSFD, and moreover
indicated the possibility of simple design for the adaptive controller.
[S0742-4798)0)01603-3
Introduction damping. If the sealing becomes near open-ended then the flow is

The need for active vibration control of rotors has been estal xial _and the short damper is approached Wh'.c.h prowde_s less
mping. The performance of HSFDs was verified experimen-

lished in the last few years. It is particularly desirable to increa . S :
rotor speed beyond several criticals and simultaneously minimi e”y’ and it was shown that the HSFDs are effective in controlling

the rotor vibration and ensure the engine’s proper operation ﬁt:éng':ﬁgessf rg‘;?r A\'I':c:"?tt'\?vgss i?l(cj)vlvr; ;ﬁgij(t:}’l]r;ghthli’ igog%en;[rzr:?;
adverse conditions. Actually, magnetic bearings have found th%i]r pport. y P

place in the market, as possible active rotor supports HoweverUCh more effective in controlling rotor vibrations than the pre-
. Lo g - e Vious strategies of controlling the pressure in a conventional
for aircraft engines, several complications arise with magnet] .
9 P 9 ueeze film damper.

bearings that preclude their use in the foreseeable future. ™ .
X . ater, El-Shafei and Hatho{®] developed a complete math-
details of the reasons for such a conclusion are beyond the sc atical model of the HSFD rotor system for an automatically

of the current paper; however, this conclusion illustrates the ne htrolled system. Simulations of the behavior of the open-loop
for the development of more reliable control devices for aircraff .. "2 presented, and an on-off control algorithm based on

engines. This paper is thus concerned with the development of f
. ; . . eedback of rotor speed was proposed and was shown by the
Hybrid Squeeze Film DampéHSFD) as an active control device simulation results to be quite effective in controlling the rotor

for rotor vibration. X ; : X 4
Squeeze fim GamperSFDS have been used successiuly 0 L1210nS, The anslent and steady state simulalons of e
the last thirty years to passively damp rotating machinery, in paf; P Sy p

ticular aircraft enginel—3|. They provide the primary source of otor system, implying that the automatically controlied HSFD

damping in aircraft engines since the rolling element bearings § The success of the HSFD incited several investigations of its

ggé‘g‘ugzegfetﬁer}?'p;; baillri?y n?toggé%js F;:;XJ' ‘rj; t\Z) e[jye\lllétllgpdglr:ngén é‘)ntrol strategies. Hathout and EI-Shafé&0] investigated the
actively control rotor vibrations. Burrows et 4] investigated daptive control of HSFDs using model reference adaptive control

the possibility of controlling rotating machinery vibration by con (MRAC) strategy. They later studied the PI control of HSFDs

trolling the pressure in a SFD, and they point out that control ?‘qt'i_':;]lzgerotg?gtsﬁt alo[r%i ngeljg?fgzd the on-off control of
rotors using active SFDs is much cheaper than using magneti pp ’

bearings, and is more simple and reliable. Adams and Zaf#gul xpenmentally, the authors have developed a computer-
L S . controlled test rig 13], have automated the HSFD hydraulic cir-

studied the control of rotors by controlling the pressure in hydro- . . ! ;

static SFDs. Mu et al[6] proposed an active SFD by using acur[, have statically tested the HSFD, and have experimentally

movable conical damper ring. EI-Shaf#i,8] proposed using Hy- investigated the on-off control of the HSFD.

; " | S In this paper, the adaptive control algorithm is applied to the
brid Squeeze Film Dampe(#iSFDS for active vibration control SFD. The test rig has been modified to accommodate a multi-

of rotors. The basic idea is to control the flow in the SFD throug’\:‘i| . ; .
movable end seals, thus achieving the ability to change ;Errode rotor. An MRAC adaptive controller is designed and ap-

an be a very useful device for the active control of rotors.

damper from a short damper to a long damper and vice versa \‘Ed to the computer controlled test rig. A simple reference
the sealing is tight then circumferential flow occurs in the damp odel is investigated consisting of a second order system. Three

and the lona damper is aporoached. which provides much mo%ms of adaptation gain are studied. The results illustrate the
9 P PP ’ P capabilities of the MRAC controller in controlling HSFD sup-

ported rotors, and indicate the possibility of simple design of the
adaptive controller.

Contributed by the International Gas Turbine Instit(@TI) of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF
ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Interna- . .
tional Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, Jutdhe Hybl’ld Squeeze Film Damper

7-10, 1999; ASME Paper 99-GT-176. Manuscript received by IGTI March 9, 1999; _. .
final revision received by the ASME Headquarters May 15, 2000. Associate Tech- Figure 1 shows a cut-out of the HSFD. Two movable sealing

nical Editor: D. Wisler. rings (4) with sliding fit both to the end caps and to the housing,
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one on each end of the damper are used as shown in Fig. 1. Tlrest Rotor

principle of _the seals’ operation is simple. T_he damp(_er ol film and The design criteria for the test rotor were set as follows:
the hydraulically actuated seals are supplied from independently
variable sources. In order for the damper to operate as a longl three critical speeds to be attained in speed range
damper, the pressure to the seal chaml&2sis elevated above 2 speed range to be up to 15,000 rpm

the internal pressure of the damp@). The seal ringg4) will 3 the HSFD to be located at a point of high modal activity
move in axially and seal the oil film inside the damper clearance.

. . The results of the extensive design effpt8] is illustrated in
In ord_er to return to _th_e _short damper con_flguratlon, the seal pr’ﬁg 2, where a three mass rotor is selected. The three mass rotor
sure is lowered until it is less than the internal pressure of t% L )

- . ; L Shibits three critical speeds at 3260 rpm, 5707 rpm, and 11,282
Sggt?gr:é-rh's causes the seal rin@gs to return to their original ., “These critical speeds, as shown in Fig. 2, can be classified as

. . . . . bouncing mode, conical mode, and first bending mode,
It may be required to locate the sealing rings in 'ntermEd'aP%spectively.
positions, other than those for the short or long dampers, 0 pro-\jgreqver, all three modes exhibit significant modal activity at
vide for the required rotor control. Thus the sealing rings aige pearing location thus allowing the HSFD to adequately control
connected to springs that would act to restrain their motion versyg three modes. The first two modes can be classified as rigid
the applied pressure in the sealing chambers. As illustrated by {igdes, where most of the deflectiéand thus potential energy
computer simulations of the syster], this is quite an effective occurs in the support, while the third mode represents a flexible
method of controlling the position of the sealing rings. To physimode, where most of the deflectidand thus potential eneryy
cally incorporate the springs in the design of the HSFD, 3 megccurs in the shaft.
suring rods(6) were connected to each sealing ring, and would Figure 3 shows the set-up of the test rotor. A universal motor
protrude through the sealing chambers and the end caps, as shavies the rotor through a 2:1 belt drive. Two HSFDs, termed D1
in Fig. 1. Springs, resting on the surfaces of the end caps, candr&l D2 are supporting the rotor. The rotor is 985 mm long and
connected to the measuring rods to provide spring action restraieighs 13 kg. The measurement locations of the rotor vibration
ing the motion of the sealing rings versus the applied pressuredre also indicated in Fig. 3.
the sealing chamber. The measuring rods have an additional benfhe HSFDs shown in the test rig of Fig. 3, have the same
efit, they could be directly connected to a position transd(egr, cut-out as shown in Fig. 1. The dimensions of the dampers are:
an LVDT) to accurately measure the position of the sealing ringslearance ¢c=750um, length L=7.5mm, and radiusR

The spring rodg10) shown in Fig. 1 allow for centering the =37.5 mm. The oil chosen for the test rig is Shell Tellus 46 with
journal in the damper, in addition to preventing the damper froifiscosity 4=0.014 Ns/m at 70°C and oil densitp=875 kg/n?.
rotation. The centering spring action provided by the spring rods
(10) can be an important factor in the dynamics of the rotor bear-
ing system[15].
_The oil feed to the damper is provided by three feed holey w, ciares wedigied -vhich simulates iuassd Shaft- but with 3 Swall Di:

distributed circumferentially at the center of the damper. The Support Stiff

Brg. Stiff. 1 , 608
damper oil drain in the short damper mode is through the en e Nass thicknese o3 13 ) wonE spapes ot -omassoid.dat

caps. No damper drain is required in the long damper mode. Tt 3 (15282 rem 1 ) 2 (5787 RPY
oil port for the seal chambers is located on the extended housin ™. /“W\\M
This is the port connecting the seal chambers with the pressu _ .= T

o
... oy

”
o

32 117 4 rz:21 : : L o 2 2 T welone L i ISETY
8L \ [} 100 200 2308 400 560 6@ 7@ %68  9e@
30
;7‘ S - ; Fig. 2 The test rotor and its mode shapes
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Fig. 1 Cut-out of manufactured HSFD Fig. 3 Setup of test rotor
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@ 1=HSFD Unit
2-3-way Propportional
PAN Pressure Control Vaive
l'— N 3-Reiief Valve
e 4-Pump & Motor
S-High Press. Filter
6~Manual Throttling Valve
@ — 7-Tank

8-Pressure Indicalor.

Fig. 5 Computer controlled test rig

9=-Accumulgtor

o AN Hydraulic Circuit
| N l for HSFD

YD CRC.Ong

The GPIB card is a National Instruments PC Il/IIA, and was
Fig. 4 Automated hydraulic circuit used to control and acquire data from the Bently Nevada DVF-3
tracking filter and the Brel and Kjeer 2033 single channel spec-
trum analyzer. The DVF-3 is a two channel tracking filter to
. L which the signal from two of the proximity probes are routed and
HSFD Hydraulic Control Circuit filtered according to the speed of the shaft, which was also fed
Figure 4 shows the automated hydraulic circuit used to contrioito the DVF-3 by another proximity probe monitoring a key-way.
the HSFD. A three-way proportional pressure control valv&he spectrum analyzer was used to view both the time and fre-
(PPCV) 2 is used to control the pressure in the sealing chambeggiency domain signals from the pressure transducers, or the ac-
The control valve is normally closed; however, when it receivescleration signal measured on the damper housing. Both the
current signal, it connects the supply line, through an orifice, ®VF-3 and the B&K 2033 could either download the data into the
the sealing chamber, thus increasing the pressure in the seatibgputer or directly onto a plotter. Two plotters were available: a
chamber. If, on the other hand, a reduction in pressure is requird@ektronix HC-100 and a Bel and Kjeer 2308.
the PPCV connects the drain, also through an orifice, to the sealThe data acquisition card is a National Instruments AT-MIO-
ing chamber, thus reducing the pressure in the sealing chamld@F-5 card with 200 KHz sampling rate. The card is 16 channels
When the required pressure is achieved the valve is closed. Analog-to-Digital conversions for data acquisition and 2 channels
The pressure control valve was chosen over the more comnDigital-to-Analog conversions for control. All channels are 12-bit.
flow control servovalve, since the associated hydraulic circuit Both the GPIB and data acquisition and control cards were con-
simpler in this particular application, and in addition continuousolled by the National Instruments LabView software, which is a
flow would be required to maintain a constant pressure with thversatile and powerful software system that is capable of perform-
flow control valve which is an unnecessary energy loss. ing a wealth of functions including a variety of signal processing
Several important features of the automated hydraulic circuit @fnctions.
Fig. 4 need to be discussed. Firstly, the supply to the damper isn addition to the proximity probe monitoring the key-way for
direct, only a manual throttling valve was added to the circuit tspeed information, each of the HSFDs and the central disk are
reduce the supply pressure to that required by the damper. Thenitored by two proximity probes each, 90 deg apart, for a total
damper drain is also through a needle valve as before. Secondify seven eddy current proximity probéBently Nevada series
the sealing chamber, in this design, has only one port. This portAi200, 5 mm monitoring the rotor. The proximity probes within
used to both supply and drain the sealing chamber. Thirdly, ttiee dampers were located in a very tight space. In order to avoid
pressure control valve is the only component required to contiiokerference from adjacent material, and to reduce the possibility
the pressure in the sealing chambers. The feed and drain of tfedisturbing the flow within the damper, a Teflon adapter was
seal chamber is provided through the pressure control valve. Thignufactured to isolate the probes and allowing them only to
simple design of the automated pressure control circuit providegw the journal motion. Figure 6 shows a photograph of the test
for an efficient control loop. Moreover, because of the curremig and the instrumentation used.
control of the valve, it can be easily interfaced to a computer to
provide computer control.

Complete Computer-Controlled Test Rig

Figure 5 shows the complete computer controlled test rig. The
test rig consists of the rotor of Fig. 2 supported on two HSFDs as
shown in Fig. 3 driven by a high speed Universal motor through a"
belt drive. The oil feed and drain into and out of the dampers were %
controlled by the hydraulic circuit of Fig. 4. The hydraulic circuit §
was controlled by the pressure control valve signal which is gen-=
erated from the computer. '

The computer was an IBM compatible PC with 16 MB Ram &
and 2.1 GB hard disk. Two cards are installed into the computer g
A GPIB card based on the IEEE 488.2 standard is used to contro
the instruments in the test rig. The other card is a 16 channe 4
12-bit data acquisition card with two channel control used for
measurement and control. Both cards are from National Instru-
ments. Fig. 6 Test rig and its instrumentation
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Each of the dampers is monitored by two Kulite XT-190 pres- OPEN-LOOP SYSTEM
sure transducers for monitoring the dynamic pressure in the
damper and the pressure in the sealing chambers. These sign
were either fed to the spectrum analyzer or directly to the com:
puter or both. The hydraulic circuit lines were also monitoredby ' _____.
Digital Pressure Gages HBM Digibar type PE200/20 bar and art r_ _\

also fed into the computer. In addition, two thermocouples were PPV | [ Proporiional | | Sealng Ri [ HSFD IF {
inserted within the HSFD to monitor the temperature in the-“yConiiloningi—pPremme il | 2% KNEL) W Rotor
damper, both for viscosity determination and for possible use ir Card valve (pocy)| | | Drpamies effect |1 |
J J | J J| J
I

|

feedback. |
| |

L i i

]

1_.__..__

¥

Uncertainity Analysis

The uncertainity in the proximity probes as provided by the
manufacturer is—0.25 percent, while the uncertainity in the
DVF3, also as provided by the manufacturer-8.0008 percent
for speed, and-2.4 percent for amplitude. The computer receives
a digital signal from the DVF3. A simple calculation reveals that
the total uncertainity in the speed measurements is only withir
0.35 percent, while the total uncertainity in the amplitude is less
than 2.5 percent. These figures are quite acceptable. However, 1
should be noted that, since we have a closed loop system, the
uncertainity in measurement is not as critical as in other experi-
mental exercises.

— ——

HSFD-Rotor
System

Fig. 7 Block diagram of open-loop system

Critical Speed Testing

Critical speed testing is important before the application of the
control algorithms because of the need to verify the behavior of
the test rig before controlling it. The procedure for critical speed
testing was to run-up the rotor at above the third critical speed,
and to manually remove the belt using a special tool, and to col-
lect data(two channels at a timeusing the tracking filter DVF3
during coast-down.

The results of the critical speed testing are illustrated in Table
1. The tests were repeatedly performed and the results indicated
consistent repeatability of the critical speed data. Analysis of the
coast-down data indicate that the critical speeds occur at 2950 o
rpm, 5400 rpm, and 11,000 rpm. Table 1 represents a comparison e 400 “00 %000 10000 12000 1000
between the theoretical critical speed data obtained from the RetorSpeed @ revimia
CRITSPD program, and the experimental critical speed data. Ac-
ceptable agreement is observed, and this experimental verification
confirmed the suitability of the design of the rotor shown in Fig. 2,
for the application of the HSFD. and achieving the required objectives. Thus the presented control

The open-loop system consists of the control valve, the HSFi)gorithm aims at damping the vibration amplitude through the
and the rotor. The system functions as follows: first a volt ifeedback of the eccentricits.
chosen from the PC controller and is supplied to the valve condi-Figure 8 shows the open-loop testing of the test rig in a coast-
tioning board. The board in turn supplies a curremthich actu- down test. Two curves are presented: one in the short damper
ates the valve to output a controlled pressprén the sealing mode where the pressure in the sealing chamber is minimum, and
chamber. The amount of pressupepositions the sealing ring the other in the long damper mode, where the pressure in the
between the short and long modes, and hence controls the amagadling chamber is maximum. These tests illustrate the limits of
of damping supplied to the rotor. Figure 7 shows the block dighe control of the HSFD on the rotor test rig. That is, any control
gram of the open-loop system. This is considered as the plant &ffort can only locate the rotor in between the two limits illus-
the control development. trated in Fig. 8. The purpose of the controller is to try to reduce

In the experimental set-up there is a sensor for measuring tihe amplitude of vibration along the rotor, and simultaneously
vibration amplitude of the output variable to be controlled. Imeduce the force transmitted to the support. The long bearing con-
addition, in the work of Hathout et dl12] it became evident that sistently shows smaller vibrations at the damper, but this is not
the feedback on eccentricity is enough for controlling the systenecessarily the optimum damping value. Actually, the short bear-
ing also consistently shows smaller vibrations at the center loca-
tion. This implies that the least deflection occurs with the short
bearing. Moreover, the theoretical and experimental results of El-
Shafei[8] indicate that the forces are much smaller in the short
damper case. However, the long bearing provides much more

8
8

&2 Anglitde yim

g

Fig. 8 Short and long modes for the open-loop system

Table 1 Comparison between design and experimental critical
speeds of new test rotor

688 / Vol. 122, OCTOBER 2000

Critical Design Value | Experimental | Difference ) ) ) ) o
Speed RPM) Value (RPM) % damping that can be quite useful in crossing critical speeds and
P providing stability to the rotating machine. The controller thus
1# Critical 3260 2950 9.5% should try to optimize the damping for varying operating
objectives.
™ Criti 707 5400 5.4 % .
2™ Critical > ’ Model Reference Adaptive Controller (MRAC)
3" Critical 11282 11000 2.5% Adaptive control has a unique feature that distinguishes it from
constant linear feedback control. An adaptive controller is usually
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composed of a controller and an adaptation mechanism. The adtisfy is that it must have the same structure of the plant to be
aptation mechanism is continuously updating the controller gaionentrolled. For the rotor system, the order and structure of the
or parameters such that a specific performance criterion is mamedel is dependent on the number of modes represented. In other
tained or achieved. As a result, the controller is able to perform wmords, if a single mode of vibration is chosen to model the rotor
a wide range of operating conditions for which a constant ganresonance in a particular speed range then it is sufficient to model
controller either is unstable or does not perform satisfactorilyhe rotor as a second order system. In the speed range of interest,
Another feature of adaptive control encouraged its application fure rotor used has three dominant resonance frequencies and a
the rotor system is that it can perform quite exceptionally eveeasonable model is of order 6. However, since the amplitude of
when the dynamic model parameters of the plant to be controlleibration of the first mode is greater than those of the second and
are partially known. This is particularly true for the rotor systenthird modes, the first mode is of more interest for the control
since extensive identification is required to construct the full apurpose. Thus, the plant during the range containing the first mode
curate dynamic model. can be approximated by a second order system. In fact, one can
The principal of operation of the Model Reference Adaptiveonstruct a particular second order model for each mode and the
Control (MRAC) is that a reference model having the same ordeesponse of the system is the summation of the responses of the
and structure of the plant is designed to achieve the desired pggeond order systems of all modes. Hathout and El-Shagi
formance. The adaptation mechanism compares the difference brged the full nonlinear model of the rotor system as the reference
tween the output of the plant and the output of the referenceodel. This is not the usual case in choosing the reference model.
model then computes and updates the controller parameterdtiis common to choose the reference model which reflects a de-
such a way that in the steady state the regulation error approackiesd performance. The reference models for the MRAC are usu-
zero. In other words, the output of the controller plant can trackly linear reduced order models of the true plant. Based on the
the output of the reference model. above discussion and reasoning, the reference model is chosen to
be a second order linear system. It is given by

Design of the MRAC for the Rotor System
2

The complete MRAC strategy is based on the basic structure Em _ Wy o
shown in Fig. 9. The output is chosen to be the amplitude of R~ 2+ 2{w,s+ wg- @)
vibration at the bearing center. The desired performance is ex-
pressed in terms of the reference model. The three fundamental
components that constitute the MRAC are the linear controller,
the reference model, and the adaptation mechanism. Once these

three components are designed then the MRAC can be tested. 2 MRAC Controfier " F= o
Theta+Kp Case
The Controller. The controller is a simple proportional con- 200 4 ,’r\\\ (Control 10.V1) Long
troller that aims at positioning the sealing ring infinitely betweer g i i\

the short and long damper mode positions such that the vibratic 150 -

amplitude is regulated to the reference input. The controller if;
giVen by "—é_l()()
<
U:er, (1) 50 4

whereK , is a varying proportional gain. This proportional gain is
updated according to the adaptation mechanism. The reasor ©
proportional controller is chosen to be the linear regulator is it: 2000 4000 6000 8000 10000 12000 14000
simplicity and the remarkable enhancement the nonlinear propc Rotor Speed  RPM

tional controller achieved over the constant proportional control Experimental response of rotor at Damper 2 for

ler. According to the analysis of the proportional controller anc MRAC-Controlier (Theta + Kp)

the definition of the model reference adaptive controller, one e»
pects that the MRAC is continuously changing the dynamics ¢
the system by changing the proportional gain. Thus, the close
loop response is changing in such a way that the rotor vibratio
follows the reference model output. i

450
400 +
350 4

Long

w control

The Reference Model. The choice and design of the refer- Em._
ence model reflect the desired performance and the structure 5150__
the system. The basic principle that the reference model mu

2000 4000 6000 8000 10000 12000 14000
Rotor Speed RPM

Experimental response of rotor at CM2 for
MRAC-Controller (Theta + Kp)

= 2
S 9T
Tl
BT
o3 ' t + + + +
- 2000 4000 6000 8000 10000 12000 14000
0 Adaphve Rotor Speed  RPM
Mec m Actuating signal for MRAC-Controller Theta+Kp case
Fig. 9 Block diagram of MRAC Fig. 10 Experimental results of MRAC controller (6+Kp Case)
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The damping ratio is chosen to be that of a critically damped de Ae—gp)
system. The natural frequency is chosen to be equal to that of the gt —v(e—ep) V0
first vibration mode of the rotor. Thus, the reference model is as
fast as the first mode. In other words, the desired bandwidthasd let the reference model have the transfer func@y(s)
equal to the bandwidth of a system dominated by the first mode.0°G(s), whereG(s) is function of the plant transfer function

. . . . and the relation is through an assumed known congtarfthere-
The Adaptation Mechanism. A simple adaptation mecha- fore, the sensitivity derivative becomes

nism is chosen to update the controller gain Kp. The adaptation

mechanism is based on the gradient search approach that is usu- d(e—eny)
ally called the MIT rulg[17]. The final form of adaptation mecha- T de
nism is given by

=G(S)u,=¢en,/6°

and Eq.(3) is obtained[17]. Some of the characteristics of the
de MIT rule stated in the literature are that the MIT rule can be
&:*U(S*Sm)smv (3)  successful with non-linear systems, and can be used to handle
partially known systems.
where 6 is the adaptation parameter ands the adaptation gain.
The MIT rule can be explained as follows: assume that the param-
eter # changes much slower than the other system variables. Traplementation and Experimental Results
make the square of the error smaller, it seems reasonable t . - . . )
change the garameter in the direction of the negative gradient oﬁhe detailed MRAC is |mple_mented in th_e time domain. Two
the error. The parameter adjustment mechanism proposed by tha | 'SSU€S enabled accurate implementation of the MRAC. The
MIT rule can be regarded as composed of a linear filter for co irst issue is related to reference mo_del. T_he solution of the second
puting the sensitivity derivative from the error between the plagf9€" refeTrﬁ_nce model tol a step Input Ids chosen to replace its
and the reference model outputs, a multiplier, and an integratfincioN- This eases implementation and saves execution time.
The parameter change is then introduced in the control law usi € output of ihe referencey, model for a step iNpuR is given
a second multiplier. In addition, if the adaptive regulator is chos

such that R(1—e “n'(14 wpt)). 4)
250 20 MRAC- Controller
MRAC- Controller ~ |....... Short Theta + K(; oliler ... Short
Theta Case /\\ Long
1 ™ Long 200 4 ) 1OV
200 ,’l \\ (Control10.V]) ; \\ (Controlto.vyy w control
§ N £ Y
150 + A o 0T
o o H
T 2 L : ™
2 S 100 4 ; s
a 100 4 E
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<
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Fig. 11 Experimental results of MRAC controller (6 Case) Fig. 12 Experimental results of MRAC controller (6 Kp Case)
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For the adaptation mechanism, integration of the adaptatitme fact that the summation type is less aggressive than the mul-
gain is implemented using the Euler form for its simplicity. Thredplicative types in changing the proportional gain.
forms are chosen to update the controller gains once a new valudhe experimental results of implementing the MRAC are
is computed by the adaptation mechanism. These three forms sinewn in Fig. 10 for the additive structure. It is clear from Fig.
meant to give conservative action by relying on previously testdd)a) that the adaptive controller succeeded in regulating the vi-

proportional gain. The three forms are bration amplitude at the bearing system to the reference value.
K —g 5 Passing over the resonance, the adaptive controller preferred the
P ) short mode which results in a smaller error in this range. The

Kp=Kpot 6 (6) response of the center mass is shown in FigbjLAs the vibra-
tion of the center mass is not a directly controlled variable, its

Kp=Kpo, (7) response is complementing the regulation of the bearing vibration.

. . . . During the whole range the center mass amplitude remained be-

whereK ; is a fixed proportional gain. Hathout and EI-Shdfiei] . .

used thepoforn(S). Th% oFt)her two fgorms were proposed so that th&/€e" the short and long modes with less chattering than that of

effective proportional gain is not entirely dependent on the ad e bearlng vibration. Investigation of the actuation signal shown

tation parameteg. This is a usual approach to avoid vast changes Flguri 1G§c)|c_|early_:jnd|cates that the controller saturated the

th tation mechanism which might instability. In t&IPUt channel in a wide range. . .
by the adaptation mechanis ¢ ght cause instability _éJThe experimental results of implementing the MRAC in the

form (6), however, the effective proportional gain is the summa- | -~ ="t A
tion of a test constant proportional controller and the adaptatié'ﬁumpl'cat've structures are shown in Figs. 11 and 12, and show

gain 6. Thus in the dangerous and/or unexpected regions of milar behawort tg_ﬁthose OfthE addtlﬂvethrule.fExperlTengallty,
eration, the controller can safely be switched to the nonadapti re 1S no great dirference between the three forms of updating

mode. As a result, a previously tested valid performance can controller gains. .
P Y P (I all cases, the reference input was set at /58 and the

achieved. Based on experimentation with the proportional contro . .
a value of 0.5 gave the most satisfacting performance. The ad Bptroller always t”.ed to achleve.the reference value at the
tation gain is tuned experimentally to a value of 0.0008. A sati -a”t‘pﬁ‘lr Iocatlon.f It is clear from t':.'gg' th, 1#' a“‘ihlz tr;at the
factory performance is usually obtained for the summation typ?é)P ro ?rSSiway trt(r)1m dresonanceh.lrle.t Ot 3Ct |et\ée | N rg erence
(6) over the other multiplicative type®) and (7). This is due to value of SUum at the damper, whilé it opted 1o the long damper
mode at resonance. This is reasonable since the long damper
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Fig. 13 Experimental results of model reference adaptive con- Fig. 14 Experimental results of model reference adaptive con-
troller (@ case): (a) experimental response at D2 journal center; troller (#+Kp Case): (a) experimental response at D2 journal
(b) experimental response at CM location;  (c) controller actuat- center; (b) experimental response at CM location;  (c) controller
ing signal actuating signal
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Fig. 15 Experimental results of model reference adaptive con-
troller (6 Kp Case): (a) experimental response at D2 journal
center; (b) experimental response at CM location;  (c) controller
actuating signal

obtain the closest response to the reference input when not pos-
sible, particularly at resonance where the controller opted for the
long damper mode.

Hathout and EI-Shafgil0] used a nonlinear reference model in
their simulations of the adaptive controller. However, in this ex-
perimental work, it became apparent that this is an unnecessary
complication, and the tests were performed with an easily imple-
mentable second order reference model. The tests indicated that
this simple reference model was adequate and performed very
well.

One last point, Hathout and El-Shafdi0] were able to dem-
onstrate the ability of the adaptive controller to accommodate sud-
den unbalance in HSFD supported rotors. This is another feature
where the HSFD is capable of using its adaptive characteristics to
control rotor vibration; however, tests with sudden unbalance re-
quire a different test rig. Such tests are planned in the near future,
in the direction to illustrate the capabilities of the HSFD in con-
trolling rotor vibration.
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controller to follow the reference input, when possible, and to
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Advantages of the LV100 as a

Power Producer in a Hybrid
angelo V. Kaschier Propulsion System for Future
mraocoseseon I Fighting Viehicles

Hagen R. Mauch

e-mail: hagen.mauch@ae.ge.com The core of any hybrid propulsion system is a high power density, low weight, and fuel
efficient electric energy producer. The LV100 recuperated turbine engine is such a sys-

General Electric Company, tem. This engine is well suited to provide electric power efficiently at a volume and weight

Aircraft Engines, significantly lower than current systems. Originally designed for vehicular use and envi-

1000 Western Avenue, ronment to drive a Hydrokinetic transmission, the turbine’s high output speed lends itself
Lynn, MA 01910 to incorporate into the engine design an advanced generating device. This LV100 engine-

based electric energy producer will provide in excess of 1MW of electric power in a
volume of under one cubic meter at a weight of about 2500 pounds at fuel efficiencies
comparable to advanced vehicular diesel engines. Recent state-of-the-art improvements in
materials and component technology will permit further reductions in volume/weight and
increase the system fuel efficiency. The technologies required to reach a volume of under
one cubic meter, the system performance projections obtainable by technology upgrades
and the program achievements to date are discu§i742-47980)03103-3

Introduction Armored vehicles have mission requirements which require

. . . . . . sustained high power for speed on grade. This may limit engine
Hybrid propulsion for heavy military vehicles requires a highly irze reduction and balance energy storage.

efficient power producer to meet the large continuous powg
needs of such a vehicle on the move. This continuous power can- )
not be provided from energy storage devices alone. 2.0 Forms of Electric Power Producers

This paper discusses the significant benefits of the LV100, agjectric power for use in vehicles can be produced by fuel cells
modern recuperated turbine engine, as a power producer. Thispy fuel burning(internal combustiondevices combined with
engine, when combined with an integrated high speed generaigselectric generator. For armored vehicles where power density is
can become the electric power producer in Hybrid Systems in thgtical, the turbine with its inherently lower volume and weight,

1 MW class and used for advanced armored vehicles, where vgbmpined with high output speeds, has distinct advantages. Table
ume and weight are premium. 1 highlights the many advantages and the relatively low risk of a

The LV100 engine has C0mp|eted appI’OXimate|y 75 percent erbine_based h|gh Speed power producer_
its development cycle and can be put into production at a fraction

of the cost of a new engine development program. 3.0 Desired Characteristics of the Electric Power Pro-
1.0 Hybrid Systems in the 1 MW Class ducer

Hybrid propulsion systems contain the building blocks shown Consistent with the minimum under-armor volume require-
in Fig. 1. The prime purposes of the hybrid system are to installgent, the fuel tank uses valuable under-armor space. Thus fuel
smaller electric power producer and on demand, draw peak enef@psumption over a wide range of power, including idle, has to
from stored devices for occasional high power demand. In addi-
tion, the energy storage devices will be the sole power supplier for
extended low power requirements such as “silent watch,” wher
minimum vehicle signatures are required. Depending on the en
ergy storage system capability, some limited vehicle operatio Fue! Control
with a nonoperative electric power producer will also be feasible

Armored vehicles mandate minimum power pack volume undei Y
armor. Consequently, the energy density and volume of energ Y Y
storage devices currently under consideration will have to im-
prove significantly to permit their use for propulsion in an ar- Electric Power | Energy Storage
mored vehicle and before these existing devices become volum Producer —— Devices
competitive with a recuperated turbine engine system. A furthel
concern is the survivability of energy storage devices under higt + +
“g” loads, typical for armored vehicles.

Contributed by the International Gas Turbine Instit(@TI) of THE AMERICAN .
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF Drive Motors [
ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Interna-
tional Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, June
7-10, 1999; ASME Paper 99-GT-416. Manuscript received by IGTI March 9, 1999; i . o .
final revision received by the ASME Headquarters May 15, 2000. Associate Tedhig. 1 Hybrid propulsion systems contain five major compo-
nical Editor: D. Wisler. nents
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Table 1 Turbine based power producers have many advan- engine configuration operating at a maximum cycle temperature

tages of ~2500 °F and a 12.5/I cycle pressure ratio was found to be the
Desigr/Requirement Turbine Advantage best solution. ) ] )
, - - , - The recuperated cycle required for successful vehicular engines
High Output Speed Direct Drive To High Speed Generator Possible/ L.
No Speed-Up Gearbox Required offers the lowest under-armor system volume for all missions,
VolumelLow Weiah T L except for very short duration missions where the amount of fuel
Low Volume/Low Weight * Turbine Is Lowest . s i . .
+ Further Reductions With High Speed Generator carried becomes an insignificant part of the vehicle weight and

volume. Levels of fuel consumption obtained at part power are
unmatched by any simple cycle aircraft engine and are competi-
tive with advanced technology diesel engines.

Low O & S Cost » Inherent High Reliability of Turbo Machinery
» Direct Drive Reduces Parts Count

Low Cooling Losses/ + Turbines Require Much Less Supplemental The LV100 engine has a “built-in” self cleaning inlet-air-
Smailer Cooler Volume Cooling Than Reciprocating Engines filtration system and a state-of-the-art signature suppressor. As
Low Acquisition Cost - Reduced Parts Count part of the Advanced Integrated Propulsion Sysi&tPS) pro-
" Hign volume Producton for Large Commercial gram, discussed ifi2], the engine was built and successfully
tested.
Cold Day Start Will Start Reliably at Down To -59°F Without Like all turbines, the LV100 is internally cooled and requires
Special Equipment only small external coolers to handle the lube and accessory sys-
Survivability « Low Emissions tem heat rejection loads. Thus, coolers for turbines are a fraction

* Low Ambient Noise

- Eesentially Vibration Free of the size of reciprocating engine coolers.

The LV100 engine has successfully demonstrated the unique
Multi Fue! Capability : Lrgec x'rg‘;s:el:‘:;ﬁ:ﬂgmxg:'g :"d, G:SGWS cycle requirements of the recuperated gas turbine engine and rep-
A resents the only vehicular engine technology carrier available to-
day. The engine was sized for 1500 SHP but could grow to 1800
SHP or, due to high component efficiencies, remain competitive
be low. For vehicle survivability, low emissions and low noisg‘"th reciprocating engines at power le\{els down to 900 SHP. Itis
are required. These characteristics are strengths of recuperaﬂog' cost effective to _con5|der the d_eS|gn of brand new turboma-
turbines. chlnery c_omponents_lf power requirements are below or above
Compared with high performance vehicular diesel engines, n}P-ese “m'FS' The engine 1s Sl.“table for a high spe_ed electric power
bines in the 1500 SHP class are considerably smaller in size afj@ducer in a hybrid propulsion system and provides an excellent
over 1 ton lighter in weight. These advantages are magnified wh ASIS for further technical developments.

the turbine is being used as an electric power producer, since it 1 Comparison of Aircraft and Vehicular Turbine En-
can be combined with a low volume, high speed generator. FigWiges.  Aircraft engines are designed for lowest possible weight
2, which is based on a 1992 vendor survey conducted by GEnq pest performance in the 80 to 100 percent power range, which
illustrates the fact that changing to a high speed generator Willthe most significant range of engine operation for fixed wing or
resultin a 3:1 generator power density improvement. As describggiicopter aircraft missions. Vehicular engines, for most opera-
in paragraph 5.0 of this paper, further power density improvgnna| use need to be optimized for the power range between idle
ments are possible if the high speed generator is integrated Wiy 60 percent of maximum power. This requires an engine with
the engine. a recuperated cycle. Data obtained from typical operation of the
Abrams main battle tank has confirmed that the vehicle spends a

4.0 Advantages of the LV100 as a Power Producer in a fO”Siderab'e amount of time with the engine at “Idle.” Low idle

. uel consumption is therefore critical, an operating condition of
Hybrid System little relevance on aircraft engines. In terms of cyclic engine use,

The LV100 engine as designed and built was the finalist in\ehicular operation subjects the engine to cycle counts many
Propulsion System Studyl] that investigated a large variety oftimes higher than those of typical aircraft applications it also re-
turbomachinery configurations in the 1MW class. A recuperateplires designing for continuous medium, and occasional high,
ground shock loads during vehicle movement.

In addition to overall engine specific volunteolume/SHP, a
successful military vehicular turbine engine must contain turbo-
machinery components which address the following requirements
and constraints:

40 - .
/  optimized low pressure ratio recuperated cycle for good fuel
efficiency at idle and part power

* provisions to reach high component efficiencies at low power
settings by elevating cycle temperatures
turbomachinery components with very wide operating mass
flow range at high efficiency
* low cost components
» components designed for high thermal cycle counts and high
shock loads
+ means for power augmentation to cover short term system
peed Diesel e . . .
power needs to minimize engirfair flow) size and keep the

SOURCE: Generator Vendor Survey, Nov. 1992 System V0|ume |0W
|

T T T T T T T T T T Durability, ease of maintenance, and logistics play major roles
10,000 20,000 30,000 in the design of the engine. Consequently, a more robust design is
Generator Input Speed, RPM favored. Weight is important, but system benefits are possibly,
trading weight for lower acquisition cost. Due to the requirement
Fig. 2 High speed generators permit a 3:1 power density im- for lowest possible mid power fuel economy on vehicular engines,
provement the extra weight and volume of the recuperator can be justified.

kW/1b

LV100 Power
Turbine
Output Speed

3:1 Power
Density
improvement

2,0

1.0 4
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4.2 Cycle Discussion. The design of a brand new recuper-gésseic |
ated vehicular turbine engine for the 2005/2010 time period vitticiency Level, %
start with components with efficiencies similar to today’s LV10(
and the resulting mechanical configuration will be more or les *7 High Pressurs
identical. The following cycle discussion was documentei3din Turbine
and explains the reasons for this statement. -

Figure 3 shows the results of a thermodynamic study for simp A
cycle and recuperated cycle turbomachinery with state-of-the- 4 -
component efficiencies obtainable for engines in the 1500 St
power range and cycle temperatures reflecting the state of the
for small machines. The figure contains lines of constant cyc
pressure ratio and constant cycle temperaftugbine inlet tem-
perature versus specific powejpower per unit airflow and spe-
cific fuel consumptio(SFQ. The results show that, at maximum
power, the recuperated cycle has significant advantages over .
simple, nonrecuperated cycle. At part load where cycle presst | I | ' | |
ratios tend to decrease and where higher cycle temperatures 1830 1840 1850 1960 1570 1980 1990 2000
be maintained using variable geometry components, the SFC . Your
vantage of the recuperated cycle is even larger. At idle power, the
LV100 burns about 25 percent of the fuel required for idling thEig- 4 Component efficiencies at design point for small en-

T700 a simple cycle turbo shaft engine, which is in a simila§ines have limited improvement potential
power class and has similar component efficiency levels.

The Integrated High Performance Turbine Engine Technology
(IHPTET) goals of improvements in specific power and fuel conparatively higher component efficiencies when compared to the
sumption of advanced aircraft enginesmple cycle can be ob- simple cycle. Temperature levels of 2800 °F will need to be traded
tained by pushing to ever-increasing levels of temperatures aoffl against the complexity of additional cooling, specific power
pressure ratios. Cycle temperatures approaching stoichiometricreases, fuel burn reductions, and cost.
limits and pressure ratios of 60 and higher are targeted for futureAttainable turbomachinery component efficiencies tend to de-
technology programs. Extrapolation of Fig. 3 suggests that @tease when the engine is scaled to a lower flow size. While flow
maximum power and at these cycle conditions, the simple cyghassage dimensions can be scaled to obtain the appropriate Mach
could get close to reaching the performance levels of the currentimbers in flow areas, operating clearances, usually expressed in
recuperated cycle, however, at much higher specific power levgtgercent of flow passage height, do not scale the same way. The
Applying these techniques to an engine in the 1500 SHP classcessary operational clearances, which have a strong impact on
would result in an engine mass flow of slightly more than 3 Ib/€fomponent efficiencies, are the result of radial growth due to cen-
To make use of this cycle, turbomachinery components are gettimgugal loading, thermal growth, and structural deflection of the
too small to reach good efficiency levels. Airfoil heights will besupport structure resulting fromg” and maneuver loads. The
less than 0.4 in. The necessity to cool such small airfoils to perndiésign process leading to minimum workable clearances is an
operation at the desired cycle temperatures will result in relativelerative process. During the LV100 development effort, signifi-
thick airfoil trailing edges. Minimum tip clearances obtainableant progress was made to optimize clearances.
during operation for good component efficiencies will also be Reference$4] and[5] indicate that over the last 50 years, gas
much larger than desirable. These effects will cause a reductiortimbine component efficiencies have improved dramatically. At
obtainable component efficiencies which will negate the theorethe beginning of turbine development in the 1930s, components
cal benefit from such an advanced cycle. had efficiency levels in the 60 percent range, which were just

Figure 3 also shows that vehicular, recuperated engines ogitficient for self sustaining operation. Since then, methodology
mize at much lower pressure ratios. This helps to reduce engimes been developed which permits components to reach efficiency
complexity, reduces the number of stages, and will result in corfevels approaching, and in large engines exceeding, 90 percent.
Figure 4 shows the state-of-the-art trend over the years for small
machines. The curves illustrate that future component efficiency
improvements on small turbomachinery will be limited. Progress

Compressor

70

'53.-’&.: will mostly be confined to increasing pressure ratio capability per
SFC Turbine stage(simplification), which will have little effect on machines
Temperature A N . .
5 " v\‘_ s 7/ which optimize at .the low pressure ratios of recuperatgd engines.
~ 2000 2200 2800 2600 \2eoo For fighting vehicles that require massive short duration energy
\20 bursts, as will be required should an electric gun become part of
12 s":‘l:" the equipment, the combination of an electric power producer and
4 energy storage of a hybrid system may not be sufficient. Means to
4 provide additional engine power for short term power increases
’ may be of interest. This may be obtainable with water injection
Recuperative and provisions for pressure loss reductigacuperator bypags
Cycle Short duration power bursts of up to 50 percent over maximum
Line of continuous power may be achievable within the current engine
3 gz;;t:m 2600 o000 volume envelope.
Pressure Ratio
' l | ' 5.0 The Integrated High Speed Generator Concept
100 150 200 250 Figure 5 illustrates that simple modifications of the LV100
Specific Power , HP/ Alrflow power turbine allow integration of a 24,000 rpm high speed gen-

Fig. 3 For small turbine engines the recuperated cycle has
significant SFC advantages

Journal of Engineering for Gas Turbines and Power

erator with shared bearings, lubrication, and cooling systems. The
generator is an integral part of the power turbine module. No
speed-reducer gearbox is required. The integration of the genera-
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Specific

Power (kW/kg)
1.2 7
1.0 LV100 Integral
i High Speed
Objectives * Generator Potential
. Combat
0.8 Vehicle
State-of-the Objectives*
Art, Shelf *
0.6
24,000 RPN
Common Direct Drive]
Generator 0.4
* SOURCE:ARPA RA94-24, Fig.2, Technical Objectives
Fig. 5 The integrated high speed generator version of the 0.2 ~

LV100 features low weight, volume, complexity, and cost

0 T T T T T T 1
200 400 600 800 1000 1200 1400

tor with the engine allows the definition of an LV100 based elec- Spe Eower (KM

tric power producer which, when compared to existing diesel

based systems, has unmatched power densities. The systemFifhg The LV100 based integrated high speed generator rep-
the lowest weight and volume at minimum losses. The mechani¢g$ents a technical breakthrough

simplicity and reduced number of parts assure low acquisition and

maintenance costs. The LV100 based electric power producer, as

currently configured, will deliver 1 MW of DC power at approxi-

mately 700 volts and a system weight, including power electrog.( Potential Further Technical Developments
ics, of around 2500 pounds, well within the lifting range of mod-

ern helicopters. Inclusion of power generation increases the/S lllustrated in Fig. 8, the industry has made progress in
engine length by about 5 in. reducing the fuel consumption of recuperated vehicular turbine

Figure 6 shows the four main LV100 modules, including th€Ngines. _ -, _
power turbine/generator module under discussion. The Joint Program Office]PO, consisting of General Electric

Table 2 summarizes a preliminary weight roll-up based on tHf#ircraft Engines and Honeywell Systems, are under contract to
current LV100-2 engine and compares the results with a comp&Velop advanced turbomachinery as part of the Integrated High
ing system diesel system. The LV100 high speed generator systeffformance Turbine Engine Technolog{PTET) initiative.
weight is half the weight of competing diesel systems. The objectives of this initiative are lower fuel consumption,

In ARPA research announcemeiRA)94-24[6], power densi- weight, and cost. This effort is _targeted at glrcraft engine cycles
ties for state-of-the-art generator sets and objectives for furtidifd components. No effort to improve vehicular engine perfor-
improvements were discussed. Figure 7 illustrates that the LV1Bt-NCe exists at this time. However, as shown in Fig. 8, incorpo-

based integrated high speed generator has power density DOLéHpn of selected emerging technologies such as fewer stages,
tials which represent a technical breakthrough. igher cycle temperatures, and advanced materials into the LV100

engine are feasible and will lower the engine fuel consumption an
estimated additional 10 percent. Table 3 illustrates that in addition
to improved fuel efficiency, significant reductions in volume,

tnlet Filter/ Accessory weight, life cycle cost, and airflow are anticipated. In addition to
Mocute ,Tq,ﬁ::\ reducing the size of the largest components of the engine system
— = S5 GBtRERCOr | B, - (inlet filter and recuperatdrairflow reductions allow smaller inlet

Modut L .
| . ¢ and exhaust ballistic grilles.

: z Introduction of novel intermittent or other high effectiveness
\\ ; advanced recuperators is expected to reduce the powerpack vol-
A Mg ume an additional 10 cubic feet. Advanced recuperators will re-
& ' aﬁ;ﬁ:m’ quire thr_e use of high performance ceramics \_/\{hich, once devel-
e oped, will reduce the engine weight by an additional 200 pounds.
Fig. 6 The LV100 based electric power producer consists of
four major modules

Module

Amm%
Table 2 The electric power producer based on the LV100 has
half the weight of competing diesel systems » ]
Weight, Ib Weight, Ib =
LV100 High Speed  Advanced Diesel-Based
Component Generator System Generator System 10—
Engine 2,000 3,920 I ! X X : .
Generator 200 560 Lysoown
Electronics 130 130 o Tochnologles
Contingency (10%) 230 460 Lo
Total 2,560 5,020 Fig. 8 Fuel burn reduction available using state-of-the-art
technology
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Table 3 IHPTET technologies allow significant LV100 im-
provements

LV100 With
Selected
Current LV100 With IHPTET
LV100 Selected Technologies
(ASM IHPTET Plus Advanced
Config) Technologies Recuperator
SFC BASE -10% -15%
Powerpack Vol, Ft® 157 147 136
Engine Weight, Lb 2,000 1,600 1,400
Life Cycle Cost BASE -8% -10%
Airflow, Lb/S 15 6.0 6.0 . ) .
oW, Zorvee Fig. 10 The ASM engine demonstrated further power density

reductions

7.0 Commercial Applications
and accessory power generajiofihe study assumed a specified

d - - - L Lorocket power and mission for a notional heavy vehicle over a
ustry has shown interest in the comr_nermal appllcatlon of tr%‘gecified ambient temperature and elevation range. The LV100
LV100-based electric power producer discussed in this paper a :

P ; X - o%figuration, as it exists today, was the winner. Details of this
building block in a commercial and military Generator Set. Oiffort are documented i),

particular interest are space/weight sensitive installations sucha o ) . i
il drilling platforms, emergency power supply situations requir demonstrator of this winning configuration, the LV100-1 was

; ! S uilt under the Advanced Integrated Propulsion SystéiiPS)
ing helicopter air lift, and supplementary power generators Yogram for the U.S. Army Tank and Automotive Command
meet peak energy demands. s

If the LV100 engine is modified for operation on natural gaéTACOM) and successfully tested in 1990 as a total system. This

and equipped with a catalytic combustion device, mission leve rogram was completed by a collaboration of GE, Textron-
particularly NOx will drop into the ultra clean region which is nott?ecc/m:gg’ '(\)Av-\[eur’ ZQS aAsl,“:ﬁQWar? i%”gflpgl players and resulted in
reachable with diesel engines. Such a device would open addl-In the sSbseqSent Armored Syster%s Moderniza(tkﬁM) pro-

tional market opportunities. ; ; -
. . am, this engine was selected by the winning contractete-
A market study conducted by GE shows a combined militar yne to power its front drive common chassis. In order to meet

commercial market of approximately 17,000 engines which justjZ . ) . o
fies the low acquisition cost claimed in Table 1. These high pr%'jfemandlng under-armor space allocations, the recuperator and in

duction quantities will improve the competitive position of this;)3 ;Jﬂtcegr\:wvsgftr;e;r:‘tasphez;jpéo ':']?1?; thQSe S?Jiséiéiifl?l?)\// Zlgf smap)qiih%%W:;a
engine among other 1 MW size power producers. resulted in the LV100-2 engine configuration, as shown in Fig. 10.
Referencd 7] contains additional information about this program.

8.0 LV100 Development Status Similar to the LV100-1, this engine had all-electric accessories

The current LV100 engine configuration is the result of an opncluding a newly designed resolverless engine integral starter/
timization study which compared and ranked a great number @énerator which successfully operated at gas generator speeds of
engine configurations for rear mounted installations. Simple cycle4 000 rpm and provided 36 KW electric energy to the vehicle.
recuperated, regenerated, inter-cooled, and combinations therg®fe new accessory package, as well as the novel and more space
including engines with interturbine recuperators, were comparegficient rotating self-cleaning inlet filter and changes to the
and ranked in an effort to determine the lowest propulsion syste@cuperator/engine interface, permitte 9 percent powerpack
volume (including fuel, inlet air filtration, and exhaust treatment/olume reductior(from 171 ff to 157 f£). This reduction brings
this engine close to the Army’s goal of 133 flor advanced
vehicular engines in the 2080time frame as documented [iB].

The LV100-2 engine originally was to be mated to a hydroki-
netic transmission. However, midway through the ASM program

With the enactment of electric power deregulation, private i

Fig. 9 The AIPS powerpack has demonstrated significant Fig. 11 The LV100 based electric drive powerpack has dem-
power density improvements onstrated the feasibility of electric drive
Journal of Engineering for Gas Turbines and Power OCTOBER 2000, Vol. 122 / 697
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The Integrated High Speed Generator concept promises to de-
liver a low volume, low weight and low cost system at a system
weight of about 2500 Ib. Further technical developments have
been identified which will allow significant additional reductions
in volume, weight, and SFC.

Continuation of LV100 development will provide many mili-
tary and commercial benefits. The LV100 based Integrated High
Speed Generator system will produce 1 MW electric power at
significantly lower volume and at half the weight of a diesel based
system.

The U.S. Army currently considers the LV100 engine for a
re-engining program of the M1 Main Battle Tank to reduce the
system sustainment cost over the projected 40 years of fleet life.
The engine is also considered for the Crusader self propelled how-
itzer vehicle which in line with the Army’s intent of “lightening

Fig. 12 The LV100 engine has proven its capability to perform the force” i_s being downsized to 50 tons. This vv_ould satisfy the
in an armored vehicle environment Army’s desire to have a common engine for their heavy combat
vehicles.

A military launch would create a large user base to underwrite
the effort was redirected towards an electric drive system demdhe projected use of the LV100 for power generation use.
stration and the engine subsequently was connected to a speed
reduction gearbox to drive a permanent magiR) 1MW gen-
erator which was designed by EML, now Kaman Electromagnet-
ics. The generator operated at design speeds of 7000 rpm. Figure,
11 shows various views of the Electric Drive Powerpack. eferences

This system was subsequently installed in an Automotive Test1] “Advanced Integrated Propulsion SystefAlPS) Study Contract Final Re-

Rig (ATR) and was tested at the Army's Aberdeen Proving , 53uo srcl o nal eport 1991, U-S, Ay Contract No. DAAEOT-84
. . i . , U.S. y . -84-
Grounds. Figure 12 shows the ATR vehicle. C-RO83.

. . [3] “LV100 Vehicular Turbine Engine Technology Readiness Program,” 1995, A
9.0 Conclusion and Recommendations White Paper Prepared for the U.S. Army Tank-Automotive and Armaments

; R i Command.

.The LV100 recuperated turbine engine, modified tQ operat #] Traupel, W., 1977Technische TurbomaschineBpringer-Verlag, New York.
with an advanced high speed generetor, represents an ideal can ] Franz, A., 1985From Jets To TanksAvco Lycoming/Westbrook.
date for Electrical Power Producer in Hybrid Systems for future [¢] “Electric and Hybrid Vehicle Technology Program,” ARPA Research An-
armored vehicles. nouncementRA)-94-24, 1994.

The LV100 engine has successfully demonstrated that it can?] ;‘\AMS CAfmof M%Cf/gé?ﬁg; (P:rg%rg;n Final Report,” 1994, AE/GE94-1, U.S.

i i i ; ; rmy Contract -91-C- .

g_e'(;t tre un_ll_qhue req_uwe(rjnents of veglcrl;!lar: engmez n the 15](03?] “Research Needed For More Compact Intermittent Combustion Propulsion

.. class. € eng”?e h emonstrate Ig_ _power ensities, u Systems For Army Combat Vehicles,” 1995, Vols. | and II, U.S. Army Tank-
efficiency, and low emissions, all characteristics of a good electric  automotive Research, Development, and Engineering Center Fuels and Lubri-
power producer for hybrid systems. cants Research FaciliBwRl).
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