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Improved Gas Turbine Efficiency
Through Alternative Regenerator
Configuration

An alternative configuration for a regenerative gas turbine engine cycle is presented that
yields higher cycle efficiencies than either simple or conventional regenerative cycles

P. A. Dellenback operating under the same conditions. The essence of the scheme is to preheat compressor
Department of Mechanical Engineering, discharge air with high-temperature combustion gases before the latter are fully expanded
University of Wyoming, across the turbine. The efficiency is improved because air enters the combustor at a
P.0. Box 3295, higher temperature, and hence heat addition in the combustor occurs at a higher average
Laramie, WY 82071-3295 temperature. The heat exchanger operating conditions are more demanding than for a

conventional regeneration configuration, but well within the capability of modern heat
exchangers. Models of cycle performance exhibit several percentage points of improve-
ment relative to either simple cycles or conventional regeneration schemes. The peak
efficiencies of the alternative regeneration configuration occur at optimum pressure ratios
that are significantly lower than those required for the simple cycle. For example, at a
turbine inlet temperature of 1300°C (2370°F), the alternative regeneration scheme results
in cycle efficiencies of 50 percent for overall pressure ratios of 22, whereas simple cycles
operating at the same temperature would yield efficiencies of only 43.8 percent at opti-
mum pressure ratios of 50, which are not feasible with current compressor designs. Model
calculations for a wide range of parameters are presented, as are comparisons with
simple and conventional regeneration cyclg®OI: 10.1115/1.1451843

Background Consider a GTE configuration with a high-pressure turbine

. . (HPT) and a power turbinéPT). If a heat exchanger is located
In recent years, ground-based gas turbine engBiEE) appli- between the two turbines as shown in Fig. 1, then the cycle effi-

_cations have _been apprgc_iably expanded due to signific iency can be substantially improved beyond that available from
improvements in cycle efficiency. Simple cycle efficiencies

the conventional regeneration configuration. The thermodynamic

. ! . : 1Bflect is to increase the amount of heat that is delivered to the
GTEs competitive alternatives to Diesel engines and Rankipgmpressed air beyond what conventional regeneration is able to

steam cycles. Most ground-based GTE applications can accopieve, resulting in a higher average temperature for the heat
modate the space and mass requirements associated with adgiiition process in the combustor. Although there is less work
regeneration to a simple cycle, with the goal of even higher cygioduced by the PT in the “alternative regeneration” scheme due
efficiencies. _ N to decreases in pressure and temperature of the gas as it passes
For many operating conditions, regeneratdrsat exchange)s through the regenerator, the cycle efficiency is improved and the

can improve ground-based GTE performance by recovering healer specific work output can be compensated for by using larger
from high temperature exhaust gases. Numerous applications éigine components.

the recovered heat have been devised, including combined cycle
and cogeneration applications, but on stand-alone GTE cycles Medel Development

recovered heat is usually used for preheating the air passing b?ﬁ:omputer models of simple, conventional regenerative, and al-

tween compressor and_combustc_)r._ln this way, a\_/vell-known 9% native regenerative cycles were developed to examine the in-
of thermodynamic design is satisfied by increasing the averaffance of various parameters on the performance of the cycles.

temperature at which heat is ad_dgd to the air during combusti%e primary goal in developing the models was to demonstrate
resulting in increased cycle efficiency. Regenerators have tragl-

. . ) : e enhanced performance of the proposed “alternative regenera-
tionally ([1-3]) used product gases leaving the final turbine stagg, scheme, and consequently, the models were not comprehen-
as the source of hedteferred to herein as “conventional regen

- hat th . f Ki dqf sive in including all details of gas turbine engine performance. An
eration”) so that the maximum amount of work is extracted from.onomic analysis was beyond the scope of this paper, and would

the high-enthalpy gas stream before any heat is recovered. HQyyitficyt to implement in a general way for the wide variety of
ever, such a regenerator location is inconsistent with a fundamefis 1 rbine engine applications that exist today. However, the case
tal lesson from Carnot-cycle thermodynamics, which is that cycl continuous duty power generation is noteworthy since fuel
efficiency is maximized by increasing the average temperature@ists over the lifetime of the plant are typically so high that it is
which heat is added, and not necessarily by maximizing the WOogkmmonly cost-effective to invest capital to improve cycle effi-
output. Thus, the ovgrall efficiency of conventlona}l regenerativgency by even one percent. The following discussion will show
GTE cycles can be improved through an altemative regeneraifg the  alternative regeneration scheme has the potential to
location, and to the author’s knowledge, this paper is the firghprove cycle efficiency by several percentage points in some
discussion of such schemes. scenarios.

Figure 2 depicts a simple GTE cycle in a two-turbine configu-
Contributed by the Advanced Energy Systems Division BERAMERICAN SO-  ration having a gas generator and a power turbm'e. The ther-

CIETY OF MECHANICAL ENGINEERS for publication in the ASME OURNAL OF ; ; ;
ENGINEERING FORGAS TURBINES AND POWER. Manuscript received by the AES .mOdynamIC states have been numbered to be consistent with those

Division December 12, 2000; final revision received by the ASME Headquartetd Fig- 1 The sole purpose of the high-pressure turlHieT) is
September 2001. Technical Editor: G. Reistad. to provide the compressor work requirement, so that the net work
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Regenerator

Compressor ?;%&Il:e(s;;?) Power Turbine (PT)

Fig. 1 Schematic of the alternative regeneration cycle

output by the cycle is proportional to the temperature drop acrosmtes 2 and 3 of Fig. 2, and that heat is extracted from the exhaust

the PT. The simple cycle efficiency can be written as gas stream leaving the PT at state 7. The resulting expression for
et work output cycle efficiency is given by

Mleycle™ external heat input _MCpgnr(Te—T7s) 4

. Meycle™ meg(T4—T3) (4)

_ MCyg7r(Te—T7s) B 7(Te—Trs)

MCod(Ta—Ta)  (Ta-Tn) (1) State 6 is evaluated by an energy balance just.as it was for the
pgt T4 T2 42 simple cycle. TemperatureSis again computed with Eq2), but
The “S’ subscript in Eq. (1) refers to the temperature that isthe pressure at state 7 will be larger than atmospheric pressure by
computed when an isentropic expansion is assumed: an amount equal to the pressure drop through the regenerator. The
T P\ g /7 1 temperature at state 3 depends on the effectiveness of the regen-
_75=(_7) ) @) erator in transferring heat from the exhaust gases to the com-
Te Ps pressed air stream, and can be evaluated from the regenerator

For the simple cycle, the pressure at state 7 is assumed toSgctiveness, defined as
_atmospheric and the temperature at state 6 is determined by writ- actual heat transferred T3-T,
ing an energy balance that equates the work input at the compres- n

sor to the work output by the HPT,
. . In Eq. (5), the heat exchanger effectiveness is defined for the fluid
MCpa(To=T1)=MCpg(T4—Te). @) with the smaller product of mass flow rate and specific heat,
The simple cycle efficiency computed by Ef) is used here as which corresponds here to the compressor discharge air since it
a comparison case for the regenerative cycle configurations. Ithias the smaller specific heat. The increase in working fluid mass
important to note that slightly lower values for simple cycle effidue to fuel addition at the combustor was ignored in the present
ciency will be computed if the cycle is modeled as having only sodels, but in real engine flows the mass flow rate of the air
single turbine that provides both the compressor work and nebuld be slightly less than that of the product gases, again sup-
shaft work. Single and twin-turbine models give the same effporting the idea that the minimum fluid for purposes of defining
ciency only when the turbines are modeled as isentropic. THise heat exchanger effectiveness would be the compressed air
modeling artifact also arises when modeling non-isentropic Rangtream between states 2 and 3. In Eg), the temperaturd- is
ine cycle turbines or multistage nonisentropic compression. Thahe highest possible temperature that could be obtained by the air
are no references known to the author that discuss this thermoggssing to the combustor, and this temperature could only be re-
namic anomaly, but the calculation is so simple that it presumatsjized at state 3 if the heat exchanger had negligible heat transfer
has not warranted attention previously. The alternative regeneresistance or infinite surface area.
tion cycle that is the focus of the present paper is modeled with aFrom the states identified in Fig. 1, an expression for the overall
nonisentropic, twin-turbine configuration; hence it is more appreycle efficiency of the alternative regenerative cycle can be writ-
priate to compare those results to the larger values of simple cytéa as
efficiency that are computed for the twin-turbine configuration by

®)

~ maximum possible heat transferrEdeTz'

using Eq.(1). - Cpg’?T(TG*TB)+Cpg77T(T4*T55)*Cpa(Tzs*Tl)/ﬂc'
Consistent with the prior comments, a two-turbine model of a Cpg(Ta—Ta)
conventional regeneration cycle was developed. In the conven- (6)

tional regeneration model, heat is added to the cycle betwegRe second and third terms in the numerator of Bjcancel one
another if the compressor work is supplied entirely by the HPT,
but Eq.(6) is written in its full form because later discussion will
consider a second approach to providing the compressor work.
The models for all three cycles assume that air is the working
fluid between compressor and combustor inletg,,(
=1.005 kJ/kg°Cy,=1.4), but that beyond the combustor inlet
the chemical reaction and increased temperature alter the gas
@ properties ([1]) so that they are better represented by,
=1.147 kJ/kg°C andy,=1.33. All calculations further assumed
the isentropic compressor efficiency was 86 percent, the isentropic
turbine efficiencies were 89 percent, the combustor pressure drop

\ 4

Combustor

High P . : o
Compressor T:ﬁbm;e(s}slﬁ) Potwer Tutbine. (FT) was 13.8 kP42 psi), and that the compressor inlet conditions at
state 1 were 21°C70°F) and 101.4 kP&14.7 psia. In addition, a
Fig. 2 Schematic of a simple cycle incorporating a gas gen- reference case was established with moderate values estimated for
erator and power turbine the remaining parameters used in the calculations. The reference
442 | Vol. 124, JULY 2002 Transactions of the ASME
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Fig. 4 Performance of various cycles as a function of regen-
erator pressure drop, with various regenerator effectivenesses
(n) shown

Fig. 3 Comparison of various cycle efficiencies for the
reference case (turbine inlet temperature =1100°C, combustor
and regenerator pressure drops =13.8 kPa, regenerator
effectiveness =0.7)

case assumed that the regenerator effectiveness was 70 percgnthe performance of the cycles, where each point on the curve
that the turbine inlet temperature was 110Q2011°B, and that has been determined at the optimum pressure ratio for the particu-
pressure drops associated with each pass through the heatlax-operating condition. For the conventional regeneration cycle
changer were 13.8 kP@ psj each. In the following discussion, having heat exchanger effectiveness of 70 percent, there is actu-
the parameters used in the calculations were those associated @ity a performance penalty when using a regenerator having any
the reference case, unless otherwise specified. significant pressure drop. When the two regenerative cycles are
compared at an effectiveness of 90 percent, it can be seen that the
. . two curves are not parallel, but that the conventional regenerative
Discussion cycle is degraded more abruptly than the alternative regenerative
Conventional regeneration offers the benefit of improved cyctg/cle as pressure drop through the heat exchanger increases. For
efficiency over simple cycles for the ideal case where there is tiwe alternative regeneration cycle, there are various combinations
pressure drop through the regenerator. For example, for the refefrpressure drop and effectiveness that result in performance su-
ence case conditions, except with no pressure drops across fheor to the simple cycle. Finally, it is interesting to note that the
regenerator, a conventional regeneration cycle achieves cycle @ftimum pressure ratio for the alternative regeneration scheme is
ficiencies of 43.0 percent at an optimum pressure @R of 8, only a very weak function of regenerator pressure drop. For ex-
compared to the simple cycle’s efficiency of 42.7 percent at ample, for an effectiveness of 0.7, the optimum pressure ratio for
optimum, and fairly high PR of 3this small benefit of conven- the alternative regeneration cycle varies from A®(.,=0) to 18
tional regeneration improves as effectiveness increases—e.g., (fP 4= 55 kPa).
an effectiveness of 90 percent, the efficiency improves to 50.41t is well known that the maximum cycle temperature has a
percent at a PR of)4In addition to the higher cycle efficiency of large effect on overall efficiency, and this is demonstrated in Fig.
the conventional regenerative cycle, the lower optimum pressueln addition to the expected trends, Fig. 5 shows two important
ratio is attractive because the compressor requirements are lessilts. For the reference case pressure drops, the alternative re-
demanding. The alternative regeneration cycle represented in Fjgneration cycle is superior to the other two for any turbine inlet
1, with no regenerator pressure drops, achieves a peak efficieteyperature, and the conventional regenerative cycle performance
of 45.9 percent at an optimum pressure ratio of 16, which isfalls further behind the that of the other two cycles as turbine inlet
substantial improvement over conventional regeneration. temperature increases. However, the simple cycle results shown in
Even small pressure drops through the regenerator, like thdsg. 5 could be misleading because they imply that a simple cycle
specified in the reference case, take a large toll on the perfapuld be useful at the higher turbine inlet temperatures, but the
mance of the conventional regenerative cycle, as shown in Fig.dptimum pressure ratios required to achieve the efficiencies at
In fact, for modest regenerator pressure drops of 13.8(RResi), higher turbine inlet temperature become excessive for a practical
the performance of the conventional regenerative cycle is inferidesign. For example, the simple cycle requires optimum pressure
to that of the simple cycle, illustrating one reason why convematios of about 37, 58, and 90 for turbine inlet temperature of
tional regeneration is frequently unsuitable for use on groundi100°C, 1300°C, and 1500°C, respectively. By contrast, the opti-
based engines. Figure 3 shows that the peak efficiency of timeim pressure ratio of 30 for the alternative regeneration cycle
alternative regeneration cycié4.6 percent with the regenerator operated at 1500°C is feasible with current compressor designs,
pressure losses, is superior to either of the other two cycles, et results in a cycle efficiency of 54.2 percent.
this peak again occurs at the modest pressure ratio of 16. For engines that run continuously, cycle efficiency is likely to
Some GTE applications might impose severe space limitatiohse the most important criterion used in designing the cycle be-
on regenerator size, resulting in lower effectiveness or increasealise fuel costs over the lifetime of the engine will far exceed the
pressure drops. Figure 4 shows the effect of these two parametaital capital costs. However, for some applications, the lowest
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better than the simple cycle. For effectiveness greater than 75
percent, the cycle efficiency climbs sharply, but the specific work
decreases below that of the simple cycle. The conventional regen-
eration cycle has specific work output superior to that of the
simple cycle for any effectiveness, but the efficiency is inferior for
effectiveness less than 82 percent. Also, for a particular effective-
ness, the conventional regeneration cycle has better specific work
output than the alternative regeneration cycle, but its cycle effi-
ciency is 3.5 to 5.5 percentage points lower, depending on the
particular conditions. Since a heat exchanger increases the overall
size and cost of an engine, the Fig. 6 data would have to be
weighted carefully for a particular application to determine which
cycle would be preferable, especially for a space-limited or low-
cost application where these characteristics are more important
than cycle efficiency. To summarize, for the reference case effec-
tiveness of 0.7, the cycle incorporating conventional regeneration
yields about 13 percent more specific work output than the alter-
native regeneration cycle, suggesting that the engine components
could be about 13 percent smaller than an engine utilizing the
alternative regeneration scheme for a given power requirement,
but the cycle with conventional regeneration would have much
lower efficiency(39.7 percent versus 44.6 percent

In order to design a suitable regenerator, the magnitude of the
heat load in the device must be known. In the alternative regen-
eration scheme, the air preheating operation proceeds to a higher
temperature than in conventional regeneration, but the hot side of
the heat exchanger utilizes higher temperature gases to do the
heating so that the overall surface area in the heat exchanger can

specific cost or smallest engine size may be the more importdrg comparable to that in a conventional regeneration cycle. As one
criteria ([3]). The physical size and cost of an engine are directipeasure of heat exchanger size, a “regenerator heat ratio” was
related to the specific power output, and Fig. 6 shows that theredisfined by

a penalty associated with the alternative regeneration scheme in
this regard. To be consistent with this paper’s theme of improved
cycle efficiency, the operating points in Fig. 6 were determined by
finding the pressure ratios that gave the highest efficierialesr-
natively, operating points could have been determined by finding
the pressure ratios that resulted in maximum specific work output
if that were the dominant concern driving engine dejsidfor
effectiveness between 52 percent and 75 percent, the alternative

regenerator heat ratio

B heat transfered in regenerator

" net work output from cycle

_ Cpa(TS_TZ) (7)
Cpg(TG_ T7) + Cpg(T4_ TS) - Cpa(TZ_ Tl) .

regeneration scheme has efficiency and specific work equal to,Rar the reference case conditions, conventional regeneration re-

| 1 | I

It
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g ]
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=
L
o
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)
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——— Alternative Regeneration
- | —©—— Conventional Regeneration r
| Simple Cycle, PR=37
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140 180 220 260 300

Specific Work Output (kJ/kg)

Fig. 6 The design compromise between engine size and effi-
ciency is a function of regenerator effectiveness (n). The indi-
cated pressure ratios  (PRs) have been optimized to yield high-
est cycle efficiency for each effectiveness.
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sults in a regenerator heat ratio of about 0.77, while the alternative
regeneration cycle operated in the gas-generator configuration has
a ratio of about 0.91, indicating that the heat exchanger would
have to be somewhat larger to transfer about 18 percent more heat
in the latter case.

Optimizing Performance Through a Single-Shaft Configu-
ration. Figure 1 depicts the purpose of the HPT as providing
power input to the compressor, consistent with many GTE con-
figurations that have a gas generaiice., compressor, combustor,
and HPT and a power turbine. There are certain advantages to
this arrangement, including the ability to operate the two turbines
at different speeds. However, there is no thermodynamic reason
why the optimum performance of the alternative regeneration
cycle should correspond to this particular hardware configuration,
and in fact, results discussed below will show that the best overall
cycle efficiency usually occurs when the temperature drop across
the HPT, and hence the HPT work output, is less than that re-
quired to drive the compressor. Thus, some work from the PT
would also have to be directed to the compressor in the optimum
efficiency, or “single-shaft” scenario. Figure 7 shows how the
efficiency varies as a function of HPT outlet pressure. A vertical
dashed line on Fig. 7 indicates the HPT outlet pressure when the
cycle configuration is that of a gas generator with separate power
turbine. HPT outlet pressures to the left of the dashed line corre-
spond to cases where the HPT is supplying all of the compressor
work and some net shaft work. Points to the right of the dashed
line indicate that the HPT and PT are working together to supply
the compressor work. The cycle efficiency peaks at an HPT outlet
pressure slightly above that which would be required if the HPT
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Fig. 7 Optimum performance of the alternative regeneration 0 20 40 60
cycle usually occurs when the PT is used to supply some of the Regenerator Pressure Drop (kPa)
compressor work requirement in a single-shaft configuration.
Calculation is for reference case conditions and overall PR Fig. 8 For lower regenerator effectiveness (n) and larger
=20. pressure drops, it is particularly attractive to operate the alter-

native regeneration cycle in the single-shaft configuration
which requires that the power turbine provide some of the com-
alone drove the compressor, and this is the usual case for Rigssorwork. The overall PR has been optimized for each point
range of parameters considered here. In Fig. 7, the cycle efffloW"
ciency increases from the reference case value of 44.6 percent to
a maximum value of 45.3 percent when the PT is utilized to prg-

vide 26 percent of the compressor work requirement. The optf! 1arger regenerator pressure drops. Consequently, there are
mum cycle pressure ratio increases from 16 in the gas-gener re comt_)lnatlons of regenerator pressure drop and effectwene:ss
configuration to 20 in the single-shaft case that result in performance superior to the simple cycle. The maxi-

One important concern with the alternative regeneratidﬂ“m regenerator temperatures required for the single-shaft oper-

scheme is the temperature experienced by the materials in the fﬁg{g.pomts shown in Fig. 8 lie between 760°C and 850°C, with
exchanger itself. Since the air preheating in the alternative reg e higher temperatures requn’eq for the hlghe_r effectwen_esses.
eration scheme occurs at higher pressures and temperatures th&f" the single-shaft configuration, the peak in cycle efficiency
in conventional regeneration, the heat exchanger requirementsrgfI airly flat and insensitive to overall cycle pressure ratio, as
more severe. However, for most of the operating conditions p lown n Fig. 9. For each vglue of overall PR in Fig. 9, the cycle
sented herein, the maximum heat exchanger temperatigeghe € ciency has been determined at the optimum HPT outlet pres-
peak temperatures at statevBere in the range 700—900°C. Ex-SUre: Because the efficiency curve is fairly flat near its peak, it is
ceptions occurred for cases with higher turbine inlet temperatuig¥ceivable that certain compromises might be attractive when
and higher effectivenesses, where HPT outlet temperatures as HIgRi9NNg @ cycle’s operating point. For example, Fig. 9 shows
as 1100°C were computed for the single-shaft configurations.
Modern gas/gas heat exchangers are capable of temperatures as
high as 1100°C and pressures as high as 30 atmospfiéfeso 46 : : 1.50
the alternative regeneration scheme does not appear to pose .
insurmountable problems in this regard. Figure 7 shows that f
the optimum HPT outlet pressure and reference case conditior .
the peak regenerator temperatures would be about 800°C. F
contrast, if the HPT is used to provide all the compressor work i __
a gas-generator configuration, then the peak temperature in ts2 4
regenerator is only about 690°C for the reference case conditior
For consistency with other calculations presented herein, Fig. &
was generated for the reference case conditions. However, Fig2
is somewhat misleading because the improvement in cycle ef'y
ciency when using the single-shaft configuration is much mor&. N r
significant when considering lower-technology regenerators ha® %7
ing low values of effectiveness and/or large pressure drops. Figu N\ — 075
8 demonstrates how the single-shaft configuration is superior AN

the gas-generator configuration, as a function of regenerator pt { Cycle Eficiency

— 125

— 1.00

Regenerator Heat Ratio

formance parameters. As with previous figures, the overall cyc — — Regenerator Heat Ratio
pressure ratio has been optimized to achieve the highest cyc ,, . 1 0.50
efficiency for each point on the curve. The Fig. 8 data correspor [ ‘

. . 5 15 25 35
to optimum PRs of between 8 and 33, with the larger value Pressure Ratio (P,/P,)
required for the lower effectivenesses. Figure 8 shows that the
single-shaft configuration effectively decreases the slope of thgy. 9 Single-shaft alternative regeneration cycle performance
efficiency curves, resulting in improved performance, especiallyr the reference case conditions
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1200 : | ! l ! | ! would be feasible to implement. Figure 10 quantifies the maxi-
& Maximum Regenerator Temperature mum pressure requirements for the single-shaft configuration at
|~ ~© - Maximum Regenerator Pressure variogs turbine temperatures. In summary, the c_hief att_raction to
o 40 the single shaft configuration appears to be in improving cycle
efficiency at lower turbine inlet temperatures where optimum
cycle pressure ratios are more modest.

1000 — .
Conclusions

An alternative configuration for a regenerative GTE cycle with
numerous favorable operating characteristics is discussed. For
practical ranges of operating parameters, the alternative configu-
ration always results in a cycle efficiency superior to either a
conventional regenerative cycle or a simple cycle. This perfor-
mance improvement is robust and not limited to a narrow range of
operating conditions or component efficiencies. Although the de-
mands on the heat exchanger are severe, the regenerator tempera-
tures and pressures are well below the limits of existing heat ex-
changer designs. The alternative regeneration scheme is
particularly attractive at high turbine inlet temperatures. For tur-
bine inlet temperatures as high as 1500°C, optimum PRs are only
30, whereas for the same conditions the optimum pressure ratio of

— 30

45.3%

800 —

\®® cyc eff
N

I
S
Maximum Regenerator Pressure (P,/P,}

cyc eff=38.5%

Maximum Regenerator Temperature (°C)
1

X

600 T I T T T T 10

800 1000 1200 1400 1600
Turbine Inlet Temperature (°C)

Fig. 10 Regenerator requirements for the single-shaft configu- a sin;lple cycle is excessive40) for temperatures larger than
ration at various turbine inlet temperatures, with resulting cycle 1115°C. When a power turbine and gas generator can be config-
efficiencies (cyc eff ) shown ured on the same shaft, operating at the same speed, then the

alternative regeneration cycle efficiency can be improved even
further and this situation is particularly useful if the heat ex-

. ) - _changer is limited by low effectiveness or large pressure drops.
that if a designer were willing to use a larger compressor to in-

crease the pressure ratio from the optimum value of 20 to a valN@menclature

of 30, then the cycle efficiency would drop from 45.3 percent to . .

44.9 percent, and the regenerator heat ratio would decrease by 30 Cpa = spec!f!c heat of air

percent. A 30 percent decrease in the regenerator heat ratio im- Cpg = SPecific heat of product gases
plies a corresponding reduction in size of the heat exchanger that®y¢ eff B Cyde efficiency .

is often the bulkiest component of a regenerative GTE. Hence the HPT = high pressure turbine

larger compressor and small reduction in efficiency might repre- n = regenerator effectivenesmctual heat transfer/
sent a tolerable design compromise for a compact engine where maximum possmle heat transfer
overall size is a critical issue. P = working fluid pressure
Increasing the turbine inlet temperature obviously results in im- PT = power turbine .
proved cycle efficiency, but the regenerator requirements become "X — CYcle pressure ratio

more severe at the same time. Figure 10 quantifies the maximum = working fluid temperature

temperature experienced by the regenerator for the single-shafeek
conflguratlons_ at vanous;]turblne ;nletlt(c)ampergtures_. ?Ildtkge tem P.eg = pressure drop through regenerator
perature requirements shown in Fig. 10 can be satisfied by ems%cyde = cycle efficiency

ing heat exchanger technology, even for turbine inlet temperature — isentropic compressor efficieneisentronic work/
approaching 1500°C. 7c p p ney p

Earlier discussion pointed out that th I tio f actual work
arlier discussion pointed out that the overall pressure ratio for -, _ jsentropic turbine efficiency actual work/isentropic
the gas-generator configuration was feasible even for turbine inlet work

temperatures of 1500°C, whereas the simple cycle at the same

temperatures requires PRs much higher than modern compressors; ?
can supply. The maximum regenerator pressure is the same as the’9
compressor outlet pressure, so the PRs required for the g@sbscripts

= specific heat ratio for air
= specific heat ratio of product gases

generator configuratiof=30) are feasible in the heat exchangen 2 3. = thermodynamic states identified in Figs. 1 and 2
as well. However, the principle drawback of the single-shaft con- S = state resulting from an isentropic compression or
figuration is that optimum PR increases relative to the values re- expansion

quired for the gas-generator configuration, with negative conse-

quences on both compressor and heat exchanger requiremeRisferences
For example’ ata tgrblne inlet temperatgre O.f JTSOOOC’ the Optl-[l] Cohen, H., Rogers, G. F. C., and Saravanamuttoo, H. I. H., X988 Turbine
mum PR for the single-shaft configuration is increased to 42" theory 4th Ed., Longman Group, Harlow, England.

(vielding 7.,e=55.0 percent and while this is essentially the [2] Bathe, W. W., 1996Fundamentals of Gas Turbinegnd Ed, John Wiley and
limit of modern compressor designs, it is too high for modern _ Sons, New York.

high-temperature heat exchangers. At the same 1500°C turbin@] Khartchenko, N. V., 1998Advanced Energy SystemiBaylor and Francis,
) Washington, DC.

temperature, the. gas-generator configuration has only a Slight|Y4] Wright, I. G., and Stringer, J., 1997, “Materials Issues for High-Temperature
lower cycle efficiency of 54.2 percent at a PR of 30, and this ~ Components in Indirectly Fired Cycles,” ASME Paper No. 97-GT-300.
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A Proposal for Integration of Wind
Tunnel and Engine Test Programs
for the Evaluation of

woaic | Alrframe-Propulsion

w.eaer | COmpatibility Using Numerical

c.pover | Simulations’

D. Beale

The current high-performance aircraft development programs, and the trends in research
~ Severdrup Technology, Inc., and development activities suggest a rapidly increasing level of aircraft subsystem inte-
Armold Engineering Development Genter, AEDG, gration, particularly between the airframe/inlet and the propulsion system. Traditionally
Amold Air Force Base, TN 37389-9013 these subsystems have been designed, analyzed, and tested as isolated systems. The in-
teraction between the subsystems is modeled primarily through evaluating inlet distortion
in an inlet test and simulating this distortion in engine tests via screens or similar devices.
In the current paper, an overview of current techniques for inlet performance and distor-
tion characterization and engine distortion testing is presented. A review of the current
state of the art in inlet analysis is also presented along with a discussion of current engine
analysis techniques, from a semi-empirical approach to high-fidelity full Navier-Stokes
simulations. Finally, a proposal to coordinate the existing test techniques and analysis
capabilities to provide a truly integrated inlet-engine test and evaluation capability is
outlined. [DOI: 10.1115/1.1391279

Introduction attack can produce hysteresis and therefore deviations from the

A primary objective of the Arnold Engineering Developmeng,teady-state condition. As a resglt, fqture direct-connect engine or
Center(AEDC) test and evaluatiofiT&E) mission is centered on COMPressor tests may require distortion generators capable of pro-
integrating weapon system airframe and propulsion systenf$!Cing @ rapid sequence of distortion patterns to provide a time
Airframe-propulsion integration encompasses a number of issuUti§tory corresponding to a transient maneuver.
ranging from aircraft stability and control to inlet-engine compat- Stealth has produced inlets highly integral with the airframe
ibility. Consequently, the integration involves a wide range dficluding blended inlets. Supercruise and stealth have both moti-
technical disciplines with implications to the T&E environmentvated designers to adopt bay-launched munitions in fighter aircraft
Examples include external aerodynamics with the characterizatiggsigns. Together, these features have increased the proximity be-
of forces and moments, inlet performance, engine operability, efyeen the aircraft inlet and the weapon to be launched in flight.
gine performance, controls, and structures. To address the disgirthermore, the use of the supermaneuver as a combat tactic in
plines, the T&E process requires the application of a variety @he noint-and-shoot concept, will result in weapon launches at

test resources as well as anglyncal gnd computatlon_al tool§. Tefﬁ'gles of attack and sideslip outside current flight envelopes.
ing for airframe-propulsion integration, and in particular inlet=

. i ) . These factors increase the likelihood that hot weapon exhaust
engine compatibility, generally requires the coupling of compo- . . .
nent tests conducted in wind tunnels and engine altitude facilitidd?S€s will enter th.e alrcr.aft |qlet. .

The advent of technologies for providing controlled flight at Another type of inlet distortion that may appear in future oper-
extremely high angles of attack and sideslip have enabled wea&m“ty and performance assessments involves flow angular_|ty. The
system developers to consider supermaneuver and post-stall fdrent total-pressure methodology neglects flow angularity as a
neuver capabilities as combat tactics. As a result, future fightegparate distortion parameter. However, experience with a number
aircraft may be required to execute maneuvers containing drasticsystems showed that flow angularity could affect both operabil-
and transient changes in flight conditions at the high power sély and performance. In an aircraft inlet, flow angularity generally
tings demanded by combat. Such maneuvers present the issugpifears in the form of swirling flow. A rotation of the entire flow
the role that the distortion time history might play in the inletaphout the engine or compressor hub constitutes a bulk swirl and
engine integration task. Large and transient changes in angleeiher increases or decreases engine performance depending on
the direction of rotation with respect to the machine. Localized

The research reported herein was performed by the Arnold Engineering Devgl- - | : - . . . .
opment CentefAEDC), Air Force Materiel Command. Work and analysis for thisg{Nlrl’ in the form of vortices appearing In various regions of the

research were done by personnel of Sverdrup Technology, Inc., AEDC Group, te&@rodynamic interface plan@lIP), can affect surge margin. En-
nical services contractor. gines lacking inlet guide vanes have demonstrated the highest

Contributed by the International Gas Turbine Instit(@Tl) of THE AMERICAN [ . . . . .
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF senSItIVIty to inlet swirl. Inlet swirl can Onglnate at the aircraft

ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Interna-forebody or it can be generated in s-shaped inlet diffuser ducts.
tional Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, JuTgerefore. the advent of stealth systems with blended inlets and
7-10, 1999; ASME Paper 99-GT-345. Manuscript received by IGTI, Oct. 1998; final ’ . . ’ L

revision received by the ASME Headquarters, Mar. 1999. Associate Editor: §TdUCt* may '”"Odl{cﬁ requirements to address swirl in future
Wisler. inlet-engine compatibility tests.
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Fig. 1 Current inlet-engine integration test methodology

The AEDC T&E capabilities fulfill an essential role in the veri- The procedure of separating wind tunnel and engine test cell
fication of the aircraft system performance. However, the need twsting has perpetrated the evolution of separate wind tunnel and
evaluate the performance of a system often requires a numbeteafjine test cultures, with respect to airframe-propulsion integra-
separate test facilities. This requirement routinely arises in thien, and resulting limitations in overall efficiency and cycle time.
integration of the airframe and propulsion system, particularly Mhe test process limitations stem from the industry approach to
the inlet-engine compatibility verification process. Although larggst procedures.
propulsion wind tunnels such as AEDC 16T can accommodateperhaps the latest assessment of the state-of-the-art airframe-
complete cruise missile systems, fighter aircraft physical size gefhgine integration methodologies is best summarized in the 1995
erally exceeds wind tunnel capabilities. Therefore, fighter aircrafjright Brothers Lectureship in Aeronautiéd]). “In spite of all
inlet-engine compatibility evaluations generally employ separaige improvements cited in this assessment, significant portions of
subcomponent tests. Subscale inlet model wind tunnel tests chfils current state of the art for the airframe-engine integration pro-
acterize inlet performance and distortion characteristics. Subggxs are still dependent on empiricism and scaling rules. Such
quently, direct-connect turbine engine tests, using inlet simulatogg,nendencies always contain exposure to risks that the next con-
subject the engine to distorted flow representative of that expef ration and/or next mission requirement will lie outside the
enced when coupled to the inlet. __bounds of applicability of the empiricism and/or scaling rules.

The Inlet-Engine integration test methodology currently Mhese risks portend the possibility of a major negative surprise.

volves. two separate processes that are !oosely coupled as i Re airframe-engine integration process has produced many such
trated in Fig. 1. Wind tunnel experts and airframe developers conL]r fises in its history.”
duct the inlet wind tunnel tests with little insight into the enging P .

tests to follow. The subscale inlet tests determine the conditio sThrough the use of modeling and simulation technology com-

that must be simulated at the face of a full-scale engine. Th ined with the baseline information provided by the current wind

conditions, although a function of angle-of-attack, side-slip, ar{Hnne.l and test c_eII test procec_i_ures,_ itis p_ostulated th‘?‘t a virtual
flight condition, are characterized by a distortion indexing met/uPling of the wind tunnel facility with engine test cell informa-
odology which may smear out the influences of each individudPn can be accomplished. The fusion of computational and ex-
flight variable. perl_mental data W|II_ result in an increased level of information
Similarly, the engine test teams must wait for an off-site analjgvailable to the design engineer for system development and po-
sis by airframe and engine developers to provide distortion pa@ntially reduce the risk of a surprise in the next development
terns for test. Usually, the engine test team acquires little insigf¥cle
into the inlet distortion measurements and analysis that resulted inThis paper reviews what constitutes the current practice for
the particular selections. The engine test team measures the ef@d@uating engine and inlet compatibility issues and highlights the
of a series of distortion patterns based upon distortion screenspsiiential for increasing the information available from current
engine operability and performance. Although efforts are procedgsting through the fusing of computational modeling and simula-
ing to improve the inlet simulation devices placed in front of ation and experimental data to provide a numerical simulation of
engine, they presently neglect time history, flow angularity, artie airframe-engine system. This paper also addresses the need
certain interactions such as the effect of the compressor faceam level of simulation technology that will be required for
the inlet characteristics. The true dynamic effect of an aircraground test facilities to provide a simulation capability for full
maneuver is not included in this test methodology. inlet-engine compatibility evaluations.

448 | Vol. 124, JULY 2002 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.124. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Undistorted Flow

Distorted Flow Surg. Surge Limit
Limit
Pressure
Ratio ;
v PRO — Operating Point
i dirflow
Fig. 2 Standard 40-probe rake Corrected Airflow

Fig. 3 ARP-1420 surge margin definition

Description of Existing Test Techmque% components. Each ring represents an equal area of the AIP to
Both inlet and engine ground and/or flight testing use a metbimplify the data reduction process. Thus each probe measures the

odology developed by the S-16 committee of the Society of Agpressure of an equal segment of the face area.

tomotive Engineer{SAE), the Aerospace Recommended Prac- The concepts that are fundamental to the AIR-1419 methodol-

tice, ARP-142Q(2]) and its companion document, the Aerospacegy are

Information Report, AIR-1419[3]) as guidelines for evaluating

inlet and engine performance and operability with nonuniform X . - . . .

inlet airflow. These documents are a recommended practice, de- engine distortion response, with numerical descriptors d_e'

rived by consensus of industry and government practices during rived from an array of high-response total-pressure probes;

the late 1970s and early 1980s. Over the last 25 years, these con- propulsiqn system stability can be controlled by the aircraft
! and engine designers,

sensus practices have become established methodologies. A re- . o . .
view of these methodologies is presented below. * engine stability can be Qemo_nstrated by tests using equivalent
levels of steady state distortion, and

The AIR-1419([3]) documents engineering information for use , the dynamic or time-variant distortion effects on engine sta-
as reference material and for guidance. The document addressesbilit ére limited to events lasting longer than a rogimatel
the full spectrum of the methodology including definition of dis- y - : g long PP ety

one revolution of the machine and may be represented in test

tortion descriptors, distortion test methods, instrumentation, data - . . - .
. - by a fixed peak distortion pattern selected from the distortion
handling, performance assessments, and stability assessments. In-

let total pressure and other forms of flow distortion that can influ- time history.

ence inlet-engine compatibility require examination to establish Surge margin and loss of surge pressure ratio are major con-
their effect on engine stability and performance. The report cesepts to the ARP-1420 methodology. The ARP-1420 defines surge
ters on inlet-generated total-pressure distortion measured at thargin at constant corrected airflow at the inlet of the compres-
aerodynamic interface plan@lIP), not because it is necessarilysion component. Surge margin is the difference between the surge
the sole concern, but because characterizing inlet distortion pressure ratio(PR1), and the operating pressure rati®RO),
terms of total-pressure parameters has historically proven atbrmalized by the operating pressure ratio as defined in Fig. 3 and
equate for integrating inlet and engine systems. The methodolage following equation:

assumes that total-pressure distributions, which can be readily

measured during wind tunnel tests of inlets and direct-connect (PR1-PRO

tests of engines, describes the distorted flow in sufficient detail to SM:WX 100

allow the aircraft developers to avoid surge problems. The report

does not address the procedure for dealing with performance deThe loss in surge pressure ratio caused by inlet total-pressure
stabilizing influences other than those caused by total-pressdistortion is also measured at constant inlet corrected airflow and
distortion, or with the effects of any distortion on aeroelasti defined as follows:

* inlet flow quality can be characterized, in a form relevant to

stability.
The report advocates defining spatial total-pressure distortion (PR1-PRDS
using an array of steady-state and high-response probes distrib- APRS= ——5p7—— X100

uted over the AIP as illustrated in Fig. 2. Standardizing the probe

distribution provides a common basis for determining steady-stateThe loss in surge pressure ratio is normalized by the undistorted
and dynamic distortion in wind tunnel tests, engine ground testrge pressure ratio rather than by the operating pressure ratio
and flight tests. because the operating pressure ratio may not have been defined
The selection of the 40-probe arrangement, shown in Fig. 2,\ihen compressor rig tests are made to determine the effect of
based on providing the spatial fidelity required for inlet-engingistortion on compression system stability.
compatibility assessment objectives while avoiding excessive ) ) _ )
blockage. The probes are arranged on eight rakes spaced 45 ddgstortion Descriptor Element Definitions. Aerodynamic
apart to provide measurements of the circumferential distortidferface plane total-pressure probe data are used to describe inlet
component. Each rake contains five probes spaced on five cofistortion directly in terms of the probe readings and numerically

sponding rings to provide measurements of the radial distorti#hterms of distortion descriptors that are related to the severity of
the distortion. Distortion descriptors provide a means of identify-

2Information in this section was taken directly from the AIR-1419, Sectiorin_g c_ritical_disto_rted inleF‘_ﬂ(_)W con_ditions and_a means of commu-
2—some of it has been paraphrased. nicating distortion sensitivity during propulsion system develop-
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ment. Inlet spatial distortion is described in terms o&re usually static pressure taps near the compressor face station.
circumferential and radial elements that are then linearly coriiests which use flow plugs to control mass flow through the inlet

bined to provide a single-distortion description. (most tests usually have static pressure taps at the flow plugs.
The requirement for a universal aerodynamic interface plamich flow plug also has a potentiometer or LVDifiear variable
flow distortion descriptor which will differential transformerto measure its position.

For diagnostic purposes, some test articles have total-pressure
rakes on the fuselage. Most models have diagnostic static taps
"Soth inside the duct and on the fuselage. Some have high-response
pressure transducers mounted internally or externally, especially
is in direct contrast to the requirement for engine-specific infofo monitor wakes from fuselage protuberances forward of the in-
mation to predict the effect of any distortion pattern upon engirlet. Models with additional flow passages are often instrumented
stability. This dichotomy exists, especially when both the inlet anwlith steady-state, and sometimes dynamic, total and/or static pres-
engine development programs start about the same time. Ideaslyre instrumentation in the passages. Occasionally, model tem-
an inlet development program would be structured such that djgeratures are monitored, especially if the model uses electroni-
tortion sensitivity data would be available from engine componenglly scanned pressur€ESP modules to measure steady-state
tests prior to the start of inlet development testing. The largestessures.
impediment to a “universal inlet distortion factor” is that, a priori, If separation inside the inlet duct is a concern, total-pressure
the engine manufacturer cannot predict how the radial distortioakes may be used inside the duct to measure pressure profiles.
will couple with the circumferential distortion, nor whether aThese rakes are usually removable since their wakes will invali-
compression component will be hub-or-tip distortion sensitive. date pressure measurements at the compressor face station.

« define the quality of the air supplied by the inlet and
 describe the effect of the severity of the flow field upon e
gine stability,

. . Flow Generation. An associated task of every inlet test is to
Current Testing Practices provide the necessary flow through the inlet. At low Mach num-
Keeping with one of the fundamental precepts of the recorpers there is insufficient pressure ratio across the inlet system to
mended practice set forth in the ARP-1420, namely, that engifiluce the desired airflow. There are two primary methods cur-
stability can be demonstrated by tests using equivalent levelsrghtly in use to overcome this problem. The more convenient
steady-state distortion, the aircraft manufacturers, engine mamgethod uses a high-pressure air-powered ejeptdy. The ejector
facturers, and testing organizations have implemented testing p9mounted at the rear of the test article, behind the flow plug.
cedures_which r_eﬂect tha_lt prqmise. Adesc_ription of separate inlgigh-pressure air is piped to the ejector and blows out through
and engine testing practices is presented in the sections belowsmall sonic or supersonic nozzles in the ejector body. The high-
speed flow exiting the nozzles reduces the ejector body pressure,
dpducing the flow through the duct.
The other primary system used to reduce the duct backpressure

Wind Tunnel Testing for Inlet Performance. The primary
objective of inlet test programs is to determine the suitability
the chosen inlet design for the airframe and engine installation. . A X
Primary data obtained for this evaluation are the steady-state thus produce airflow uses the suction scoop. The scoop is a
dynamic performance and stability data at the compressor falgInel system designed to remove exhaust gases from operating
Depending on the stage of development of the program, differdHfbine engines or rocket motors. The scoop is directly connected
configurations and inlet system operational variables may R the aft end of the model and its pressure is reduced enough to
tested to aid in the determination of the optimum contours of tAgduce airflow through the inlet duct. This system can often pro-
inlet duct and configurations of various inlet subsyste(is. vide Iower_ backpressure than is po_ssmle with an ejector and thus
bleed, bypass, divertealong with subsystem schedules. For SOmg_ro_duce higher inlet mass flows which is useful when factors pro-
programs it is important to determine the vehititdet pre-entry  hibit the use of an ejector system. ) _
and inlet flow fields (including boundary layer development The_most critical case for sizing any flow generation system is
using flow-field survey rake assemblies. As the program maturé$, static and low Mach number, high-pressure conditions. Inlets
bleed and bypass configurations for the defined duct afée tested statically and at low Mach numbers to determine per-
optimized. formance for take-off and landing. These conditions often require

Tests involving aircraft with two inlet ducts often investigatdligh mass flow. In addition, the backpressure to which an ejector
cross talk effects of flow variations in one inlet duct on the petS €xhausting is high and consequently the duct pressure ratio is
formance of the other. minimal. This is usually the most challenging situation faced by

Model scale is a significant factor in correctly simulating théhe mass flow generator.

inlet performance of the full-scale flight vehicle. Although the Flow Metering and MeasurementAn important requirement
scale of the model is quoted as a single number, there are Offﬂnan inlet test is the accurate setting and measurement of the

deliberate variations in scale of various inlet components. Somgg )\ through the inlet duct. In general, the best results have
components are scaled _dlffere_ntly because the_model test R en obtained by using a device that is operated in a choked
nolds number is substantially different from the aircraft full-scal ondition. (This requires that the throat of the entire inlet duct
Reynolds number_. The difference in Reynqlds number causes tem be at the device itself rather than at an upstream or down-
boundary layer thickness to be nonproportlone_ll from model sc eam location.When the flow-metering device is choked, the
t(-) the actual full scale. For example, for the |n|¢_st duct _to S€€ Ztual corrected airflow is a function of area only. By varying the
;lmllar boundary Iayer from the fuselage, the diverter IS SOM&iea, the flow can be varied, and for most devices the area is
times scaled according to the expected boundary layer thicknes & (;tly related to a measurabyle position of the choking device
the model Reynolds number instead of by the model scale. Vari .

tions similar to this may be used as necessary on any inlet cc%’g:rhe most common device currently employed is a calibrated

ponent. These scale differences usually will not impact the t W plug. The flow plug is a translating conical body that moves

program if the boundary layer height analysis is conducted c pre and aft in a pipe fitted with a diverging section matching the

rectly such that the flight vehicle boundary layer conditions al%ontours of thg plug. As the plug tr_anslatgs_ within the conical
scaled properly on the test model. area, the opening area changes. With sufficiently low backpres-

sure, this translates to a change of flow through the duct. Typi-
Instrumentation. Although most inlet tests have similar in-cally, the plug is run with backpressure low enough that the plug

strumentation, there are no universal requirements. The primagmains choked.

instrumentation is usually a compressor face rake with combinedAn alternate method of mass flow determination involves the

steady-state/high-response total-pressure pr@gbas 1). There integration of the compressor face pressure measurements. The

450 / Vol. 124, JULY 2002 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.124. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



1/Rev Distortion Screen Total Pressure Distortion

Fig. 4 Typical distortion screen and corresponding distortion pattern

compressor face total-pressure integration uses the average-statithe freejet technique also allows testing of the complete inlet-
to-total-pressure ratio at each total-pressure probe to calculatergine system. Unlike the wind tunnel, the freejet method uses a
local Mach. Once the Mach number is calculated it is converted tariable attitude and variable Mach number nozzle to provide a
a velocity and used with the local air density and area to obtairflaw enclosing only the inlet opening and influential portions of
mass flow element. All of the individual mass flow elements are external airframe. Rather than change test article attitude, as in
summed. The sum is then multiplied by a discharge coefficient tiee wind tunnel, the technique changes the freejet attitude to simu-
obtain the total mass flow at the compressor face station. late flight conditions. As a result, the method can simulate high
To use the integration of compressor face pressure methodflight angles of attack with fighter-size aircraft that physical size
measure inlet mass flow, there must be static pressure measweuld prohibit in the wind tunnel.
ments at the station where the compressor face total-pressurghe flight test method provides an evaluation of the complete
probes are located. Integration of the individual total-pressuiiglet, engine, and airframe system. Often, the AIP is instrumented
measurements at the compressor face provides a less accuratet¢aheasure inlet steady-state and time-variant distortion to allow
culation that best serves as a check of the flow plug measuremeiirelation with other techniques. Generally, the flight test ap-

Setting Model Attitudes and Plug PositionsThere are several proach appears as the development of an aircraft system matures.

types of data variations that may be acquired during an inlet test.Bn% er(t:llf ?kfebc?'lrr:e%t?g:rlllr?g(l:? niglr)\lolc? rfgg t?tlarcg;k:elctllfede\c;ﬁl?]g-rse
The most common variation is a mass flow sweep at constr:m’te ycle, : W

angles of attack and sideslip. Others include an angle of attak testing cOmpressors or engines in distorted flows. Thg “?e.th"d
sweep at constant mass flow and sideslip angle, mass flow swegﬂ readily be applied to engine components S.UCh as |nd|V|.duaI
of secondary flows, and angle of sideslip sweeps. ns or compressors as well as to cgmplete engines. In the direct-
It is generally preferable to use computer control whenever pocgnnect ltesat, t??hcct)mpor!g\nt or er&g;ne '3 cqnn(tacted directly :o an
sible for any positionable device which will be moved frequent/3'" s;;ppy udc v ahprow bes conditione at|r a .31 pfes?”fe'ﬂ?“gt'
during the test. This will usually result in more accurate and fast prature, an ach number commensurate with a given flig
settings. Computer control is ideal for digital devices and ver‘é})nd't'on' Thus, the duct conditions correspond to the flow output
good for analog devices y the inlet after the diffusion process. With respect to the
The usual mode of data acquisition during an inlet test is to firgfees”eam' these conditions often include lower Mach numbers,

set model angles of attack and sideslip and follow with a ma2igher static pressure, and higher static temperature. So, in a
sense, the supply duct functions as an inlet simulator taking the

place of the actual inlet.

Engine Testing for Total-Pressure Distortion Effects. Com- In the absence of the inlet and airframe, the direct-connect ap-
pression systems can be tested for performance and operabijlitpach must rely on additional techniques to simulate the distor-
characteristics using any of a number of techniques. These inclui produced by the inlet. A number of methods have been ap-
wind tunnel tests, direct-connect tests, freejet tests, and flighlted to simulate steady-state inlet distortion as well as various
tests. The choice of technique depends on such factors as the aggects of time-variant distortion. The two most widely used inlet
of the vehicle, cost, and stage of development. Each technigdistortion simulators are the distortion screen and the air jet dis-
employs a method of subjecting the compression system to disrtion generator.
torted flows representative of the flight environment. The distortion screef{5]) generates steady-state total-pressure

Smaller vehicles such as cruise missiles may be tested in lapgterns through flow blockage, a function of screen porosity and
propulsion wind tunnels such as the AEDC PWT 16T/S. The corapproach velocity. The screen consists of an assembly of various
plete inlet, airframe, and engine assembly can be evaluated asige meshes with shape and porosity tailored according to the
system. The wind tunnel flow conditions simulate the uniforrparticular pattern of interest. When mounted forward of the com-
far-stream flight environment. The airframe and inlet modify thpressor or engine and normal to the flow, the screen subjects the
flow in a manner similar to that in flight subjecting the engine tanachine to distortion similar to that produced by the inlet. An
steady state and dynamic distortion. This method is not limited &xample of a distortion screen appears in Fig. 4.
cruise missiles. The F-15 fighter aircraft development included This particular screen produces a one-per-revolution, 180-
full-scale tests of the inlet-engine assembly in both PWT 16T anttgree circumferential pattern. As each screen produces a single
16S albeit at only moderate angles of attack. Although physicdistortion pattern, a particular test program may require a family
space prevented inclusion of the complete airframe, the test difiscreen assemblies to satisfy inlet-engine compatibility verifica-
include the entire inlet-engine assembly and the portion of thi®n objectives.
airframe most influential to the inlet flow. The air jet distortion generatgf6]) evolved as an approach to

flow/plug position sweep.
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Fig. 6 Simulation of time variant distortion with steady-state
patterns

Fig. 5 Schematic of airjet distortion generator

random frequency generator devices generally used separated
avoiding the cost and cycle time needed to fabricate and inst8lw to produce fluctuations similar in nature to those encountered
separate screens for each distortion pattern. The device usesjgh@n inlet duct. Discrete-frequency generators generally use a
viscous mixing as a means of reducing the momentum in regiopériodic pulsing of the flow to develop fluctuations at specific
of the approaching flow. Forward-facing airjets exchange momeflequencies. These fluctuations may be produced by the air jet
tum with the approaching flow to effect pressure losses. An arrgjstortion generator with pulsed jets or by rotor-stator devices.
of such jets, mounted on struts upstream of the test article, prgowever, these devices have yet to find general application.
vides a means of spatially varying the pressure def@dts 5). To address time-variant distortion, the current methodology ap-
By remotely adjusting the flow distribution among the jets, thgjies the following approach. The time-variant distortion measure-
tester can set desired distortion patterns without interrupting thgents obtained in the wind tunnel, the distortion time history, is
test for hardware changes. Unlike the wind tunnel or flight tegkreened over the time recorded during the particular test point to
methods, the direct-connect method requagsiori definition of  identify peak levels of distortion. The wind tunnel data acquisition
the flow distortion patterns to set in the inlet simulator whethgjrocedure must include a sufficient data record, typically 20 or 30
screen or air jet distortion generator. As the direct-connect ageconds, to capture peak distortion events. Experience has shown
proach finds wide application throughout the vehicle developmeiffat turbomachines require a finite time, on the order of one revo-
cycle, the patterns fall into two general categorigly: classical |ution of the compression system, to respond to dynamic distor-
distortion patterns and2) composite or complex distortion tion events. Therefore, the screening process neglects events last-
patterns. ing less than approximately one revolution. The peak level of
The so-called classical distortion patterns consist of standagistortion is then applied in the direct-connect test using the
ized patterns that provide specific distortion features such as §green or air jet distortion generator. The peak time-variant pattern
radial distortion, hub radial distortion, circumferential distortiomhecomes a steady-state pattern in the engine or compressor test
with various multiple-per-rev specifications, or combinationsieglecting the effects of time history. Figure 6 illustrates this
These patterns are generic in the sense that they do not necessagptoach.
correspond to a specific vehicle. The classical patterns generallyrhe SAE methodology described thus far evolved over several
find application earlier in the development cycle to establish thfscades and has been successfully applied to a number of systems
basic sensitivity characteristics of the engine or compression syg to current generation fighter aircraft. Recent years have
tem. A discussion of the classical patterns and sensitivity tegffought forth new aircraft technologies that add new dimensions
appears in the AIR-1419. to the assessment of inlet distortion effects on engine performance
As the vehicle development progresses, the airframe-inlet dgnd operability. The SAE and others have embarked on the inves-
sign will be established. Or, if a specific compression system figation of methodologies necessary to address such technologies
engine is to be retrofitted to an existing aircraft, the airframe-inlgj the inlet-engine integration process. These issues will be dis-
design will exist. The direct-connect test may then proceed witlyssed in the last section of this paper.
composite distortion patterns representing the environment that
the engine will experience in the specific vehicle. These patter . -
are no longer generic. In general, subscale inlet model wind tuanéSpmputatlonal Capability
tests, such as those described in the previous section, provid&or a numerical technique to become viable as a complemen-
measurements of the specific patterns expected with the full-sciey test analysis tool, it must be able to provide solutions both
vehicle in flight. The wind tunnel test must capture the effects afuickly and accurately. Computational fluid dynani@FD) solu-
both the inlet itself and the influence of the external airframe dions for the inlets have been routinely done for many years, even
both steady-state and time-variant distortion. The prediction of tdth time-variant events. However, the complexity of the gas tur-
distortion patterns produced by the inlet-airframe system repigine engine makes CFD solutions of the full engine impractical at
sents a key component of the integration of computation and akis time. At best, several blade rows of a turbomachinery com-
periment into a distortion evaluation methodology. ponent can be calculated in an “overnight” time frame. Thus,
The screen and airjet distortion generator devices provide ordgmputational techniques must be used that use reduced grid com-
steady-state distortion patterns. However, historical wind tunngllexity and levels of computer perallelization must be employed.
test results have shown that the time-variant distortion can beThe computational simulation of inlets, especially for advanced
significantly higher than steady state. Over the years, a numbeffighter aircraft, requires modeling of complex geometries and
devices have been developed in an effort to simulate time-varigitysical phenomena. Inlets are often essentially part of the aircraft
distortion in direct-connect tests. Examples of such devices canfoselage leading to highly nonuniform flow at the inlet entrance.
found in the random-frequency generat@]), the discrete- The inlet duct transitions in cross-sectional area from a nearly
frequency generato({8]), and planar-wave generat@®]). The oval or rectangular geometry to the required circular cross-section
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Fig. 8 Mach number in an S-duct inlet
Fig. 7 Inlet flow distortions at high angle of attack on F /A 18A

at the engine face resulting in significant cross-flow velocitiesithms improve both the speed and accuracy of these simulations.
Inlets for these advanced fighters are also highly curved to hiBecent algorithmic advances in other fields of flow simulation,
engine hot parts from infrared and radar detection. These higldych as store separatig[i8]), can be applied directly to simula-
curved ducts can results in flow nonuniformities, including flowiion of the unsteady phenomena in inlet flow fields to allow larger
separation. A fairly simple inlet configuration is shown for a F/Aphysical time steps and, thus, faster simulations. The major limit-
18A High Alpha Research VehicldtHARV) in Fig. 7. ing factor on speed is now the frequency of the unsteadiness that
This flow field was computed by Smith and Podeldd] using must be resolved, where significant computer resources are re-
the NPARC Codg[11]) at a Mach number of 0.2 and a 30-degquired for resolution of higher frequencies.
angle of attack. The Mach number contours shown in the figureOne approach to computationally modeling the effect of the
indicate significant flow distortion at the AIP. Simulations of more&ngine on the inlet is to modify the flow at the compressor face
complex inlets can be found in the recent papers by Mayer et #irough specialized boundary conditions. If a flow rate is known,
[12] and Philhower et al.13]. this value can be set, allowing the static pressure to adjust at the
These advanced aircraft fly at speeds from low subsonic ¢compressor face to maintain this flow rate. The pressure may be a
supersonic, often at high angles of attack, resulting in compleonstant or may vary circumferentially and radially. If the pres-
flow structures in the vicinity and within the inlet, especially asure is known at the AIP, either at a point or over a region, this
transonic and supersonic conditions. Bleed systems and other ety be set directly. This technique would be applicable when
chanical devices are often employed to control shock location ambdeling an inlet without an engine, where the pressure has been
flow conditions within the inlet. The engines are also subjected tneasured at various locations at the AlP.
other external influences, including rocket plume ingestion from Figure 8 shows the calculated Mach number through an S-duct
air-launched missiles. Other phenomena, which are of conceimlgt in a freestream flow aM=0.21, py=14.68 psi, andT,
and thus must be adequately modeled, include inlet buzz and inte527 deg R. This configuration is the RAE Model 2129 inlet re-
unstart. Most, if not all, of these complex phenomena are at ledstred to as Test Case 3 by the AGARD FDP Working Group and
partially influenced by the interaction between the inlet flow fielevas previously analyzed by Nichdl49]. The low speed flow in
and the propulsion system. the region of adverse pressure gradient is shown as blue on the
Simulating these complex geometries and the associated cdawer part of the duct.
plex physical phenomena of engine inlets require simulation toolsin Fig. 9 the measured wall pressure distributi@ymbolg
capable of capturing unsteady, three-dimensional, turbulent fl@kong four circumferential stations is compared to the results of
fields. Because of the highly three-dimensional nature of the flalve WIND code([20]). In this case, the static pressure at the exit
and the potential for significant flow separation, full Reynold'sf a straight duct extension of the S-duct was set to a constant
averaged, Navier-Stokes equations with sophisticated turbulenadue of 13.525 psi. The results compare very well with the data,
models must be solved. The Navier-Stokes solver must have thdicating excellent prediction of the losses in the adverse pres-
capability to model unsteady phenomena, such as unstart audle gradient region of the flow field.
buzz. Finally, the simulation tool must have the capability to solve An even more physical approach to modeling the compressor
for or model the effects of the engine, in particular the first stagéisrough boundary conditions has been developed by Paj2itér
of the compressor, on the inlet flow field. and Paynter et a[22] which models the effect of unsteady pres-
Most Navier-Stokes codes in use today have the capability $ore or temperature distortions at the engine face as it affects the
model a majority of the flow phenomena required to adequateahylet flow field. This characteristic boundary condition is based on
simulate the inlet flow field. The most challenging requirementiie small disturbance response to a time varying acoustic or con-
are turbulence modeling, fast time-accurate simulation, and thected disturbance.
modeling of the effects of rotating turbomachinery. A more physically realistic approach to modeling the effects of
Current turbulence models that are based on the transport, pitte engine on the inlet flow field is to model simultaneously the
duction, and diffusion of turbulence quantities are capable of prilew as it passes through the compressor stages as well as the
dicting flow separation in many situations. The most commainlet. This can be accomplished at various levels of empiricism.
models arek-e models, such as the Chien low Re mo¢él4]), The most rigorous technique for simulating the effects of the ro-
the k- model ([15]), hybrid models, such as the SST modetating turbomachinery on the inlet flow is to simulate the engine
([26]) and one equation models, such as the Spalart-Allmarhardware itself. This can be done by modeling the unsteady flow
model([17]). Each of these has been shown to provide reasonaltheough the rotating blades for each row simultaneously using
results in predicting separation, but none can be considered uoiels such as ADPAQ[23]) or to model each blade row, but
versally applicable. approximate the interaction between the rows using an average-
Time accurate simulations of fluid dynamic processes are hgassage procedure, as outlined by Adamcgg#]. While the
coming more prevalent as computer power increases and algoerage-passage approach is more efficient than modeling the
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Fig. 9 Axial pressure distribution—S-duct

complete hardware and removes the time-dependency, bothotier via the three-dimensional Euler equations with source terms
these techniques require significant computer resources. representing a blade row. These source terms representing mass
The choice of which approach to use to model the effects of thdeed, blade forces and shaft work are supplied by a streamline
engine on the inlet flow field depends on the phenomena of inteurvature codda derivative of HTO30a[26])).
est, the required accuracy of the simulation, the turn-around re-TEACC was developed with complex patterns and dynamic
quirements, and the computational resources available. Integratagpabilities in mind. Currently, TEACC has been operationally
a three-dimensional Navier-Stokes CFD inlet model with a correerified for steady operation with and without distortion present
sponding complex three-dimensional CFD engine model for tlier compression systems up to three stages. Future versions of
study of inlet distortion is often not feasible for the required turnFEACC will be able to address applications of complex dynamic
around with the computational hardware of the 1990s, even witlistortion and their effects on compression system operability and
parallelization taken into account. Therefore, in order to computdtimately expanded to the full turbine engine.
time-dependent complex inlet distortion effects on the compressor
flow fi(_ald and vise versa, one must accept more _empiricism in tflﬁ‘tegration of Numerical Simulations Into the Test En-
modeling approach. One such approach is being developed }/
AEDC and is known as TEAC([25]) (Fig. 10) vironment
A general-purpose three-dimensional flow simulation computer Clearly the volume of issues facing future integrations of inlet
code ([11]) has been modified to accept turbomachinery souremd engine into viable aircraft systems demands the development
terms based upon semi-actuator disk theory. The governing equainew test and evaluation techniques along with numerical simu-
tions used in TEACC were developed by applying the conserviations capable of dynamic behavior. The techniques must couple
tion of mass, momentum, and energy. TEACC allows for circunexperimental and numerical simulations to provide the most cost
ferential and radial control volumes to interact directly with eachffective acquisition of information. Both experimental and the

Pressure

d. Analysis

t

b. SLCC c. TEACC

Fig. 10 Overall TEACC methodology
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Manufacturer

Fig. 11 Schematic of current process for inlet testing and analysis

corresponding numerical simulations require the development lnf the experience of both the aircraft manufacturer and the ground
methods for simulating inlet dynamic pressure distortion, swirtest provider. A matrix of test conditions is developed which in-
and temperature distortion. It is the intent of this paper to suggestides flight conditiongaltitude and mach numberangle of at-
some ways that evolving numerical simulation capabilities can lback, side-slip, and roll. The wind tunnel test is conducted follow-
utilized in conjunction with existing and new test techniques timg the predescribed matrix. The data are stored and shipped back
address the issues outlined above. to the manufacturer for analysis. Very little interaction with the
We will examine each of the separate testing processes atata is conducted during the testing process. If something was
suggest improvements that could be made using computationaditted in the process, the ommission would persist until another
techniques. A schematic of the inlet testing process as it exis¢st is conducted in the future to get that information.
today is presented in Fig. 11. The aircraft manufacturer developsOne way to improve this process is to compute/predict inlet
and designs the aircraft inlet based upon his experience and Cg&formance prior to testing. Such predictions would provide the
calculations. The aircraft manufacturer decides on a primary inleteans to optimize the test matrix and reduce the risk of a serious
design and requirements for further wind tunnel testing. The ammmission. The proposed new process is presented in Fig. 12.
craft manufacturer decides on what needs to be tested and hown the improved process, the aircraft manufacturer and the
much test time will be required. This process is primarily driveground test provider decide on the matrix of flight conditions not

« Develops and Designs
Aircraft Inlet

® Uses Experience &
CFD to Design
Candidate Inlet

® Decides on Primary Inlet
for Further Wind Tunnel Testing

Using CFD Results, a “Design-of-
Experiments” Process is Conducted to Better

Define Key Elements that Testing Should
Address

Fig. 12 Schematic of proposed improved process for inlet testing and analysis

Journal of Engineering for Gas Turbines and Power JULY 2002, Vol. 124 |/ 455

Downloaded 02 Jun 2010 to 171.66.16.124. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



w Engine Manufacturer

e Develops and Designs
Engine

® Uses Aircraft
Manufacturer’s
Inlet Distortion Indices
to Develop Baseline

Pressure Ratio

Distorti s Corrected Airflow
T, o Data Analyzed & Stability Limits
® Decides on Test Matrix Established '
T&E Provider & Engine Manufacturer Engine Test

Pressure Ratio

Corrected Airflow
® T&E Provider & Engine Manufacturer e Engine Tested following Predetermined
Coordinate Test Program Test Matrix
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Fig. 13 Schematic of current process for engine testing and analysis

only based upon experience but on CFD calculations of the pro- test. This prediction is used to streamline the test matrix by
posed test article. These calculations can be used in a “Designenfiphasizing critical regions of the flight envelope and omitting
Experiments” process to better define key elements that testitegt conditions that contribute little to the evaluation. Again using
should address. In the improved process, both the test data antDesign of Experiments” approach, the test matrix is further
CFD calculations are used to develop the distortion indices. Thefined to better define the key elements that testing should ad-
experimental data provide a very coarse description of the flowditess. The engine is tested in the engine test cell based upon the
the AIP, while the CFD solutions provide the details of the flowest matrix defined previously. If something abnormal occurs, en-
between the data points. Validated computations provide th@e model calculations can be conducted to determine what is the
mechanism to fill in the data matrix for benign test conditionsnost efficient way of obtaining additional test information. Once
Validated computations also allow the diagnostics of test condhe data are obtained, analysis engineers can pool both the engine
tions that result in high levels of distortion so that changes to tlimta and the model calculations to provide a better definition of
test article during the test can be made in an informed manngre stability limit.
When combined, the test data and computational simulations proNew engine test techniques are under development that, in the
vide the needed information at the lowest cost. future, will replace the old distortion screen methods. The new
The ultimate capability for inlet testing in the future will be totechniques will allow a more realistic representation of both the
combine the fused data and CFD solutions for the inlet with a fudtatic and dynamic pressure distortion patterns as well as the flow
three-dimensional engine model so that, while the inlet test &gles and temperature distributions at the face of the engine.
being conducted in the wind tunnel, the performance of the inl€oupled with the new inlet test techniques that fully define the
can be determined as a function of the engine performance dtav entering the engine, the new distortion devices will be able to
stall margin changes rather than the nebulus values of distortiaocurately simulate the flight conditions seen by the engine.
indicies. In the near term, computational simulations of both the inlet
Looking at current engine testing, we see a process, as ill@sid engine, used in a fully integrated manner prior to testing, can
trated in Fig. 13, in place similar to the inlet process. The engirelp to focus the test matrix on critical operating conditions and
manufacturer uses whatever information that the aircraft manufaeduce the test matrix by identifying those conditions which are
turer has provided about the nature of inlet distortion. Generallyjore benign. Computations also provide the test customer with
the engine manufacturer plans distortion tests based upon previowse comprehensive information by filling in areas of the enve-
experience and develops a test matrix using classical or baselioge that are not scheduled for testing or cannot be tested due to
distortion pattern$180 deg circumferential distortion, hub radial test facility limitations. In the long term, the combination of com-
and tip radial distortion patterpsThe engine manufacturer coor-putational methods with new test methodologies will provide a
dinates with ground test personnel and defines a specific test pmaich more realistic ground simulation of the static and dynamic
gram and the length of testing required. The engine is testeddonditions that an engine-airframe combination will encounter in
map out the compression system sensitivity to the prescribed clélght.
sical distortion patterns. The data are shipped to the manufactureFinally, once the accuracy of a simulation is established on a
who then analyzes the data and determines if the engine can glbscale test, computations provide an approach to extend the
erate the distortion patterns produced by the inlet based solelyalysis to full-scale flight conditions, thus, providing a link be-
upon the classical distortion patterns. tween the measured subscale distortion from inlet testing to the
In the improved engine test process, Fig. 14, the processdistortion patterns utilized in full-scale engine testing.
similar but by using a three-dimensional engine or compressionin the final analysis, flight testing is conducted to operationally
system model, a prediction of the stability limit is obtained prioverify the mated inlet/aircraft with the propulsion system. Gener-
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Fig. 14 Schematic of envision improved process for engine testing and analysis

ally, the flight test article is sparcely instrumented as comparedttee integrated test and evaluation process is illustrated in Fig. 15.
the ground test vehicle. In this environment, a go or no-go dedihe implementation of this vision has already begun with the
sion is all that can be made. With properly validated simulatiordevelopment and application of one-dimensional engine-inlet
of both the inlet and the engine, a virtual mating of the full prosimulations such as those reported by Garfamd, Numberd 28],
pulsion system can be made and numerically flown at the desiraad Clark[29].

flight condition prior to the actual flight test. The full spectrum of In the fully integrated test and evaluation process, system op-

Inlet CFD Predictions Engine System Predictions
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Fig. 15 Schematic of envisioned integrated test and evaluation for engine-inlet analysis
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erability can be well known before the aircraft enters a flight test[4] Robinson, C. E., Smith, G. D., and Matz, R. J., 1969, “Evaluation of an

B ; ; : Ejector—Powered Engine Simulator at Transonic Mach Numbers,” Paper No.
program. The inlet and engine models have been validated with = - o'~

g_round te_St data, US‘_Ja”Y SIee_‘dy St?te In nature. Hov_vever, dU_””Ss] Overall, B. W., 1972, “A Procedure for the Design of Complex Distortion
flight testing, dynamic distortion will be present. This dynamic Screen Patterns for Producing Specified Steady State Total-Pressure Profiles at
nature will become more pronounced as inlets are constructed to the Inlet of Turbine Engines,” Paper No. AEDC-TR-72-10.

become more “stealthy.” Validation of both inlet simulations and [6] Overall, B. W., 1976, “Evaluation of an Airjet Distortion Generator Used to

X . . . . . Produce Steady-State Total-Pressure Distortion at the Inlet of Turbine En-
engine simulations is an issue as stated by Benek and Kraft in gines,” Paper No. AEDC-TR-76-141.

their 1998 journal article([30]). Among the issues raised by (7] Brimelow, B., Collins, T. P., and Pfefferkom, G. A., 1976, “Engine Testing in
Benek and Kraft were a Dynamic Environment,” AIAA Paper No. 74-1198.
[8] Lazalier, G. R., and Tate, J. T. “Development of a Prototype Discrete Fre-
e the use of steady-state approximations to simulate time- quency, Total-pressure Fluctuation Generator for Jet Engine/Inlet Compatibil-
averaged measurements of an intrinsica”y unsteady flow field. ity Investigation,” Proceedings of the Air Force Airframe Propulsion Compat-

; ; B ; _ ibility Symposium, June, Paper AFAPL-TR-69-103.
:j no SnyIe{natICdStUdlzs O{ thle tdﬁtallshOf th% Compmgtlor_}%l pron[g] Reynolds, G. G., et al., 1973, “An Experimental Evaluation of Unsteady Flow
cedures tor ime-aependent Iniet 1low have been made. The un-- gq. s o an Axial Compressor-2Benerator Program,” Paper No. AFAPL-

steady features prevent the use of usual steady-state convergenceTtr.73.43.
criteria that are based upon the reduction of the residual normiso] Smith, C. F., and Podleski, S. D., 1994, “Installed F/A-18 Inlet Flow Calcu-
toward machine zero. lations at 30 Degree Angle-of-Attack: A Comparative Study,” AIAA Paper No.

. : ; ; 94-3213.
_ + time-accurate computations _wﬂl_be_necessary _for the S|mula[11] Power, G. D., Cooper, G. K., and Sirbaugh, J. R., 1995, “NPARC 2.2—
tion of unsteady(dynamig distortion indices. Experiments must Features and Capabilities,” AIAA Paper No. 95-2609.

be carefully crafted from which to establish a validation database12] Mayer, D. W., Anderson, B. H., and Johnson, T. A., 1998, “3D Subsonic
» CFD simulations are expensive in terms of computer re- Diffuser Design and Analysis,” AIAA Paper No. 98-3418.

i Philhower, J. S., Robinson, D. E., and Brown, R. J., 1998, “Development of a
sour_ces and SCh?dme and they must be used carefully to obtain {H@ Highly Offset Induction System for a Supersonic STOVL Fighter,” AIAA
maximum benefit. A systematic study needs to be conducted t0 paner No. 98-3417.

identify those parameters to which the simulations are mosi4] chien, K.-Y., 1982, “Predictions of Channel and Boundary-Layer Flows With
sensitive. at Low-Reynolds-Number Turbulence Model,” AIAA 20, No. 1, pp. 33-38.

[15] Wilcox, D. C., 1992, “The Remarkable Ability of Turbulence Model Equa-

These issues must be addressed before a fully integrated test tions to Describe Transition,” Fifth Symposium on Numerical and Physical

and evaluation process can be established. Aspects of Aerodynamic Flows, California State University, Long Beach, CA,
Jan. 13-15.
[16] Menter, F. R., 1993, Zonal Two Equatidnw Turbulence Models for Aero-
Summary dynamic Flows,” Paper No. AIAA-93-2906.

; ; in i i{47] Spalart, P. R., and Allmaras, S. R., 1992, “A One-Equation Turbulence Model
This paper has reviewed the state of the art in inlet and englr{é for Aerodynamic Flows.” AIAA Paner No. 92-0439.

te_Stmg procedures and_has prOPF’sed f"m 'nteQ_rated test and evﬂ@]’Tramel, R. W., and Nichols, R. H., 1997, “A Highly-Efficient Numerical
ation process that provides additional information to the test cus- = Method for Overset-Mesh Moving-Body Problems,” AIAA Paper No. 97-
tomer at a reduced cost and schedule. That integrated test and 2040.

evaluation process relies heavily on using computational simuldt? siChO'SN R-A'?AAlggldl";:f'C“'aﬁon of the Flow in an Circular S-Duct Inlet,”
t!ons of bOth the Ir.llet and. the engine Separate'Y and .m Combm?z-O] BSSST R.OI.-L, Power, G. D and Towne, C. E., 1998, “WIND: The Production
tion to provide guidance in the test process. Simulations can be "~ Fiow Solver of the NPARC Alliance,” AIAA Paper No. 98-0935.

used to reduce the test matrix to the absolute minimum requirddi] Paynter, G. C., 1997, “Response of a Two-Dimensional Cascade to an Up-
by providing calculations of areas not tested to a high degree of ' ;‘;eigrf’gt“ébag?:rﬁﬁ'/'\? Jf:a NC%IeS’(gpL 43;‘9;‘;49%%“” he Resoonse
Conﬂdence'. Fma”)” improved processes |mp|§ment|ng adyanc fro% a éascade to ar’1 Ups{ream ACOl’JStiC D'isturba;nce," AIAE Paper NF()). 98-
numerical simulations and advance test techniques are envisioned ggs3.

that will provide a test capability for inlets that allow modifica- [23] Hall, E. J., and Delaney, R. A., 1992, “Investigation of Advanced Counterro-
tions to the inlet during early wind tunnel tests. These inlet modi-  tation Blade Configuration Concepts for High Speed Turboprop Systems: Task

+ ot ; ihili ; ; V—Unsteady Counterrotation Ducted Propfan Analysis, Final Report,” NASA
fications will help ensure compatibility with the engine such that CR 187126, NASA Contract NAS3-25270.

the perf_ormance of the combined inlet'engine_ system can be tungg Adamczyk, J. J., 1985, “Model Equations for Simulating Flows in Multistage
to maximum system performance. Also, improved processes  Turbomachinery,” ASME Paper No. 85-GT-226.
implementing advanced numerical simulations and advance tdgfl Hale, A. A, and O’Brien, W. F., 1998, “A Three-Dimensional Turbine Engine

techniques are envisioned that will provide a test capability for ﬁ;‘lac'ﬁir%‘;m’;rcehsiﬁg:ﬁggﬁ’*ggi‘j{sgteady‘sme Inlet Distortion,” Jour-
engines that more accurately represent the static and dynamic Co8) jjearsey, R. M., 1970, “HTO300—A Computer Program for the Design and

ditions encountered in flight. Analysis of Axial turbomachinery,” Mar.
[27] Garrard, D., Davis, M. W., Wehofer, S., and Cole, G., 1997, “A One-
Dimensional, Time-Dependent Inlet/Engine Numerical Simulation for Aircraft
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GE Global Research Center, Ap p I i cati Ons

P.0. Box 8,

Schenectady, NY 12301 General Electric has developed SiC fiber-reinforced SiC-Si matrix composites produced

by silicon melt infiltration for use in gas turbine engine applications. High temperature,

L Tognarelli high-pressure combustion rig testing, and engine testing has been performed on combus-
' tor liners and turbine shrouds made from such MI composites. Frame 5 sized combustor
M. Pecchioli liners were rig tested under lean head end diffusion flame conditions for 150 hours,

including 20 thermal trip cycles, with no observed damage to the ceramic liners. Simi-
larly, 46-cm diameter, single-piece turbine shroud rings were fabricated and tested in a
GE-2 gas turbine engine. The fabrication and testing of both components are described.
[DOI: 10.1115/1.1455637

GE 0il and Gas/Nuovo Pignone,
GE Power Systems,

Via Felice Matteucci, 2,

50127 Firenze, Italy

Introduction liner was used in the shroud test rig for durability reasons after the

For the past eight years General Elect@E) has been activel initial stainless steel liner failed. The MI-CMC liner withstood
hep gnty L ; Ve combustor temperatures up to 400°C higher than did the metal
pursuing the development of melt infiltrated ceramic matrix COMer with no observable damage

posites(MI-CMC) for use in gas turbine engine applications un- GE has been following a stepwise approach to the testing and
der the Department of EnergPOE) sponsored Continuous Fiber g o441 commercial introduction of MI-CMC composite compo-
C.er.amlc CompositdCFCQ and NASA-sponsoreq ngh-SpeednemS. First engineering property data was collected and combined
Civil Transport(HSCT) programs. MI-CMCs consist of continu- iy analytical modeling to establish the viability of the material
ous SiC reinforcing fibers in a matrix of SiC plus Si and arg; meet the application requiremeri@orman et al[2]). Combus-
fabricated using a molten silicon infiltration process. Althougly, rig testing was then conducted on subsdalembustoy or
many process variations can be used to fabricate such composifgg.scale (shroud components to demonstrate survivability of the
GE has worked to develop two main processing routes: PrepréSmponents to turbine-like environments and duty cy¢@san
MI and slurry cast MI. Process flow diagrams for these two teclay g, [3]). The next step in this progression was to perform full-
niques are shown in Fig. 1. Details of the prepreg process and §@le combustion rig tests of the combustor liner components and
resulting material properties have been described previd@sly  actual engine tests of the shrouds. This paper describes the fabri-
man, et al[1]). cation and testing of these components.

The unique properties offered by MI-CMCs, such as high ther-
mal conductivity, high matrix cracking stress, high interlaminaFrame 5 Combustor Testing

strengths, and good environmental stabi{iv)(idgtion re_sistanoe_ GE has a worldwide fleet of about 3500 Frame 3 and Frame 5
make them particularly suitable for gas turbine engine applic as turbines, most of which utilize fairly old diffusion flame com-

oo companers b b i ross i mperagygton teclogy. This nstalle baserepesents a good oppor
L ; ) ) ty t tly red N issi ith i d bus-
combustion rig testingDean et al[3]) where the MI-CMC com- y to greatly reduce Nemissions with improved combus

learl ¢ d bl I tion technology. Consequently, a combustor uprate utilizing an
ponents clearly out-performed comparable metallic componenfg_cpc liner, with its greatly reduced film cooling requirements,

For instance, an HS-188 nickel-based superalloy shroud wgasq prove to be an important vehicle to reduce,NOn addi-
found to fail by oxidation and thermal fatigue cracking after onlyi;, co emissions can be reduced using MI-CMC liners by

50 thermal trip cyclegsudden shutoff of fuel flow with full air  gjiminating CO quenching reactions associated with liner cooling
flow maintained, resulting in a severe thermal quench from opgfgys.

ating temperature to compressor discharge tempejathrereas
the MI-CMC shrouds survived 200 thermal trip cycles and over Test Rig Design. The goal of this effort was to rig test Frame
50 hours of Steady-state exposure under the same Conditi&-@iZEd MI-CMC combustor liners. Initial testing was to be done
(1520°C gas temperature, gas velocity of mach 0.2, 1200under diffusion flame conditions using a standard “lean head end”
shroud surface temperatl)”with only very minor edge cracking. (LHE) combustor configuration. This combustor is described in
A photograph of an HS-188 and a prepreg MI-CMC shroud afteletail by Feitelberg et al4]. If successful, the liners would sub-
rig testing is shown in Fig. 2. Similarly, an MI-CMC combustorsequently be tested in a different rig utilizing a premixed DLN
combustion system.
" Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN A cross section of a normal Frame 5 LHE combustor is shown
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL oF  in Fig. 3. At the forward end of the combustor is a simple fuel
ENGINEERING FORGAS TURBINES AND POWER. Paper presented at the |nterna-injector Consisting of a tube with e|ght holes drilled in a circular

tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, M s . .
8-11, 2000; Paper 00-GT-638. Manuscript received by the IGTI, November 199%éttem' The Injector is surrounded by a cast swirler and a cap

final revision received by ASME Headquarters, February 2000. Associate Editor: aSsembly COP'de by a serie_s of louver openings. 'JUSt dqwnStream
Wisler. of the cap mixing jets flow inward through holes in the liner and
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[ Make [ Form ™ Men the region of maximum convective and radiative heat transfer

Coat
Prepreg Fiber " Prepreg Preform "| mfitrate|  from the flame to the liner wall is actually much smaller. Conse-
quently the length of MI-CMC in the liner would not need to be
Weave Form Coat Slurry Melt the full 91 cm.
Slurry Cast | ‘kiper [ preform| ] Fiber [ ] Cast | ] Infitrate An additional goal of the rig tests was to allow for testing of
two liner materialgthe prepreg and slurry cast MI-CMLCd here
Fig. 1 Processing flow charts for fabrication of prepreg and were also questions about the proper design philosophy for the

slurry cast MI-CMCs

liner. GE Frame 5 engines have can-annular combustors where the
compressor discharge normally convectively cools the outside of
the liners before entering the combustion region. To allow similar

mix with the fuel and stabilize the flame. The metallic liner, whicigonvective backside cooling of the MI-CMC liner would keep
is cooled with louver cooling along its length, is roughly 28 cm irmaterial temperatures low, but would introduce significant thermal
diameter by 91 cm long. Although this length is needed to ensugtiesses in the liners from the through-thickness thermal gradients.
complete burning of liquid fuels under diffusion flame conditionsconversely, convective cooling of the MI-CMC liner could be

eliminated by using an outer flow shield. This situation would
minimize the thermal stresses in the liner by letting it run nearly
isothermal, but the liner surface temperature would be greatly
increased compared to the cooled concept. Thus it was desirable
to be able to expose liners to both sets of conditions within the rig
in order to evaluate the durability of the MI-CMC to both types of
conditions.

The combustion rig liner configuration, which allowed for si-
multaneous testing of two MI-CMC materials under cooled and
uncooled conditions, is also shown in Fig. 3. The preheated com-
bustor inlet air is fed into the redright side of the combustor

Failed HS-188 Shroud Intact CFCC Shroud casing and flows to the left along the outside of the liners. A

portion of this air was used for convective and film cooling of the

F|g 2 Photograph of turbine shroud components fo||owing metallic sections of the liner. The air then reverses at the combus-
combustion rig testing

tor cap and flows into the combustor liner where the natural gas

High P, High T
Air Supply
Metallic Frame

M / 5Liner m 11

— /

Fuel _[‘ Combustion
“[‘ Products

Combustor

Standard Frame Exit Plane
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Fig. 3 Schematic of Frame 5 combustors mounted in the test rig. Top: metallic
LHE liner. Bottom: test rig liner showing the location of the two MI-CMC liner
sections.
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Pressure  Metallic Liner Section eywell Advanced Compositgsising 18 end per inch, 5 harness
\g;j‘se' MICMC Liner Sections Aft satin cloth of Hi-Nicalon™ fiber and a standard BN fiber coating.
nge The prepreg liner was fabricated at GE GRC, again using Hi-
Nicalon fiber with a BN-based fiber coating. The liner was con-
structed of eight plies with f0-90-0-902s ply layup. The hoop-
oriented fiber plies(0 deg were continuously wound onto a
cylindrical mandrel. The axially reinforce(®0 deg plies were
laid up by hand over the hoop plies. In this way both the hoop and
axial fibers were continuous through the piece with no fiber
splices. Following infiltration a diamond saw was used to cut the
liner to length. The final shape was within target so no machining
of the ID or OD was necessary.
Fig. 4 Photograph of the liner assembly for the Frame 5 com- NDE evaluation of the two liners was performed at Argonne
bustor test rig National laboratory using thermal diffusivity imaging. These tests
confirmed that the liners were free of major defects. The prepreg
liner showed a higher overall thermal diffusivity, but also showed

fuel is injected and burned. The hot combustion gasses then fI§@Me small delamination-like defects, primarily near the combus-
left to right inside the MI-CMC liner sections and out an exhaud’ €dges, caused by wrinkles in the hoop fiber plies.

Staiﬁ tobthi rl_gdht. Thteh ulojs{tream M"CN![.C Illner W?sd";ﬂ ?ﬁpOSEd Test Rig Instrumentation. The test facility and test hardware
on the back side so that It was convectively cooled by the Corgy, fully instrumented to measure combustor airflow, fuel flow,
pressed air whereas the downstream MI-CMC liner had two flo:

shields placed between it and the compressed gas flow. The t'l\{/x{vléat pressure and temperature, combustor dynamic pressure, rig

types of MI-CMC liner, prepreg, and slurry cast were swappe%fessure drop(2 places, component temperaturdsurface-
between the cooled and uncooled positions in order to accumuldjgunted and embedded thermocouplesd exhaust gas compo-
the same net exposure under both sets of conditions. sition at the combustor exit. .

The rig combustor liner was fabricated by cutting sections from Accurate measurement of the MI-CMC liner temperatures was
an actual Frame 5 metallic combustor and welding in suppdiballenging. The approach used in this program was to attach
rings for the MI-CMC liners. A metallic cylinder bolted to the0.040 diameter Type K thermocouples into grooves cut mid-
outside of the support rings took up all structural loads throughickness into the MI-CMC liner. The thermocouples were then
the liner, and thus the ceramic liners were not subject to mechabénded into the groove using a ceramic paste. Four thermocouples
cal loads. A photograph of the assembled rig combustor is showre attached to each liner. This method had the advantage of
in Fig. 4. The MI-CMC liners were held at each end by highlyjirect contact of the thermocouples with the parts. Unfortunately
compliant seals. A benefit of this liner mounting scheme was thafany thermocouples detached after only five hours of fired tests
it allowed the geometry of the MI-CMC liners to be very simplesg pylk material temperature was not recorded for all tests. How-
with no complicated mounting flanges or holes. This simple 9@yer, other measurements including fuel and air flows and tem-

On}e;;yl\%lr_eg&%e}:g:?slgﬁé fsibrlcgttl(;?r.ucture were analvzed usi eratures of metal components showed that conditions were con-
PP y ant throughout the test program.

the ANSYS finite element modelinFEM) code under steady-
state conditions using the properties corresponding to each comtiner Testing. Rig shakedown testing using instrumented

posite. The materials property data used for the analyses weigtallic combustor liners provided detailed metal temperature in-
from measurements done under the CFCC and HSCT prografgmation of the combustor liners and the interface to the metal
One key difference in the two types of MI composite are thg,nnort structure. Cooling air flows to the metallic components of

thermal conductivity values. The thru-thickness thermal condugye rig were modified as necessary to keep them within safe op-

tivity of the prepreg material is about 50 percent higher than tréq, T

slurry cast material when using the same fiber. Values for theatlng limits.

in- Igne thermal conductivitiesgwere 10 ercen.t to 20 percen The liners were exposed to a bulk combustion gas temperature
b h P £1480°C in cyclic and steady-state tests. Typical flows for these

higher than the thru-thickness values. Both composites were as- ; :
sugmed to be transversely isotropic. P ests were 4.5 kg/s at 300°C inlet temperature and seven bar inlet

Thermal-mechanical FEM analysis of the combustor indicateteSsure. Although the standard firing temperature of a Frame 5
that the frictional loads on the MI-CMC liners from the seals angngine is typically around 1065°C, the rig was run at the higher
the pressure loads were both negligible compared to the therrif{nPerature to simulate a bulk gas temperature similar to a DLN
gradient stresses. The stress calculations also revealed that hagRfgbustor. Thus the overall heat lo@combination of tempera-

a uniform liner temperature is a key part of achieving low stress tHre and surface heat transfer coefficjetat the MI-CMC liners

the ceramics. However, the magnitude of the thermal gradienteas still somewnhat higher than would be expected in an engine. A
and therefore the predicted stress levels, depended strongly onghimmary of the tests conducted is given in Table 1. The maximum
thermal conductivity and gas leakage rate of the metal-to-cerantiier temperatures observed were 890°C and 1100°C for the up-
seals. Uncertainty regarding these boundary conditions made sgeam(cooled and downstreantuncooled liners, respectively.
curate prediction of component stress levels impractical. RatherCyclic testing simulated engine trip conditions with 20 flame-
strength limits of the MI-CMCs were used to derive bounds on thgn, flame-off cycles. Figure 5 shows bulk gas temperature and
size of the temperature gradients in the region of the seals. Pgg=CMC temperature at four locations on the downstream liner as
liminary testing was then done with instrumented metallic linerg function of time during the first cyclic test. Steady-state testing
in order to verify that the actual liner gradients would be withif,olved 150 hours of exposure at high temperature and pressure
these bounds. with hot combustion gases.

MI-CMC Combustor Fabrication. MI-CMC combustor lin- At the conclusion of this first phase of testing there was no
ers were fabricated by both the prepreg and slurry casting p[\dSib|e damage to either liner. In the next phase of testing, the
cesses. The liners were simple right cylinders nominally 27.8 cliners will be installed in a DLN combustor where the bulk tem-
outer diameter by 25.4 cm long. The slurry cast MI-CMC lineperature is similar to this set of tests but the temperature profile is
was fabricated by GE Power Systems Compodfi@snerly Hon- more uniform, resulting in higher liner temperatures.
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Table 1 Summary of Frame 5 combustor rig exposure test conditions

Upstream Downstream

Test Liner Liner Objective Observations
1 Metal Metal Collect baseline - Detailed temperature map and thermal paint
temperature images
distributions - Maximum metal temperature of 1010°C
2 Prepreg MI- Slurry Cast 1% short-term exposure of - Liner maximum temperature of 893°C upstream
CMC MI-CMC MI-CMC liners; verify and 1110°C downstream

attachment operation

Oxidation color patterns on MI-CMC liners
match thermal paint on metal liners
No indications of liner distress at attachments
3 Slurry Cast  Prepreg MI- 2™ short term exposure test - Liner maximum temperature of 871°C upstream
MI-CMC CMC with 10 trip cycles and ~1100°C downstream
No damage from thermal cycles.
4 Slurry Cast  Prepreg MI-  1* long-term (75 hours) test Liner maximum temperature of ~871°C
MI-CMC CMC upstream and ~1093°C downstream
(thermocouples failed early)
3 shutdowns required to clean rig back-pressure
plate '
Same temperatures as Test 4

5 Prepreg MI-  Slurry Cast 2" long-term test (75 hrs)

CMC MI-CMC with 10 trip cycles - No shutdowns required
- No damage from thermal cycles
GE-2 Shroud Engine Testing rely on leakages and thermal conduction to the inner and outer

bine casings to keep shroud temperatures within operating lim-
of the alloys used. The current metallic second stage shroud
onsists of eight segments with leaf seals between the segments. A
ross section of the engine turbine section, showing the positions
. k . f the first and second stage shrouds, is shown in Fig. 6. Bulk
large (>30MW) engine. Thus a small engine, the Nuovo Pignon erage combustion gas temperatures in the vicinity of the stage 2

GE-2, was chosen as the first test bed engine for an .MI'C shroud are about 780°C, with the temperature of the inner casings
shroud. The second-stage shroud was chosen for the first enqme . o
cally running about 450°C.

) . ; i
tests again to reduce the overall risks of failure. The second sta& . .
represents a lower temperature, and therefore lower thermal stres%rhe size and geometry of the engine prevented the use of a

environment than the first stage shroud. The potential for engi ramic shroud design of the type used in the previous rig tests.
damage is also much less in the event of a shroud failure. oreover the segmented metal shroud design was known to have

performance issues related to bucket tip clearance control and
GE-2 EngingShroud Design. The GE-2 is a 2 MW gas tur- leakage such that reproducing the metal design with MI-CMC was

bine engine with a two-stage centrifugal compressor, single-caat an attractive option.

silo combustor and two-stage axial turbine. Neither the first nor The properties of the MI-CMC material did offer new shroud

second stage shrouds are actively convectively cooled, rather tigiegign opportunities. Because of its higher temperature capability

relative to the metallic alloys, the MI-CMC shroud would not

require a large thermal conduction path the turbine casing for

Following the successful shroud component rig tests describltéjéﬁ
previously(Dean et al[3]) it was desired to proceed with engine
testing of a shroud component; however, the high level of final
cial liability, should a shroud failure occur, precluded testing in

1600 cooling purposes. Also, the low coefficient of thermal expansion
Wy - T R SR N R VN - and high thermal conductivity of the MI-CMC would help to
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Fig. 5 Calculated bulk flame temperature (Tflame cal) and Fig. 6 Schematic of the turbine section of the GE-2 engine
temperature readings of downstream liner (TInr) at four loca- showing the positions of the stage 1 and stage 2 nozzles (SIN
tions during cyclic testing in Test 3 and S2N), buckets (S1B and S2B), and shrouds (S1S and S2S)
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/ . \ Fig. 8 Photograph of a finished prepreg MI-CMC GE-2 shroud
Fore Retaining Flange ring. The dimensions of the ring were 466 mm ID  X57.5 mm

wide.
Fig. 7 MI-CMC second stage shroud design in the GE-2

engine

shroud. The design of the GE-2 is such that visual and boroscopic

minimize thermal stresses, thus allowing for a single-piece shroligPection of the shroud can be done via a removable expansion
solution. Single-piece metallic shrouds had not been a viable dgint between the engine and exhaust stack.
tion for this engine because the high thermal expansion of theDuring this initial test segment there were some control prob-
metal caused high thermal gradient stresses and also prevented&fs With the DLN combustion system that caused several turbine
attainment of the desired shroud tip clearances. trips from full speed, no load conditions. Once these problems
The shroud design that was developed consisted of a thHgre re§olved the engine ran .th.e. two hourt.est ywth no qperatlonal
walled MI-CMC single piece ring nominally 466 mm ID by 57.5anomalies. However, during initial inspection it was discovered
mm long. The shroud ring is located axially in the engine betwedfiat a minor blade tip rub had occurred. The shroud section of the
two metallic flanges and additional features were incorporaté@dine was disassembled and the MI-CMC ring removed for
into the shroud to control its radial position. A seal, similar to thatloser inspection. o _
used in the Frame 5 combustor rig, was used on the back side oPespite the blade tip rub, no significant damage was found in
the MI-CMC shroud ring to prevent combustion gas Ieakagf@e shroud ring. In the region of the tip rub some of the blade tip

around the back side of the shroud. A schematic of the design@i0y was smeared over the ID of the shroud ring, but the MI-
shown in Fig. 7. CMC shroud showed only very limited wear and no signs of

cracking. A photograph of the shroud in the location of the tip rub

MI-CMC Shroud Fabrication. ~ Shroud rings for engine test- is shown in Fig. 9. Consequently this shroud was re-assembled
ing were fabricated from the prepreg MI-CMC. Fabrication pronto the engine and the test sequence was resumed.
cedures were similar to those used for the Frame 5 combustoro date the MI-CMC shroud has undergone over 66 hours of
liner discussed above. An eight-ply 0 deg-90 deg layup was usefigine testing with no signs of distress. After 64 hours of “steady-
and the process adjusted to give a nominal 2.4-mm wall thicknesgate” testing(eight hours per day for eight daythe shroud was

The greatest challenge in fabrication of the shroud was meetiagain disassembled and the shroud ring inspected. Despite indica-
the desired dimensional tolerances. Bucket tip clearance hagiohs of a second blade tip rub the shroud remained undamaged.
large effect on engine efficiency and power output, especially for Additional thermal cycle testing of this MI-CMC shroud is
a small engine such as the GE-2, and therefore needs to be mithnned in this test-bed engine at Nuovo Pignone. If the remaining
mized as much as possible. This requirement in turn places tight
tolerance limits on the rotor, bucket and shroud dimensions. Di-
mensional tolerances on the shroud ring wei@3 mm for the ID
dimension with a maximum out-or-roundness of 0.3 mm.

Three shroud rings were fabricated at GE-GRC. A coordina_
measuring machin€CMM) was used to measure the dimensionf
of one of the as-fabricated rings. Overall the dimensional accura
on the 466 mm ID ring wast 0.5 mm. While this is an excellent
tolerance for an as-fabricated piece of this size, it was still ni
within the desired range so that final grinding of the ring ID wa}
necessary. Grinding of the ID proved to be rather problemat
since the large size and thin wall of the shroud rings made
difficult for them to be fixtured for machining without distortion.

The rings were intentionally fabricated oversized in the lengt
dimension so that the ends could be machined to the desi
length and perpendicularity. All machining was done by diamor
grinding. A photograph of one of the finished shroud rings i
shown in Fig. 8.

Shroud Engine Testing. The MI-CMC shroud engine test
plan was divided into three segments. In the first segment t
engine was to be run under full speed full load conditions for onl
two hours, followed by a controlled shut-down and shroud inspe
tion. The purpose of this test was to ensure that the shroud attach-
ment system was working correctly up to the full operation tenrig. 9 Photograph of the MI-CMC stage 2 shroud in the GE-2
perature of the engine and that there were no early failures in thggine showing the blade tip rub region
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testing proves to be as successful the shroud ring will be tested ball, and M. Profeti. Part of this work was performed under DOE
an additional~ 1000 hours in a field installation. Contract DE-FC02-92CE41000, and we would like to thank DOE

and the contract monitor, J. Mavec, for their support.
Conclusions

Several important milestones toward the demonstration of \h‘!omendature
able ceramic composite gas turbine components have been accomNSYS = finite element stress modeling code
plished in this program, including the following: CFCC = continuous fiber ceramic composites

. Qi . . . _ CFD = computational fluid dynamics
Simplified combustor liner and shroud ring designs were de CTE = coefficient of thermal expansion

veloped. FEM thermal/structural analysis verified that the cVI chemical vapor infiltration
major stresses in the liners and shroud were generated by DLN = dry low NO,
thermal gradients and not by attachment or pressure loads. y
* An effective ceramic-to-metal sealing system was demon- FEM = finite element modelin
strated in both the combustor and shroud testing. _ 9
. . .GE GRC = GE Global Research Center
Relatively large combustor liners were successfully fabri- _
) L - o . LHE = lean head end
cated using two variations of silicon melt infiltrated ceramic Ml = silicon melt infiltration
matrix compositeMI-CMC). Large_shroud rings Were_alsodW_CMC = melt infiltrated ceramic matrix composite
fabricated from prepreg MI-CMC with excellent as-fabricate _ - .
NDE = nondestructive evaluation
tolerances.
» High-pressure combustion rig testing of the combustor lin
components demonstrated excellent performance with no dgeferences
served degradation of either material variant. [1] Corman, G. S., Brun, M. K., and Luthra, K. L., 1999, “SiC Fiber Reinforced
. H i H SiC-Si Matrix Composites Prepared by Melt Infiltrativ!) for Gas Turbine
'tI)'O date, engine ;eISt?r? O’:‘/lfhg’\igmﬁd ngghhas atlﬁot prgven ltO Engine Applications,” ASME Paper 99-GT-234.
_e very SUC_CeSS ul. : € e S rou as withstood mu “[2] Corman, G. S., Heinen, J. T., and Goetze, R. H., 1995, “Ceramic Composites
tiple blade tip rubs with no indications of damage. for Industrial Gas Turbine Engine Applications: DOE CFCC Phase 1 Evalua-
tions,” ASME Paper 95-GT-387.
[3] Dean, A., Corman, G., Bagepalli, B., Luthra, K., DiMascio, P., and Orenstein,
ACkn0W|edgmentS R., 1999, “Design and Testing of CFCC shroud and Combustor Components,”

: : _ ASME Paper 99-GT-235.
The authors are most gratefu' for the contributions of the fol [4] Feitelberg, A., Starkey, M., Schiefer, R., Pavri, R., Bender, M., Booth, J., and

lowing: H. McGuigan, G. Buczkowski, P. DiMascio, R. Orenstein, = schmidt, G., 1999, “Performance of a Reduced NTiffusion Flame Com-
B. Bagepalli, V. Mezzedimi, D. Bianchi, P. Markatou, R. Camp- bustor for the MS5002 Gas Turbine,” ASME Paper 99-GT-058.

DOE = United States Department of Energy
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Modeling the Thermostructural
Capability of Continuous
Fiber-Reinforced Ceramic
Composites

There exists today considerable interest in developing continuous fiber-reinforced ceramic

J. A. DiCarlo

H. M. Yun matrix composites (CMC) that can operate as hot-section components in advanced gas
turbine engines. The objective of this paper is to present simple analytical and empirical
NASA Glenn Research Center, models for predicting the effects of time and temperature on CMC tensile rupture under
21000 Brookpark Road, various composite and engine conditions. These models are based on the average rupture
Cleveland, OH 44135 behavior measured in air for oxide and SiC-based fibers of current technical interest. For

example, assuming a cracked matrix and Larson-Miller rupture curves for single fibers, it
is shown that model predictions agree quite well with high-temperature stress-rupture
data for SiC/SiC CMC. Rupture models, yet to be validated, are also presented for three
other relevant conditions: (a) SiC fibers become oxidatively bonded to each other in a
cracked CMC, (b) applied CMC stresses are low enough to avoid matrix cracking, and (c)
Si-based CMC are subjected to surface recession in high-temperature combustion gases.
The practical implications of the modeling results are discussed, particularly in regard to
the optimum fibers and matrices for CMC engine applications and the thermostructural
capability of SiC/SiC CMC in comparison to nickel-based superalloys, monolithic ceram-
ics, and oxide/oxide CMC.[DOI: 10.1115/1.1470480

Introduction composite and engine conditions. Because of their controlling role
The successful application of fiber-reinforced ceramic matrix composite fracture, emphaS|s Is placed on f[he rel_nforcmg flbers
compositeCMC) in advanced gas turbine engines will depen d their rupture behavior as measured on single fiber and single

. ; -~ fow specimens. For example, one model assumes that the CMC

rupture life of these CMC over a wide range of service conditionzc.g,re?ntains a matrix with through-thickness cracks bridged by fibers
but also on demonstrating that the maximized CMC rupture bgt_at can fracture independently. Using simple rule-of-mixtures

- - . . rength theory and Larson-Millgt-M) rupture strength curves
havior is sufficient to outperform current bill-of-materials for thi? g y dLM) rup g

" h . . . r fibers of current technical interest, this model then predicts
same conditions. Since the failure of CMC typically occurs simul~yc rupture strength as a function of a single time/temperature-

ta_neously With_ fre_tcture of the reinforcing fibers, the key to maxhependent parameter. It is shown that despite the simplifying as-
mizing CMC life is the development of an understanding of thg,mptions and the complex fiber interactions that can occur in
many factors that control fiber rupture within a complex enging\c, the model predictions agree fairly well with available data
environment. This can be a very difficult task since fiber behavigs, the high-temperature stress rupture of SiC/SiC composites.
will not only depend on such CMC global variables as stresgypture models are also presented for three other potential condi-
temperature, and service environment, but also on how the fikgjns: (a) SiC fibers become oxidatively bonded to each other in a
experiences these variables on the local level through mechanigabtrix crack,(b) the matrix remains uncracked due to low CMC
physical, and chemical interactions with each other, the interphagifesses, an(t) SiC-based CMC are subjected to surface reces-
coating, the matrix, and the internal CMC environment. Neverthgion in high-temperature combustion gases. Although these mod-
less, because of the great potential CMC offer for increasing tB& have yet to be fully validated, their predictive results can shed
efficiency of future turbine engines, research efforts are strondlght on some important issues related to CMC engine application,
needed in this area in order to develop at least some first-ordgich as the best fiber and matrix constituents for maximizing
understanding of their thermostructural capability. One approadMC rupture behavior, the detrimental effects of cracked matrices
toward gaining this understanding is to fabricate composite sysad moisture-containing combustion gases on Si-based CMC, and
tems with the various fiber types available today and then to metae degree to which SiC/SiC composites offer better thermostruc-
sure their mechanical behavior under simulated engine conditionsal capability than state-of-the-art nickel-based superalloys and
Although such CMC test efforts have and continue to be implexide/oxide CMC.
mented, they are very costly and limited to only a few systems
with limited test data.

The objective of this paper is to take a different and more
cost-effective approach by developing simple analytical and ermResults and Discussion

pirical models for predicting CMC tensile rupture under various ) )
Fiber and Tow Rupture. In previous studie$l-5], the rup-

Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN ture str_engths of a variety of continuous-length oxide and SiC-_
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL oF  based fiber types were measured from 20 to 1400°C under ambi-
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna-ent air conditions. The measurements were made on Sing|e fibers

tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, M : s :
8-11, 2000; Paper 00-GT-640. Manuscript received by IGTI, November 1999; fin%)hd on smgle multifilament tows across a time range fro01

revision received by ASME Headquarters, February 2000. Associate Editor: D, 0 Over 100 hours using three types of tests: stress rujtore
Ballal. stant stress and constant temperatuséow warm-up(constant
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Fig. 1 Larson-Miller master curves for the time /temperature-dependent rupture
strength of single-oxide and SiC-based fibers and single multifilament tows as
measured in air (a) from ambient to high temperature and (b) at high tempera-
tures

stress, constant rate of temperature changed fast-fracture 1(b) for five types of SiC-based fibers: Nicalon, Hi-Nicalon, Syl-
(constant temperature and constant rate of stress chdhgeas ramic, Ultra SCS, and a developmental Sylramic fik®yl-2),
found that by simple thermal-activation thedf,7]), the rupture which displays improved behavior over Sylramic due to a reduced
results of the three tests for each fiber and tow type could Bgron content[5]). These fiber types were selected because their
combined into a single Larson-MilleLM) master curve that creep and rupture properties are typical of other fiber types pro-
plots the applied stress at ruptuia rupture strengthversus the qgyced by the different commercial processing approaches used
time-temperature dependent paramefgiven by today ([8]), and because all are of current interest for reinforce-
q=Q,/2.3R=T(logt,+22) (1) ment of CMC components for gas turbine engines. Figues 1
. . o ' . also shows LM strength curves for multifilament Hi-Nicalon and
HereQ_r is the effective activation energy for flb_er r_uptul@;ls Sylramic tows measured in air after an oxide scale bonded the
the universal gas consta@.314 Jimol-K; T (Kelvin) is the ab- fibers within the tows to each other. All curves in Fig. 1 represent

solute temperature for the rupture test; anchoursg is the mate- ' . . .
rial rupture time. Thus for a 1000-hour test or service conditiortft:“St'flt averages of single fiber or single tow rupture strengths as

g=25T; so that at temperatures of 600, 1000, and 140Qrc'measured for 8“25. mm gauge Iengt_h. . .
values are 21800, 31800, and 41800, respectively. . The r_esults o_f Fig. 1 h_ave many important b?S'C and pratical
Figure 1 shows the LM master curves for various fiber types 48plications which are discussed in more detail elsewtE3®.
measured in air using as-produced single fiber and single t6W' €xample, at lovg values up to~25,000, Fig. 1a) shows that
specimens. Figure(a) displays the average rupture strength pdhe average rupture strength of single fibers scales with average
havior from room temperature te-1400°C for two types of Strength at room temperaturg<7000). Thus the greater the as-
oxide-based fibers: Nextel 610 and Nextel 720, and for two typ@soduced tensile strength, the greater the rupture strength under
of SiC-based fibers: carbon-rich Hi-Nicalon fibers and stoichidow g conditions. In addition, the single SiC fibers clearly display
metric Sylramic fibers that contain a trace amount of boron sigreater thermostructural capability over the single oxide fibers
tering aid. High-temperature strength curves are shown in Figoth at low and highg values. At lowq, this advantage is related
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to the higher fracture toughness of SiC; while at higkthe ad- bonded tows that effectively act as monofilaments. This is a pos-
vantage is primarily related to slower diffusion processes in thble situation because in a typical woven CMC, the fibers within
Sl%ggfg%él?gtgg])h Fig. @) is that SIC fibers lose the'rstrengtha tow are contacting each other, but the load-bearing tows are
inFig.®) i iC fi i - . .
. A physically separated. Thug (g, 25 mm) in Eq. (3) might now be
advantage at low if they are allowed to oxidatively bond to e‘F’mhinterpreted as the time/temperature-dependent rupture strength of

other within a tow. Atg values below~30,000, tow strengths for |, e tows measured at a 25-mm gauge length and as such can
all fiber types are t_yplcall_y 60_8.0% of the average smgle_ f'b%re estimated from the LM curves for bonded SiC-fiber tows
strength if the individual fibers within the tow can fracture 'ndeéhown in Fig. 1a)

pendently. However, when SiC-based fibers bond to each other.

; . To verify the accuracy of the above rupture models, one can
0,
Fig. () shows that this percentage degrades-20%. However, c¢mpare CMC rupture strength data in the literature against the

gzg;gczgsvsseiﬁ::gg z%\?v?f g:% r:ft\lj;?yStrr]%nr%g': ?r: dbeoen ddiisb edictions of Eq(3) using the master curves of Fig. 1. To do this,
\ % . .
greater than the average strength of the individual SiC fibers. THE must(1) know the\./f for the CMC in the literature an@) be o
r;\ssured that the tensile and rupture strengths of the fibers within

in an oxygen environment, oxide fiber tows should outperfor . ; ;
oxide-bo%ged SiC-based tows at low temperatures butpnqt afhe CMC microstructure are equivalent to those of the fibers used

values greater thar-30,000. Finally, it should be noted that thel® generate the LM curves. Although fairly good estimatesvipr
Fig. 1 curves can be used to predict the air rupture behavior G" be made, it is often the case that fiber strength characteristics
single fibers and bonded tows if any two of the following thre@'® not equivalent. This can be the result of a variety of factors

application variables are known: stress, temperature, and tiff€luding spool-to-spool variation, fiber strength degradation dur-
(6)). ing the CMC fabrication, and reduced load-carrying ability of the

fiber tows due to architecture effects, such as weaving. To account
Composite Rupture, Cracked Matrix. One important CMC  for these issues, one needs to calibrate the fiber LM curves for
application condition is that in which the composite containsach composite system by rewriting Eg) as
through-thickness or 0-deg bundle matrix cracks that are bridged
by the load-bearing fiber reinforcement. These cracks could have ot~Ree-VF-05(q,25 mm). (4)
developed during CMC fabrication due to a thermal expansion

mismatch between the fibers and matrix or during CMC applicgfere the calibratioior knockdown factor R can be determined
tion due to some random overstress or to a design need for a hjgdin a fast fracture test on the CMC system to yield a composite
service stress. For the development of a simple rupture model {Qfimate tensile strengthVTS at temperaturd. Becausej~ 18T

. :

this condition, one might assum@) that matrix cracks pre- ¢, o tvnical fast fracture test6]) it follows then that
existed or formed early during CMC service affl that the ap- P 416D,

plication requires the cracked CMC to experience a relatively con- _ UTs * oo
stant uniaxial stress, at a constant temperatufan an oxidizing Rep=0c ADIVi - o1(q~18T.25 mm. ©)

environment. IV is the effective fiber volume fraction bridging  rigyre 2 displays 1300 and 1315°C stress-rupture data that have
the O-deg bundle cracks in the stress direction, ultimate fracturegden measured in air at stress from 70 to 150 MPa for SiC/SiC
rupture of the CMC should then occur at timevhen the follow-  composites reinforced, respectively, by Hi-Nicalon fibers with a
ing stress condition is satisfied: carbon interphase and a boron-containing matfix]) and by

To= =V oLt T.Ly). @) Syl-2 fibers with a boron nitride interphaggl2]). Fortunately

e e T TB € fast-fracture stress-strain measurements were performed on both

Here o is the CMC rupture strengthy is the average rupture Of these CMC systems, yieldinBgr factors of 0.65 and 0.80,
strength of the fiber tows or bundles bridging the cracks,land ~ respectively, for the Hi-Nicalon \(f =20%) and Syl-2 Y
the effective bundle gauge length within the cracks. Cyrie) =16%) composites. Using these factors and assuming cracked
has shown that when the fibers are allowed to fracture indepenatrices(0-deg bundle cracks typically form above 70 MPa in
dently (stable interfacial conditionsa good approximation for SiC/SiO, one obtains the two solid curves in Fig. 2. These curves
oh(Le) at room temperature is the average strength of single Bredict the rupture strength behavior of these two CMC systems
bers measured at25 mm gauge length. Assuming this is the caséSing Eq.(4) and the single-fiber master curves of Fig. 1. Also
at all temperatures and times, then the rupture strength of cracé@wn by the dashed line in Fig. 2 is the predicted rupture

CMC should be predictable from the following simple rule-ofStrength of the Hi-Nicalon CMC assuming the individual tows
mixtures relation: were oxide-bonded as in Fig(a.

By comparing the data points and curves in Fig. 2, one finds
o~V7-01(q,25 mm (3) good agreement between the single-fiber solid-line predictions
) ] and the test results foy values from~33,000 to 38,000. This
whered'} (g, 25 mm is the average-fiber rupture strength as meagreement indicates validity of the cracked CMC rupture model
sured in a test environment that simulates the CMC applicatigiovided that under these test conditions, the carbon and boron-
environment. Thus if the environment is oxidizing, one might simitride interphases were sufficiently stable to allow the fibers to
ply equates; (g, 25 mm) to the Fig. 1 master curves measured ifracture independently. Indeed, microstructural observations on
air on single fibers. the Hi-Nicalon CMC showed that although some oxidation effects
Obviously a key assumption in the above rupture model is thaere observed at isolated creep-induced matrix cracks, the major-
upon oxygen ingress into the matrix cracks, the bridging fibers aitg of the interphases were retainfd 1]). This effect can be pri-
still able to fracture independently just as was the case for thearily attributed to matrix crack sealing by glasses created by the
single fibers used to generate the Fig. 1 curves. Although thisberon-containing matrix[11]) and interphasd[12]) within the
likely to be the case for the oxide-based fibéas least up to CMC. Although not measured in these CMC studies, matrix crack
~1200°C where surface diffusion can cause self-bonding betwessaling due to boria and/or silica formation should not be as ef-
contacting oxide fibeps it probably will not be the situation for fective at lowerq values and higher stresses. Thus one might
the SiC-based fibers unless oxidation-resistant interphase coatiegpect that long-time rupture strengths of SiC/SiC composites at
are developed. To model rupture for this particular condition dftermediate temperatures should be lower than those predicted by
cracked composites with oxide-bonded SiC-based tows, it is sube single fiber LM curves. This behavior has indeed been ob-
gested that one still use the same fracture theory employed for Egrved for cracked SiC/SiC minicomposit§$3]). For very long
(3), but now assume the crack-bridging reinforcements, whidhmes at intermediate temperatures, it is suggested here that the
fracture independently, are not a set of single fibers, but a setrapture strengths of woven and cracked SiC/SiC CMC should be
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Fig. 2 Predicted rupture strength behavior and measured stress-rupture data for
Hi-Nicalon and Syl-2 reinforced CMC tested at high temperatures in air. Solid and

dashed curves are based, respectively, on the single-fiber and bonded-tow LM
curves of Fig. 1.

predictable from the dashed curve in Fig. 2. Unfortunately, coni20 and Syl-2 fibers in order to predict thmaximum high-
posite stress-rupture data to verify this bonded-tow model do riemperature strength capability of cracked CMC exposed to an
currently exist. oxidizing environment and reinforced, respectively, by the most
At stresses below~100 MPa, the solid curve for the Hi- creep-resistant small-diametexide and SiC-based fiber types
Nicalon CMC in Fig. 2 seems to underestimate CMC rupture lif€urrently available. Here it is assumed that composites are oper-
As discussed in the next section, this deviation could be explain@tng in an oxidizing environment with stable interphases and with
simply by the fact that at these stresses for the Hi-Nicalon cM@ber strengths equivalent to those of Fig.Re£=1.0). Itis also
matrix cracks through the 0-deg bundles did not exist during tf@ssumed1) that the CMC contain 0/90 deg two-dimensional wo-
test. In this case, the matrices would carry some of the appli¥gn fiber architectures with a typical total volume fraction of 40
load so that the internal fiber stresses were lower and lifetimBgrcent and2) that the applied stress on the CMC is in the 0-deg
longer than assumed. Indeed, stress-strain and modulus measdifection so thav/f =20%. Also shown for comparison purposes
ments on the Hi-Nicalon CMC indicated that 0-deg bundle cracks the rupture strength behavior for one of the highest-temperature
ing did not occur untik-105 MPa([11]). Thus it is concluded that nickel-based superalloy§14]) as well as for two monolithic ce-
the single-fiber data of Fig. 1 and the rule-of-mixtures model ¢gmics: siliconized-SiG[15]) and AS-800 SN, ([16]).
Eq. (4) can yield fairly accurate predictions of the rupture strength Figure 3 clearly projects that if the composites are cracked with
of CMC provided the matrix is cracked and the fibers are able &able interphases, CMC reinforced by the best available oxide
fracture independently. fiber will not be able to outperform superalloys at any application
To demonstrate some practical advantages of the cracked C&Mperature. On the other hand, CMC reinforced by the best avail-
model, Fig. 3 employs Ed4) and the Fig. 1 curves for the Nextelable SiC fiber have potential for much better thermostructural be-
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Fig. 3 Predicted maximum rupture strength capability for cracked 0 /90
CMC reinforced by the most creep-resistant oxide and SiC-based fiber
types currently available  (V};=20%). For comparison, measured strength
curves are shown for a state-of-the-art nickel-based superalloy and for two
types of monolithic ceramics.
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Fig. 4 Effective 1000-hour rupture strength predicted for cracked SiC /SiC CMC
with Syl-2 fibers that fracture independently and a cracked SiC /SiC CMC with
oxide-bonded Sylramic fibers. Solid curves =no recession; dashed curves
=lean-burn combustion ([19]). For comparison, strength curves are shown for a
nickel-based superalloy (measured ) and an oxide /oxide CMC (predicted ).

havior than both materials. In comparison to superalloys, this wibe low enough to avoid matrix cracking. For this situation, the
dow of opportunity for SiC fiber-reinforced CMC exists only atCMC structural load will be shared in a time-dependent manner
high temperatures and at applied stresses no greater~+280 by both the fibers and the matrix. Since the fibers are not carrying
MPa (see hatched area in Figl. By comparison with Fig. 2, one the full CMC load, Eq.(4) and the LM curves of Fig. 1 would
could also conclude this opportunity would still exist, but at loweclearly underestimate fiber and presumably CMC rupture time.
stress levels, even if the SiC-based fibers became bonded to €Bis appears to be the case for the Hi-Nicalon composite system
other during service. In addition, Fig. 3 indicates that the monaliscussed abovésee Fig. 2
lithic ceramics would show the best thermostructural capability To model this uncracked situation, it is clear that some knowl-
provided the application conditions were benign enough to elimédge is required of the matrix creep-rupture and geometric prop-
nate concerns over their reduced fracture toughness and tendestigs. In lieu of this information, the following mod§I18]) has
for catastrophic failure. been proposed for the rupture life of uncracked CMC, that is, for
Thus an important benefit of the cracked-CMC strength mod€MC in which the matrix carries some portion of the composite
is that design engineers should now be able to select the best filsard throughout the material cross-section. Assuming displace-
reinforcement for their high-temperature application conditionsents for the fiber and matrix are the satis®strain conditions
without the need for CMC fabrication and testing. In additionthe creep rate of the composite, fiber, and matrix should be the
design engineers should also be able to estimate on an absodiime at any given time. Thus if one has knowledge of the CMC
basis themaximumthermostructural capability of their selectedcreep rate, one then should know fiber creep rate and thus could
CMC. For example, for an application requiring 1000-hour settsse Monkman-GrantMG) plots ([19]) measured for the fiber in
vice at 1200°C, that is, fog=36800, one should not expect aorder to predict fiber and CMC rupture time. Although MG plots
cracked 0/90 deg composite with 40 percent Syl-2 fibers to disxist for various fiber typeg[18]), this approach toward an
play an ultimate rupture strength greater thah40 MPa in the uncracked-CMC rupture model has yet to be verified and also
0-deg direction. requires some a priori knowledge of CMC creep rate. Neverthe-
less, it does logically imply that one should seek matrices with
igh rupture and creep resistance not only to minimize the risk of
e-dependent matrix cracking, but also to reduce internal

Composite Rupture, Uncracked Matrix. For CMC contain-
ing expansion-compatible fibers and matrices, such as SiC/S

the as-fabricated composite is typically uncracked and gener esses on the reinforcing fibers. Clearly more modeling work is

::?gglLrsesM%rzlc?hheri?i&i?]ﬁr:z\s/z ;%J&;rﬂhtgtr?ggg'\tgﬁgneif tvr\?(?_twéeded in this area since practical situations can exist where CMC
. | i ; . : by« stresses are probably low enough to avoid matrix cracking, but
dimensional woven SiC/SiC composites with SiC matrices prQ;

duced by chemical vapor infiltratiofCV1), the CMC threshold till high enough to cause composite creep.
stress required for through-thickness cratsleg bundle crack-  Si-Based Composites in Combustion Environments. The
ing stresg can be crudely approximated by results of this study indicate that in an oxidizing environment,

=E,-(0.00075 @) CMC reinforced_l_)y SiC-_based fibers will display better thermo-

¢ o structural capability at high temperatures than state-of-the-art su-

whereE, is the CMC elastic modulus an@®.00075 is the aver- peralloys as well as CMC reinforced by oxide-based fibers. This
age threshold elastic strain that has been observed for O-dggpears to be the case even if the SiC fibers become oxidatively
bundle cracking. Because some SiC/SiC CMC can display modhbnded to each other during service. However, it has recently been
as high as 280 GPa at room temperature and 220 GPa at 120Gt@wn that when the oxidizing environment also includes mois-
it follows for these composites that applied stresses as high as 2df@ as in a gas turbine combustion environment, SiC api,Si
MPa at room temperature and 165 MPa at 1200°C are requirechtonolithic materials will oxidize in a paralinear manner due to
form the 0-deg bundle cracks that eventually result in envirowelatile SiO and SiQHy reaction productg[20]). This effect re-
mentally induced life reduction. Thus there can exist CMC consults in surface recession and cross-sectional area loss for the
ponents for which the maximum applied stress during service meaterials that depends primarily on temperature, moisture content,
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system pressure, and velocity of the combustion gases. Thaguirements for tensile stress magnitude and direction and then
oxide-based environmental barrier coating8C) that are unaf- providing architectures with sufficient volume fraction to meet
fected by moisture are currently under development for hathese requirements. Regarding the interphase coating on the fibers,
section Si-based ceramic components in order that they retain sfforts should be focused on more stability in air and in moist
ficient structural capability during their designed engine lifetimeenvironments in order to allow the fibers to fracture indepen-

Because of the importance of this environmental issue, it is déntly. Alternatively, the threshold stress for 0-deg-bundle crack-
interest to understand how the thermostructural capability of Sirg should be increased and maintained by developing dense ma-
based CMC would be altered if EBC coatings wen utilized. trices with high modulus and creep-rupture resistance. Finally, for
To do this, one might assume a SiC/SiC CMC engine componegds turbine applications, efforts should be directed toward devel-
with a material thickness of 2 mm and with a hot side surfageping stable environmental barrier coatings for composites such
which is continuously receding due to reaction with the combuas SiC/SiC in order to retain the maximum thermostructural capa-
tion gases. For two generic combustor conditions, Smialek et hllity available in the CMC microstructure for the service life of
[20] have calculated the amount of surface recession that woulte component.
occur in a SiC material after 1000-hour service at various tem-
peratures. Taking the case for the lean-burn condition, one can ésesknowledgments
these recession distances and the 2 mm CMC thickness to calc
late a loss in material cross-section and thus in Ckftective
rupture strength.

The results from these calculations are shown in Fig. 4, whi
plots, with and without recession, the predicted 1000-hour effec-
tive stre_ngth for a crackec_i SiC/SiC_ compos_ite_ reinforc_e_d B%eferences
fracture-independent Syl-2 fibefs-maximum intrinsic capability d<by. 3. C.. Yun H. M. DiCarlo. . A and Morscher. G. N.. 1693 “Th
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an oxide matrix, two competing materials which are presumably Eegr'adgitlon, and DesignA. Poursartip, and K. N., Street, eds., Woodhead
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Reaction Mechanisms for
Methane Ignition

To help understand how methane ignition occurs in gas turbines, dual-fuel diesel engines,
and other combustion devices, the present study addresses reaction mechanisms with the
objective of predicting autoignition times for temperatures between 1000 K and 2000 K,

S.C.Li pressures between 1 bar and 150 bar, and equivalence ratio between 0.4 and 3. It extends
our previous methane flame chemistry and refines earlier methane ignition work. In ad-
F. A. Williams dition to a detailed mechanism, short mechanisms are presented that retain essential
features of the detailed mechanism. The detailed mechanism consists of 127 elementary
Center for Energy and Combustion Research, reactions among 31 species and results in nine intermediate species being most important
University of California, San Diego, in autoignition, namely, CH, OH, HO,, H,0,, CH,0O, CHO, CH,O, H, O. Below
La Jolla, CA 92093-0417 1300 K the last three of these are unimportant, but above 1400 K all are significant. To

further simplify the computation, systematically reduced chemistry is developed, and an
analytical solution for ignition delay times is obtained in the low-temperature range. For
most fuels, a single Arrhenius fit for the ignition delay is adequate, but for hydrogen the
temperature sensitivity becomes stronger at low temperatures. The present study predicts
that, contrary to hydrogen, for methane the temperature sensitivity of the autoignition
delay becomes stronger at high temperatures, above 1400 K, and weaker at low tempera-
tures, below 1300 K. Predictions are in good agreement with shock-tube experiments. The
results may be employed to estimate ignition delay times in practical combustors.

[DOI: 10.1115/1.1377871

Introduction nisms are then derived specifically for different initial conditions

Knowledge of the chemistry of methane ignition is needed iOf interest. From the short mechanism, systematically reduced

various ways in power production, propulsion, and safety. Prop hemistry is obtained to further S|r_an|fy nur_nerlcal computations
’ ’ ’ nd to find an approximate analytical solution for ignition delay

sion devices that have considered methane as a fuel include 873%s. These mechanisms are then tested by comparing predicted
turbines, supersonic-combustion ramjets, ram accelerators, ?ﬁ%io.n delay times with experimental resul{,7.8))

dual-fuel diesel engines. In some applications, such as supersonic
cpmbustlo_n and ram accelerators, it is important to ac_hleve S.UfB'etaiIed Reaction Mechanism
ciently rapid autoignition for the heat release to occur in the lim-
ited residence times. In other applications, such as gas turbine$n predicting methane ignition, the present study employs a
and dual-fuel diesel engines, for safety it is often desirable figtailed G—C; mechanism, consisting of 127 elementary reac-
prevent autoignition from occurring before flame propagation inféns among 30 species, which are SHD,, HO,, H,0,, CHs,
the combustible mixture is complete, reducing relight overpresgH>0, CHO, OH, CO, HO, H, O, H,, CHO, CH,0H, CG;,
sures and knock intensit§1—3]). CHs, CHs, CHy, CH3, GH,, singlet CH, triplet CH,, CH,
Although methane chemistry has been studied for several ddCCO, GHy, CHs, C3Hs, C3Hy, CiHj. This reaction mecha-
cades, most of the published methane mechanisms were delm IS derlv_ed frpm our pUbllshed 177_-step reaction mechanism
oped mainly for methane combustion and were tested by shoéke)) by deleting nitrogen chemistityeactions 126—177and add-
tube experiments only for temperatures above 140@ K.,[4]). N9 two more  reactions, CHO,=CHz+HO, and
In many cases, those mechanisms failed to predict ignition delsa™HO:=CHs+H,0, with their rate parameters taken from
times correctly for temperatures below 1300(16]). This is not 1€ paper by Leung and Lindsteffi] (reactions 122 and 123
surprising because the mechanisms were not designed for usd e two reactions are important in the initiation stage of meth-
such low-temperature conditions. In the last five years, reseaf®¢ ignition but not in methane combustion.
on methane combustion has significantly advanced our knowled .
of methane flame chemistry. As a result, we have developedgg'Step Short Mechanism
detailed reaction mechanism for methane combustion which con-The detailed mechanism can be significantly simplified when
sists of G—C; chemistry and nitrogen-oxidation chemistf¥]). applied to predicting methane autoignition times for methane-air
Recently, Spadaccini et dI7,8] and Petersen et gl5] published mixtures with equivalence ratio®, leaner than 1.5, the principal
experimental results on methane autoignition that provide valtenge of interest. Under these conditions, the fate pf@G spe-
able data for testing autoignition chemistry in both high and lowies generated from methyl recombination is not important, and
temperature ranges. The present study extends our methane flgpezies such as GH CH and CHOH contribute little to ignition
chemistry([6]) to methane autoignition based on these shock-tulpeocesses. It is found from sensitivity and reaction-path analyses
experimentg[5,7,8)). that 24 elementary reactions, listed in Table 1, then are most im-
In the present work, we present a detailed reaction mechanigortant to methane autoignition. This 24-step short mechanism
that can be applied to a wide range of conditions. Short mechatains the essential features of the detailed mechanism, clearly
represents a very significant simplification over the 127-step
Contributed by the International Gas Turbine Institd@TI) of THE AMERICAN ~ mechanism and indicates that many elementary steps that are im-
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF portant in flames are not important in ignition_

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna- _ . P
tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, M In the 24 step mechanism, the initiation steps are steps 1 and

8-11, 2000; Paper 00-GT-145. Manuscript received by IGTI Oct. 1999; final revisiord- 1 e former, where the CHs attacked by @to form CH; and
received by ASME Headquarters Oct. 2000. Associate Editor: D. Wisler. HO,, has an activation energy half that of the latter, in which the
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Table 1 The elementary reactions of the 9-step mechanism creasing the ignition delay time when the methane mixture is rich.

and the 24-step mechanism and their rate parameters, with thoe Since the products of g contribute little to the ignition pro-
specific reaction-rate constants in the form  k=BTme FRT cesses, especially wheb<1.5, it is treated as a product in the
= present ignition system, although all steps are allowed to be re-

No. Reactions B® m? E® Source yersiple.
1 CH,+0,=HO,+CH;  3.98E+13  0.00 238.0 [9]
2 CH;+HO,=H,0,+CH;  9.04E+12 0.00 103.1 [9]
3 CH;+OH=H,0+CHjz 1.60E+07 1.83 11.6 [6] - i
4 CH+0,-CH,O+OF 3308111 o000 374 [g  2-Step Short Mechanism
5 CH,O0+0OH=CHO+H,0 3.90E+10  0.89 1.7 [6] The 24-step mechanism can be further simplified when applied
6, CHO+O,=CO+HO,  3.00E+12  0.00 0.0 16 to ignition for temperatures between 1000 K and 1300 K with
7 CHO+M=CO+H+M 1.86E+17 —1.00 71.1  [6] ival io bel 15. Th ies 0.0 d GH
g H+0,+M—HO,+M  6.76E+19 —1.40 00 [6] equivalence ratio below 1.5. The species OzOHand GHg can
o° H,0,+M=20H+M 1.20E+17 0.00 190.4 [6] then be neglected, and a number of steps involving H and CH
1 CH;=CHs+Hk, 6.59E+25 -1.80 439.0 becomes unimportant. It is found from sensitivity analyses that

K 2.22E+16 000 439.0 [6] nine elementary reactions, steps 1 through 9 listed in Table 1, are
1 CHotHetotCHy 1.30r04 300 336 16 most important to autoignition of fuel-lean mixtures in the tem-
12 CH,+O=CH;+OH  1.90E+09 144 36.3 [6] p g
13 CH+0,=CH;O+0O  1.33Et14 0.00 1314 [6] perature range below 1300 K.
%‘51 Ci:b;g:%ﬁz%ilﬁoH ggggg 8-88 8-8 g The nine-step short mechanism has as the initiation reaction
16 2CH32;C2H2 Ko 97641 —700 116 step 1, whlcz producesdQHand HQh. The chaln-react_lon Stt_elz 2

K., 1.81E+13  0.00 0.0 [6] starts to produce CHand HO, as the HQ concentration builds
17 CHO+0,=CH,0+HO, 4.28E-13 7.60 —14.8 [6] up. When the CHl concentration is high enough, the main chain
18 CHO+M=CH,0+H+M 100E+13 0.00 565 [6] steps 3 and 4 become important and creatg@H he concentra-
19 CHO+H=CHO+H,  1.26E+08  1.62 9.1 16 tion of CH,O increases rapidly because the rate of step 5, which
20 CH,0+0=CHO+OH 3.50E+13 0.00 14.7 [6] is sl . f the inducti iod. Th
21 H+0,=0H+0 3.52E+16 -0.70 714 [6] consumes ChO, is slow in most of the induction period. The
22 H,+O=0H+H 5.06E+04 2.67 26.3 [6] temperature of the system will run away, and ignition will occur,
23 H,+OH=H,0+H 117B+09 130 152 [6] as the rates of steps 5 and 6 reach their maxima, since most of the
24 H,O+0=20H 7.60E+00 3.84 535 [6]

thermal energy in the system is released through steps 5 and 6.
qunits: motlem. s K. K3/mol Reaction 9 _become significant only when the temperature in the
bchap'eron effi(’:ien(:,ies’ as given in the cited reference SySt.em I.S hlgh enoth' .Althoth all steps are allowed to be. re-
“falloff included as given in the cited reference versible in the computations, the reverses of all steps are entirely
negligible, except for step 1, which starts to become of importance
in removing radicals towards the end of ignition.

CH, is thermally decomposed to GHnd H. Compared to step 1,

the reaction rate of step 10 is negligible at temperatures below .

1300 K in the range of meaningful equivalence ratios. As terf® Reduced Mechanism

perature increases, step 10 begins to compete with step 1; fofrhe term “reduced mechanism” is employed here to signify a
instance, the reaction-rate ratio of step 10 to step 1 is abotft 1Gsequence of overall steps derived by systematically applying ap-
at 1000 K and 8 at 2000 K fob=0.4, so that step 1 is always Oflgroximations such as chemical-kinetic steady states and partial

some importance, while step 10 is unimportant below 1300 Kgqyjilibria to a mechanism consisting of only elementary steps. It
These two reactions and the different steps that follow eachug? g y Y S'€ps.

ereby will distinguish the following approximations from the

them lead to ignition times having a stronger temperature sen

tivity in the high-temperature range and a weaker temperatlffétailed and short mechanisms given above. From this type of
dependence in the low-temperature range, largely because of @@uced-mechanism viewpoint, the nine-step mechanism in fact
higher temperature dependence of step 10. Most other hydrodiolves only eight steps because it has only eight linearly inde-
bons behave differently. pendent differential equations containing nonvanishing chemical

With the 24-step mechanism, during the ignition delay, the radsource terms; step 7 is not linearly independent, although its rate,
cals OH, H, and O are produced initially mainly by steps 4, 7, araf course, is present in the system of equations. With this termi-
13, respectively. Because of their high activation energies, stepaadlogy, there appears to be only one previous investigation of
and 13 are negligibly slow compared with step 4 at temperatuneduced mechanisms for methane ignitiph0)); in that work, a
below 1300 K. The rates of steps 7 and 13 increase with tempesax-step mechanism was derived from 231 elementary steps by
ture and become important competitors of step 4 at temperatuea®rcising a program of computational singular perturbations,
above 1400 K. The hydrogen-oxygen shuffle reactions, steps ®ith attention devoted to temperatures of 1300 K and above. The
through 24, are inconsequential at low temperatures but becoresulting reduced mechanism is quite different from that devel-
important at high temperatures because of the increased participped below, largely because the elementary rate data with which it
tions of H and O. The concentration of OH is much higher thalbbegan are different, but also because the concern here is mainly
that of H and O at temperatures below 1300 K. The species H@ith temperatures below 1300 K, rather than above. A reason for
and HO, provide an additional source for creating OH radicalghe very sparse literature on systematically reduced chemistry for
although HO, decomposes to OH mainly at a later stage durinignition is that steady states are less applicable to ignition than to
the ignition process. In general, the radical OH plays a more irfflames, the ignition chemistry requiring special considerations of
portant role than H or O in methane ignition at both high and lowitiation processes, as will be seen.
temperatures, although the latter two cannot be neglected at higiihe nine-step mechanism provides a basis for a reduced reac-
temperatures. tion mechanism in predicting methane autoignition for tempera-

Methyl radicals, CH, are mainly produced by chain-reactiontures below 1300 K with equivalence ratios between 0.4 and 1.5.
steps 2, 3, 11, and 12. Because of the dependences of H, O, Bodsimplicity, all nine steps are taken to be irreversible here. The
OH concentrations on temperature, reactions 11 and 12 are impgpecies H and CHO are quite reactive in this system and are
tant at high temperatures but may be neglected at low tempepaesent in very small concentrations. Chemical-kinetic steady-
tures. Methyl consumption by reactions other than step 4, namalate approximations therefore are accurate for these species dur-
by reactions 13, 14 and 15, becomes important at high tempeirgg nearly all of the ignition process. The concentration gD
tures, giving rise to the need for steps 17, 18, and 19. Methglso is small, and although its steady state is inaccurate, this inac-
recombination(step 16 is included in the 24-step mechanism beeuracy is relatively inconsequential. These three steady states
cause it is important for reducing the gldoncentration and in- therefore are adopted and result in
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[H]= (k4 /kg)[ CHOI[O,], initie;: stage, Ithe ag_a_lysis fof which was imfpcr)]rtant, to c()jbtain(Bn._l_h_
_ as the initial conditions for treatment of the second stage. This
E(H:HOO} =It<5[[%:2?[]|5%H]]//((:6[[l\(/l)ﬁ+kY[M])' @ second stage will be found to be a chain-branching stage of igni-
e 2471379 ' tion, in contrast to the first stage, which was linear and nonbranch-
thereby reducing the system to a five-step mechanism consistifg-
of elementary steps 1 through 5. With the OH steady stat¢ OH]/[CH5] is small, so that in Eq.
Numerical computations of the ignition process with the r¢3) the methyl concentration is approximatelyf CHs]
sulting five-step reduced mechanism agree well with those &4k t[CH,J[O,]. The OH steady state reduces the five-step
the nine-step and detailed mechanisms for temperatures betw8ghanism to a four-step mechanism, equations for which can be
1000 K and 1300 K and pressures up to 150 bar, the rangevfitten as
interest in the applications. The five-step reduced mechanism is

identical to steps 1 through 5, with the exceptions that step 2 d[HO,J/dt=w, = w, + ws,

is replaced by CEH+HO,—~CH;+20H and step 5 by d[CH;)/dt=w,+3w;— ws, (4)
CH,O+0H+0,—CO+H,0+HO, as the overall steps that pro- d[CHO)/dt= w4~ ws.
ceed at the rates, and ws; w; denotes the rate of elementarygquation(4) replaces Eq(2), having eliminatedOH] and the fast
stepi. _ . steps; since the equation fp€H,], the first in Eq.(2), is not
In a homogeneous system, a set of independent equations g€sded in the ignition analysis willcH,] changes neglected, it is
scribing this mechanism is not included in Eq(4). The four-step reduced chemistry can be
A[CH,1/dt=— w1 — wy— w3, written as
d[HO,]/dt=w,— w,+ ws, (I) CHy+0,—CHg+HO,,
d[CH;]/dt= w;+ ws+ w3— w4, 2 (I 3CH,;+HO,—3CH;+2H,0, 5
d[OH]/dt= 2w, — @+ ws— ws, (1) CHa+20,—CO+H,0+HO,, ®)
d[CH,O)/dt=w,— ws. (IV) CH,+0,—CH,0+H,0,

The concentrations of CO, @, and Q can be obtained from the With the ratesw;= 0, o= w;, o) =ws, Oy =03~ 0s.

C. H, and O element balances along with E2), and by use of

Eg. (1) expressions are found for the five rates in E).in terms  An Analytical Solution for Methane Autoignition

of the concentrations of the remaining species and temperature. A convenient nondimensionalization can be introduced for the

During most of the ignition period, the temperature and concep- . . L "
trations of the reactants GHand Q change little by chemical B:;ob\:sirtr;] ?ﬁgnneodng?/mlzeﬁi)iéﬁ;ﬂﬁﬁteto the initial conditions of Eq.
reactions. If these changes are neglected, then many of the cée}'-
ficients appearing in the rates in E@®) become constant. The 7=2t[ O, ] VK K Ks/Kg (6)
only nonlinearity in the system then comes frasg, which ex-

hibits a quadratic nonlinearity because of the occurrence of tﬁ@d concentrations

product of the concentrations of GBl and OH. The termws is 1

not important initially in the ignition process because these two X= E(k4k5)/(klk3)[CH3]/[CH4],

species are not present initially and develop only as they are pro- (7
duced through steps 2 and 4. An initial stage therefore exists that y=(kz/k1)[HO.J/[ O],

is linear and that is described by E®) with w5 deleted. 2= (ks/k3)[CH,O]/[CH,],

A general solution to this linear system can be derived. Thge gifferential equations
solution during this initial linear stage, with only GHO, and

inert being present at time=0, exhibits radical growth and ex- 4dx/dr=1+3y—2axz,
ponential decays on two time scales, namety{ CH,]) * and edy/dr=1-y+2axz, (8)
(ks[ CH,4]+ka[0,]) L. For example, it is found thafHO,] dz/dr=x(1-2)

_ A Ko[CHy Tty - .
(ky /kp)[Op](1~€ 72 ™™ ); the solutions for[ CHs], [OH], re obtained, subject ®— 7, y—1 andz— 7%/2 as 7—0. The

and[ CH,O] are considerably more involved than this. After th ggms 1y, xz, andx arise from the initiation step 1, the linear step
decays have taken place, the solutions for the concentratlonsz me quadratic step 5, and the linear step 4, respectively, Here the

the intermediates become
two parameters are

HO,]=(kq/k»)[O5],
LML) T ko) TosiicHD e=3/(kikaks)/ (ko) O/ CHy .
[OH]=[CHs(k4/k3)([O-]/[CHy4)), (3) ande must be small for the time scale of the second stage to be
1 long compared with that of the first. For smallthe conditiony
[CH,O]= E[CHa][Oz]kJ, =1+2axzis achieved quickly, and thereafter
dx/dr=1+ axz,
showing thaf HO,] approaches a constant vali€H;] and[OH] dzdr=x(1—2) (10)
increase linearly with time, andCH,O] increases quadratically '
with time. with z—x?/2, x— 7 as 7—0. Equation(10) is amenable to phase-

Although this initial linear stage requires the initiation step, steplane analysis, showirgto increase withx and approaclz=1 as
1, to get started, soon the chain steps 2, 3, and 4 become mwre>. The long-time behavior, at the end of the explosion, has
important for all intermediates excefflO,]. The OH concentra- x~y~e“". Thus,[ CH,O] levels off first, while[ CH3], [HO,],
tion is found to remain low, and an OH steady state soon develrd [OH] continue to grow, as was found in the full numerical
ops, approximated well byw;=w,, a condition that is seen to integrations.
apply in Eq.(3). The OH steady state in this approximation will The histories of concentrations of intermediates predicted by
be adopted for the remainder of this analysis. these equations for the second stage are not exactly exponential in
The quadratic nonlinearity of step 5 comes into play after thiéme but may be approximated as exponential over limited ranges
initial linear stage. The OH steady state did not apply during thef time. The nature of the approximation depends on the value of
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a and the time period selected. Since, from the data in Table Hguation(14) maintains the previously identified steady states for
a=1.84x10"3 T%4%exp(11,2007) with Tin K, itis found thate H, CHO, H,0,, and OH. It does not contain secondary dependen-
is larger than unity, so that the later-stage blowup is faster thanci@s on[CH4J/[O,], and has coefficients selected to maximize
the beginning. For large, the early-time behavior, which is ap-simplicity, with values having magnitudes estimated from consid-
preciably slower and then controls the ignition time, can be apration of results of the expansion for small valuese.of
proximated as Figure 1 compares the prediction of E{.4) with results of
numerical integrations under specified initial conditions. It can be

X=(2/ar) V32 r, seen from this figure that the concentration of CHs the highest

y:4e2(a/2)1/37" (11) Wh_ile. thgat of CHO.is the lowest among all intermediate spgcies.
B 203 (al2) Y3 This indicates the important role that is played by OHn auoi-

z=(2la)""e , gnition chemistry and helps to justify the steady-state approxima-

tion for CHO. As predicted in Eq14), the concentration slopes of
HO,, H,0,, and CHO are twice as high as those of S H,O,

and OH in a semi-log diagram. The concentration of the radical
OH is almost two order of magnitude lower than that of {dit

has a similar slope of concentration history, which supports the
OH steady state. The agreements are seen to be quite reasonable,
1 in view of the many approximations involved.

~ 2740, ](Kekeky 1KY 2 (12)

in which a representative numerical valuedi&®~10. Equation
(11) shows that the time constant for the exponentia,H@wth
is half that for the CH and CHO growth. From Eq.(11), the
characteristic exponential growth time for gHOH, and CHO is
obtained by use of Eq$6) and(9) as

te
Theory for Ignition Time
which is a function of temperature and reactant concentrations, i . o .
general, although their changes are taken here to be negligiplg © eStimate the ignition time;q, based on the above analysis,
initially during ignition at early times. we consider an overall step
The solutions in Eq(11) in fact are not very accurate because 2CH,+20,—2H,0+CO+CH,+OH,

the numerical value of the small parametgrabout 0.3, is not . . .
sufficiently small. Especially becauseis too large, a clear sepa- 9€rived by sequentially adding the fast steps 3, 4, 5, 6, 2, and 9 to

ration between the linear stage and that involving the quadrafiiminate the intermediates G&, CHO, HQ,, and HO for the

term therefore does not exist. An expansion of the problem in %yrpos.e of obtaining a one-step approximation to the three-step
(8) in powers ofe is then warranted. When this is done, it is found’ranching process of E(8). This overall step is exothermic, hav-

that y remains appreciably smaller than the value-dxz INd @ heat release per mole of ¢iroducedg, that can be cal-
achieved for smalk, and Eq.(10) becomes inaccurate. The long-culated to beg=60 kcal/mol afT = 1000 K, for example, and it is
est characteristic growth time then becomes appreciably longggnching in that it involves net production of the radical CHt
than that of Eq(12) and depends additionalllthough typically hen becomes possible to apply a simplified theory of branched-
not strongly on the value of, that is, on the equivalence ratid, chaln ther_mal explosion§11]) to estimate the ignition time. The
proportional tof CH,]/[O,]. When 2xxy>1, the value ofy ob- relationship betweefl and[ CHz] can be written as

tained from Eq.(8) is reduced by a factor of approximatelg q

+(4a)*3€]™%, more than an order of magnitude. A correction T=To+ T[CHs], (15)
factor of 1+ca*3e also appears in the numerator of EG2), P

with ¢ being a constant. On the basis of comparisons with numeviherep andc, are the density and specific heat at constant pres-
cal integrations, the constant valoel’3e=2 is selected over the sure, respectively, for the reactant mixture. The initial value of
range of conditions for which the analysis applies. On substitutih§Hs] at the beginning of the second stage is computed from Eq.
this revision and the rate parameters listed in Table 1 into EG4) to be

(12), thet, att=0 can be written as 1/3

: (16)

k2ks

8.6><10714[02]51 [CHs]o_[CH4]o(_k§k5

e0=T=031 , (13) 0
To "exp(—12,0001,) and the corresponding initial temperature from E&5) is T,

where the subscript 0 identifies initial conditions, and units arg (/pcp)[CH]o-

t

seconds, moles/chand K. Considering
Approximate expressions for concentrations during the initial d[CHs] [CHs]
exponential part of the second stage can then be written as TR a7
e
2p, \ 13
[CH3]=[CH4]< k;k3> ellteo from Eq. (14), and making the Arrhenius approximation,
kik '
2 113 te=teo XN T/ T=To/To), (18)
[CH20]=[CH4]<k1—k32) e'lteo, we may defined=(T—T)T,/T5 and o=t/ts, to obtain, in a
i 41/35 Frank-Kamenetskii approximation,
1K4
OH]=[0,]| | e, de
rori=(0| e w ., -
do
[HO ]—5[0] K e?teo (14) 2
2732 k, ' subject tod=a=(q/pc,)[CHz]o T/ T at e=0. The effective ac-
1 (k[ O,][CH,] tivation temperatureT,, has a value of 12,000 K, according to
[H,0,]= —(—) g?lteo, Eq. (13). Integration of Eq.(19) to o=04 at #=x gives the
3 ke[ M] nondimensional ignition time for small values afas
Ki[O[CH,] | .,
[CHOl=| === """, *de 1
Ke[ O2]+k7[M] Tig= | et In| =| =7/, (20)
H]= kiko[ CH,]/Kg St a V€ a
ke[ Oz]+ k7 [M] ' where Euler’s constant ig=0.5772.
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Fig. 1 Predicted histories of temperature and important species concentrations before ig-
nition with Ty=1136 K. p=100 bar and ®=0.4.

In the present work, instead of including the secondary depe@omparison With Experiments
dence on temperature and composition throagh Eg. (20), the S . L
value of o... is taken to be constant. Values afwere found to Methane autoignition in practical combustors is similar in most
range fronlwgabout 0.02 to 0.05, giving, around 3.4 according to respects to that in shock-tube experiments. In both cases, for ex-
Eq. (20). From the definition ofr, the ignition time ;y, can then ample, the ignition delay times are much shorter than 1 ms under

be written as conditions of interest. Because of these features, the mechanisms
2.9x10 ¥ 0,],t developed above can be tested by shock-tube experiments before
t =0t n=— , 21 . . . )
ig= Tigleo T, 03T exp(— 12,0007 (21) they are applied to practical combustors. Literature review reveals

L f Eq.(13 that shock-induced ignition of methane has been thoroughly in-
in view of Eq. (13). vestigated most recently by Spadaccini e{ 3)8] and by Petersen

Equation(21) is strictly limited to temperatures below 1300 K, A i
as stated in the beginning of the analysis. It is seen from ther% al.[5]. In the former work, ignition delay times were measured

equation that the ignition time is inversely proportional to pre€Ver the temperature range of 1350-2000 K, the post-shock pres-
sure,p, through its proportionality t§O,]~*. The dependence on SUré range of 3—-15 bar and equivalence ratio range of 0.45-1.25
[CHj] is removed through the approximation @f,. The depen- while, in the latter, measurements of A, autoignition were
dence of the ignition time on temperature is approximately give#erformed at elevated pressur¢d0—260 bay, temperatures

by tigcexp(12,000T). All functional dependences thus are pre41040-1500 K and three different equivalence ratigb=0.4, 3,
dicted from the analysis. and 6, in general covering a lower temperature range than the
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Fig. 2 Comparison of predicted and measured autoignition delays in shock-tube experiments

(g);

former and a range more relevant to conditions in practical cordence is different and is obtained by fitting this high-temperature

bustors. For completeness, comparisons will be made with batkperimental data. Here, points on all the dashed lines are calcu-

sets of data here. lated by 6.25% 10" 1exp(23000T,) in the temperature range of
Figure 2 compares measured ignition delay timgs, with  1400—-2000 K. Units are the same as in Table 1. The agreements

numerical computations using all three present mechanisms f#tween experiment and prediction are very good for both the

the higher temperature range. The numerical code is based ondeeailed and 24-step mechanisms, especially in terms of the tem-

ideal-gas version of Chemikii2]. Figures 2a)—2(e) plot experi- perature dependence, but the agreement with the nine-step mecha-

mental and computational results for &&,/Ar mixtures with nism is poor, indicating that reaction steps 10 through 24 are

different equivalence ratios and dilution levels. Results in Fif). 2 important at higher ignition temperatures.

are essentially the same as those in Fi@) Zxcept that three  The present high-temperature correlation,

percent of the methane is replaced by ethane; this figure shows a

negligible effect of replacing methane by ethane, to this extent, _ _

and has consequent implications for natural gas, although it cer- lig=6.25<10 *10,]" " exp(23000T), (22)

tainly cannot be concluded in general that additives and natural-

gas composition do not influence ignition times. There is in fai$ similar to that suggested by Colket and Spadad@hbut has

some evidence to the contrary, and in future work along presesgtmewhat different concentration dependences. These new theo-

lines it would be of interest to investigate effects of additives. retical concentration dependences fit the data about as well as the
The dashed line in each subfigure of Fig. 2 is a correlation inadder, empirical powers. Since E@1) was based on the nine-step

form similar to Eq.(21). The dependence df, on [CH,] and mechanism, itis interesting that the predicted dependence on pres-

[O,] remains the same as in EQ1), but the temperature depen-sure and reactant concentrations remains reasonable at higher tem-
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Fig. 3 Comparison of predicted and measured autoignition delays in shock-tube experiments ((E2))

10

peratures even though the temperature dependence changes.tWbeThe agreement can be improved if the rates of steps 4 and 13
agreement of the data with predictions of the nine-step mechaniane reduced by a factor of 2, within the reportgti3]) uncertain-

improves as temperature decreases, as expected.

ties of a factor of 3. At this stage, however, such revisions are not

Typical experimental[5]) and computational results at highrecommended, considering the uncertainties involved in both
pressures and low temperatures are plotted in Fig. 3. Differameasurements and shock-wave modeling.
from Fig. 2, the doted lines in these figures are now given by Eq.Figures 3a), 3(b), and 3c) refer to fuel-lean conditions, which
(21). The detailed mechanism and its shortened versions are eare of greatest practical importance. They show good agreement
ployed in the computations. Predicted ignition-delay times witbf predicted ignition delay times using the nine-step short mecha-
different mechanisms agree with measurements well in most mEm with measurements. It is seen from Fig. 3 that, compared to
cases and poorly in a few cases but generally are within a factormgdictions of the detailed mechanism, the ignition delay times
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Fig. 3 (Continued )

predicted by the nine-step mechanism are slightly longer maates and leads to the results in Fig&d)3(l). Further investiga-
®=0.4 and shorter ab=3 and 6. This is caused by the simplifi-tion shows that the predicted results agree with each other around
cations in the nine-step mechanism that exclude the methyl k=1.5, where the former is balanced by the latter.

combination (CH+CH;—C,Hg), which prolongs ignition de-  The 24-step mechanism reproduces the prediction of the de-
lays, and consumption of GHby H and O and of Cklby radicals, tailed mechanism fob=0.4, as shown in Figs.(8)—(c). Pre-
which shorten ignition delays. Under extremely fuel-lean conddicted ignition delay times using the 24-step mechanism are
tions, the later dominates and thus leads to the results showrldnger than those from the detailed mechanismder3. This is
Figs. 3a)—(c), while under very rich conditions, the former domi-because the products obldy become important in very rich mix-
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Fig. 4 Comparison of measured autoignition delays in shock-tube experiments with the
predictions of Eqgs. (21) and (22) and with the nine-step mechanism

tures. Comparisons with experimental results confirm that the 24kan with the formulas. The formulas have been designed only to
step mechanism can be applied to both high and low ignitiatover conditions of greatest practical interest, namely
temperature forb<1.5, while the nine-step mechanism can b@®.4<d=<1.5, and they perform remarkably well over those condi-

applied to low temperatures only. tions.

The agreement between predictitiotted lineg by Eq. (21) Although the pressure range selected for focus in the present
and measurement is excellent fr=0.4. It is expected that Eq. study, 1 bax®=<150 bar, was chosen with the applications in
(21) predicts ignition times correctly up t&@=1.5. At higher mind, available data prevented testing predictions below 3 bar but
equivalence ratiog®=3.0), the predicted temperature dependid allow some tests as high as 260 bar. The mechanisms may
dence remains consistent with experiment although the predictedll be useful to even higher pressures and at subatmospheric
tig is systematically higher. It is interesting that the augmentatigressures; pressure limitations have not been explored thoroughly
by oxygen is predicted approximately correctly by the simplifietiere and could be studied further in future work. Temperatures
theory. In general, therefore, the basis of E2ll) seems substan- below 1000 K and above 2000 K also could be of interest for

tiated and the result useful. future investigations.
The accuracies with which the various predictions agree with
Summary and Conclusions experiment typically are 10 percent to 25 percent in ignition time

but occasionally worse than a factor of two; it is difficult to state
A full reaction mechanism, a 24-step short mechanism, a ninrm and precise general conclusions about agreements, at least
step short mechanism and five-step and four-step systematicgjiittially because of variability of the experimental data. Generally
reduced chemical mechanisms have been developed for predicipg@aking, the detailed mechanism is best and gives some reason-
methane autoignition under different pressures, temperatures, abfk results even fob=6. The 24-step mechanism is in reason-
equivalence ratios. From these reaction mechanisms, the ignitigiile agreement with the detailed mechanism, except that it is poor
time, tig, is found to be computed by Ed21) in the low- beyondd=3. The nine-step mechanism is as good as the detailed
temperature rangeTe<1300K) and by Eq.22) in the high- mechanism below 1300 K, as is the five-step reduced mechanism,
temperature rangeTo=1400K). The dependence §f on Ty is  put the four-step reduced mechanism is less accurate and requires
given by tj;cexp(12,000T,) in the former range and b¥i;  correction in deriving the analytical approximation. Further delin-

oexp(23000T,) in the latter. These two equations predict thagations of accuracies seem properly to be topics for future inves-
tigoc[Oz]’l, which is in reasonable agreement with experimenttigations.

The degree of agreement that is achieved between these predic-
tions and results from shock-tube experiments suggests that the
present work can be applied to estimate ignition delay times mcknowledgment
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A Combined Eulerian and
w.euger | Lagrangian Method for Prediction

e-mail: matthias.burger@its.uni-karlsruhe.de

s.xose | Of Evaporating Sprays

G. Rottenkolber Polydisperse sprays in complex three-dimensional flow systems are important in many
technical applications. Numerical descriptions of sprays are used to achieve a fast and
R. Schmehl accurate prediction of complex two-phase flows. The Eulerian and Lagrangian methods
. are two essentially different approaches for the modeling of disperse two-phase flows.
D. Giebert Both methods have been implemented into the same computational fluid dynamics pack-
- age which is based on a three-dimensional body-fitted finite volume method. Considering
0. Schafer sprays represented by a small number of droplet starting conditions, the Eulerian method
is clearly superior in terms of computational efficiency. However, with respect to complex
R. Koch polydisperse sprays, the Lagrangian technique gives a higher accuracy. In addition, La-
. grangian modeling of secondary effects such as spray-wall interaction enhances the
S. Wlttlg physical description of the two-phase flow. Therefore, in the present approach the Eule-
oo . ; . rian and the Lagrangian methods have been combined in a hybrid method. The Eulerian
Institut fur Thermische Stromungsmachinen, method is used to determine a preliminary solution of the two-phase flow field. Subse-
Universitat Karlsruhe, quently, the Lagrangian method is employed to improve the accuracy of the first solution
76128 Karlsruhe, Germany using detailed sets of initial conditions. Consequently, this combined approach improves

the overall convergence behavior of the simulation. In the final section, the advantages of
each method are discussed when predicting an evaporating spray in an intake manifold of
an internal combustion engin¢DOI: 10.1115/1.1473153

1 Introduction representative droplets. Each of the two basic approaches is char-
acterized by specific advantages and restrictions. Although well
tablished for the numerical calculation of complex disperse two-
ase flows, Lagrangian methods for droplet tracking show a poor

Computational fluid dynamic&CFD) has evolved into a signifi-
cant application for developing modern combustion devices. §

particular importance for the design process is the fuel-air mixtul

preparation, i.e., determining droplet and vapor distributions in yg@nvergence beh_awor for this kind of flow. This IS mz_:unly due to
flow which are in turn influencing the combustion process. Th & iterative solution of gas and droplet phases inevitably requir-

study introduces an efficient approach for the simulation of corfd strong relaxation of interphase source terms. Since the cou-

plex two-phase flow fields. Two different conceptual approach@éing between gaseous and liquid phase within the Eulerian
for the numerical description of dispersed two-phase flows

ethod is realized in each iteration step, this method is inherently
discussed: an Eulerian continuum model and a Lagrangian parti

ter suited to address the phase interaction problem. However,
model. Both methods are employed to simulate fuel propagati

lerian methods can handle only a limited number of different
in the intake manifold of an IC engine. Figure 1 shows a fugr

roplet initial conditions and still have major deficiencies in pre-
distribution inside the intake manifold of a Sl engine, 4 ms aftéficting complex two-phase flow phenomena such as wall interac-

the start of injection. The accurate discretization of the duct ghon- The pros and cons of each approach in simulating a two-
ometry requires a body-fitted mesh. An in-house thre@hase flow of an intake manifold will be discussed in this study.

dimensional compressible CFD code based on the finite volume/Ncorporating the positive features inherent to each model, a
mbined computational “hybrid” scheme is presented in this

method is used to calculate the gas flow field. In order to conside? X : ! e X
mutual influences of continuouggag and disperse(liquid) study which achieves an accurate flow field prediction with lower

phases, the CFD code is coupled with the spray models. TwRmputational effort. In the first stage of this procedure, the Eu-
phase flows are characterized by intense rates of interphase m&§i&n method is used for the computation of an approximate two-
momentum, and energy transfer. Typically, a major part of tHase flow field. A coarse discretization of spray boundary condi-
interaction between droplets and gas phase due to dispersion #fs at the nozzle limits the size of the system of transport
evaporation of fuel droplets occurs in the flow region near tHefuations to a practical dimension. In the following refinement
nozzle. stage, iterative cycles of single-phase gas flow computation and
Basically, two different conceptual approaches may be erflbsequent Lagrangian droplet tracking are employed to improve
ployed for the numerical description of dispersed two phase floWd¢ accuracy of the precomputed two-phase flow field. Taking
([1]). In analogy to single-phase gas flow, the Eulerian approachdgdvantage of the stochastic nature of the tracking approach, a fine
based on a continuum model of the spray, resulting in transpé¥gcretization of polydisperse sprays is achieved by random sam-
equations describing the propagation and evaporation of the dréyng of droplet initial conditions at the nozzle. The numerical
let phasg[2,3)). In the Lagrangian approach, the spray is modeledescription of the spray is enhanced by optional modeling of
by superposition of trajectories calculated for large numbers 8pray-wall interactions. Similar hybrid schemes have been devel-
oped for the computation of two-phase flows in combustor cham-
Contributed by the International Gas Turbine InstitU®TI) of THE AMERICAN  Ders ([4]) and rocket motorg[5]) for several years. This paper
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF  presents a hybrid scheme within a fully three-dimensional CFD
ENGINEERING FORGAS TURBINES AND POWER. Paper presented at the Interna- i H ili
tional Gas Turbine and Aeroengine Congress and Exhibition, New Orleans, LA, Ju%(e)de’ demonStratmg. the. applllcablllty of the m.ethOd f.or a complex
4-7, 2001; Paper 01-GT-047. Manuscript received by IGTI, Dec. 2000, final re\ﬁ-ompqtatlonal dome}m dISCI‘.etlze(.j by a deY'.mted grid as encoun-
sion, Mar. 2001. Associate Editor: R. Natole. tered in many practical engineering applications. The accuracy of
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Fig. 1 Side view of fuel spray in intake manifold ' @)

The volume concentrationg, andag are a result of the averaging

this model in terms of droplet velocities, droplet size, and fudirocess and represent the local volume fractions of gas and liquid
vapor concentration has been investigated previously in the franflase, respectively. Dilute two-phase flows are characterized by
work of an evaporating dodecane sp(gg]). the conditions
2 Eulerian Approach agtag=l, ag<li ag=1 (8)

The Eulerian approach for the numerical description of gifouble and triple _correlatlon§ involving fluctuations af;, are
persed two-phase flows is based on the assumption that the ligif@'ected on the right-hand side of E§). In the present calcu-
phase represents an additional continuum penetrating the gasegiiens & value of 0.9 is chosen for the turbulent Schmidt and
phase. In analogy to the continuum approach of single-phasEAndtl numbers, $g,Pr 4. Using this value, Eq(4) effectively
flows, each phase is described by a set of transport equations'fof transport equation of a scalar in the asymptotical case of a
mass, momentum, and energy extended by interfacial exchar |sh|r_lg droplet diameter. A fundamental assumption of this ap-
terms. This set of transport equations can be recast into a univefach is the dependence of the turbulent viscosity of the droplet
formulation which is discretized by a conservative finite volumBNaSext,a on local mean flow propertie$9,10)
method and solved by a block-iterative scheme for the linearized 1
equations. Dd_MdbPe_ - 9)
2 Mg Pd tg| >

R
ty

2.1.1 Basic Equations. Except for the near region of the at-pys, the ratio of the kinematic viscosities of droplet and gas
omizer where the spray is dense, the volume fraction of the sprgifase is postulated to be a function of the characteristic time
is low. For this dilute two-phase fllow regime, interactions betweeltles of both phases. In REL0] a value of 0.25 for the empiri-
droplets can be neglected. Starting from the Navier-Stokes equa parameten is suggested. The time scalg, which is denoted
tions, instantaneous transport equations for gas and droplet phas@jroplet relaxation time, characterizes the ability of a droplet to
can be derived either by spatial, tempoff#]), or ensemble av- fqow turbulent gas velocity fluctuations:
eraging. However, these transport equations are only be used for
the description of sprays in laminar gas flows. Since combustors 4 py D?
generally operate in the turbulent flow regime, the system of tdzgp_m- (10)
transport equations is extended by introducing turbulent fluctua- 9P g
tions of the transport quantities followed by Reynolds averagirfgriginally, the characteristic time of the gas flow turbulengés
of the equations. For the gaseous phase, the stamkdardnodel taken to be the dissipation time scale given subsequently by Eq.
is employed to approximate the transport terms resulting frofd5). In this formulation, the droplet phase turbulence model fails
correlations of fluctuating quantities. This procedure has been de-describe the crossing trajectory effect which has a significant
scribed in detail by several authalg,8]). The turbulence terms influence on turbulent droplet dispersigfi1,12)). According to
in the droplet phase transport equations are approximated bythg turbulence modeling of the Lagrangian approach, the extended
algebraic model which is based on a Bousinesq approach. Te#sion of the model considers a second characteristic time scale.
interacting flow fields are described by the following transporthis crossing time is the time required by a droplet to cross the

2.1 Transport Equations of the Two-Phase Flow

equations: turbulent eddies of integral scale.
L
Gas phase -
te Uy U] (12)
J J
71 %oPg T 5 @gPgUg,i = Minig (1) Combining both time scales, the gas-phase time scale is now de-
) fined as
J J 8Ti'j o
ﬁagngg’i-i- &—XjagnggYiUg'i=—aga—Xi Pyt a—)(j+agpgfi tg=min[te,tc] (12)
The validation of this enhanced turbulence model is based on the
+lint,g,i (2)  basic experiment described in Rgt1]. In this flow regime, the
482 | Vol. 124, JULY 2002 Transactions of the ASME
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transport equations of the gas-phase approach the standard sirtgléieat and mass transport through forced convection by the gas
phase transport equations extended by additional interfacial ébow around the droplet. Since diffusive time scales in the sur-
change term iy g, lintg, andHiyg- rounding gas phase are much smaller than in the droplet fluid, a
. L . quasi-stationary description of the gas phase is applied. Using
2.2 Discretization of Polydisperse Sprays.To complete |oterance values for variable fluid propertidd3 rule, an integra-

the numerical description of the spray, boundary conditions of t : g : : : .
droplet phase have to be specified at the atomizer nozzle. H(?\I/?-n of the radially symmetric differential equations yields analyti

ever, most sprays of technical importance are characterized bi?étﬁxpregs;ons for ﬂt].e tr?nsport ?W“i‘salg' Q.Cot"ds andetapr' w
broad variety of initial droplet diameters and velocities. Since IS point, convective fransport 1S taken into accoun % y wo
each individual droplet phase boundary condition theoretically r@Tp'r'cal fac;tgrs([lQ]) resulting in the corrected fluxesi,,
quires the numerical solution of a separate set of transport Ef&onds: andHya,s

(4)—(7), a polydisperse spray has to be discretized by a limited it = ofmn (18)
number of representative droplet classes. In practice, the compu- vap vap:

tational effort increases at least linearly with the number of drop- 3 = D20 (Ta—T 19

let classes employed. As a consequence, the maximum number Qeonas= D™ (Ta=Tg), (19)

of classes is restricted by the CPU time and memory capacit : —R

available. y y P y H\tap,s_ mta;pp,vap,re{ Td_ Tg): (20)
For dilute sprays, direct interaction between droplet classes can cfm=1+40.276 R&2Sc3. (21)

be neglected although each class is coupled to the gas phase, -
9 g P gasp Vapor mass flux and heat transfer coefficient are calculated as

follows:
3 Lagrangian Approach

The Lagrangian simulation of dispersed two-phase flow is mvapZZWng,refFim,reflnF\m: (22)
based on the tracking of statistically significant droplet parcels in vaps
the gas flow. Each parcel is represented by one droplet and is

. . . . . r.nvapcp,vap,ref
determined by discretization of the continuous spectra of droplet — —~72

2
initial conditions in the near field of the atomizer. ot =cfh _ 7D ’ 23)
m
3.1 Equation of Motion. The tracking is based on the inte- exp${\"ap”ef_l
gration of the droplets equation of motion combined with an em- A g ref
pirical correlation for the aerodynamic drag coeffici€y ([13]) cfh=1+0.276 R&2P/3, (24)
dug 3 pg &| gl (g 13 The balance equations of the droplet reduce to ordinary differen-
dt  4py D MY (Ug—Ug) 13)  fial equations,
d
21 6 it
Cp=0.28+ —+ —. 14 7 Mg=— My, (25)
D Re \/R_Qj (14) dt
3.2 Spray Dispersion. In order to account for the effect of %(mdhd)= _.Qtonds_ H\tapsl (26)

turbulent spray dispersion, the turbulence structure of the gas flow

field is modeled by a random process along the droplet trajectoriggich can be appended to the differential equations describing the
([14,15)). In this concept, the local turbulence structure is charagroplet motion(Eg. (13)).

terized by the length scalk, and dissipation time scalg, of

eddies representing the coherent flow structures 3.4 Wall Interaction. Interactions between droplets and
a2 flow boundaries have a decisive influence on the overall flow
I _C1/2k t = le behavior. The model used in this study considers mechanisms for
e=C,—, te=—7p. (15) ) : A
L |ug| a dry wall based on experimental investigations by several groups

. L . . . ([20,21)). For a detailed simulation, the interaction mechanisms
In addition to the life time scalé,, a crossing time scalt is are classified in three characteristic wall temperature regimes:
calculated from Cold wall—a temperature well below the fluid boiling tempera-
te ture, moderate hot wall—a transition range up to a modified
’ J (ug—ug)dt| =lg, (16) Leidenfrost temperature, and hot wall—a temperature well above
to the modified Leidenfrost temperature.
taking into account the droplet dynamics. Each time the smallerThe cold wall interaction mechanisms are dominated by com-
one of both time scales is elapsed, the droplet enters a new eddlgte deposition of the droplet or splashing. In case of splashing,
Consequently, the random process generates a new velocity flage part of the droplet mass is deposited an the wall whereas the
tuationu;, from a Gaussian distribution which is determined by Other part is rebounded back into the gas flow decomposed into
secondary droplets. Because of an insufficient comprehension of
2 2 the splashing process, a stochastic model is used which reflects
ellg~u2% =0, o=1\zk  (17) the experimental findings for this type of application. This spray-
wall interacting model has been described in detail in previous
This velocity fluctuation remains constant for the period opublications by several authoft,21]).
droplet-eddy interaction and is added to the local value of the gasUsing the Reynolds and Laplace numbers, respectively, to dis-
flow velocity. tinguish between splashing and complete deposition, the follow-
) ) _ing approach is employed.
~ 3.3 Spray Evaporation. In this study, droplet evaporation The impact Reynolds number is based on a corrected droplet
is simulated by means of the uniform temperature mdfs— velocity normal to the wallJ,=U,sina®%3 With respect to a

18]). This computationally effective droplet model is based on e-La map, an analysis of numerous droplet impact experiments

assumption of a homogeneous internal temperature distributio Micates that splashing is separated from complete deposition b
the droplet and phase equilibrium conditions at the surface. ﬁ1e P 9 P P P y

analytical derivation of this model does not consider contributions Re=24 L4 27)

P(uy) !
u =
Y o2
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‘ 4.2 Lagrangian Model. As a result of the Lagrangian ap-
Euler method Lagrange proach, source terms are calculated which are proportional to the
droplet number density, of each class and the number of classes
N present in the local control volum§22])

N

Fig. 2 Structure of the hybrid procedure

Mint,a= J’ S,.qdV= kEl n(mg"—mgk, (32)
v =

where N
u.D Dogpq lintd,i= J' su,dV= 2, nmUST-mPUFHk  (33)

Re= , La=——5—. (28) v k=1

Md vy N
Due to wall temperatures well below the fluid boiling temperature, Ho, = J s dV= nu(mETheN— me*heX) k 34
only this mechanism was applied to account for droplet wall in- ntd— fond kz::l (Mg ha™— Mg hgOk. (34)

teraction in the present computation. . . . .
P P It is important to include the heat of evaporation with the droplet

enthalpy:hq=h,,,+L, whereh,,, is the enthalpy of the vapor
. andL is the latent heat of vaporization.
4 Interfacial Exchange Terms

The interfacial exchange terms describe the local rates of maSs, The Hybrid Procedure
momentum, and energy transfer across the liquid-gas interface
Equations(1), (2), and(3) contain interfacial exchange terms forb
the local rates of mass, momentum, and energy, transfered frg
the liquid phase to the gas phase.

With artificial decoupling of the two-phase flow computation
éhseparate solution schemes for each phase and iterative realiza-
of phase interaction, total computation times are rather large
([4]). A reduction of computational effort is achieved by precon-
4.1 Eulerian Model. Assuming a spherical shape of theditioning the two-phase flow field by means of an Eulerian
droplets and a uniform internal temperature distribution, the tran®ethod in the first step. Following this approximate computation,
fer rates may be estimated from Lagrangian single droplet phystb¢ flow field and the droplet source terms are passed to the re-
as discussed in the previous section. The following model expré§iement step. In this second step, Lagrangian iteration cycles are
sions are derived from E413) and the heat and mass fluxd®), Performed which are characterized by a fine discretization of

(19), and(20) of an isolated droplet droplet injection conditions and wall interaction. This is in fact the
basic idea of the hybrid procedure: A two-step combination of

Mo =M. :%m* (29) both methods in order to reduce total computation time. This ap-

int,d intg " Lps3  vap proach is schematically illustrated in Fig. 2. Since the two-phase

flow field calculated by the Eulerian method already accounts for
T :%EDZ ColUg—Ugl(Uy i~ Ug.) spray effects on the gas flow, the droplet source terms recorded
intd,i int.g.i =73 g - Po~plYeT VdllYgi™ Vdi during subsequent tracking steps are rather close to the final flow

. result. Consequently, the number of iterations is significantly re-

M Uai (30)  duced compared to a complete Lagrangian simulation.
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Table 1 Parameters at the inlet of the intake manifold (z  the intake port and valves was generated by a vacuum pump. Fuel
=0mm) atomization was realized by a production two jet pintle type in-
jector. The experimental setup is illustrated in Fig. 3. The operat-

Gas Flow(Air) Fuel (Ethano) ing point of the engine is specified by the stationary flow condi-
Ve 0.024" Migel 3.3 tions summarized in Table 1.
Ty 299 K Trel 293 K The computational domain of the flow simulation is illustrated
Py 1 bar Utgel 247 in Fig. 4, indicating the arrangement of discretized cross sections
Tug 5% £ cone 10 deg along the symmetry plane. Due to the symmetric design of the

intake port only half is computed. To analyze stationary fuel-air
mixing the valve is not considered in the present flow simulation.
The position of the spray in the computational flow domain is
6 Sample Application indicated by representative trajectories originating from the simu-

The performance and accuracy of the numerical methods platéd injection point.
sented is demonstrated by a simulation of the two-phase flow ing 1 pjscretization of a Polydisperse Spray. The specifica-

the intake manifold of a Sl engine. The exp_erimental _investigatiqn)n of spray boundary conditior@uler methogland droplet ini-
has been part of an extended research project on mixture Prepgti-conditions(Lagrangian methoddepends on the inherent char-
tion for cold engine operating conditions. , acteristics of the two disperse phase modeling approaches. Since
The base engine is a four-cylinder four-valve production typgrimary atomization of the fuel is completed over a short distance
Ethanol is supplied by a sequential multipoint injection system. Tg ¢ mm, the spray properties can be specified close to the nozzle
study the fuel system at various engine conditions a test SeCt'gfgice. Furthermore, the experiment indicates that secondary at-
was constructed. In order to gain optical access to the spray, {gi;ation of droplets has no significant contribution in the evolu-
cylinder head of the engine was cut off in a plane through_”alj‘on of the spray. With respect to the Eulerian method, the discreti-
middle of the intake port of the outer cylinder. Based on originglyiiqn, of the spray boundary conditions has to be limited to a few
CAD data the inner contour of the missing part was then M@jagses. Each class is described by a specific combination of fixed
chined from acrylic glass and fitted to the cylinder head. A dey, yarica| values for droplet diameter, velocity, and position.
€®ne of the major advantages of the Lagrangian method is the
possibility of a large number of different droplet initial conditions
for a high-resolution discretization of the spray yielding an im-
proved description of the primary atomization proc€sxt,25|)
[21, 20. In the Lagrangian method used for the present simula-
’77@,«,/O tion, droplet initial conditions are stochastically sampled from dis-
.= O, tributions which have been determined from the PDA measure-
= N OIQ/'J/ ments of the spray. Based on experimental values of the
characteristic diametei3,;, Dy, andDg o the discretization of
= the droplet size spectrum is realized by five equally spaced diam-
: eter classes ranging from 25 to 2@®n as illustrated in Fig. 5.
| Y ' The distribution of the fuel mass flow rate on the diameter classes
| zemnmTl E is approximated by a Gaussian function, an assumption which is
a1 'o"’/ef based on a combined assessment of the PDA rd3yjtand num-
j_;,’— ber density. Neglecting effects ¢) primary atomization ancb)
il gas flow interaction on the droplet velocity closely behind the
g“ v , nozzle(1 mm), it is assumed that the initial velocity of the drop-
1] lets in the computational model is directly inherited from the lig-
uid jet leaving the nozzle. Thus, an averaged value of 24 m/s
derived from PDA measurements at the nozzle orifice is assumed

has been publishe@23]). In the experiment, the air flow through

fuel injection

s
o

A

T 0 [mm]

0.50

= mass flow rate

e 0.2419
0.40 —

0.30

0.1295

0.20 e SR

0.10 - EewEEsyesserey _— 0.0539
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0=110

Fig. 5 Discretization of droplet initial conditions
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Table 2 Required CPU times for a Athlon 800 MHz

Method Euler Lagrangian Hybrid
Grid size(nodes 14175 14175 14175
Droplet classes 5 5
Trajectories per class - 5000
CPU time(min) 232 849 345

for the initial velocity of all droplets. An overall cone angle of the
spray of 10 deg is determined by a laser light sheet visualizatic
Due to the limited possibilities of the spray boundary condition:
the Eulerian continuum model does not consider the cone angle

the spray.

6.2 Results. The efficiencies of the three approaches used w
calculate the given two-phase flow can be characterized by the
CPU times required by the different calculations, shown in Table

GAS PHASE
50 1
48 ——PIV e
e
--a--LAGRANGE P ey
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i . 1

g il .
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horizontal (mm)

Fig. 7 Comparison of gas velocity

2. The Eulerian model needs about three and a half times less

computational effort than the Lagrangian counterpart. The hybrid ) ] ]

method requires only insignificantly more computational effogented together with corresponding experimental data. Further-
than the Eulerian method. This minor increase is caused by ti@re, the predicted number density distributions of the spray are
small number of Lagrangian iterations in the second step of t@mpared with the visualization of the spray.

hybrid procedure.

The direction and magnitude of the velocity vectors predicted

In Fig. 6 the results of the predictions are compared with meBY the Lagrangian model, as shown in Fig. 6 agree well with the
surements. Obviously, the hybrid procedure yields the same re@{perlmental res'ults. Due to th_e statistical nature of_the Lagrang-
as the Lagrangian approach. Therefore, only Eulerian and Liah droplet tracking method, dispersed phase velocity values are
grangian results are shown. To compare the gas phase flow figfly available for spray regions of sufficiently high droplet num-
the measured and predicted velocity vectors are shown. For cHg! density. By comparing the predicted number density fields
acterizing the spray the number averaged velocity vectors are pféth the visualization of the spray it can be seen that the predic-

Experiment

Lagrange

//////
,///{,////

Euler

S
\\\\\\\\\ s \\\
= \\y\\\\\ NN

NN NSRRI NN
R~

droplet velocity and d gas velocity

l

— 40 m/s

Fig. 6 Predicted and measured velocity vector fields and num-
ber density distributions
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0 Normalized Number Density 100%

tions based on the Lagrangian model again coincide well with the
measurements. The higher result quality of the Lagrangian model
is due to the finer discretization of the droplet initial conditions. A
Lagrangian calculation based on the same coarse discretization of
the droplet initial conditions as the Eulerian model reveals only
insignificant differences.

The Eulerian and Lagrangian approaches are also quantitatively
compared with the measurements. The magnitude of the droplet
and gas velocities are compared with the measurement along the
two straight lines, included in the two top illustrations of Fig. 6.
The gas velocity in Fig. 7 is evaluated along the right horizontal
line, whereas the mean droplet velocity in Fig. 8 is evaluated
along the left transversal line. These results coincide with quali-
tative results presented before. Due to the coarse discretization of
the droplet initial conditions, the Eulerian model deviates most
from the measured values of the gas and droplet velocities.

As Figs. 7 and 8 demonstrate, both two-phase flow models have
a significant influence on the prediction of the velocity fields of

DROPLETS
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3 R e --@--LAGRANGE
S 2 — -+- EULER
> ‘/(/

s
15 —
—
10 ; ‘ : . ; ‘
20 25 30 35 40 45 50

horizontal (mm)

Fig. 8 Comparison of droplet velocity
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continuous and dispersed phase. Compared to the experimental
results, both models underpredict this influence. Even though the
Lagrangian model is more accurate as the Eulerian model, an
improved result quality can only be achieved by a more detailed
droplet initial conditions. Since the Eulerian model is strictly lim-
ited to a few different droplet classes, a comparison of both mod-
els on the basis of a spray simulation with more classes is com-

putationally not feasible.

7 Conclusions

= volume fraction

= off axis angle

dissipation rate ok
diffusion coefficient
thermal conductivity
dynamic viscosity
kinematic viscosity

= density

= variance, surface tension
= shear stress

9 D T >0 ™R
Il

In the present study, fuel injection, dispersion, and evaporati@ubscripts
in an intake manifold of an IC engine is simulated by three dif- — jnitial state
ferent computational methods. In the first two approaches, Eule-  _ crossing
rian and Lagrangian two-phase flow models are used to describe o — gqgie

the spray behavior. The third approach denoted as hybrid mode‘lmex —

entry, exit

is a combination of the two fundamentally different models. To d = gas, droplet
validate the flow simulation, the computed flow fields are com- St — interface

pared with experimentally determined velocity flow fields of both

k = class indicator

phases. The results clearly support the concept of the hybrid ¢ — g\ rface
scheme, showing that the Eulerian model reaches a solution of the |, — normal

coupled two-phase flow field comparatively quickly. However,
this flow field is only of restricted quality due to the limitations vap =

t = turbulent
vapor

imposed on the discretization of the polydisperse spray. The La-

grangian model on the other hand is highly accurate due to a

refined discretization of droplet initial conditions, but requires sigReferences
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Analysis of the Effects of Water
Injection on the Performance of a
k- Matniondakis ¥ Gias Turbine

Department of Mechanical Engineering,

Fluids Section, The effect of water injection in the combustion chamber of an industrial gas turbine is

Laboratory of Thermal Turbomachines, studied by means of analytic relations. Equations for the estimation of changes in the
National Technical University of Athens, main performance parameters are provided. The relations are derived on the basis of an
P.0. Box 64069, order of magnitude analysis and taking into account variation of gas properties due to

15710 Athens, Greece water injection as well as changes in the interrelation of component performance param-

eters. It is shown that water/fuel ratio is the main parameter on which performance
deviations depend. Data from the performance testing of an industrial gas turbine are
used to check the validity of the proposed relations. The comparison of the predictions to
the test data shows that the mechanisms of performance deviations are well modeled by
the analysis presentedDOI: 10.1115/1.1451755

Introduction Relations for Performance Parameter Deviations

Water injection has been used for many years in gas turbines inThe gas turbine layout considered in the present analysis is
order to reduce NQemissions. It has been established that thghown in Fig. 1. It is a single-shaft industrial gas turbine, with
amount of reduction of NQemission depends on the ratio oféxternal cooling of the compressor exit bleed flow, prior to feed-
injected water to fuel flow rate. Dependence of emission levels d#f it for turbine blade cooling. The possibility of water injection
water/fuel ratio has been presented by many authors, as for {:_g(_the combustion chamber for N@ontrol is foreseen. The sta-
ample Shaw1], Koch and Felix(2], and Schettef3]. Lefebvre ion numbering shown in this figure will be used to characterize

[4] " Wtical relati f timati o ducti the various quantities mentioned in the analysis hereafter. This
reports analytical relations for estimating émissions reduc '%rticular layout has been chosen since test data from a gas tur-
as a function of water/fuel ratio. Recent studiever et al.[5])

) ) X X . bine of this type are available to substantiate the present analysis.
have predicted such interrelation by using CFD techniques. o the other hand, it is general enough to cover simpler configu-
Apart from the effect on NQemissions, injection of water also rations(for example, engines with no external bleed cooling

affects the performance of a gas turbine. The effects of the injec-Injection of water results in the change of several operational
tion on performance are qualitatively knowsee, for example, parameters, affecting thus the power output and efficiency of a gas
Walsh and Fletchd6]), while dependence curves of performanceurbine. The analysis that follows has as a main purpose the evalu-
parameters on the amount of injected water have been preser@tian of how much these two parameters change, when water is
by various authorgKreitmeier et al.[7] and Cloyd and Harris injected at the compressor exit and the control system acts to keep
[8]). Such curves have been produced by running computatiofféibine inlet temperature unchanged.

performance models of specific gas turbines. Numerical calcula-Before proceeding to detailed analysis, itis useful to enumerate
tions of performance for gas turbines, when water content of tffé€ factors on which power output depends and why it is expected
air or flue gases is high, have also been presented by other autﬁ8r%hange when water Is 'meCted' For this purpose, it is useful to
in different contexts(some recent examples being CamporealI Ok at the equation relating power to component performance

nd individual cycle variables.
et al.[9] and Jordal et al10]) . Power output results from the difference between the power

A disadvantage of methods based on computational modelsi$quced by the turbine and that absorbed by the compressor:
that although they provide information for a specific gas turbine,
m, Cpg Ty ( 1 )

they do not give an idea about the generality of their predictions
or about the factors governing the phenomena studied. Analytical P=m.c..T,| — =2 2

- . Cpal2l p Cc T MTis Yg 1
studies, when they can be performed of course, are best suited for 2 Cpa I2 ——
deriving this type of information. In the present paper the effect of ©
water injection on the performance of a gas turbine is studied by a 1 Ya—l }

1)

means of analytical relations. The analysis demonstrates which are - E (meva —1)
the main parameters governing changes in performance variables
and provides simple relations to estimate these changes. The use
of analytic relations allows thus an understanding of the effect of For this expression it has been assumed that the pressure loss in
water injection and provides a means for a quick estimation #ie combustion chamber and turbine exhaust is negligible, so that
such effects. compressor and turbine pressure ratios are equal.

The results of the analysis are substantiated by comparison tdVater injection has the following effects:

data obtained from the performance testing of an industrial gas, \ass flow through the turbine changes, and compressor-

turbine. turbine flow matching results in a different compressor operating
point, namely different pressure ratio and possibly mass flow rate.
Contributed by the Combustion and Fuels Division 6fETAMERICAN SOCIETY » The gases though the turbine have now a different composi-

OF MECHANICAL ENGINEERS for publication in the ASME QURNAL OF ENGI- ; ; e
NEERING FORGAS TURBINES AND POWER. Manuscript received by the C&F Divi- tion, therefore different specific heat. Consequently, for the same

sion, November 2000; final revision received by the ASME Headquarters May Zodﬂrbine_inlet temperature and pressure ratio, a different amount of
Associate Editor: S. Gollahalli. power is produced.
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I exit of the combustion chamber. The derivation is given in the

Mex _N\[\__D Appendix. RelationA3.4) relates the fuel/air ratio prior and after

@ injection and can be written in the following form, to give directly
the change caused by water injection:
m ’
™™ @ APt rwi @
f f 1-rwf’

@ @ Power Output. The following relation, as derived in the Ap-
pendix, will give the change in gas turbine output power for a
given TIT:

AP  Am, o Pr . s
P m 2P ©)
@ @ P+ stands for the power produced by the turbine. The first term of

the right-hand side represents the change in power caused by the
. . ) ) change of the compressor operating point and the resulting change
Fig.- 1 Schematic of the gas turbine layout studied in inlet airflow. The second term represents the change in power
produced by the turbine, as it swallows extra fluid, namely the
) ) ) . steam produced by the injected water. This steam produces power
* Fuel/air ratio also changes, as more fuel is added, in orderggice the one produced by the same amount of combustion gas,
compensate for the heat absorbed for evaporation of the injec{gfen expanding over the same pressure limits. This happens be-
water, while keeping TIT constant. cause thermal capacity of steam is approximately double the ther-
In the following we will examine how changes in each one din@l capacity of combustion gas. _ . _
these parameters can be evaluated. For a modern_smgle shaft turbine used in .elec.trlcny generation,
At this point it should be commented that the fuel/air rdtims OPeration with fixed compressor geometry implies no change in
a value, which is very small, typically around 0.02. The fact thdflét mass flow rate, as commented above. Therefore, the change
this is a number with such a small value will be used to simplifff! POWer will be a function of only the water/fuel ratig, since
several relations, by suitable approximation in the following. € first term of the right-hand side of E(p) will be equal to
should also be noted that according to current practice of wafe0- When variable geometry exists and is used for engine con-

injection water/fuel ratio assumes values that are of the order of®/, mass flow changes will have to be taken into account accord-
or smaller. Ing to this relation.

Efficiency. The relation for estimating efficiency deviation

bine and compressor capacities through the flow matching ref@" be derived from the equation of definition of gas turbine ef-
tions, given in the Appendix. We can apply H&2.3) to the two ''C1€NCY:

modes of operation, with and without water injection. It is realistic p p

to assume that the bleed air fractibrand loss facto, do not Mh=—— = = . (6)
change with water injection, namely the term<ih)(1—K) re- meqr  fmeQy

mains constant, while the turbine is chock@uwhich meansq, Efficiency change can be derived from this relation, by taking
=constant Writing Eq. (A2.3) once for operation without and logarithms and then differentiating:

once with water injection and dividing the two equations gives

W_é:q_éww/R_"‘ﬁT_‘aE 2) Ttth Pt mg "
e 92 1+§ RevaTaT Substituting for power output deviations form E§) and fuel/

This relation can be used to predict the pressure ratio at any @-ratio deviations from Eq4) we get
erating condition once the pressure ratio at one operating point is
; A ot A(m)_(zﬁ_r)_ fw

Compressor Pressure Ratio. Pressure ratio is related to tur-

known (e.g., at base loadand can be applied to both dry and wet

®

operation. When applied to operating points with water injection it 7tth P 1-rfw’
can be used to estimate the change in pressure ratio, which will S
result from the injection of water. Experimental Validation

A simplification can be considered for operation with constant The validity of the relations presented above and their capabil-
geometry, namely with no variation of stator vane angles. Fgy to estimate the effects of water injection will be assessed by
modern compressors it is usual that the nominal constant spegghiication to test data from an operating industrial gas turbine.
characteristic is approximately vertical to the flow axis, namely The tests are performed on a single-shaft gas turbine, the model
0= constant for given speed. For a gas turbine used in electrici)¢4 3 manufactured by Siemens, as a part of its commissioning at
generation(constant rotational spegdoperation at constant tur- 5 power station. The layout of the turbine is the one presented in
bine inlet temperature rati®,/T,, allows further simplification Fig. 1. The compressor is equipped with variable inlet guide

of the previous relation: vanes. They remain at a fixed position, for base load or loads
, / 7 7 below about 50 percent, while they are activated and moved for
Te _ w \ /& 7_f~(1+frw) &7_‘,‘_ (3) operation between these loads, in order to control exhaust gas

e 1+f Rs va Ra v4 temperature.

tW(Sl'esting is performed along the guidelines of the ISO 2314 stan-
d[11], as to test procedure, measurement accuracy, etc. The
uantities measured are indicated on Fig. 2. From these quantities
it was possible to calculate the mass flow rate into the compressor,
Fuelair Ratio. The change in fuel/air ratio is derived by con-by applying a heat balance over the entire engine. ISO 2314 gives
sidering the heat balance of the combustion chamber for operatibie guidelines for such calculations. They have also been dis-
with and without water injection, for constant temperature at theussed by Mathioudakis et dl12]. Once the air mass flow rate

This relation shows that pressure ratio changes as a result of
effects: change of mass flow though the turbine and change of
properties as a result of increased water content.
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Fig. 2 Measured quantities on the single shaft gas turbine 1 1.02 1.04 1.06 1.08
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Fig. 4 Pressure ratio estimated using dry gas properties ©)

has been calculated, it is possible to calculate turbine inlet temmd properties altered by water injection (®). Base load w
perature. Having thus a full set of data, all information needed f&¥1.2.
applying the previously derived relations is available.

Testing is accomplished for dry operation, at loads covering the
full operating envelope of the engine, and operation with water
injection. Different amounts of injected water were used to
achieve different levels of emissions. For each load setting d ; o
were taken at several operating points, with small variatiori@e value off for each test point. In order to check the valldlty. of
around the set point. The data give thus the possibility to derive &fl: (4) values off have to be compared for dry and wet operation,

the information needed for isolating the deviations of performan@ the same TIT. Since TIT could not be kept strictly constant
parameters caused by water injection. during the tests, data from several operating points were used for

each condition and dependencef oersus TIT is established f
Compressor Pressure RatioComparison of measured pres-is then calculated by interpolating between the data, as shown in
sure ratio to values predicted by E®) is shown in Fig. 3. Mea- Fig. 5.
sured and predicted values are in excellent agreement, for all opComparison of fuel-air ratio deviations estimated from test data
erating points, from either dry or wet operation. Also, thand values predicted by E¢4), using the amount of water flow
operating points shown here come from conditions with eitheate as an input, is shown in Fig. 6. The very good agreement
constant or variable geometry. between measured and predicted values verifies thatdEgives
It is interesting to note here that taking into account the altea- good estimation of water injection effect onto the fuel-air ratio
ation of gas properties because of the changing amount of watéithe gas turbine.
content gives improved accuracy in the estimated pressure ratio, . .
The magnitude of inaccuracy introduced if variable properties are”OWer Output. Changes in power output when water is in-
not taken into account is demonstrated in Fig. 4. It is shown thigCted are evaluated from the measured power values. In order to
when gas properties are considered constant, estimated presEYfduate changes at constant TIT, power is plotted versus TIT and

ratio is more than one percent lower than the actually measurdgiations are calculated in the same way as for fuel air ratio,
escribed above. This dependence for operating points around the

Fuel Air Ratio. Fuel flow rate is directly measured, while air
ss flow rate is calculated from engine heat balance, giving thus

value. R A
base load condition is shown in Fig. 7.
o1 g e ODry O w=0.5 .WE".Q
oWet ‘ )
oD : P o
. . v . .. ;
goof - - - - B 1.1 4
-y ' ' . ‘ !
3 . ‘ : Si.05
084 - - - - - o‘ = i
3 D" ‘ . ; 1 LA
B2 ° ) ; ]
S o 1 i 2
o7 b | A @/e/@
.65 : . ‘ : 0.95 4
0.6 y : . : |
0.6 07 0.8 0.9 1 1.1 0.9 . . . '
(Re/mc nom)Measured -20 -10 0 10 20
TIT‘TITnom
Fig. 3 Measured pressure ratio versus pressure ratio pre-
dicted by Eq. (2) Fig. 5 Fuel/air ratio for different TIT and w values. Base load.
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Fig. 6 Comparison of measured fuel air ratio changes to val- Fig. 8 Change in output power as a function of water
ues predicted by Eq. (4) tio. Points from test data, line form Eq.

load.

Comparison of measured power output variations to the predi
tions, namely the line expressing the dependence,dgq. (5), is

0.2

0.4 0.6 0.8 1 1.2

w

OAP/P ®AP/P-Am/m

1.4

[fuel ra-
(5) with Am/m=0. Base

shown in Fig. 8. For operation at base load conditions the inle 0.1

guide vanes are kept at a constant setting angle. Compressor irA

air mass flow rate remains constant and the line shown in Fig. £ £ 008
represents the second term of the right-hand side of &q. <
It is interesting here to see how the dependence changes wh s

operation at part load is considered. For such operation, whe%_ 0.0@ ey e

water is injected, IGVs are also moved to adjust the turbine exg
temperature. This means that air mass flow rate is also chang&

and power output deviation has to be estimated by using bog
terms of Eq.(5). Comparison of measured and predicted value<

for this load is shown in Fig. 9. The points representing only the 0.02
term 2(P;/P)fw are also shown in the figure, which show no
correlation withw. This demonstrates that the prediction has tc

0

<3 :

take into account not only the water-fuel ratio, but also the
changes in air mass flow resulting from the movement of IGVs.

Efficiency. The variation of efficiency as a function of the

0.2

0.4 0.6 0.8 1
w

1.2

water to air ratio at base load operating conditions, is shown ffg: 9 Operation in the region where IGVs are activated. 75

Fig. 10. It is observed that the points derived from the test data dg/cent load.
in very good correlation with the predictions of E®). 0 . . .
-0.01 A - -
ODry o w=0.5 ow=1.2 . o Test
16 0.02 1 c e e \ _ . . —Prediction _
47 e .0.03 - -
12 -
2" '\\ 3
> oA -0.04 - - - - .\%-
g NG
o 87 -0.05 - -
™~ S
- 61
§ -0.06 0 T PSS S RPN
o 4] AP 0 0.5 1 1.5
& 2 w
01 Fig. 10 Efficiency decrease due to water injection. Points from
. test data and line from Eq. (8).
-4 y T . r ' s
-30 20 10 o 10 20 30
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Discussion
A feature of the equations derived for estimating the deviations

Fig. 7 Dependence of power output on turbine inlet tempera-
ture, for dry and wet operation
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of the different performance parameters is that the deviations at a
given operating condition are functions of only the water to fuel
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ratio. As mentioned in the Introduction, water-to-fuel ratio is they the evaporation of the injected water. The new specific heat can
parameter which determines the amount of reduction in, N®e calculated if the gas is considered to be a mixture of water
emissions as well. It is thus concluded that the same parametevapor and gas produced from dry combustion:

driving both emissions reduction and performance deviations. Al-

though this has been tacitly assumed in the various publications / =(1+f’)Cpg+f’prS (AL1)
reporting the effect of water injection on performance, it is here P9 1+f(1+w) '

that analysis shows that this is the primary parameter determining ) ) . i .
the magnitude of the deviations. An approximate expression can be derived from this relation, if

The analysis presented above could be applied for the injectip@ftain features of practical experience are taken into account.
of steam. The difference is that injected water will absorb heat I@king this into account and the fact tHfaf f'w<1 we can write
evaporate and thus extra fuel is needed to keep TIT constant. ,
Steam on the other hand does not need such extra heat but it can P9 _
even offer some preheating thus reducing the necessary fuel. It is Cpg

effect of steam injection, as presented by various autfiémsit- . . A
meier et al[7] anof Cloyd andearriES]). Tr):is fact is reflected in fuel-air ratio does not change significantly. On the other hand, the
specific heat of steam is roughly double the specific heat of the

th t lysis th h th | f th tier th .
© present anaysis through the vaiue of The parante € combustion gases(example: for T=1100°C, f=0.02, C,,

case of steamn will be much smaller that in the case of water, i ;
since enthalpy difference for changing the steam temperature W:||1186‘CP5.: 2532 JIKgK. The previous relation can thus be fur-
6h_er approximated by the following one:

be much smaller as it does not include the heat of evaporati

This has as a result that the coefficientvoin Eq. (8) becomes c —c AC
positive and therefore the predicted deviations of thermal effi- P9 PO_ T P9 i (A1.3)
ciency will also be positive. Cpg Chg

In the analysis presented above the relations for fuel/air ratio
power output and efficiency have been derived for constant Tlf
This is the usual way performance parameter deviations are evgl
ated(see Cloyd and Harrig8]). The approach presented here can
nevertheless serve as basis in examining other types of operation, 1, [R.T, m, [R,T, [Rs; y,MspspPs [Ta
such as constant EGT, for example. The relation derivedrfas = — =

'Compressor-Turbine Flow Matching. The referred mass
ow at the inlet of the turbine can be related to the referred mass
B at compressor inlet as follows:

of general validity. P, va P2 Y2 Ry vama p3ps VT,

The present analysis can also be useful in practical situations, n R. 7, 1 T
when correction curves are provided by the engine manufacturer, = 04= O \/ = 22— (1—kp) \ =
accounting for the amount of water injected. Such curves may be mz YRy yame T2
used to refer data from performance testing to a certain amount of (A2.1)

water injected. The formulas given above can be used for a check ] ]
of the consistency of curves provided with gas turbine desidhshould be noted that the generalized expression for the referred

data. They could even be used as basis for correction, if need&§SS flow rates is used, in order to take into account working fluid
properties change, caused by water additiblensley[13], Gu

. and Palmef14], Bird and Grabg15], and AGARD[16)).

Conclusions If the fraction of the total air flow bled from the compressor is
A method for estimating the deviation of performance parant-then

eters as a result of injection of water into the exit of the compres- ) o

sor for reduction of NQemissions, has been presented. Analytical my, My Mg

formulas for estimating the deviations of compressor pressure ra- m, mgm, (A+1(1+w))-(1=b). (A2.2)
tio, fuel/air ratio, power output, and efficiency have been pro- ) .
vided. At combustion chamber outlet mass flow has resulted from the air

It has been shown that the main parameter determining tA¥SS flow to which fuel and water have been added. The previous
magnitude of deviation is the water to fuel ratio, which also hagelation can thus be written as follows:
pens to be the quantity determining the amount of reduction of q R T
nitric oxide emissions. The formulas provided highlight the per- =2 1 (1+W)(1=Db)(1—K.) A [Ray2 [1a
formance quantities that determine the dependence of different e q4( ( N A b) Ry ya YTy
parameter deviations, while they provide an insight in understand- (A2.3)
ing the physics of the alterations resulting from the injection of Air-Fuel Ratio. We can evaluate the change in fuel/air ratio

water. : ; .
Data from testing of a single-shaft gas turbine, employed f Y applying the heat balance equation of the combustion chamber

electricity generation, have been used to verify that the propoﬁ(rﬁ d(;yearr;?i%(.at operation:
relations can give a very good tool for estimating performan y op ’

parameter deviations. (1+f )(h94_ hgo)=(ha3_hao)+fo ) (A3.1)
Wet operation:
Acknowledgments P
The author would like to thank Public Power Corporation (1Ff')(hga—hgo)=(haz—hao) +f'Qr—wi’(hgy—hy).
(Greecg for allowing the inclusion of the test data in the present (A3.2)
paper. Eliminating the quantityQ; from the two relations gives
. f!
Appendix —=rwf'+a (A3.3)

f
Specific Heat. The specific heat of the hot gases into the tur-

bine changes, because of the increased steam content, produdeere
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120 7~ Sy enthalpy flow (specific power. For given ambient temperature
and turbine inlet temperature, taking logarithms and differentiat-
100 —— ing, we obtain
—_ = -
S / AP Am, m,C,.T
p.a - pa'2
.§ 80 P~ T, + —p APy, (A4.3)
[
E The second term can be further evaluated as follows:
~ 60
o my; Cpy T my Cpg T
g / APy =|—= P9 2AY AV [+YrA .—4ﬂ—4).
& 40 " m; Cpa T T ¢ T m; Cpa T,
g / (A4.4)
Q
9 a9 The term in brackets expresses the rate of change of specific
power with pressure ratio, if isentropic efficiencies of compressor
and turbine do not change significantly. This term is very small
0 . . . N
and can be neglected for the following reason: gas turbine design
0 20 40 60 80 100 120 140 grs ysually choose the design point of an engine in the “flat”
ﬂc/ﬂc (%) region of the specific power versus pressure ratio curve, as shown
hom

in Fig. 11. The form of the curve shown in this figure is typical
and the design point usually falls in the area indicated. In this
area, the derivative is small and can be taken equal to zero in Eq.
(Ad.4).

The second term of the right-hand side can be evaluated, when
ambient and turbine inlet temperature are constant, by using rela-
tions derived previously.

Fig. 11 Gas turbine specific power versus pressure ratio for
constant TIT. The “flat” region is indicated.

r= hs4_hw .
(Mg g0~ (Mg i) | | A(E)
, My Cpg| _ My Cpg my) AC
(hg47hgo)7(ha37hao) A _C_ :-_C_ : + C
a= . m; pa my pa my [s]s}
(hg4_ th) —(haz—hyo) m_2

I EXpresses th_e ratio Qf t_he injected water specific enthalpy rise tOl'he change of mass flow ratio between combustor inlet and
the enthalpy rise of air in the combustion chamber. For the te tlet is easily evaluated by just taking into account the mass

case presented in the paper, base load operatibas a value of . . O .
about 5.30a assumes a value close to unity, since the change tlarz]alance without and with water injection, using &A2.2), we get

compressor exit temperature resulting from water injection is very my m,\ f'w
small, compared to the temperature rise in the combustion cham- e ml 1t
ber. We therefore have 2 2

, Substituting into the previous equation and using 4.3 we
f_ , r_ f finally get
T*I’Wf +1=f'= m (A34)
My Cpg| My Cpg( F'w My Cpg _,
This equation has a physical interpretation: In order to have a A cm—pa :m_ZC_pa erf w ~2m—zc—paf w.

certain temperature at the exit of the combustion chamber, the oo )
fuel/air ratio has to be increased by an amount such that it pro-Substituting into Eqs(A4.4) and (A4.3), Eq. (5) of the main
vides the heat needed to bring the water to the condition of sted@¥t is derived.
at the turbine inlet temperature. It must be pointed out here that the rafg /P is a design
. L feature of the gas turbine and does not exhibit a significant varia-

Gas Turbine Output Power.The effect of water injection can
be analyzed by studying the gas turbine power balance(Hq.
The basic mechanics can be revealed by using a simplified form

of this equation, given as E¢l) in the main text. It expresses the 3
fact that turbine power output is the difference between the ener
produced by the turbine and the power absorbed by the compr 5 g .
sor. To facilitate further derivations we will put e . o,
* SNy LR ‘0'
1 Ya—1l 2 *
Yc= (m¢7va —1)
Ncis
('
1 =15
_ _ o
Y= 7Itis( 1 791) : (A4.1)
D 1
Equation(1) can thus be written:
0.5
Py
: 0
P=ryC,,T; Cpg T_YT_Yc (A4.2) 20 40 60 80 100 120 140
2 ~pat2 Load (%)

Considering that power output is a product of two terms, inlgtig. 12 Variation of the ratio of turbine power to output power,
enthalpy flowm,C,,T, andP;,, which is power per unit inlet air over a range of operating loads
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tion over a wide range of operating conditions. This fact can be f =

fuel

observed for the gas turbine used in the present tests, from the g = quantity related to the combustion gases

results shown in Fig. 12. It is observed that his ratio does not

s = quantity related to steam

significantly change over a large range of operating conditions, T = turbine
while the change is even smaller when operation around a certain w = quantity related to injected water
load is considered, as, for example, base load.

Nomenclature

b = compressor external air bleed as a fraction of inlet
mass flow
C,.C, = specific heat for constant pressure, volume
EGT = exhaust gas temperature
f = fuel/air ratiof =m; /m,
IGV = inlet guide vane
K, = total pressure loss in burner
m = mass flow rate
P = gas turbine output power
P = power produced by turbine
P, = specific power, Eq(A4.2)
p = pressurgtotal)
g = reduced referred mass flow rade= m\(R17v)/p
Q; = Lower heating value of fuel
r = enthalpy rise of water relative to air, EGA3.3)
R = gas constant
T = temperaturdtotal)
TIT = turbine inlet temperature
w = water/fuel ratiow=m,,/m;
Y, YT = compressor, turbine specific power, £44.1)
vy = isentropic exponeny=C,/C,
mn = gas turbine efficiency, E46)
ncis = compressor isentropic efficiency
ntis = turbine isentropic efficiency
T, = COMPressor pressure rat.=ps/p,
Subscripts
" = value changed because of water injection
2,3,4,5= position along the gas turbine, Fig. 1
a = quantity related to air
C = compressor

Journal of Engineering for Gas Turbines and Power
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s.t.Lee | On the Effect of Swirl Flow of Gas

Assistant Research Professor

=== & Turbine Exhaust Gas in an Inlet

S. B. Kwon

= I Duct of Heat Recovery Steam
e | Generator

Kyungpook National University,
1370, Sankyuk-Dong, Puk-ku,

Daegu 702-701, South Korea Computational and experimental studies are performed to investigate the effect of swirl

flow of gas turbine exhaust gas (GTEG) in an inlet duct of a heat recovery steam gen-
erator (HRSG). A supplemental-fired HRSG is chosen as the model studied because the
C.S. Lee uniformity of the GTEG at the inlet plane of the duct burner is essential in such applica-
tions. Both velocity and oxygen distributions are investigated at the inlet plane of the duct
burner installed in the middle of the HRSG transition duct. Two important parameters, the
swirl angle of GTEG and the momentum ratio of additional air to GTEG, are chosen for
the investigation of mixing between the two streams. It has been found that a flow cor-
rection device (FCD) is essential to provide a uniform gas flow distribution at the inlet
plane of the duct burnefDOI: 10.1115/1.1473156

Junior Researcher,

R&D Center, HANJUNG,

Korea Heavy Industries & Construction Co., Ltd.,
P.0. Box 77,

Changwon, 641-792, South Korea

1 Introduction duct. The momentum ratio of the additional air to the GTEG, and
ezryirl angle of the GTEG are chosen as major parameters in the

One of the important design parameters of the heat recov Esent study.

steam generatdHRSQG is the flow distribution of the gas turbine
exhaust gasGTEGQ) at the duct plane immediately upstream of

the duct burner for supplemental-fired HRSGs. This is because the

possibilities of corrosion and rupture of heat exchange tubes of tBe Design of an Additional Air Duct System

HR_SG_are reduced dramatically as the_uniformity of GTEG en- Basically, an additional air duct system should be designed to
tering into superheater or duct burner increases. Additionally,

. . ; : Fomote mixing between the GTEG and the additional air to pro-
more compact HRSG can be designed if the GTEG is un'fonﬁide the desired oxygen level at the inlet of the duct burner sec-

because the more uniform flow distribution of GTEG, the MOrg The concepts employed in the design of the new additional

precisely the temperature difference between the GTEG and t”%ﬂsduct system are
can be determined.

The flow in the HRSG is mainly governed by the swirl angle of 1. The additional air duct system should be located at the front
the GTEG, the geometry of the HRSG, and the equipment in- of the FCD to provide a more uniform oxygen distribution at
stalled within the HRSG, such as flow correction devige€D) the plane immediately upstream of the duct burner. Mixing
and tube bundles. Each company manufacturing HRSGs has its between the GTEG and the additional air can be increased
own design requirement for the velocity distribution of the GTEG.  when the streams pass through the FCD because of strong
However, the commonly used one, regardless of the design fac- turbulent fluctuations generated by the FCD.
tors, is a velocity distribution of=20% of the average freestream 2. Injection of additional air from opposite sides will help to
velocity over 90% of the duct cross section immediately upstream generate a more uniform side-to-side oxygen distribution.
of duct burner for typical supplemental-fired HRSGs.

The additional ambient air, which contains more oxygen than
the GTEG, may be required to provide additional oxygen in a
supplemental-fired HRSG to produce higher amounts and tem-
peratures of the steam in the HRSG. It is clear that both oxygen
and velocity distributions at the inlet plane of duct burner should
be uniform for a more stable reaction. However, it is difficult to

find a specific design requirement for the oxygen distribution at Fan
the inlet plane of the duct burner. It may be assumed that uniform Data
oxygen distribution can be provided by uniform velocity distribu- measuring
tion of the GTEG if the additional air is mixed with the GTEG plaries
well. However, every company manufacturing HRSGs has its own Section A-A ; Tube 24~
additional air duct system. Therefore, the mixing between the ( banks | T —fa
GTEG and the additional air should be evaluated for each addi-  agditional A S
tional air duct system. air duct [ )| K| Duct

In this paper computational and experimental studies are per- |
formed to investigate both velocity and oxygen distributions at the Gas (
inlet plane of the duct burner for a horizontal type of a )
supplemental-fired HRSG with a newly designed additional air L\

Inlet plane of

Contributed by the Combustion and Fuels Division 6fETAMERICAN SOCIETY
OF MECHANICAL ENGINEERS for publication in the ASME OURNAL OF ENGI-
NEERING FORGAS TURBINES AND POWER. Manuscript received by the CF Division o .
Dec. 15, 2000; final revision received by the ASME Headquarters Jan. 28, 2064g. 1 A schematic diagram of a supplemental-fired heat re-
Associate Editor: P. Malte. covery steam generator

duct burner
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Circle
shaped jet

Heart
shaped jet

Duct Burmer

Swirler

Fig. 4 Computational grid and outline of the heat recovery
steam generator

(¢) Momentum ratio = 5.94

Fig. 2 Investigation of jet shapes with different momentum

ratios 4. The duct system should work well under part load condi-
tions since the swirl angle of the GTEG is a function of gas
turbine load.

3. The injection of the additional air should be equally distrib-
uted along the height of the duct to increase the oxygenFigure 1 represents the newly designed additional air duct
uniformity from top to bottom of the duct. Therefore, a stagsystem, with the concepts described above. In order to obtain
gered type of additional duct system is employed in thi#he most effective side-to-side oxygen distribution, the penetra-
present study. tion depth of additional air into the main stream of the GTEG

Centerline of the HRSG inlet duct
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P
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Fig. 3 Penetration depth of additional air into the main stream of gas turbine
exhaust gas
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Fig. 5 Heat recovery steam generator air test model
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(a) swirl angle of 0°

is investigated using computational fluid dynami{€&~D) simu-
lations. The quadrilateral shape of the additional air duct out-
let, having an aspect ratio of 2, is considered in the present
study. Figure 2 shows the penetration of the additional air into
the main stream of the GTEG for different momentum ratios
((pV?) agditional ail (PVD) gTee) Without considering swirl in the
GTEG. It is well known that the round type of jet becomes “kid-
ney” type as it is deflected and distorted by the cross fiBehetz
[1]). It has been found in the present study, however, that a quad-
rilateral type of jet becomes circular when the momentum ratio is
less than one, but it becomes “heart” type when the momentum
ratio is greater than one.

Figure 3 presents penetration depth of the jet centerline as a
function of momentum ratio. The penetration depths are deter-
mined 4.6 m downstream from air inlet. It can be seen from this
figure that the penetration depth increases with the momentum
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Fig. 7 Velocity magnitude (m) contours at the center plane of the heat recovery
steam generator inlet duct
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Fig. 8 Velocity magnitude (m) contours

ratio. It is clear from this figure that the penetration depth of thgas turbine exhaust diffuser and turning vanes, which can produce
additional air duct into the interior of the HRSG inlet duct shouldwirl flows, have both been included in the test model to simulate
be determined carefully if the plant is to be operated under tiige flow of a prototype as closely as possible. Both the FCD and

wide range of momentum ratio. the duct burner are directly scaled down. Tube banks are replaced
by perforated plates having the same pressure drop coefficients.
3 Computational Study The stack of the HRSG is not included in the test model because

A commercially available CFD code, FLUENT, is used to inthe flow upstream of the superheater is not affected greatly after
vestigate the flow behavior in the HRSG. An RNG& turbu- the last tube bank. Two wind tunnels have been used for the sup-
lence model is chosen to simulate the gas turbulent fluctuationsply of the GTEG and additional air. Ambient air has been used
is very difficult to simulate tube banks because the complex gisstead of GTEG.
ometry requires huge computational memory. Therefore, a porousA five-hole pitot probe and a PSI 8400 pressure system with
model (FLUENT Inc. [2]), which can predict the pressure drop32-channel pressure scanner are used to measure the velocity dis-
with a small number of grid cells, is employed to simulate thgibutions at the inlet plane of duct burner. A smoke tracer is used
tube banks. Two different types of gas are used to investigate §aestudy mixing between the GTEG and fresh air supplied through
mixing between GTEG and the additional air supplied througihe additional air duct. The smoke generator is used to produce
the addl_tlonal air duct. Figure 4 shows the computatlon_al grid arﬁ%rticles having a particle size range of 0.7—i@ and a mean
the outline of the HRSG. The number of grid cells is arounGiameter of 0.9um. The source material of the smoke is glycerin

860,000. which has a density of 1252 kgfmlit is well known that small
. water droplets having particle size less thapr can be used to
4 Experimental Study determine gas velocityCrowe[3] and Rudoff et al[4]). This is

A 1/20th scale air test modésee Fig. 5 has been constructed because particles having very small Stokes’ number follow gas
to investigate flow behavior in the inlet duct of the HRSG. Thetreamline well. The particle concentration is determined by num-
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Fig. 9 A typical flow correction device
ber density. The number of particles is measured by using Computational Experimental
an Aerosizer LD(Amherst Process Instruments, Range of 0.2 to obdl *-s SO 'l' M
700 ). z N e
. o =N @/ AN .
5 Discussion of Test Results Swirl ¢ gq\ \\\; /‘ AT
The swirl angle of the GTEG is chosen as a major parameter to 21&'€ °f < ) °j) g
0,29

be studied for the investigation of both flow and mixing between

the GTEG and the additional air within the inlet duct of the

HRSG. This is because the gas turbine will be operated under

wide conditions with different swirl angles of the GTEG, as

shown in Fig. 6. The velocity of 20 m/sec, corresponding to the

Reynolds number of 4:210°, is used as the inlet axial velocity of

the main stream. This Reynolds number is much lower than that

of the prototype. However, it is assumed that the physical model

will produce gas flow profiles which represent those found in the

prototype, as long as a Reynolds number greater than 10,000 isSwirl

used. In this case, the model and actual HRSG are both operatingangle of

in the fully turbulent gas flow regime. 20°
GTEG swirl angles of-25, 0, and 20 deg corresponding to gas

turbine loads of 70, 90, and 100%, respectivelge Fig. 6, are

chosen to investigate flow and mixing. Figure 7 represents veloc-

ity magnitude at the center plane of the inlet duct of the HRSG. It

can be seen from this figure that the velocity magnitude at the

center of the duct decreases as the swirl angle increases becaus

of the centrifugal force. Figure 8 also gives the velocity magni-

tude at cross sections just upstream from the additional air duct

and at the inlet plane of the duct burner, as indicated in Fig. 1. It Swirl

can be seen from this figure that the swirl angle affects velocity angle of

distribution significantly, if the FCD is not installed. -25°
Basically, the role of the FCD is to provide a uniform flow

before the GTEG enters into the duct burner in a supplemental-

fired HRSG. A conventional type of FCD composed of many

pipes, shown in Fig. 9, is employed in the present study. The most

uniform flow distribution at the inlet plane of duct burner can be

obtained by adjustment of distances between two adjacent @ipes, a '

(see Fig. 9. In general, better flow distribution can be obtained byig. 10 Normalized oxygen concentration at the inlet plane of

more dense distribution of pipes at the bottom region of thae duct burner
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Fig. 11 Computationally predicted normalized oxygen concentration at the inlet plane of the duct burner

HRSG than at the top. However, the maximum number of pipesagainst the mean value. Figure 10 gives normalized oxygen con-

restricted because the pressure drop through the FCD shouldckatration, supplied through only the additional air duct, simulated

less than the value given in the design requirement. It can be s@gnthe computational work and measured in the experimental

from Fig. 8 that uniformity of the GTEG at the inlet plane of theyork. The three cases shown represent the practical operating

duct burner is enhanced significantly and the effect of swirl anglnditions of a plant. It can be seen from this figure that the

of the GTEG almost removed when the FCD is employed.  computational simulations show good agreement with experimen-
The oxygen distribution at the inlet plane of the duct burner i gata.

one of the most important design parameters because stable r€8G1a effect of momentum ratio on the mixing is investigated
tion at the duct burner can be provided by the uniform oxygep

. . . ; . Pth computationally and experimentally. Computationally simu-
concentration. Normally, ambient air having much higher conte ed oxvaen distributions are diven in Fia. 11. Experimental re-
of oxygen than the GTEG is used as additional air. Therefore, t Y9 stributions 9 9. 11 EXp

additional air and GTEG should be mixed very well before aps_ults are not given because those are almost the same as the com-
proaching the duct burner to produce uniform flame |engt|putati0nal simulations. Two important features can be found in

thereby avoiding tube failures caused by local overheating. Fig. 11. The _first one is that the mixing eff_eqt is improved under
In order to investigate the mixing between the GTEG and tHee same swirl angle as the momentum ratio increases. The second
additional air at the inlet plane of duct burner, the experiment@ne is that the two additional air streams injected from the same
data are gathered at 49 points, 7 points in the horizontal directisisles of the HRSG inlet duct are unified quicker as the momentum
and 7 points in the vertical direction. The oxygen distributiomatio increases. However, the mixing quality is not significantly
determined by aerosol particle number density is normalizetéteriorated by the unification of the two streams injected at the
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same sides. Figure 12 gives path lines predicted by the computa-
tional method and shows the unification of the two streams in-
jected from same sides of HRSG inlet duct.

6 Conclusions

The velocity distribution and mixing between the GTEG and
the additional air at the inlet plane of duct burner are studied to
evaluate the performance of a newly designed additional air duct
for a supplemental-fired HRSG. Two parameters, the GTEG swirl
angle and momentum rati@dditional air to GTEG are studied.
From the present study, the following conclusions can be drawn:

1. The uniformity of the velocity at the inlet plane of duct
burner is not affected by the intensity of swirl of the GTEG,
if the FCD is installed in the middle of transition duct of
HRSG. However, this is not true when the FCD is not in-
stalled.

2. The mixing between the GTEG and the additional air is
improved under the same swirl angle as the momentum ratio
increases.

3. The two additional air streams injected from the same sides
of the HRSG inlet duct are unified quicker as the momentum
ratio increases. However, the mixing quality is not signifi-
cantly deteriorated by the unification of the two streams in-
jected on the same sides.

It should be mentioned that the conclusions obtained in the
present study may be valid only when the FCD and additional air
duct system discussed here are employed.
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Analysis Strategies for Tubular
Solid Oxide Fuel Cell Based
Hybrid Systems

The emergence of fuel cell systems and hybrid fuel cell systems requires the evolution of
analysis strategies for evaluating thermodynamic performance and directing design and
development. A description and application of the recently developed tool for analyzing
tubular SOFC based systems is presented. The capabilities of this tool include an ana-

A. D. Rao
G. S. Samuelsen

National Fuel Cell Research Center, lytical model for the tubular SOFC derived from first principles and the secondary equip-
University of California, ment required to analyze hybrid power plants. Examples of such secondary equipment are
Irvine, CA 92697 gas turbine, reformer, partial oxidation reactor, shift reactor, humidifier, steam turbines,

compressor, gas expander, heat exchanger, and pump. A “controller” is included which is
essential for modeling systems to automatically iterate in order to meet the desired pro-
cess or system design criteria. Another important capability that is included is to be able
to arrange the various components or modules as defined by the user in order to configure
different hybrid systems. Analysis of the hybrid cycle as originally proposed by Westing-
house (SureCelt) indicates that the thermal efficiency of the cycle is quite insensitive to
the pressure ratio, increasing from 65.5 percent to 66.6 percent on a lower calorific value
of the fuel as the pressure ratio decreases from 15 to [©®I: 10.1115/1.1413462

Introduction 1 heating of the reactants to the reaction temperature and cool-

. . . . . jing of the pr from the r ion temperatur
Due to the projected increases in fossil fuel usage world W|de,g2 othte irﬂrggl;céian%e :)fethg?gta%tic:ﬁ perature

the greenhouse gas emissions of A0 the atmosphere are ex- 3 jreyersibilities in the cell due to cell polarizations.
pected to increase by about 60 percent by 2015 over the 1990
level. The CQ generated from a given fuel per unit of power A schematic representation of a tubular SOFC stack is depicted

produced is inversely proportional to the thermal efficiency of & Fig. 1 while Fig. 2 shows the cross section of a tube. The
power plant, assuming complete utilization of the fuel. In additiopXidant is preheated in the central injector tube and then enters the

to CO,, pollutants such as oxides of sulfur, oxides of nitroger,iannular section between the cathode layer and the injector tube

and unburned hvdrocarbons are introduced into the atmos hv\/hile the fuel flows over the outer anode layer. Note that in the
e . PN&lfFrent design, the support tube depicted in Fig. 2 has been elimi-
when combustion is used to harness the chemically bound ene

; H&fed by Seimens-Westinghouse.
of the fuel. The amount of pollutants emitted to the atmosphereThe electrochemical reactions occurring within the cell for H
which depend on the degree of pollution abatement measures 48-the fuel are
corporated, typically increase the plant operating and capital costsgt the cathode: 1/20-26 =0~
Thus, a need exists to develop energy efficient means of powenyt the anode: b O~=H,0+2e
generation while minimizing the environmental impact; fuel cells with the overall cell reaction: 1/2G-H,=H,0.
hold this promise.

Furthermore, distributed power generation which is gaining
much attention from industry could be a niche market for fuels
cells if configurations can be identified that are simple so that
the plant capital cost and the process controllability are n e AR
compromised. | ) SV

A fuel cell, as an electrochemical device is similar to a battel ' / 74
that converts chemically bound energy directly into electricity bt fIIBA\
unlike conventional batteries, the chemical energy to the cell S e
supplied on a continuous basis in the form of a fuel such as nacasustoniar g IREACTED FLEL
ral gas or synthesis gas while the oxiddair) is also supplied P& '/_/v /
continuously. Higher conversion efficiencies are achievable with = )
fuel cell when compared to heat engines since the fuel cell is r =
constrained by the Carnot cycle efficiency. In a fuel cell, whet
the chemical energy is directly converted into electricity, the ir NDIVIDUAL SOLID OXI3E.
termediate step of conversion into heat as in a heat engine FUEL CELL
eliminated. In a fuel cell, there are some heat effects that do lin )
the conversion of the fuel bound energy to electricity. These he 74

effects are due to / -

—D_a EXHAUST
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SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF FUELT Ui e
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna-
tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, M..,
8-11, 2000; Paper 00-GT-553. Manuscript received by IGTI, Nov. 1999; final revi-
sion received by ASME Headquarters, Feb. 2000. Associate Editor: D. Wisler. ~ Fig. 1 Schematic representation of tubular SOFC stack 21y
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interconnection  Solid Oxide Fuel Cell (SOFC) Hybrid Systems

Anode A fuel-cell-based hybrid cycle consists of combining a fuel cell
with a heat engine to maximize the overall system efficiency. One

/ Electrolyte example of such a Hybrid cycle is the SureCell™ system as pro-
. Cathode posed by Westinghouse and depicted in Fig[23).
) The cycle utilizes an intercooled compressor while the dis-
charge air after preheating against the turbine exhaust is provided
to the SOFC as its oxidant. Fuel is also preheated in the turbine
exhaust, desulfurized, and then supplied to the SOFC as well as
the gas turbine combustsy. The exhaust from the SOFC is sup-
plied to the high-pressure combustor of the gas turbine where
additional fuel may be added and combusted by the SOFC ex-
injection Tube  haust. The exhaust from the combustor enters the high-pressure

expander where it is expanded to a pressure that is higher than

atmospheric and then supplied to a second combustor where ad-

ditional fuel is fired. The hot exhaust form the secdlmiv pres-
Fig. 2 Cross section of an individual cell  ([1]) sure combustor is then expanded in the low-pressure expander to
near atmospheric pressure and then supplied to the heat recovery
unit. The power developed by the high pressure and the low-
pressure expanders drives the compressors and the electric gen-
ator, respectively.

/" Support Tube

CO and hydrocarbons such as £¢hn also be used as fuels in
a SOFC. At the high temperatures within the cell, it is feasible i
the following reactions to occur:

. _ Existing Analysis Tools
1 the water gas shift reaction: G&H,0=H,+CO, - based models sis of h
2 and the steam reforming reaction: EHH,0=3H,+CO (in Existing computer-based models for analysis of systems such as

the case of natural gas and in the presence of a suitable cataly2FWer cycles may be divided into two typeh those developed
or simulating chemical process plar(esg., commercially avail-

The H, thus produced is easily oxidized at the anode. The direable Hysis, Aspen, Pro)lland(2) those developed for simulating
oxidation of CO in fuel cells is well established while the direcbower plants (e.g., commercially available ThermoFlex and
oxidation of CH, has been investigated to a limited exté[t]). GATE/Cycle. Models in the first category have the capability for
The direct oxidation of CO and CHoccurs only at very low predicting the thermodynamic properties of nonideal systems but
steam to carbon ratios. Potential for carbon formation, howevelg not include detailed models for power cycle equipment such as
exists at the low steam to carbon ratios. Any sulfur compoundsss turbines and fuel cells. The models in the second category
present in the fuel have to be removed prior to use in the cell tchave the capability of modeling gas and steam turbines in detail
concentration 0k<0.1 ppmV to avoid poisoning of theconven- but not fuel cells nor the capability of predicting the properties of
tional) reformer catalyst. nonideal gases except for pure steam. Thus these models, for ex-

Air
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Fuel System Power

Fuel N Turbine!
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Fig. 3 SureCell™ system as proposed by Westinghouse 2)

504 / Vol. 124, JULY 2002 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.124. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



ample, cannot predict the Joule-Thompson cooling of natural gasTubular SOFC Model. An integral model for the heat and
when its pressure is reduced from typical pipeline presgbife mass transfer and the electrochemical processes occurring in the
ban to the pressure required by a heavy frame gas turbine whichrious sections of the cell is developed although the model equa-
typically operates at a pressure ratio in the neighborhood of Ifons may be applied for zonal analysis of the SOFC when heat
Furthermore, with greenhouse gas emissions becoming a méitx by conduction in the axial direction may be considered con-
global concern, the proposed recovery and compression of #tant and interzonal radiation may be neglected. The integral
carbon dioxide to supercritical pressure is becoming a typicalodel minimizes the computational time required to solve the
specification for disposal in many advanced cycle investigatiorSOFC module and thus the total time required by the computer to
requiring the capability of predicting the nonideal behavior ofolve the entire hybrid plant. Note that a hybrid plant typically
carbon dioxide. includes a number of other equipment modules and furthermore, a
Models in the second category do not include modules feiumber of iterations have to typically occur not only within a
simulating reactors such as a shift reactor in cases wherg C@odule but also between the modules in order to arrive at a con-
removal and capture or production of Fbor a PAFC or PEMFC is verged solution with all the user defined system design parameters
required. Simplified models are included for countercurrent muatisfied.
tistage humidification which is being incorporated into advanced The differential equations governing the various processes for a
Brayton type of power cycles consisting of evaporating water intingle cell are formulated and simplifying assumptions are made
the working fluid, and for partial oxidation reactor which is utiin order to solve these equations analytically. The resulting solu-
lized to convert a fuel such as coal or heavy fuel oil into synthesiigns to these equations are coded into the module. The net AC
gas suitable as fuel to a fuel cell. power output from the stack is estimated by applying an empirical
Models for simulating fuel cell based plants have been devehctor to the product of the DC power generated by a single cell
oped by Ferguson3], Haynes[4], and Bessett¢5] but these and the total number of cells calculated.
models are limited either to systems consisting of ideal gases and ) )
pure steam or the models required for simulating many of the unitHeat Generation. The maximum power that may be devel-
operations and processes that could make up a hybrid plant are@igd by the cell is given by the Gibbs free energy change for the
included such as a detailed gas turbine, a countercurrent mu@kidation reaction of the fuel. However, the irreversibilities within
stage humidifier, a shift reactor, and a partial oxidation reactor.the cell limit the conversion to useful work. The irreversibilities
In summary, the requirements for the analysis tools for tHeonsist of concentration polarizations caused by a build up of

evaluation of SOFC fuel cell systems and SOFC hybrid systerf@actants or products at the electrodes, activation polarizations
performance are that are caused by the sluggishness of the electrochemical re-

action speeds and ohmic losses. The voltage drops due to each of
* an SOFC model that accounts for the heat and mass transf@ise irreversibilities are taken into account. In addition to the
processes occurring within the cell as well as the electrochemist¥at generated by these irreversibilities, the cell generates heat on

such that the calculated performance reflects the particular systgiiet basis due to the entropy change of the overalbxidation
design conditions such as fuel composition, operating pressuigsction.

fuel utilization and geometric parameters such as tube dimensions. ) ) ) )

« a gas turbine model that accounts for the changes in the cycleSolution Strategy. The solution strategy consists of starting
design conditions such as the operating pressure, turbine ﬁrﬁlig calculations at one end of the cell where the oxidant leaves the
temperature, the fuel and oxidant temperature and compositidtiector tube and enters the annular space between the cathode and
The gas turbine model must adjust the required turbine coolifige injector tube. For a given set of temperatures for the oxidant
flows or the firing temperature to correspond to changes in tA&d the fuel at this cross sectidmoundary conditioj a tempera-
temperature or composition of the working fluid or coolanture drop for the air inside the preheat tube and the ratio of actual
based on the effective technology parameters that may be esttrent flow to the limiting current flow are assumed. The heat
mated from the gas turbine manufacturer’s published data, in @nd mass transfer equations are solved from section to section in
der to stay within the constraints of the maximum blade metthe radial direction. Each of the heat generation terms due to the

temperature. irreversibilities and the entropy change is utilized. The net DC
« a humidifier model that accounts for the simultaneous heakectric power generated is calculated by subtracting the total heat
and mass transfer rate-controlled processes. generated due to the irreversibilites and those due to entropy

» an equation of state capable of estimating the enthalpy agblange, from the overall enthalpy change for the oxidation reac-
entropy corrections for nonideality of the gas streams is requiréidn of the fuel with molecular oxygen. Next, an energy balance is
in order to handle highly nonideal streams such as natural gasrade and the assumed temperature drop of the air inside the pre-
pipeline pressures, and supercritical LOA\ separate property heat tube is adjusted accordingly. Thus a solution is arrived at
package for steam and water is requir@mnsistent with the iteratively and the resulting voltage is calculated from the power
ASME steam tablgsincluding correction for the enthalpy of wa- produced and the current flow. Iterations are continued if the volt-
ter due to pressure above its saturation pressure. age calculated does not match the desired voltage by adjusting the

Th d exists f vsis tool luating tub Iratio of actual current flow to the limiting current flow and repeat-
us a need exists for an analysis tool for evaluating tubu g the entire iterative process defined above.

SOFC hybrid systems; the following describes the tool that was
recently developed for such applications. Compressor and Turbine Models. The outlet conditions
from a compressor and expand@rcluding a steam turbineare
calculated assuming an isentropic path and then applying the ap-
propriate efficiency to determine the actual outlet conditions for a
Analytical and Computational Strategy given inlet set of conditions. The efficiency is either user defined
or is calculated by the computer program using empirical relation-
ships([8]) in the case of a compressor, while empirical correla-
ions developed by Spencer et [@] for each of the sectionigh
ressure, intermediate pressure, and condensiay be utilized
6t the steam turbine, depending on its size.

Thermodynamic Property Basis. The Peng-Robinson equa-
tion of state([6]) which is a modification of the van der Waal's
equation is utilized to predict the deviations from nonideality
the specific volume, enthalpy and entropy of gases. Empirical ¢
relations developed by Schnackél are used for predicting the
specific volume, enthalpy and entropy of pure steam. The proper-Gas Turbine Model. Two types of gas turbine models are
ties of saturated water are predicted by empirical equations fittddveloped, one that may be configured by the user to include
to the ASME published data. multiple compression stages with intercooling between the stages
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and multiple expansion stages with rehéaith combustorsbe- equations consisting of the elemental balances, energy balance,
tween the stages, and the second consisting of a simple @rcleand the reaction quotients, which represent the approach to equi-
conventional Brayton cycjewith no intercooling of the compres- librium at the outlet conditions of the reactor.
sor or reheat during expansion. The thermodynamically independent reactions are
The user defined gas turbine model is configured by utilizing a for shift reactor:
gas turbine compressor, combustor and gas turbine expander mod-
ules. The efficiency of the compressor and expander and the air CO+H0=H,+CO;
required for cooling the blades of the turbine as well as its purge
air requirements are determined by first calibrating a simple cyclefor reformer and partial oxidation reactors:
engine based on data published by the gas turbine manufacturer,

and then applying adjustments to the values determined for the CO+H,O=H,+CO,
“base line engine.” The program estimates the necessary param-
eters for the base line engine and the adjusted values for use with CH,+H,0=3H,+CO

the two gas turbine models when the manufacturer’s overall gas
turbine performance data is inputted.

The compressor and expander efficiencies are adjusted for flow COS+H0=H,S+CO0;.
through the compressor or expander. The turbine coolant require-
ment is adjusted in order to maintain the same metal temperaturéalance of Plant Equipment Models. The balance of plant
for the first stage blades of the turbine by utilizing the sempquipment such as a valve, stream mixer, stream splitter, or di-
empirical methodology proposed by El-Masri and Pourki§] vider and separatdpf a single component from a stream or liquid

which consists of modeling a combined convective/film cooleyater from gas/vapor phasare modeled for an isenthalpic path.

blade as a flat plate and developing nondimensional parametéf types of heat exchangers are available, one in which the

relating the physical properties of the working fluid and the Coogutlet temperature may be specified to calculate the heat transfer

ant. The turbine purge requirement is adjusted by maintaining tﬁ%te' and the other where the heat transfer rate is speC|f_|ed to
. . . . calculate the outlet temperature. For a pump, the power required is
same velocity as that in the base line engine.

Th d model L f the simol | bi determined assuming the fluid is incompressible. A pipe module is
e second model, consisting of the simple cycle gas turbingq,, jnciyded to serve the important function of accounting for

assumes that the gas turbine has the same geometry as the,8aSsure and heat losses between the equipment in order to calcu-
turbine used for calibrating the engine. The model makes adjugite the cycle performance more accurately.

ments to the compressor and expander efficiencies as well as the

firing temperature and pressure ratio of the gas turbine for varia-Integrated Architecture. ~The system model or cycle is con-
tions of flow rates and composition. The pressure ratio adjustmdj§red by identifying the desired equipment models and assigning
is based on the assumption that the Mach number for the flow/ffmbers for the streams entering or leaving each of the equip-
the first stage nozzle of the turbine is at unif¢1]). The firing ment. The plant may be configured with multiple units of the same

temperature is adjusted in order to maintain the same metal te?ﬁoe of equipment. Each of the streams entering the plant such as

erature of the first stage blades as that for the base-line en iel, water, and air is defined by its composition, flow rate, tem-
P . ‘ag gb’?—ﬁature, and pressure while the model predicts all the intermedi-
since the turbine cooling flows are not controlled.

ate streams within the system and the streams leaving the system.
Humidifier. The humidification column is divided into differ- A Special module, “controller” is included to define the special
ential duffusional unitsk,adV/IL [12] where k, is the mass d€sign parameters within the system. For example, in order to set
transfer coefficient on a mass basisis the interfacial area for (€ Stéam-to-carbon ratio in the stream entering the reformer at a
mass transfer per unit volumdy is a volume element for mass predetermined value in order to avoid carbon deposition on the

and heat transfer of differential thickness in the axial direction &ataly;t, the cc.)nt.roller. IS |nq|ugjed in the system definition to
. . . ~._ . check if this ratio is being satisfied, as well as to make necessary
the column per unit cross-sectional area, and the superficial

liquid locit f ¢ it tional ar changes in order to satisfy the design criteria. The controlled vari-
iquid mass velocitymass flow rate per unit cross-sectional €aable (dependent variableand the controlling variabléindepen-

>3 ; 1aNg€qlnt variable which has to be changed by the controller in order
temperature of the liquid flowing down the column by gravity ang, meet a desired design criterion are identified. The type of vari-

the change in temperature of the gas flowing up the colunypie temperature, pressure, flow rate, steam-to-carbon ratio, etc.
counter-currently to the liquid are determined. A term was intrgyng the stream or equipment containing these variables are also
duced to account for the heat transfer due to the sensible heaidehtified for the controller. The controller then forces the pro-
the water vapor diffusing into the gas phase which was not igram to iterate while adjusting the controlling variable till the
cluded by previous authors. The Lewis analogy is invoked in deesired result is achieved. The controller may be used multiple
riving these equations and it is assumed that the gas and watetes for defining different system design parameters.

flow through the humidifier column under plug-flow conditions. In summary, the steps involved in developing the overall sys-

. tem performance are
Reactor Models. Models for the following reactors are

included: 1 a system model or cycle is configured by identifying desired
equipment(graphical interface is currently not availaple
1. shift, 2 assigning numbers for streams entering or leaving each
2. reformer, and equipment.
3. partial oxidation. 3 defining streams entering a system such as fuel, water, and

. air by specifying composition, flow rate, temperature, and pres-
The reactor modules calculate the effluent composition aRge’

conditions for a given set of design parameters such as the feed the “controller” is included to define cycle design

composition and conditions of pressure and temperature, pressgifameters/targets within the system.

drop through the reactor, and the outlet temperature in the case 05 the model predicts intermediate streams within the system,

an adiabatic reactor, and the required heat transfer rate in the cstéeams leaving the system, power consumptairpumps, com-

of a nonadiabatic reactor for a desired outlet temperature. pressory power generation(of SOFC, gas turbine, turbo-
These calculations are made by solving a set of simultaneaeipander, heat transferred in each of the heat exchangers.
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The model also predicts the size of the SORGmber of tubes 220
for a specified tube diameter and lengdnd dimensions of the
humidifier column(diameter and packed heightn this manner, /*‘_\
systems may be identified that utilize these equipment havii 200 —
practical or realistic sizes. A

180

Results and Discussions

A comparison of performance predictions made by the SO
model (shown as discrete pointsvith curves published by West- &,
inghouse([13]) is presented graphically in Fig. 4. The botton’g
curve corresponds to an operating pressure of 1 atm while the 'nc_:
curve corresponds to an operating pressure of 10 atm. The t ¥
length is 150 cm with 2.2 cm outside diameter. The fuel consis /
of a mixture of 89 mole percent hydrogen and 11 mole perce
water vapor. Fuel utilization is held constant at 85 percent. The i 120
used in the SOFC is six times the stoichiometric requirement.

As can be seen, the predictions made by the model are in agr
ment with the Westinghouse values. The curves are characteri: 100
of fuel cells, where the power initially increases as the current al 130 180 230 280 330 380 40 480 S30
increases(since the oxidant and fuel flow to the tube are in Current (mA/em2)
creasell reaches a maximum value and then decreases. The
power decreases because the losses which increase with the curFig. 5 Performance of SOFC with CO versus H , as fuel
rent density become large enough to more than offset the gain
made by the increase in the fuel and oxidant throughput.

A comparison of the single zone model predictions for the typtyrrent and power are essentially the same for the two cases while
cal 85 percent fuel utilization with those obtained by applying th@ye cell length is within 0.5 percent showing that a single-zone
model with the cell subdivided into two zones in the axial direC('integra) model suffices.
tion, each with the same degree of fuel utilizati@ach at 42.5 Figure 5 compares the performance of the SOFC with CO ver-
percent utilizationis presented in Table 1 for a single tube. Theys H, as the fuel at 1 atm operating pressure with a mixture of 89
mole percent CO and 11 mole percent O@rsus the mixture of
89 mole percent KHand 11 mole percent 4. By choosing a
mixture of CO and CQthe direct oxidation of CO may be com-
pared with that of H (ignoring the carbon formation potential for
the CO fuel for this comparisonThe current density and power
e~ produced by the cell are lower with CO becabethe Gibbs free
Ll o energy for the oxidation of CO is lower than that fop Ht the
10 atrp operating temperature of the cell af® the diffusivity of CO is
lower than that of H which increases the anode concentration
200 ", 1 atm polarization.

/ Figure 6 shows the effect of pre-reformirigutside the cell

atts)
A

S

300

250 =

versus reforming the CHfuel within the cell, i.e., assuming the
anode section of the cell contains a reforming catalyst. When fuel
reforming occurs within the cell, the heat released within the cell
due to the various irreversibilities discussed earlier is absorbed
directly by the endothermic reforming reactions while in the ex-

Power (Watts)
z

100 ternal reforming case, the heat rejected by the cell in the exhaust
/ gas is utilized for the reforming reaction.
50 300
2%0
0 280 . ; // \;\
0 100 200 300 400 500  600. 700 270 = erna /
efgrm 1?
Current (Amps) é 260 /
> 5
Fig. 4 Comparison between predicted performance and West- E 2s0 4
. ¥,
inghouse values z 240 /Pre_refommg
~ 2390
Table 1 Comparison of single and two-zone model predictions /
220
Single-Zone
Model Two-Zone Model 1o
current density, 310.0 311.2 200
mA/cmZ 200 300 400 . 500 60; 700
power, Watts 243 242.8 Current Density (mA/cm?©)
cell length, cm 185.1 186.0
Fig. 6 Effect of reforming the fuel within the cell
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Fig. 7 Effect of pressure ratio on the performance of the SureCell™ hybrid
cycle

The extent of reforming within the external reformer is limitecperature of the oxidant stream entering this combustor increases
by the concentration of water vapor contained in the fuel while ias the expansion ratio of the high-pressure turbine decreases.
the case of internal reforming, the® formed by the oxidation of Also, the contribution to exergy loss by the intercooler is reduced
the H, becomes available for continuing the reforming reactioas the cycle pressure ratio is decreased since less heat is rejected
within the internal reformer. Thus, the amount of Cttilization in the intercooler as the compression ratio of the low-pressure
is limited by the concentration of water vapor present in the fuebmpressor is reduced.
gas in the case of the external reformer. The cell performance isSelection of the optimum cycle pressure ratio requires perform-
thus poorer for the external reformer case when limited amountioy an economic tradeoff between the calculated thermal effi-
H,0 is added to the fuel. ciency of the cycle and installed cost of the equipment whose

Thus, internal reforming has the potential to minimize watespecifications may be established by this systems analysis tool.
consumption(or amount of recycle of the depleted fuel whichNote that as the pressure ratio is increased, the equipment be-
may be used for water vapor addition to the juak long as comes more compact.
suitable reforming catalysts are developed that avoid carbon for-

mation at low water vapor to carbon ratios. .
Summary and Conclusions

. The analysis capabilities required to perform tubular SOFC
Application of Methodology based hybrid cycles include an analytical model for the tubular
An application of the system model to analyze the pressuBOFC as well as the secondary equipment required to analyze a
dependence of the hybrid cycle configuration depicted in Fig. 3leybrid power plant such as a gas turbine, reformer or partial oxi-
presented graphically in Fig. 7. dation reactor, shift reactor, humidifier, steam turbines, compres-
The entire air leaving the high pressure compressor was ps®st, gas expander, heat exchangers, and pump. In addition to these
vided to the SOFC after preheating in the recuperator with @guipment models, modules for functions such as separating a
effectiveness of 90 percent. The individual cell voltage was maigemponent from a stream, splitting a stream or combining streams
tained at 0.62 V. A portion of the depleted fuel was combined witand “controller” to automatically iterate in order to meet the de-
the desulfurized natural gas in order to provide the water vapsired design criteria are included. Another important capability
required by the reformer within the SOFC. The high pressuthat is included is to be able to arrange the various components or
turbine inlet temperature was maintained at 861°C, while the inletodules as defined by the user in order to configure different
temperature of the low pressure turbine was maintained at 863i¢brid systems. With the help of this tool, it is possible to config-
([2]) by adjusting the fuel flow. The isentropic efficiencies of thaire various hybrid cycle configurations in order to identify the
compressors and the expanders were held at 85 percent and®rfe promising ones for further research and development.
percent, respectively. Thus, the model may be used by cycle analysts from industry
The thermal efficiency of the cycle was found to be quite infe.g., equipment manufacturers, Engineering and Consulting
sensitive to the pressure rafi@tio of SOFC inlet air pressure to firms, electric utility companiggor verifying performance of pro-
low-pressure compressor inlet air pressuiacreasing slightly posed cycles, as well as for developing new cycles. Current work
with a decrease in pressure ratio in the range investigated; frasndirected towards this activity of developing and identifying new
65.5 percent to 66.6 percent on a lower calorific value of the fulbular SOFC based hybrid cycles utilizing this tool. The ultimate
as the pressure ratio was decreased from 15 to 6.5. As the cygtals for the capabilities of this tool are to have a user graphical
pressure ratio is reduced, the exhaust temperature from the lmterface for configuring the cycle and to have plant cost estimat-
pressure turbine increases which in turn increases the temperatngecapability.
of the preheated air supplied to the SOFC. This increase in tem-Analysis of the hybrid cycle as originally proposed by Westing-
perature more than offsets the decrease in efficiency of the SOR@use (SureCell™ indicates that the thermal efficiency of the
operating at a lower pressure in the range of pressure ratios invegele is quite insensitive to the pressure ratio, increasing from
tigated. Furthermore, the irreversibilities in the low-pressure cors.5 percent to 66.6 percent on a lower calorific value of the fuel
bustor are reduced at the lower pressure ratio because the tesithe pressure ratio decreases from 15 to 6.5.
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Introduction indicate zero speed but actually involves arbitrary midrange

ds. This appears to result from difficulties in obtaining
rpm component characteristics, especially those of the
pressor.
n this study, a methodology for the simulation of full startup
ocedure of heavy duty gas turbines for power generation is pro-
g . ) . . Posed. Basic governing equations describing general transient op-
unstable. In addition, startup involves a fairly complicated serigsations and relevant component models are taken from the pre-
of rigid steps such as cra_nking, purging, and igniti(_)n.Acc_ordingl;mOUS works of the authors of this pap€i3]), proved to be
a good grasp of the details of gas turbine startup is very importafifective and applicable for the dynamic analysis of gas turbines.
to ensure safe operations until the base load point. , Speed-dependent characteristics of the compressor and startup se-
During startup, there is a high possibility for gas turbines tg,ences are modeled. Unsteady one-dimensional conservation
encounter critical situations such as compressor surge and st&llyations are used and the sequences that dominantly affect star-
and hot start. In particular, instability due to compressor surge afh characteristics are included in the startup scheduling. The star-
stall at low shaft speeds often causes abnormal shutdtVm tp characteristics of a typical heavy-duty 150MW class gas tur-
during startup. This situation can usually be avoided by modulajine are simulated. The results are then compared with field data.
ing the angles of the inlet guide vane and/or by extracting Som aqdition, an analysis is carried out to investigate the effect of
air from the midstages of the compressor. Meanwhile, if the startg[Gy modulation on the startup characteristics. Even though the
is cut off before the net shaft power changes from negative {rrent analysis includes some specific models, only applicable to
positive, the turbine decelerates and the temperature drasticglayy duty gas turbines, its fundamental models and frame work

increases. This start failure is known as a “hot start.” To preverdan be applied to other types of engines with additional models,
such a situation, the schedule of fuel flow rate and starter cutefecific to each engine or group of engines.

time should be carefully determined. Consequently, sophisticated
scheduling based on a precise prediction of dynamic operation is
required. .
?Since it is not possible to intentionally pose unstable operatiofverview of Startup Procedure
to engines during their startup procedures without endangeringin general, most engines share common startup sequences al-
them, an analytical approach using numerical simulations is makbugh details may differ from engine to engine. The two common
effective in estimating the startup characteristics of gas turbineseps are cranking and ignition. The gas turbine, like any internal
However, related works using the numerical approach are haradigmbustion engine, is not self-starting and requires to be cranked
found except for those based on the quasi-steady methb@). from an external source. Although usually a diesel engine or an
Furthermore, most of them are not perfect startup simulations biectric motor, the source may also be a steam turbine or a gas
definition since the initial condition of their simulation does noexpander. The starter continues to assist the engine to reach a
higher rpm even after the starter torque and the engine torque are
Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN  equalized. It is only cut off when the turbine speed reaches a

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF prescribed percentage of the rated Speed, which varies from en-

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna- .: : f s ;
tional Gas Turbine and Aeroengine Congress and Exhibition, New Orleans, LA, Juglene to engine. In general’ turbine emCIenCy must be hlgh enOUgh’

4-7, 2001; Paper 01-GT-017. Manuscript received by IGTI, December 2000, firdt & Speed approximately 40% to 85% of its design speed, in order
revision, March 2001. Associate Editor: R. Natole. for the engine to sustain itself without starter pow/et]).

Gas turbines suffer transient operation due to startup, Io%oalse
change, shutdown, and other environmental disturbances. Durg@m
most of the startup procedure, the performance of most cOmpo-
nents in particular is far lower than during operations around t
design point. Operational characteristics are likewise often hig
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Table 1 Schedules of main starting sequences in various en- at each time step, i.e., given as input values. They can be derived
gines (% of the rated speed ) from either characteristic maps or steady-state off-design models
and are evaluated using the following equations:

Solar  Westinghouse GE

Ty[r;_)i]ca' Centaur 501 T[sgpilz?l cE = U — Mt P A= PiA )
Ignition 10 20 25 16-15 15 We=mm;(H;—Hf, ). (5)
g}:gg rnglj\}gﬁclose 46-60 6%38 gi In these equations;, denotes the steady-state outlet conditions
VIGV open 70~90 100 83.5 8o for the given inlet conditions at each time step. The heat transfer
rate Q appears only in the combustor and is equal to the fuel
TField data from a combined cycle power plant energy input.

After cranking, purging(removal of combustible gas/fuel in Component Models
flow pathg takes place before ignition. Simple cycle gas turbines compressors. The operational characteristics of modern
with conventional upward exhaust do not require purging prior {gmpressors are very complicated due to the interstage air bleed-
ignition. The ignition sequence can proceed when the rotor Sp&Rg and the active modulation of the variable inlet guide vane and
passes through a designated firing speed. However, if a heatdggor vanes. An efficient method to calculate the performance of
covery equipment is present, gas path purging is required t0 §fjgjiistage axial compressors proposed by the authors of this pa-
sure safe |gn|t|on..Fue'I is supplied and ignition is |n|t|§ted Whegﬁr([&ﬂ) is used in the present analysis. It requires stage perfor-
the fuel pressure is high enough and turbine speed is above fhgnce maps but differs from the conventional sequential stage-
preset minimum of the rated spe¢t0% typically, [S]). After giacking method in that it adopts simultaneous calculation of all
ignition, the engine is accelerated up to the rated speed with gerstage parameters. Thus, it can be effectively utilized in a com-
prescribed fuel flow schedule. During this acceleration, the VlGMicated system analysis such as the one used in the present study.
angle gnd the bleed valve opening are modulated to secure ste§lg,eralized stage characteristif8]) are used, which are repre-
operation. _ sented by relations among flow coefficient, pressure coefficient,
_ Starting sequences of several engines are surveyed and shegWperature coefficient, and efficiency. In case of variable vane
in Table 1. Ignition is initiated at around 10-20% of the ratedgiing angles, the stage characteristics evaluation is modified by
speed and the starter is cut off when the speed reaches aroyp pting an analytical approacfi9]). The feasibility of the
60% of the rated speed. Bleed valves are kept open up to 70-9Q%hod can be found in previous worKs,7]), where compari-
of the rated speed and the VIGV angle is kept closed up to 70%Qins petween analysis and field data for the performance of both

even 100% of the rated speed. At this moment, the front stagegglaq and variable geometry compressors were presented.
the compressor is almost choked. Then, the VIGV angle is opened

following a preset schedule. Turbine.  With given inlet conditions, the expansion pressure
The procedures stated above represent most of the current i@tio of a stage is obtained using the well-known Stodola equa-
gines and are also considered the main sequence in the stattop. To obtain stage performances, a row-by-row prediction

simulation carried out in this study. method for a cooled turbine proposed by Kim and[R@] is used,
while a model of pressure loss caused by mixing is modified
Governing Equations based on the model proposed by Kim et[all]. Coolant flow is

. . . . riven by static pressure differences between points where the
Unsteady conservation equations and the equation of motion gqf y P P

a rotating body describe the dynamic behavior of a gas turbineOlant 's extracted and injected.

under transient operation. This paper adopts one-dimensionaCombustor and Guide Ducts. The heating value of fuel is
equations derived from the integral forms of conservation equgansferred to the combustor as the heat so@ca the energy
tions ([3]), which are continuity, momentum, and energy equasquation. In the combustor and inlet/outlet ducts, loss of total
tions. They appear as follows: pressure is considered by assuming a quasi-steady flow.

Continuity equation: . ) .
Rotating Shaft. The rotational motion of the shaft can be

dpi+1 _ presented by the following equation:

\ dat =—mj +m 1) d
w
Momentum equation: gt =Gt GetGsi=Gi. (6)
d(pu)is+y . . The first two terms on the right-hand side refer to the developed
Vo = = (4 Uy — MU Py 1A 1 — A +F d b

torque(net gas turbine torguewhile the third term indicates the
(2) starter torque. The last term is the load torque and is maintained at
zero during the acceleration period until full speed is reached.

dt

Energy equation:

V%(pH—p)m: —(M 4 Hi—mH)+0-W, (3) Compressor Characteristics at Low Speeds
The performance of each component deteriorates at low speeds,

The variables in the storage terms are represented by the congiedl engines often cannot operate normally. Multistage axial flow
volume exit values. This study does not aim at capturing pressw@mpressors with a high design pressure ratio exhibit extremely
fluctuation such as surge because the time scale of the analysif®in performancglow pressure ratio and low efficiencand me-
this paper is not short enough to analyze pressure fluctuation gianical problemgvibration, etc) at low speeds. Most of these
side the compressor. However, including the momentum equatiproblems are caused by discontinuities in the performance char-
may allow the possibility of simulating compressor surge, as excteristics of the front stages. Such discontinuities may be due to
emplified in the previous work{6]). Ordinary differential equa- stage stalling and deterioration of the stage performafis).
tions can be solved numerically using prescribed initial antherefore, careful attention should be paid to modeling low-speed
boundary conditions. These equations are applied to each compperation characteristics of multistage axial flow compressors.
nent with suitable=, Q, andW; values, which must be specifiedThe generalized stage performance characteristics mentioned in
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Fig. 1 Extended stage characteristics; (a) pressure coefficient (model 1-front stages ), (b) isentropic efficiency (model
1-front stages ), (c) pressure coefficient (model 2—middle stages ), (d) isentropic efficiency (model 2—middle stages ), (e)
pressure coefficient (model 3—rear stages ), (f) isentropic efficiency (model 3—-rear stages )

the last section do not cover the low-speed region and should dmefficient decreases below the stalling value, éxdibrupt stall,
modified to incorporate characteristics at low speeds, i.e., at lewsudden or abrupt drop in stage performance at the stalling value
flow coefficients. of flow coefficient.

A couple of models have been proposed to obtain low speedsince the basic concept of Benser is adopted in this work, three
characteristics. Agrawal and Yuri$] developed a mathematical jtferent models for stage characteristics are employed, and these
model to estimate gas turbine performance in the starting regime, applied to the front, the middle, and the rear stages, respec-

Based on the general observation that characteristics at IOW'Spﬁ%ily. While the generalized stage characteristics in the high flow

operation do not differ much from engine to engine, they es“c' efficient region, mentioned in the last section, are used as the
mated compressor characteristics using empirical observatidi’s gron, ’ y

from a number of engines. However, their model cannot i thos_e in the low-flow coefficient region are generated t_aased
adopted in this study, based on a stage-by-stage model, since tRBi€xPerimental datg13]). Then, all the operating range during
work concerns the modeling of the performance of whole multRtartup, from very low to high flow coefficient, may be covered.
stage compressors. The idea of Ber[séd] is more appropriate The models used are shown in Fig. 1. As applied to front stages,
for this work. He divided stage characteristics into three kinddnly the progressive stall occurs in model 1, while only the abrupt
using different definitions of stage stalll) progressive stall, a stall occurs in model 3 as applied to rear stages. In model 2,
gradual but continuous decrease in stage performance as the fapplied to middle stages, a rather moderate abrupt stall occurs.
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Table 2 Design specifications of the GE 7F engine gine. Consequently, remainingn3variables can be obtained as
solutions of the equation set since there existejuations(con-

System GE 7F tinuity, momentum, and energy far stages The multivariable
Speed, rpm 3600 Newton-Raphson method is used to solve the equation set. During
Electrical power, gVIW 150 the main startugacceleratiopperiod, no special feedback control
' D is used. Instead a kind of feed-forward control following fue

Cycle efficiency, % 34.5 d. Instead a kind of feed-forward control following fuel

ompressor 18-stage axial Lo . -

Pressure ratio 13.5 scheduling is applied. After the rated speed is reached, a feedback
Combustor Reverse flow type control to keep the rated shaft spe@d]) is applied.
Turbine 3-stage axial

Exhaust air flow, kg/s 419 ) .

Firing temperature, °C 1260 Results and Discussions

Exit temperature, °C 600

The variations in rpm and fuel flow rate during startup are
shown in Fig. 2 and Fig. 3, respectively. The fuel supply schedule
used as input in the simulatidthe solid line of Fig. 3, which is
Object of Analysis d_etermined using the criterion of a close agreement between pre-

) dicted and measured exhaust temperatures, appears to reproduce

The startup procedure of a 150 MW class gas turbine for powgfe measured field data well enough. It should be noted that the
generation(GE 75 is simulated, and the results are comparefle|d fuel flow data do not appear very reliable in the viewpoint of
with field data. Design specifications are listed in Table 2. Somgeir |ocal trends. Thus, the estimated input schedule is used as
of the startup sequences should be assumed or estimated foriﬂp@t in the simulation. The shaft speed development is well pre-
simulation because all of them are not specified from operatiigtted. Furthermore, prediction of the time required to reach the
data. These are inferred from other engines and examinations:fd speed is accurate enough. These results confirm that sched-
field data. The purging procedure before ignition is not considerggbs for starter torque and fuel flow rate schedule were reasonably
in this study since such a procedure cannot be found from the figdgtimated. The dotted line in Fig. 3 represents the fuel flow rate,
data. The es_tlmat_ed startup sequences and their detailed schedyi@s which the turbine power equals the compressor power at
are summarized in Table 3. o _ each speed. This is usually called “equilibrium running.” This

Sizing a starter system is difficult primarily because diversgie| flow rate for the equilibrium running is obtained by a steady
contributing factors cannot be exactly quantified. This is normalltate off-design performance analysis. To accelerate the system,
done during the detailed system design phase. In general, itrigre fuel than that corresponding to the equilibrium running
known that the maximum starter power is obtained at about 208fould be supplied at each speed. This is confirmed in Fig. 3. The
of_ the rated sp_ee({14]_), and the starter torque decreases linearlysyerse effect at very low speetsto 28% rpm is due to the fact
with rpm from its maximum value up to the cutoff spe€8,15)).  that the engine does not reach the self-sustaining point, and the
The maximum starter torque at zero rpm may be estimated agarter supplies additional torque as will be shown later. The TET
proximately with this assumption. It is presumed that the start@ariation also matches the field data well, as shown in Fig. 4,
cutoff occurs at 65% of the rated speed. because the fuel flow rate is scheduled so that TET prediction is as

~Modulation of VIGV angle follows the general rule of GE en-jose as possible to the field data as stated earlier. The turbine
gines([16]) and is listed in the table. During the modulating pegxhaust temperature falls down at 80% of the rated speed when
riod, the opening is increased linearly with rpm. Since the scheg¢tGv modulation begins. A sudden decrease of TET at that point
ule of air bleeding is not given from the field data, a reasonabi@n pe clearly observed in Fig. B, where TET variation is

assumption should be made. It is assumed that the total amoungigicted with time. The decrease of TET is caused by the increase
bleed air is 15% of the compressor inlet airflow, and 5% of thgf combustor inlet airflow(low fuel-air ratio by opening the

bleed air is assigned to each bleed pdgntit of 13th, 17th, and v gv.
18th stage—these are also coolant soyrc&s 95% speed, the

bleed valve is closed and the extracted air is supplied to the tur-
bine as coolant. The field data for fuel flow rate are not refined

enough to be utilized as numerical input for the transient simula- 120 . . . . . T T T

tion. Thus, the schedule of fuel flow rate is determined so that tht =~ 100 |------i------i start of speed control >

simulated turbine exhaust temperature values during full startug IS TUUUNS TUUUTUS SNUTUR N,/ At

may match the measured data on the whole. g

Numerical Treatment = : simulation -
A fully implicit method is introduced to solve a set of ordinary 20 [y g i e field data

differential equations where the static pressure, temperature, ar 0 . 4 L . 4 4 . L .

axial velocity for every control surface are variables. Therefore, 0 100 zogme(seg‘)oo 400 500

all of 3(n+1) variables exist fom control volumes. Three of
them are given as boundary conditions, and these are the inlet

! Fig. 2 Variation in shaft speed during startup
total temperature, pressure, and exhaust static pressure of the en-

3.0
Table 3 Estimated startup sequences of GE 7F - simulation : : : : : : /
- D 99| *+ fielddata . S - b s
Sequences Detailed Schedule TifeRPM) =;_ _____ equilibrium ; ; : : :
Ignition On ~ 15[16] :_3
Starter Go=Gsy ma1-N/0.65) 0-65 Rl R S S S S LV
cutoff 65 3 : : : a : :
Air bleed 15% of compressor inlet 0-95 CooAaa g : : : : :
Close 95 0.0 - H ] H | H | H
VIGV closed 56° 0-8(16] 0 20 40 60 80 100
modulated 56 33° 80-90[16] % RPM
opened 33° 90-10[16]
Fig. 3 Schedule of fuel flow rate during startup
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500 . 1.0
400 Lo A A F— I T L
-~ N : : E : : E ! oy
O 300 [tk VIGV Opefer oo g
E 200 L] U SURUR SUR RN VO SUOROOE OO g
100 : simulation 5}
: +  field data
0 ] H ] i ) H
0 20 40 60 80 100
(a) % RPM
Fig. 6 \Variations in turbine and compressor efficiencies dur-
ing startup
o
or: RPM s 10%
= ; : " 50%
§|mulat|on__ 4+ 100% (no load)
, : flelddata o 100% (90% load)
0 100 200 300 400 500 14
(b) time(sec)
1.2
Fig. 4 Variations in turbine exhaust temperature during star- 1.0
tup; (@) TET variation with % rpm, (b) TET variation with time
5 0.8
g
< 0.6

Meanwhile, a couple of typical characteristics during startup  ¢.4
can be observed in the prediction results. It is known that the
contribution of the turbine power during the first low-speed phase 0.2
of starting may be neglected. This means that the developet 0.0
power (the net power of the engiphdias a negative value in the '
early stage of an engine startup. This is the reason why an addi 12345678 9101112131415161718
tional power should be supplied externally by a starting device. As stage
shown in Fig. 5, the developddet) power decreases down to the _. o - .
negative scale with the rpm at the beginning stage. When fuelgl\% Z egéstnbunon of flow coefficient over the stages at vari-
supplied and combustion start$5% rpn), however, the devel- P
oped power begins to increase to reach the self-sustaining point
(about 28% rpm The increase of the developed power results 1000 ———
from a rapid recovery of turbine efficiency as shown in Fig. 6. The : : : :
prediction results are reasonable considering that the sel 800 |- [ e [ F ; , , :
sustaining point is usually observed at 25% of the rated speef 600 |- i ioedorido T
(14). 400 b b

When a compressor runs at a speed lower than the desic [~ S T e T W |thVIGVmodu|at|on
speed, the pressure ratio will be lower than the design values. Tt 200 |....5..../ PR Leeens b no VIGV modulation ™
resulting effect of density reduction in rear stages will be to in- 0 : i i . ) A i .
crease the axial velocity. Then, choking will eventually occur 0 20 40 60 80 100
there and limit the mass flo@17]). Such increases of axial ve- (a) % RPM
locities at rear stages can be observed from the prediction resul
shown in Fig. 7. At low speed&l0 and 50% rpm on the figure 600
axial velocities are higher in rear stages. Thus, the mass flow wi  5p9
be limited by choking in rear stages at low speeds. As spee__ 400
increases, density at every stage approaches the design value, &
lowing the rear stages to pass the flow provided by the fronE 300
stages. In high speeds, the flow coefficient of the first stage has tt— 200

VIGV épen

...... S

T

100 |------ """ """ ''''' ------ - no VIGV modulation **
0 ; ] i ] i ] i ] i
0 20 40 60 80 100
(b) % RPM
§~ Fig. 8 Variations in firing temperature and exhaust tempera-
£ ture during startup: effect of VIGV modulation; (a) firing tem-
Tq_; perature, (b) turbine exhaust temperature
3
[«3
highest value, where choking occurs. This result also coincides
with the fact that choking occurs at the front stage of the com-
0 5 1018 %2|:?pM 25 30 35 40 pressor in high rpm regions.
As mentioned earlier, gas turbines show different startup char-
Fig. 5 Variation in developed power in low rpm region acteristics depending on the schedules of various sequences re-
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300 . . . . . - - - . result of nearly constant mass flow rate after 80% rpm is due to
_ 250 b——with vIGV rﬁodulétion%------% _______ e y the 1st stage choking in the compressor. As shown in Fig. 10, the
2 500 L.---- - no VIGV modulation. ... i i A ] flow coefficient of the 1st stage d_oes not change co_nS|d_erany a_fter
o N v
= : : : : : : : 80% rpm although the speed is increasing. Operating lines during
g 150 : ' : : : : startup for both cases are depicted in Fig. 11. The surge line is
£ 100 UM AN decided approximately based on the fact that the surge margin in
T 50 ViGV dpen_ gas turbines for power generation is about 15—-2[124]) at every
0 : : : i : equilibrium running point. Evaluation of an exact surge line is
0 20 40 60 30 100 beyond the scope of this work. In the absence of VIGV modula-
% RPM tion, the operating line is closer to the surge line in high rpm
regions. Thus, any mismatching between different sequences may
Fig. 9 Variation in combustor inlet airflow during startup: ef- cause very severe problems during startup. This simulation dem-
fect of VIGV modulation onstrates the possible result of an extreme case of mismatching
between fuel and VIGV modulation.
1.4
12 L. ______ ______ ;_1st :stage: chok:e#:) --"i'—"-'-' Conclusion
¢ 08 L VoV modaton. /K | Transient behavior of a heavy duty gas turbine during Startup
< 5 ; ; : was simulated and its unique characteristics were investigated.
= 06 Typical engine starting sequences were examined and representa-
0.4 tive sequences were adopted in the simulation. Unsteady one-
0.2 dimensional conservation equations were used, and models based
0.0 on stage performance were adopted both for compressors and tur-
40 Y RPM60 bines. Special attention was made to model the operation of com-
¢ pressor stages at low speeds. The startup procedure of a 150 MW
Fig. 10 Variation in first stage flow coefficient during startup: class gas turbinéGE 7P was simulated with an estimated sched-
effect of VIGV modulation ule of starting sequences including fuel supply, starter torque sup-
ply, VIGV angle setting, and air bleeding. All system parameters
including shaft speed development and exhaust temperature are in
1.0 good agreements with the field data during the whole acceleration
period from zero to full speed. The time when the engine becomes
, self-sustaining matches the general observation. The possibility of
0.8 |- surge line \)' rear-stage choking during onv-speed operation is also confirmed.
o The effect of VIGV modulation was analyzed by performing a
& o6t startup simulation without modulating the VIGV during the accel-
4 eration period. In the absence of VIGV modulation, the firing
= temperature increases drastically after 80% rpm due to high fuel-
o 04} air ratio. This results in a high possibility of compressor surge.
o This analysis demonstrates the importance of a precise estimation
of the startup schedule including the matching of diverse
0.2 with VIGV modulation sequences.
----- no VIGV modulation
0.0 4 4 4 4 Acknowledgment
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Relative corrected mass flow

Fig. 11 Operating lines during startup: effect of VIGV Nomenclature

modulation A = area

F = force

G = torque
quired. In this study, special attention is given to the effects of H = total enthalpy
VIGV modulation on startup characteristics, which is very impor- | = polar moment of inertia

tant for the stable operation of the compressor and, eventually, of M = mass flow rate

the gas turbine. This investigation helps us to understand the rea- N = rotational speed

son why the schedule should be determined as such and to know N = nondimensional rotational speetl/(N)
how the sequence significantly affects startup characteristics. In P = static pressure _

addition, this procedure makes it possible to examine how a PR = total-to-total pressure ratio

wrong schedule estimatee., mismatching of sequengesan se- Q = heat transfer rate

verely affect the startup characteristics estimate. To investigate the t = time

effect of VIGV modulation, the startup characteristics previously TET = turbine exhaust temperature

predicted are compared with those of the case without VIGVIRIT = turbine rotor inlet temperatur@iring temperaturg
modulation(VIGV not opened even at speeds higher than B0%  u = axial velocity

In this case, the schedule is such that the rated speed is reachedV = volume

with VIGV fully closed and then opened at the rated speed. A¥IGV = variable inlet guide vane

shown in Fig. 8, the firindturbine rotor inlet and exhaust tem- W, = shaft power

peratures increase drastically after reaching 80% rpm without ¢ = flow coefficient(axial velocity/blade speed
VIGV modulation. Increase of these temperatures is caused by the 7 = isentropic efficiency

nearly constant air mass flow rate as shown in Fig. 9, which re- p = density

sults in high fuel-air ratio at the combustor. The reason for this ® = angular velocity
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Rolling Element Bearing Defect
~ u..w | Detection and Diagnostics Using
e | Displacement Transducers

D. E. Bently
P. Goldman This paper introduces the methodology of rolling element bearing defect detection using
high-gain displacement transducers. The nature of defect influence on the outer race
K. P. Davton deflection in the vicinity of the transducer tip in time base has been established. Inner
race, outer race, and rolling element (ball/roller) defects, which often occur sequentially,
B. G. Van S|vke can be clearly identified according to spike signals on the time-varying outer race deflec-
tion curve along with known bearing frequencies. The developed techniques are fully
Bently Rotor Dynamics Research Corporation, corroborated by experimental data. Spike-to-deflection amplitude ratio, which is almost
1631 Bently Parkway South, independent of changes in speed and load for a given defect, is used to judge the defect
Minden, NV 89423 severity. Spectral characteristics due to these defects have also been found. It is shown
that this direct measurement by using displacement transducers without casing influence,
which would be inevitable by using accelerometers mounted on the casing, is a reliable
approach to detect bearing defects as well as their severity and locations.
[DOI: 10.1115/1.1456092
1 Introduction outer race, and rolling element defects with this type of displace-

applications. Condition monitoring of rolling element bearings ofx P P '

fers the advantages of reducing downtime and improving maint%fr Z?jc“v:i)tr;] C;Lg;i ?]lijtﬁr_ r:% ec;ir;G:afggﬁgnilfrgr?:ctiuiﬁgn?nlr?e?];ac-e
nance efficiency for critical rolling element bearing machiner)? 9n-g P ' '

?uter race, or rolling element defects can be clearly identified

Therefore, it is very important for machinery maintenance engj- ording to spike sianals on the time-varving outer race deflec-
neers to understand the effective techniques and instrumenta 9 pIke sig ; ying out
10N curve along with the known bearing frequencies. The meth-

used to monitor and diagnose problems associated with rOIIio ology to detect an inner race defect, which moves relative to the
element bearing machinery. 9y '

Most diagnostic techniques for rolling element bearings involve
signature analysis of the data from acceleration or velocity probes
mounted on the bearing housing or machine casing. Mdnk
diagnosed bearing damage by observing changes in the (RS
mean squanelevel. Boto[2] used shock pulse measurement t Keyphasor® Support bearing Disks
detect bearing damage. Dyer and Stewaftintroduced a statis-
tical parameter Kurtosis value to measure bearing conditions. v
Fadden and Smittj4] discussed the high-frequency resonanc
technique(HFRT). Spectral analysis has been widely employe
for the diagnosis of bearing conditios,6]).

The above-mentioned techniques are related to the casing
bration instrumentation systems. As a result, vibration signatur
from bearings can be obscured by other stronger components fr
the associated machinery and the foundation. For that reason,
eddy current transducer called REBAMrolling element bearing
activity moniton, which directly measures outer race displace
ment of the bearing, was used by Benfl§|, and Harker and
Sandy[8]. Kim [9] also conducted experimental work using this
type of transducer. Recently, Holm-Hansen and @43 tried to Motor Casing Hydraulic loading
obtain vibrational response of slotted outer race using a struct
ally integrated force sensor without casing influence. The natL
of the outer race deflection in time base associated with beari Accelerometers
frequencies, however, has not been indicated for a bearing w
inner race, outer race, or rolling element defects. It has often be
misconstrued that this type of transducer, which measures ol
outer race displacement, may not detect an inner race defect.

This paper introduces new methodologies to detect inner ra
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Table 1 Approximate ratios of tested bearing frequencies to A hydraulic pump with 25.4 mnil in.) diameter cylinder was

shaft speed used to apply the load to the shaft through a roller bearing with
Approximate Ratio of Tested Bearing Ball Roller the number of elements much hlgher thaq the test bearlqg. In this
Frequencies to Shaft Speed Bearing Bearing way, the frequen(_:les of the Iqadlng bearing would not interfere
- : . with the test bearing frequencies. The load on the bearing can be
iirep (=ratio of inner race ball pass 4.9 7.2 applied either in an upward direction or downward direction, and
iORBp(:f;gggec;}Cgutt%rS P:cffaslfeﬁ?}gass 3.1 4.8 can be varied between2224 N_(—5_00 Ibs) and+2224 N(+500
frequency to shaft spegd Ibs.). Note that the test bearing is loaded to some extent, even
ir (=ratio of rolling element spin 2.0 2.3 without hydraulic loading, due to the weight of the mass disks on
_ frequency to shaft spegd this overhung rotor. The motor is connected to a variable fre-
le (:;?)t'e%;f cage frequency to shaft 0.38 0.39 quency drive, which allows for ramped data collection at a con-

trolled acceleration. The bearing housings are fixed to the casing,
which is fixed to a large concrete foundation.
The displacement transducers, which had a gain of 78.7

mV/um (2 mV/y in.) compared to 7.87 myém (0.2 mV/u in.)

probe tip as it contacts balls/rollers, will be explicated more. E)fbr a generic eddy current proximity transducer, were used to

fheerilﬁnt—:‘efgi{i\(/j:rtlzszre presented to show detection techniques Eralnnedr;lsure the outer race deflection of the bearing. Accelerometers

were also mounted on the casing to compare with these transduc-
) ers.
2 TestRig Ball and roller bearings were used for the study of transducer
The test rig used for detecting and diagnosing bearing defectg@sponse to raceway and rolling element defects, respectively. Ap-
shown in Fig. 1. The test rig consists of a rotor with one suppoproximate ratios of tested bearing frequencies to shaft speed,
bearing and one test bearing. based on experimental data from good bearings, are shown in
The rotor includes a 746 W1 hp electric motor, which is Table 1. Note that these values may change due to defect effects
connected to the main shaft through a laterally flexible couplingnd vary with operating conditions. If a defect occurs on inner or
The step main shaft is 419 mi@d6.5 in) long with diameters outer race, balls/rollers will contact the defect at frequengyr
varying from 30 mm(1.1811 in) to 41 mm(1.6 in,). Attached to X (i.e., i rgp times shaft spegdr iorgpx. The sum of these two
the shaft are two mass disks with 177.8 nimin.) diameter and ratios is equal to the number of balls/rollers regardless of changes
25.4 mm(1 in.) thickness. The rotor is balanced by putting masis speed and slip. If there is a defect on a ball/roller, inner or outer
in one to several holes on the disks to compensate for unbalaneee will contact the defect at frequenigyx . Notice that since a

Good bearing

Number of deflection cyeles
within one shaft revolution:
iORB,,(:3.06}n this case)

Outer race deflection

resam_ (\ r\ \ (- {ors
L 1 i ! =
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Fig. 2 Outer race deflection measured by displacement transducer; (a) time

base, and (b) frequency spectrum
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Good bearing
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Fig. 3 Casing response in time base and frequency spectrum from accelerometers mounted in (a) vertical, and (b) horizontal
directions

displacement transducer detects outer race deflection facing its tip,the outer race, deforms away from the bearing ceberard
parameteiic, the frequency ratio of the moving cage that hold¢he probe. This case corresponds to all the high peak points in the
balls/rollers is related to the detection of ball/roller defects. time base shown in Fig.(2) and is the maximum deflection to-
wards the probe. When two adjacent balls are just equally away
3 Vibration Signature for Good Bearings from the probe hole, the deflection of the outer race around the

. - hole is released so that the outer race is deflected away from the
Both high-gain displacement transducers and accelerometgH

X . L ) fSbe. This case corresponds to the low peak points in time base
were mstalle_d to observe_ the corresponding vnbratlc_m signature {Qr\ o in Fig. 2a). Due to surface roughness with lack of lubri-
a nondefective test bearing. The purpose was fo find an eﬁec“élgtion ball tolerances, and ball undulations, there exists slight
sensor that clearly reflects the bearing operation, and an ave%%tuaition on the defle’ction curve '
that can expose bearing defects. X S . .
: . : Figure 2b) shows the deflection signal in frequency domain.
The high-gain eddy current transducer mounted in the hole aof 9 S o : )
the housing can detect very small elastic deflection of the out pter race ball pass fre_quency, I.€orEpX (73.0(§>< in this .
race penetrated by the transducer as each rolling element un e component Is dominant, accompanied by its harmqnlcs,
load passes over the hole. For precaution, the strength of the outgiorsP*): 3(iorspX), €tC. The synchronousxl component is
race should be considered in order to prevent race failure throu@fost negligible. Obviously, inner race ball pass frequency, i.e.,
cyclic strain when determining the hole size in terms of the bedirepX (=4.94< in this casg component is not apparent in fre-
ing size and loading. The deflection has a cycle of 360igagl duency domain. _ o
shaft rotation. A good bearing possesses a smooth deflection curvBata from accelerometers give the casing vibration signals that
in time base. Figure 2 shows vibration signature from the tran§iclude transducer response to rotor unbalance, foundation, and
ducer mounted at the left side 45 deg from the bottom. Besides @fger frequency components in addition to the rolling element
weight of the whole rotor system, a hydraulic load of 1379 kPaearing operation. Figure 3 shows the signals in both vertical and
(200 ps) downward is applied at the right end of the shaft aBorizontal directions for the same operating condition as shown in
shown in Fig. 1. The test bearing has no defects on its inner ra&éd- 2. Information from rolling element bearing operation is ob-
outer race, or balls. No lubrication is supplied between the baggured or masked with the vibration signature from other sources
and raceways. in the rotor/bearing/foundation system. In the time domain as
The localized deflection curve of the outer race, facing thghown in Fig. 3, spikes or impulses occur although no defects
probe, is clearly shown in time base where the shaft speed is 680st in the bearing. In the frequency domain as shown in Fig. 3,
rpm (see Fig. 2a)). The deflection has a peak-to-peak amplitudgibration signals include components @fggpX, irgpX, and
of about 1.65um (65 w in.). For each shaft rotation, the numbertheir harmonics for this nondefective bearing. As is known, these
of periodic waveform cycles due to the deflection is equabt@e components often appear for a defective bearing, and for that
(=3.06 in this case When a ball is just being moved near thereason are usually used to identify defects in the bearing. Apply-
hole (left side 45 deg from the bottomwhere the probe is ing this rule would misdiagnose the bearing. Therefore, it would
mounted, the outer race around the hole, due to the ball pressieg difficult to distinguish between defective and nondefective
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Fig. 4 Diagram of inner race defect detection methodology using high-gain displacement transducer

bearings by simply observing the advent of these fault frequensgikes might have been observed, the nature of these signals had
components with accelerometers. Besides, the response is tno&tbeen explored when applying high-gain displacement trans-
great extent dependent on the casing. Harmonics of these beadogers. Thus, it was difficult to diagnose the occurrence of inner
frequencies may or may not generate detectable casing vibratiosge defects and to distinguish it from other defects.

Although the number and magnitude of these components may berhe new detection methodology with the displacement trans-
higher, as observed during experiments, it would be hard to estgfgrcer makes it possible to diagnose the inner race defect correctly.
lish a quantitative criterion for determining whether a bearing ishe nature and characteristics of observed signals can be fully

damaged or not. o ) o understood. The accompanying real data validates the detection
From these tests, it is clear that the high-gain displacemenkihodology.
h

transducer detects only the deflection of the outer race of the
rolling element bearing. If a defect in the rolling element bearing 4.1.1 Detection Methodology.If a defect occurs in the inner
is related to the deflection, a detection technique using the tramaee, the defect spot will contact rolling elementgp times on
ducer will be successful. Note that even for a good bearing withverage during each shaft rotation. The displacement transducer
out outer race defects, the spectral data of the deflection deteafletects negative spikes when the moving defect spot is located
by the probe still gives thigrgpx component and its harmonics. within an effective zone near the probe. Figure 4 shows a diagram
No ijrgpX component is present in the spectrum. However, ag the defect detection methodology. Assume that one defect oc-
will be discussed, defects occurring in the inner race, the out@lirs on the inner raceway.
race, or a rolling element can be successfully detected by thesyppose that at one tingim the first shaft revolutionthe defect
high-gain displacement transducer. spot in contact with a ball is entering the effective zengucyein
. . which the probe can detect the negative spikes. Therefore, a nega-
4 Detection of Bearing Defects tive spike occurs in the effective zone, marked with 3 ,” which
As discussed previously, the outer race is deflected towards ibealso denoted in the time base with the same symbol. After
displacement transducer each time an element under load pag@Bdegi rgp degrees shaft rotation fromé ,,” where the defect
over the transducer location. This produces a positive changesiot contacts the next ball at¢,,” the probe cannot detect a
the displacement, relative to the low peak of the deflection curyegative spike because the contact occurs beyond the effective
where the least loading acts on the outer ring facing the probe.Jpne. For the following contact at# .,” as shown in Fig. 4
spalling defects, material is actually removed from the raceway @hen the defect contacts the following ball, the same situation
ball/roller surface. The spalling defect produces a location of iRj.cyrs where the contact event is not within the effective zone of
creased clearance, and ballirace contact over the defect spofis probe. This situation exists until the defect spot contacts the
actually unloaded temporarily over a very short time period. T fh ( is a round number for,rgp) ball within the effective zone
unloading makes the outer race spring back away from the tral %’ain, as is indicated withA,” in the effective zone. Note that
?Ourﬁfr' The result is a short duration spike in the time base Wa\iio conditions must be met for the probe to detect these negative
’ spikes. One is that the inner race defect spot has to contact balls.
4.1 Inner Race Defect. Detection of an inner race defect isThe other is that the defect spot in contact with balls has to be
often considered a difficult task in rolling element bearing moniwithin the effective zone.
toring. It is sometimes mistakenly believed that displacementA delay angle between the two contact spots within the effec-
transducers cannot detect inner race defects. Even though sdive zone “4 ;" and “ A,” can be given by
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© case Ofagey<0. In time base the two adjacent negative spikes
19 / have in terms of shaft rotatior{slegre¢ an interval
b 7 ) 360 deg
17 : ; % ag=360 degt agelay=Roundiggp) Er— 2
" R,)u,,d(,,ué._...........[._..:!,13,@@ AAAAAAAAAA — I 1 / IRBP
S T= [Rownd Gienr) ~ e L. The intervala,g will be longer than 360 deg shaft rotation for
3. Lmar i @gelay> 0 and shorter foryge|ay<O.
g, 4 For the third and fourth shaft revolutions, the scenario will be
= \ // similar to that for the first and second revolutions, as marked with
& " 3 Ve “+"and “*” symbols. For the fifth shaft rotation, since the defect
AL A contact spot, marked with®,,” is beyond the effective zone, no
10 spikes will be shown in time base.
o This no-spike situation in time base will last until the defect
. - contact spot in the left side marked with subscript”as shown
e in Fig. 4, moves into the effective zone, thus making another
7;/"’/ similar cycle as is discussed above. From Fig. 4, such a spike
by :as T e am aa am  em am ass Jroup cycleT can be expressed in terms of shaft revolutions as
Lirap 360 deg
) ] ) ) s ‘ adela)J 1
Fig. 5 Relation between g and detected spike group T~ _REP +1= i _ . ©)
period T | & gelay |Round i |rgp) — i irepl
Since the defect spot contacts a ball with a cycle of 360igeg/
shaft rotation, the following expression holds:
Roundiggp) —1i ><360 deg 1 360 d
@gelay=[ RoUNdi |rgp) —irep] . 1 360 degl=n — €g @)

lirBP
where Round(ggp) represents a round number figggp (for ex-

ample, Round(4.9=5, Round(4.1)=4). In Fig. 4, the defect wheren is an integer. It follows that

contact spot moves “forward{from “ ¢ ;" to “ A,,” the same .

direction ag(}) within the effective zone asge,yis assumed to be n= Rounc{ lirBP )
greater than zero in this case. It would move “backward” in the |Round i rgp) —ireel

I ) . ! . . . 4
4 | irpp = 4.9, one defect spot at the| —]1.0
bottom of the bearing when the |
20 Keyphasor is triggered) 05
E 135° g
= (]
g0 03
> =
= [=%
£ | £
E 20 Left probe | —os <
N : : I
0 - - - - : ’ L 60.1 msec
L T (367.960, compared with 360°+ @y, = 367.359) 10
adelay | T N T T T [ T T T T ! T T T T
3607 | 01 388 msee 0.2 03 0.4
= [RO“”d (49) _4~9] * 29 < (3607 > Time (sec) 1020 rpm
=735 T — 11.9 msec 160° Estimated defect orientation:
o ’ ) ) | ) : ’ 17 (72.86°, compared with = 73.47°) 14
| . . . . Lrpp ﬂdefecl ~ _Zﬂi =45°
B . . . . . . . . \ 4.3
20 (same as the real location)
g A 3 B
3 2
g0 | 10 %
5[ | ] 2
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- * d e . . . i
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Fig. 6 Measured data in time base from displacement transducer
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Fig. 7 More severe defect case (Agpike / Adefiecion =1.1) at speed 680 rpm with
hydraulic load 1379 kPa (200 psi); (a) real defect, (b) time base signal, and (c)
time base signal after removing  igrgpX and 2 igrgpX components

Thus the periodr is given by signal—is aligned with the probe. Thus, from Fig. 4, the location
) of the inner race defect sp@h terms of shaft orientatiorcan be
i "
Rounc{ _IRBP estimated by
|Roundi irgp) —ireel . Ngpi

T=—= - shaft revolutions. 1 bk
lIRBP lrep Baefect> —— 2 Bi (8)

(6) nsplke i=1

Note that a slight change ifkgp causes a much bigger change invhere By is @ shaft rotational angle delayed relative to the
detected spike group cyclg, as shown in Fig. 5. Therefore, aprobe.

change inijzgp, Which is related to slip, can be more accurately If two probes are configured at an angle which allows two

estimated fronl. defect contact events to occur within their effective zones, spikes
During a cycleT in time base, the number of consecutive spikewill appear in their corresponding time base response with an
Npike IS @PProximately equal to interval of 360 deg/rgp rotation within a single shaft revolution.
That can be used additionally to confirm an inner race defect in
N Peffective @) the study. In the field, however, having one probe is enough to
PR ety identify the defect.

Assume that the effective zone is symmetric about the probe lo-4.1.2 Real Data Analysis.For the test ball bearing, an arti-
cation, and that the Keypha$er-a shaft fixed timing reference ficial spall was made on the inner race and oriented on the shaft so
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Fig. 8 Spike and deflection amplitude for the same defect shown in Fig. 7 (a). (a)
1360 rpm without hydraulic load, and  (b) 680 rpm with 689 kPa (100 psi) hydraulic
load.

that the defect would be at the bottom of the bearih80 deg 13 1
from O deg when the reference signal was triggered. The ratio of Baefect™ 72 Bi=—(30.86 deg 39.37 deg 50.69 deg
inner race ball pass frequency to shaft spieggh was found to be 4= 4
4.9 (which could be determined froigggp in spectrum and more

accurately fromT). Therefore, according to Eq$l) and (2), a +59.08 deg=45 deg.

delay angle within the detectable zone should be The above value indicates that the defect spot had a 45 deg phase
delay relative to the right probe, which was exactly the real defect
360 deg location.

ade|ay:[R0und4.9)*4.9]><T9
' 4.1.3 Severity Analysis.Since a bearing may run in various
=+7.35 deg(moving forward), speed and load conditions, spike signals as well as deflection re-
o ) ) ) sponse can vary. As speed increases, the enhanced centrifugal
and in time base the two adjacent negative spikes should havesgftes of the balls along with the expansion of the inner race result
interval of in tight contact between balls and raceways. As loading increases,
high pressing is maintained between the raceway and the balls. As
@r=360 deg- ageay=367.35 deg-360 deg agrespult, theg outer race deflection and spike gmplitude are in-

in terms of shaft rotatiot. Such a phenomenon should be recreased, and smoothness of the deflection curve is greatly in-

peated, according to E¢6), with a cycle of creased. Therefore, higher speed and load conditions make spike
signals more noticeable. However, the spike signals reflecting de-
4.9 fect occurrence are still present in time base at low speed and
Rounc(m under light load, though not as obviously pronounced. Removing
T= 79 —=10 shaft revolutions. iorepX and 2 ggrgpX components due to normal loading deflec-

tion makes spikes pronounced without influence of their magni-

Figure 6 shows experimental data from the displacement traidde. For a given defect, the ratio of spike-to-deflection amplitude
ducer for this case. A hydraulic force of 943 (212 Ibg was Seems to have little change.
applied to the nondrive end of the shaft. The rotor was running atFigure 7 shows a more severe inner race defect case. The defect
about 1020 rpm. In time base, a time period of 58.8 msec withft® SNown in Fig. @) is located at the horizontal positid80 deg
the two adjacent Keyphasor dots corresponds to one compl&em 0 deg when the shaft reference signal is triggered. The left
shaft revolution(rotation of 360 dely Based on this ratio, two Probe detects the corresponding response in time base as shown in
negative spikes apart by 60.1 msec have an interval of 367.96 dEtgl: 7(b). The spikes due to the defect become much pronounced
This is very close to the expected value of 360Hegyg, 2fer 'emovingiorgpX and AopgpX components due to normal
—367.35deg. The right probe once detects a spike 72.86 degding deflection, as shown in Fig(c]. For this severe defect,
(11.9 mseglater than the left probe, which is also in good agredllore negative spikes are present as the defect contact spot passes
ment with the expected value of 360 digdp=73.47 deg. Note Nnear the probe tip. The spike-to-deflection amplitude ratio is
Eiig)a:]t i?]ntl?]/i Slii Ss:.mples of data were taken for 360 deg shaft rota Aspiel Adetiocion= 63/57=1.1.

Using Eq.(8) along with the giverg;s in the time base for the In this case, positive spikes also appear. This is because the severe
right probe, as shown in Fig. 6, the location of the defect spot calefect spot contacts a ball near the bottom where the maximum
be estimated in the following: loading is located, thus impacting balls at other contact locations
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G 2 | the corresponding multiple harmonic components  of
i)rgp/ROUNd(ggp) X can be seen in spectrum. Figure 10 shows
these harmonics corresponding to spike signals due to the inner
race defect as shown in Fig. 9. At speed 680 rpm, a frequency
range of 10—20 kcpm is divided by about 15 intervals with har-
mOniCS Ofi|RBP/ROUndG|RBp)X(:O.98X) fOI’ iIRBP=4'9' Ob'
serving whether these fault frequency components occur is an
additional tool to diagnose inner race defects in a rolling element
bearing.

|
) 4.2 Outer Race Defect. An outer race defect spot in contact
Fig. 9 Less severe defect case  (Aspice /Adetiection =0.4) with balls/rollers does not move against probes for a rolling ele-
ment bearing with its outer ring fixed to the casing. Figure 11
shows an outer race defect case at speed 680 rpm with 1379 kPa
including the one near the probe tip. Notice that small negativ@00 ps) hydraulic loading. Since the defect spot faces the left
spikes occur due to a sudden loose contact when the defect isppabe, a sudden release of pressure between races and the passing
the right side. ball leads to a negative spike on the outer race deflection curve.
For the same defect as shown in Figa)7 increases in speed The number of spikes is the same as that of deflection cycles in
yield slight increases in deflection amplitudgesccion@nd spike time base. Thus, a spike interval for an outer race defect is given
amplitudeAqyie. As is expected, hydraulic loading is linearly pro-by
portional to the deflection amplitud®yeqieciion Figures &a) and
8(b) show time base response in different speed and load condi- o :360 deg ©)
tions from those in Fig. 7. Notice that spike signals appear in a OR™ iorep

ipse;I-Tirztgats%Safgtlvrgso?ztgﬂf)wlrﬂcﬁgéo%:gs%sr%kﬁﬂgr(fg g%ile Therefore, the fundamental frequency of spikes due to an outer
' Bp lh race defect is equal to that of the outer race deflection, i.e.,

while in Fig. 8b) it becomesT=11.6 shaft revolutions whic ; )
correspond 10 zap=4.914, compared witff = 10.6 shaft revolu- iorepX . Due to the defect, many of its harmonics are remarkable

tions (i,grgp=4.905) in Fig. 7. These variations are due to slippadP@ a frequency range higher thamgggpx . Since ball sizes vary,
|

between raceway and balls, which could be estimated. Regardigggmonics of the caggholding all the balls frequencyicx

; ; : =1/8 X ) are also present as side bands.
fch | Q! A ; | .~ ORBP . . . ; .
?hecszr;?;i;nspeed and oad, ralig,ie/ Adeteciontemains aimost It is found that spike magnitude and directigrositive or nega-

For a less severe defect case as shown in Fig. 9, rafl¢€) due to an outer race defect vary with the defect orientation,
Aspike! Adeiection IS decreased to around 0.4. This ratio, thereford,S ShOW'? n F!g. 12. Numbers on the bearing indicate outer race
can be used to measure defect severity. efect orientations and c_orrespond to th_e numbered _splk_es on the

deflection curves on which spike magnitudes and directions are

4.1.4 Fault Frequency Components-or spikes with an in- marked. The response for defect spots on the right side can be
terval of Roundirgp) 360 degi|grgp Shaft rotation in time base, easily figured out based on Fig. 12. The discussed spots cover
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Fig. 10 Fault frequency components due to inner race defect using displace-
ment transducer
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Fig. 11 Outer race defect signal measured by displacement transducer at speed 680 rpm without hydraulic loading; (a) time base,

and (b) frequency spectrum

most of the loading zone where outer race defects usually occur.
For a severe defect facing the probe, the fundamental frequency
component oggpX can decrease if the defect spot just faces the
probe as in position “1,” and can increase if the defect is at the
bottom where maximum load is located as in position “5.” How-
ever, many of its harmonics in the order higher thagg3p will
become more pronounced than those without the defect. Having
two probes is helpful to determine the defect orientation and se-
verity.

4.3 Rolling Element Defect. If a rolling element (ball/
roller) defect occurs, it will contact both the inner race and the
outer race at its spin frequencygx. The probe detects a nega-
tive spike when the defect spot on the damaged ball/roller, which
is held by the cage rotating at frequenigy<, contacts either the
inner race or the outer race within the effective zone near the
probe. Assume the probe detects spikes dftewvents of defect/

Right Probe

raceway contacts. Thus, the following expression holds:
5 5
360 deg 360 deg
- ~K—— (10) 5 5
ic 2ig | 1
wherek is an integer. It follows that 4
2i
k= Rounc(.—R ro.5) . (11) 2
IC 1 1
3
Spike intervals due to a rolling element defect, detected by the
probe in time base, are then given by Fig. 12 Spike signal varying with defect orientation
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Fig. 13 Rolling element defect signal detected by the probe at 700 rpm with 1379 kPa (200 psi); (a) time base after removing
iorepX and 2 igrgpX components with corresponding defect contact locations near the probe, and (b) frequency spectrum
360 deg 2ig 360 deg _ deflection amplitude. Spike amplitude due to defects usually var-
ape=K——=R - *0.5]—;—— shaift rotations. ijes with load and speed in the same way as deflection amplitude.
R c R

(12) RemovingiorgpX and dorgpX components due to outer race
deflection makes spikes more evident. From the current study

&Lrified by experimental data, the following conclusions can be
contacts, detected by the probe, have intervals of y exp ' 9

drawn
aFB:kmg,C_gﬁo deg. (13) 1 For an inner race defect, negative spikes are seen in several
2ig consecutive shaft revolutions with an interval and then disappear

The locations will move “forward” in the case afgg>0, and intermittently or become positive, with a spike group cydle
“backward” in the case ofvg<0. An even number df indicates These parameters are uniquely determined by the inner race ball
that two contacts are on the same race, while an odd numipass frequency ratidrgp. A slight change inijggp, Which is
means two contacts are on the different races. For spikes witlated to slip, can be more accurately estimated from the corre-
intervals given by Eq(12), many of harmonics of approximately sponding big change ifi. For a severe inner race defect, positive

icX are present in its corresponding spectrum. Figure 13 showsgikes appear along with more negative ones.
rO”er defect case, in Wthh the defect iS SUCCBSSfU”y detected |n2 For an outer race defect’ a spike occurs in each deﬂection

time base as well as in spectrum. cycle at a rate of outer race ball pass frequeiRggpx . The spike
amplitude and directiofpositive or negativevary with the defect
5 Summary and Conclusions location relative to the probe. Having two probes is helpful to

Inner race, outer race, and rolling elemépall/roller) defects, determine the_defect location and severity. o
which often occur sequentially, can be successfully detected by3 For a rolling elementballiroller) defect, spike intervals are
directly measuring outer race deflection with high-gain displac&€lated to not only rolling element spin frequency rafiut also
ment transducers. The defect signal is clearly present with spikege frequency ratie. . Spikes occur at an average rate of cage
in the time base deflection facing the probe tip without casirfgequencyicx in time base.
influence, which would be inevitable by using casing-mounted 4 Defect severity can be determined by spike-to-deflection am-
accelerometers. Deflection amplitude is linearly proportional @itude ratio, which remains almost the same regardless of load
radial load. An increase in speed makes a slight increment amd speed changes.
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5 Defect location in the raceway can be determined from Sp|kd4] McFadden, P. D., and Smith, J. D., 1984, “The Condition Monitoring of Roll-

locations in time base along with known probe orientation ing Element Bearings by the High-Frequency Resonance Technique—A Re-
i view,” Tribol. Int., 17, pp. 3-10.

6 Defect Signals detected by diSplacement tranSdUCQrs Ca[%] Eshleman, R., 1980, “The Role of Sum and Difference Frequencies in Rotat-
also be seen in spectrum. Inner race, outer race, and rolling ele- ing Machinery Fault Diagnosis,” I. Mech Eng, C272/80.
ment defects are characterized with harmonics of[6] Mathew, J., and Alfredson, R. J., 1984, “The Condition Monitoring of Rolling
[i\rep/ROUNA( ReR) X, iorspX, andicX, respectively. ilgriir;theanngs Using Vibration Analysis,” ASME J. Vibr. Acoust06, pp.
[7] Bently, D. E., 1982, “Monitoring Rolling Element Bearings,” Orb&, No. 3,
pp. 2—-15.
[8] Harker, R. G., and Sandy, J. L., 1989, “Rolling Element Bearing Monitoring
and Diagnostics Techniques,” ASME J. Eng. Gas Turbines Po%&, pp.
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Measurements in a Heavy-Duty
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S. L. F. Frank Advanced thermal barrier coatings (TBCs) are increasingly being used in high-
performance turbine engines. For optimized use of the coatings, accurate surface tem-
perature measurements are required in the combustion environment. Current on-engine
M. Liidtke pyrometers, which use sh_ort infrared wavele_ngths to accurately measure the temperatures
of metal surfaces, show increased uncertainties when used on TBCs. Studies have sug-
Siemens Power Generation gested that long infrared waveleng_ths are a suitable alternative. Therefor_e, to evaluate the
Huttenstrasse12y response of_both wavelength regions, S|multaneous_ measurements with short gnd long
10553 Berlin Germany’ Wfivelength infrared pyrometers have been accomplls.hed in the fllrst stage turbine of a
’ Siemens V84.3A 60 Hz 180 MW engine at the Berlin Gas Turbine Development and
Manufacturing Center[DOI: 10.1115/1.1473822

g-mail: Stefan.Frank@blnh.siemens.de

Introduction The measurements were accomplished with two cylindrical
. . robes of the Siemens standard pyrometer de§it?]) that are
M_anufactur_ers of gas turbine engines see a need to operate t Flersed between two vanes into the flow channel. One probe
engines at higher temperatures to increase power, improve fP ains unchange@WIR) whereas the LWIR probe is modified
consumption, and lower emissions into the envwonn{{aht-s_’]). to make it suitable for the long infrared wavelength sensor that is
Th's. IS I_eadlng to new designs and th_e use of new matdm. developed by AFR for use with TBC partsl3—15). A flexible
ramics instead of metal and ceramic thermal barrier Coatm%llow waveguide is used to transfer LWIR enérgy from 'i'BC
rts to a pair of mercury-cadmium-tellurid®ICT) detectors in

(TBC) on metal inside the engines. Suitable diagnostic senso
rder to simultaneously measure two LWIR regions, with radiance

are required for engine testing, for permanent monitoring of p é
formance, and for identifying operation and maintenance pro ampling at rates up to 1MHz. Narrow-band filters select wave-

lems when the advanced engines are installed for service. Meg-
suring the surface temperature of engine components in the
combustion environment is needed to ensure optimized engiﬁig
performance while monitoring for signals of impending engi
failures.

h a silicon avalanche photo detector using the spectral region
m 0.7 to 1.Jum and sampling rates of up to 1 MHz.
M€ The collaboration of AFR and Siemens Power Generation is an
- . obvious benefit to the development of the LWIR pyrometer. The
Radiation thermometryoptical pyrometry has been success-gjemens Gas Turbine Development and Manufacturing Center in
fully applied by Siemeng4] and others([5-7)) on traditional gein has been supporting the development of heavy duty gas
engines for many years. Pyrometers that have been developed ghines for over 25 years and instrumentation has become highly
utilized for measuring the surface temperature of 1st stage Stat'%B‘phisticatedM,16]). SWIR pyrometry has been applied for over
ary and _rotating airfo_ils detect hot part thermal radi_ation at wavesp, years([17]). Turbine blade cooling designs have primarily
lengths in the near-infrared spectrum, generally in the A peen qualified through the results of SWIR pyrometry using a
region. These short wavelength infrar€@WIR) pyrometers pro- raversing device to position the pyrometer probe radially and by
vide for accurate surface temperature measurements from futation about its axig[18]).
oxidized mgtal parts whose short wa_velength radi_ative propertiesrhisg paper reports simultaneous measurements with Siemens’
are conducive to such measuremefits., high emittance, low SR pyrometer and AFR’s LWIR pyrometer from the turbine

reflectance, and no transmittajce first stage under base load when fired with either natural gas or
However, studies by Advanced Fuel Research, (AER) ([8])  fyel oil.

and otherg[9]) have shown that ceramics which show promise as
thermal barrier coating$TBCs) in turbine engine applications
have low, variable emittance and significant reflectance, and trans-
mittance at short wavelengths, which may cause increased uncer-
tainties of measurement for SWIR pyrometry. Combustion reflec- .
tion has been shown to contribute up to 70% of the measurEd‘pe”memal Setup
SWIR signal in the worst case when used on TE[1€)]). How- The Siemens V84.3A 60 Hz 180 MW gas turbine is shown in
ever, in the long wavelength infrargdWIR), TBC emittance is Fig. 1. It is characterized by a disk-type rotor with central bolt, a
high and stabldi.e., near blackbody and transmittance is rela- 15-stage compressor, an annular combustor ring with 24 hybrid
tively low ([8,9]). The low transmittance provides for the meaburners for natural gas and liquid fuel, and a four stage turbine.
surement of temperature at the surface of the TRK]). The first-stage turbine holds 80 blades, 73 with TBC and 7 un-
coated. Figure 2 presents the relative orientation of the SWIR and
Contributed by the International Gas Turbine Institd@TI) of THE AMERICAN ~ LWIR pyrometer probes that intrude into the combustion flow

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF  near the first_stage turbine. These probes are water cooled and
ENGINEERING FORGAS TURBINES AND POWER. Paper presented at the Interna- H _ ; H :
tional Gas Turbine and Aeroengine Congress and Exhibition, New Orleans, LA, JJ%EOVIde clean gas purge for protection of the internal optics. The

4-7, 2001; Paper 01-GT-026. Manuscript received by IGTI, Dec. 2000; final revisidhrge gas of each probe is au_tomatica”y adeSte_d in order to keep
Mar. 2001. Associate Editor: R. Natole. the overpressure constantly higher than the turbine combustor op-
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4 stage turbine Table 2 Measured emittance for test articles

annular combustor ring

LWIR Pyrometer SWIR Pyrometer
15 stage compressor 11.8 um 10.54m 0.9
“Brown” TBC 0.93 0.92 0.83
“White” TBC 0.97 0.95 0.48
Oxidized Blade 0.54 0.56 0.83

Here we report LWIR and SWIR pyrometer measurements with
probes inserted to stationary positions of common depth into the
combustion gas path and during radial scanning. During the py-
rometer measurements, gas temperature was measured via ther-
24 hybrid burners mocouple probe§18]) and total gas pressure via static pressure

tappings. All pyrometer measurements were performed when the
) ) i engine was stabilized for output pow70 MW for natural gas
Fig. 1 Siemens Gas Turbine V84.3A 180 MW 60 Hz firing, 180 MW for fuel oil. Before attachment to the engine
each pyrometer was calibrated by the standard method of record-
ing signal response as a function of well-known temperature when
erating pressure at any time. The Siemens’ pyrometer probes abserving a blackbody radiation standard.
computer controlled and have the capabilities for radial scanningln preparation for the measurements, the spectral radiative
and rotation about their axis. The LWIR probe is inserted betwegnoperties of TBC and uncoated blade specimens were measured
the first stage vanes and views downstream to the blades. With AFR’s high-temperature spectral emissomé819]). As a
turbine rotation sweeps the field of view across the leading edpgeactical matter, an understanding of an object’s emittance, as well
and most of the pressure side of the blade. The distance from #sethe related properties of reflectance and transmittance, benefits
optical aperture of the probe to the blades varies from 65 mm @tical pyrometry of the object. Siemens provided AFR with two
the optical focus on the leading edge to 130 mm near the trailifgd8C on metal blade samples that would be representative of the
edge. The SWIR probe is inserted in the combustion flow prior foBBC blade surfaces to be measured in the turbine engine. Com-
the first stage vanes, and views through to the blades. The distahustion conditions had altered the initial “white” TBC to exhibit
from the optical aperture of this probe to the blades varies frothrown” in the visible spectrum, as was observed by boroscope
180 mm at the leading edge to 250 mm near the trailing edge. Tlog V84.3A engine parts. A new or white TBC article was also
SWIR probe and the LWIR probe are positioned such that tiseipplied, and AFR had a representative uncoated metal blade that
optical paths are parallel, thus allowing for the simultaneous cdiad been exposed to many hours of engine operation. The oxi-
lection of data at almost identical position on the blades. Tabledized metal blade served as a qualitative indication rather than an
provides a comparison of the pyrometers for geometries and datzssolute indication of the radiative properties of the uncoated
collection parameters used. metal surfaces on the Siemens turbine. Since the TBCs supplied
were on metal substrates, transmittance data were not obtained
and emittance was determined from reflectance. Table 2 summa-
rizes the average emittance value in the wavelength regions of the

central bolt design

Ist Stage Vanes Ist Stage two pyrometers for the test articles when heated in the emissom-
. (stationary) Blades eter to nominally 900°Q1650°H. The uncertainty in the emit-
Direction of Add tance measurements is estimated to be withB2 of the values
Combustion A B indicated in the tablé[19]).
Flow P L In the bandpasses of the LWIR pyrometer, the white TBC is
s il ! | wnbine rotstion most near to bIachbodYapproachmg 1.0 and the two brown
o N TBCs present a slight drop but still are above 0.9. New TBC
R vanes removed after engine operation were previously observed
for similar color changes in both the visible and LW(R1]). The
e oxidized metal exhibits a low LWIR emittance, or high reflec-
-—— tance. In the SWIR bandpass, the brown TBC emittance in the
0.85 range is much higher than the original white TBC. The oxi-
dized metal blade exhibits a SWIR emittance similar to the dis-
colored TBC.
sk I‘:r:;:"’""‘h Long The total radiation measured by a pyrometer consists of the
- wathnglh blade radiation according to its temperature and emittdacen
S the bandpass of the pyrometand the ambient radiatiofi.e.,
especially combustor flame radiatjoaccording to the ambient
. temperature and the reflectar(g¢ of the blade. Calculations have
Fig. 2 Top view sketch showing orientation and view of intru- previously been reported for both the SW[RL8]) and LWIR
sion probes in Siemens’ V84.3A 180 MW turbine engine ([11)) that provide guidance as to the maximum temperature error
Table 1 Comparison of pyrometers
Distance to Measurement Sample Data Points Center Wavelengtls)
Target Spot Size Rate per Blade of Bandpases
LWIR 65-130 mm 3.0-5.0 mm 500 KHz 104 1, 11.8m
SWIR 180—250 mm 3.0-5.0 mm 500 KHz 104 ris:)
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{Liquid fuel, 186 MW)

o

{Natwral Gas, 170 MW)

Temperature

—-

Fig. 3 LWIR pyrometer data: data traces obtained (average of 200 turbine revolutions ) for liquid fuel and natural gas
firing for the 80 blade turbine; a correction for gas interference has been applied

that can be imposed on a blade ©#0.85(p<0.15). These ref- stationary positionary for 200 revolutions of the turbine. Figure 3
erences point out that the view angles off the blade surface refaesents the data from the 1Qun bandpass, after a gas correc-
tive to the combustor outlet and vanes block a portion of combusen has been applied, for both fuel oil and natural gas firing of the
tor radiation and serve to significantly reduce the potential err@ngine. Blade-to-blade variations are observed to be consistent for
Recent analysis of SWIR measurements in the engine measueth operating conditions of the engine. For examples, arrows in
here have concluded that SWIR pyrometer measurements in the figure are pointing to the leading edge temperature of three
presence of natural gas flame radiation yield reasonable resuttBC blades that are consistently hotter during both operating con-
whereas a suitable flame radiation correction is essential for tfigions. One of these bladdsecond from the end on the right
more broad-band radiating sooty flame of fuel ¢i8]). In the consistently exhibits lower temperatures on its pressure surface
LWIR, a suitable gas correction is necessary for either fuel singgan the other TBC blades. The group of seven uncoated blades is
the combustion product gases® and CQ contribute radiance, clearly distinguishable for each engine condition. Three of these
the largest concern being the direct radiance contribution to theesent leading edge temperatures that are lower than the other
pyrometer by the presence of these gases between the probe g
the blade surfac€11]). Figures 4 and 5 present thermal images generated from radi-
. . ance data collected simultaneously during natural gas firing of the
Results and Discussion engine with the SWIR and LWIR pyrometers during continuous
Since these are the first LWIR pyrometer measurements of tblade measurement. That is, each probe is traversed slowly from
bine blades during engine operation, we first present the timife tip of the hub at a rate of 2-mm per turbine revolution, and
averaged temperature traces obtained with the LWIR probe atlaa is acquired continuously. Figure 4 is for one of the TBC

T
Temp 40 - Tr
£ 13 38
FI 1 e
g: a7 ¥ 37

- a8
i i ;:
25 = aa B 54

BN a3 ay
23 1z T
22 a1 e oa
:‘A s B an

% | 28
T 28 i3]
BY E
2

il

I |
e ——
D b
Bl b R R
Lo -]

21
zn
" 13
7 .
1
H 2 H
14 e
i1 13
12 L
11 b
15 14
11 Sum 11.8um

Fig. 4 SWIR and LWIR thermal images for a TBC blade during natural gas firing. The LWIR data has been corrected for hot gas
radiation.
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I 1.8um

Fig. 5 SWIR and LWIR thermal images for a metal surface blade during natural gas firing. The LWIR data has been corrected for
hot gas radiation.

blades and Fig. 5 is for an uncoated, metal surface blade. For these two blades are exhibited in Figs. 6 and 7. The qualitative
SWIR pyrometer, no corrections have been applied during tk@milarities and magnitude differences between the SWIR and
conversion of measured radiance signal to temperature. Howe&k/IR measurements as described above are apparent. The nu-
both bandpasses of the LWIR pyrometer have had a correctioerical calculations represent the TBC surface temperature in
applied to account for the combustion gases in the optical bedfigure 6 and the surface temperature of the metal in Fig. 7. As
path. The HITEMP spectral database of the wavelength depender@ntioned above, the LWIR gas correction that relies on the
absorption/emission features for,®l and CQ as a function of HITEMP spectral database assumes that the combustion gas inter-
temperaturg[20]) was used with the available gas temperaturierences are strictly the direct radiance contributions from be-
and pressures at the turbine to predict the extent of interferenceve¢en the probe and the blade surface. However, in the LWIR,
both LWIR bandpasses. With these inputs, the model assumed tladbratory measurements of the representative ntetaine oxi-

the magnitude of gas interference was only dependent on the difzed blade exhibitede =0.55 andp=0.45 (see Table 2 With

tance from the probe to the point on the blade surface being méfaese LWIR radiative properties, hot combustion gases directly in
sured. The combustion gas influence is readily apparent in tthe probe’s view as well as at any view angle off of the blade
original signal recorded by the LWIR pyrometer during continusurface can contribute reflected gas radiance to the LWIR mea-
ous data collection of multiple turbine revolutions. The standairements. This can include radiance contributions from the hot-
deviations when measuring one particular point on a blade f@st gas upstream in the combustor to gas in the immediate vicin-
multiple revolutions is about 2.7% for the 10:8n LWIR band- ity of the metal blade. Therefore, the displayed disagreement
pass and 4.3% for the 11,8m LWIR bandpass, whereas it isbetween the LWIR bandpasses and the SWIR bandpass in Fig. 7 is
0.2% for the SWIR. Since simultaneous pyrometer measurements
were obtained, the level of LWIR fluctuations can not arise from

real temperature changes of the blade at each turbine revolutior 4,

Fluctuations in the gas radiance contribution can be caused by | r%,\
combination of combustion dynamics and the interaction of the 5| g ‘%m%
pressurized IR-inactive purge gas exiting the optical aperture o | ¢ P
the pyrometer’s intrusion probe. 3 ol —
In Figure 4 for the TBC blade, similar trends in temperature ] o %
across the leading edge and pressure surface of the blade are (g 5 géifw- : 3
served for the one SWIR bandpass and the two LWIR bandpasses ~ S S P4 | —
The leading edge is the coolest with some temperature increase = 5 f ﬂyﬁ%ﬁ% /
top and bottom. The pressure surface presents a cool zone in tla = Ao NV
upper left, then presents a hotter band down the length of ittg 1 \ ,./J \/
center. In the center, the 0/m bandpass is consistently indicat- = T~
ing temperatures 100—120°C lower than the 1@rb bandpass. 1 — Material Calculation
The 11.8um bandpass is generally indicating the highest tem- 102 \ SWIR, 0.9, m
peratures, but within 10—15°C of the 1Qun bandpass. 1 O LWR, 105, m
Similar trends in temperature readings resulted from the un %% O LW, 118, m
coated, metal surface blade. Here again thefh®bandpass is 1 | ‘
consistently indicating lower than the 1QuBn bandpass, but there 00 T T T T T
is more disagreement between the 1% and 11.8um band- 0 % 50 7 100
passes~50°C) with the longer wavelength providing the highest Pressure side length in mm
temperatures.

Comparisons between pyrometer measurement values and thages  Temperature traces for a TBC blade during natural gas
from numerical calculation§21]) of temperatures at midspan offiring. The LWIR data has been corrected for hot gas radiation.
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5.0 T I The spectral transmittance for this TBC is to be measured, analy-

1 Materi . sis refined, and further simultaneous measurements are to be per-
45 aterial Calculation | | " .
v SWIR, 0.9, m ormed to complete the analysis.
] LWIR, 10.5, m
40 O LWIR, 11.8, m 1 Conclusions
3.5 Measurements on TBC parts in the SWIR with proven instru-

mentation are generally regarded as unreliable due to low emit-
tance, semi-transmittance, and high reflectance of the coating.
During this study, SWIR pyrometer measurements and calcula-
tions demonstrated a reasonable closure, but the transmittance of
the altered TBC must be determined before expressing confidence
£ that this is a surface temperature measurement. The new LWIR
pyrometer demonstrated its ability to identify blade to blade tem-
perature differences for TBC on the 80 blade turbine that were
consistent for both firing conditions of the Siemens V84.3A en-
gine. Distinct temperature profiles on individual blades were ob-
tained. By subtracting the combustion gas contribution to the sig-

Temperature

05 y y y ' nal as calculated from known engine operating conditions and an
0 % S0 7 100 available spectral database for high temperature gases, the two
Pressure side length in mm LWIR bandpasses were consistently within 10—15°C for the on-
engine TBC data collected here.
Fig. 7 Temperature traces for a metal surface blade during The continuing focus of this study is to reconcile the agreement
natural gas firing. The LWIR data has been corrected for hot of the SWIR and LWIR TBC temperatures measured near the
gas radiation. blade cooling air lines with the disagreement in measurements

over much of the pressure surface in between these lines. If the
combustion gas interferences are suitably accounted for, the near-
blackbody emittance of TBC should provide the more accurate

expected. The disagreement between the two LWIR bandpasse'gI sure of surfape temperature. On-engine testing will continue,
also expected since the 11:8n bandpass is known to be moreinc uding measuring the brightness temperature of the combustor

influen mbustion then th n 117, with the LWIR pyrometeras has been dqne previously with the
Foru ieC%gysﬁ?faEg sinoFigqag etie 'I?BC :mr?;egﬁﬁ[e )2]|)s S_WIR pyrometel_([12])) to evaluate reflection sources and correc-
much higher(s=0.93 and reflectance much lowdp=0.07), ton methodologies.
thus the reflected radiance contribution is much reduced and the
two LWIR bandpasses show a close convergence of temperatubeknowledgments
when using the HITEMP-based correction.

In the TBC data of Fig. 6, it is observed that the temperatur,
data from both pyrometers converge at the minima in the calcu

tion trace at the locations of 30 mm and~60 mm on the pres- #DE-FG02-96ER82112. AFR also thanks Siemens Power Genera-

sure side length. These minima correspond to locations of blaﬁ@n for additional support provided during the research reported
cooling air lines. The local cooling of the TBC in these regions b, this paper. The authors express gratitude to Mr. B. K&k

Gradient rom the surface of the TBC 16 the bond coat on the me1en’ for Calbration of the pyrometers and to M. H. Ba:
9 . PR, en$ for the comparisons of calculated and measured values.
substrate. It is known that new or fresh TBCs exhibit significan
transmittance at SWIR wavelengths, so SWIR pyrometry Woukg menclature
be measuring a distribution of temperatures through the depth o ?
fresh TBC. The TBC on this blade has had its SWIR emittand&cronyms
and reflectance altered by the environment of engine operatiog o long wavelength infrared
(see Table 2 but its transmittance properties have not yet bee _ .

; . . WIR = short wavelength infrared
determined. Recent transmittance studies on TBC exposed t0 €Q-n~ _ : :

; L . - ; C = thermal barrier coating
gine operation in locations other than the Siemens engine devel-
opment center have demonstrated a transition to SWIR opacitySyimbols
one case of a liquid fueled aircraft turbine engiftEL]), but opac- € = emittance
ity was not obs_erved f_or TBC taken from a heavy duty power , — reflectance
generating turbine engine after a few hundred hours of operatiQfiy = microns(wavelength
for one part, nor after several thousand hours of operation for
another part. If the TBC on the turbine of this study is signifi- f
cantly transmissive at the SWIR bandpass and the thermal gra%@ erences
ent through the TBC is much reduced at the blade’s cooling aifl] Gaul, G\-/,VMEQu;gganfd, SoutgaTll, t., ang Dtiakun%hak,ﬁlt.'bsoogj “ThefSi-

H in. emens vestinghouse vance! urpine systems rFrogr eedaings o
“’.‘es’ the SW'R and LWIR pyrometers would be e).(peCted to .In the 1999 Advanced Turbine Systems Annual Program Review MeBtitsy
dicate a S|m_||ar temperature, as they do here. With the typical pyrgh, PA, U.S. Department of Energy Office of Industrial Technologies and
thermal gradient in place on the TBC, the LWIR pyrometer mea- National Energy Technology Laboratory, publication DOE/NETL-2000/1129.
suring surface temperature would be expected to indicate a highé?] sa};sseT, W. :-’CKUtmpfe?, J’-:’ fchU'GZ’ W; agd Piﬁeﬁ ’T"-éyld999xd‘fAdvaf;Ced
H H H aterials an oatings for Future Gas lurpbine lechnolos ceedaings O
temperature than the averaged erth tempgrature Indlcatl(.)n of the AGARD-AVT Symposium on Gas Turbine Operation and Technology for Land/
SWIR dev[ce. Of the data of Fig. 61 we still must reconcile the  seq/air Propulsion Power System®ttawa, Canada, Advisory Group for
absolute highest temperatures provided by the LWIR pyrometer, Aerospace Research & DevelopméAGARD), Neuilly-Sur-Seine, France.
which are higher than anticipated when compared to the calculak] gzebC_h, ’\é-lv gchw\l}é;kaf;g Stin:mhwié;93,97’ “Advanced Coatings for Gas

: : : : urbine Blades, raftwerkstechnik]7, 3.
tion trace between the air COOIIng "”‘?5 of the pressyre sur_facew Seume, J., 1997, “Valuable Experience Gained From 25 Years of Operating
The. SWIR. pyrometer results from this TBC of relatlvgly high the Full-Load Gas Turbine Test Facility in Berlin,” Power Gen. Europe '97,
emittance is in fairly close agreement with the calculation trace. Madrid.
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Kalaeloa: Combined Cycle Power
z.r.knalat | Station Burning Low Sulfur Fuel
B.Basler § QOjl in Its Ninth Successful Year

ALSTOM (Switzerland) Ltd.,

Baden, Switzerland This paper presents the O&M experience at the Kalaeloa Cogeneration Plant. Perfor-
mance issues and other problems related to firing heavy oil in a combustion turbine are
presented together with their long-term solutions leading to the current successful opera-
tion of the IPP power station in Hawaii, USADOI: 10.1115/1.1447240

Introduction In May 1996, ABB Energy Ventures acquired full ownership of
Ee plant from SEI and ITOH; one year later a majority interest in
of the easiest jobs in ALSTOM POWER O&Normerly ABB). € p!]ant was Sé)lg toba pgrtnershlpr(l:onstlngrhof PSEG Global of
The plant is located at the southwest tip of the Island of Oah ew Jersey and Harbert Power of Alabama. The new owners rec-
gnized several areas for improvement in the plant and invested

only 20 miles from Honolulu and Waikiki Beach. ALSTOM . !
; . funds for their development. Some of these improvements are
POWER has been operating Kalaeloa for nine years. As a Coﬂul;scribed in this paper.

bined cycle power plant operating in cogeneration mode, the plan
provides approximately 20 percent of the electric power to tHelant Description

island, and approximately 120,000 Ib/hr of steam to the refinery.l.WO Type 11N gas turbines, with silo combustors, single-burner
next door. ' y

. . . . esign, rated at 74.6 MW at 76124.4°Q each, including NQ
This paper describes the long term operating experiences at hrol by steam injection, are used as prime movers. Gas ex-
plant, which operates on low sulfur fuel qiLSFO), an uncom- ' '

mon fuel for combustion turbine applications hausts into individual horizontal dual pressure Deltak waste heat
) recovery steam generatofdRSG. The steam turbine, an ABB
KT type, provides additional capacity of 51.5 MW. Steam is ex-
tracted and sent to the refinery at three pressure levels: 700, 450,
Project Conception and 230 psig. This combined cycle arrangement makes it possible
. . . .. to achieve an overall heat rate of 8310 Btu/kWh at design condi-
The plant, Fig. 1, is a 200 MW turnkey power station built injong as a PURPAPubIic Utility Regulatory Policy Act quali-
1991 by ABB under the then-new regulatlc_)ns of Indgpendeﬂéd facility, the plant is required to maintain an annual operating
Power ProducersIPP), made an excellent fit for the island's gficiency of 42.5 percent or better, while exporting steam for
needs. The project started rather slowly, as the whole idea of :F ocess use equivalent to 15 percent of electrical output. Figure 2
was still young in the late 1980s. The source of the idea was that, simple schematic of the plant cycle. Figure 3 is a schematic of
Hawaiian Independent Refinery, IN¢IRI), a major producer of 4 o process steam system.
the island’s trapsportation.fuels, had to ship thg heavy residuepq plant was built in two phases. GT1 was put into service
back to the mainland for disposal. At the same time, there wagia in a simple cycle configuration firing gas, and was declared
need for power on the island and a conventional steam PoW&fmmercial in March 1990. Installation of GT2 and the steam
plant was being on considered. ABB convinced the investors a%ﬁimt continued leading to full-plant commercial operation in May

Finding people to work at Kalaeloa Cogeneration Plant is ori

the local businesses that a combined cycle plant would be mqrggq

efficient, _could be built in less time, and could burn the_heavy ol The primary fuel for the facility is low sulfur fuel oLSFO).

as the primary fuel. The consortium of Southern Electric Interngye fye| s treated at the refinery to meet low alkali requirements,
Flonal Inc.(SEl), C. Itoh & Co.(ITOH), and ABB |nvest|gated the ¢ en pumped through a permanent piping system to two LSFO
mdt_ependent power producer rules and became convinced that {8iSks of one million gallon capacity each. Diesel is used as a
project was a good investment. In 1988, a power purchase agregzondary fuel for emergency operation, startup, and flushing pro-
ment (PPA) was signed with the local utility, Hawan Electric coqres. Diesel is also supplied directly from the refinery through

Company(HECO). At the same timg, a steam supply_ and fue permanent piping system, and stored in a 50,000 gallon tank. A
purchase agreement was signed with HIRI, the permits were se-

cured, and a 25-year O&M contact was signed with ALSTOM__
O&M. -

The project goal was to fulfil HIRI's needs for approximately s
120,000-Ib/h steam, while purchasing 1.8 million barrels of fue¢ ~ SR
annually. Additionally, the island’s electricity needs, served b - ' e
HECO, was to secure another step in its reserve capacity. T#
plant currently generates about 20 percent of the islands total el
tricity needs; and provides approximately one-third of the refir
ery’s steam requirements.

Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF >
ENGINEERING FORGAS TURBINES AND POWER. Paper presented at the Interna- &

8-11, 2000; Paper 00-GT-590. Manuscript received by IGTI November 1999; fir.Z.
revision received by ASME Headquarters February 2000. Associate Editor: D.
Wisler. Fig. 1 Arial view of Kalaeloa cogeneration
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Fig. 3 Schematic of process steam system

simplified sketch of the fuel system is depicted in Fig. 4. From the be pumped directly to the fuel nozzle. The additive is mixed
fuel tanks, the fuel is moved via forwarding pumps. LSFO passego the fuel stream in the nozz(prior to atomizationand simul-
through preheaters that raise the temperature to 360P6.7°Q, taneously enters the combustion zone.
whereas diesel is not heated. Distribution headers split the fuel
streams into three branches: one to each turbine fuel pump blgck .
and a third to the standby fuel pump block. A set of three-wampaCt of Fuel on Plant Operation
valves allows the switchover between diesel and LSFO. Each fuelA fuel specification and typical sample analysis are shown in
stream continues to a dedicated fuel pump that raises the presdiakles 1 and 2. The fuel is ash-bearing and in principle a heavy oil
to 1400 psig and delivers it to the turbine fuel nozzle. The standiwith a density of 19.8 APl and a pour point92°F (33.3°Q. It
fuel block is common to both units, and is put into service whemequires preheating in the storage tanks, up to 1882:22°Q, in
ever a dedicated fuel block needs to be removed from service fader to remain pumpable. Additional heating in a two-stage pre-
repair or maintenance. The switch to the standby fuel block eater, using hot water and LP-steam as a heat source, is neces-
manual and requires the affected unit to be shut down. sary to allow pumping through the fuel nozzle. The viscosity of

A propane system provides ignition. Startup occurs on dies#b.7 ¢St at 212°F100°CQ requires preheating to typically 350°F
oil, and the switch to LSFO occurs at approximately 20 MW. (176.7°Q at the burner tip for good atomization.

Prior to the switch to LSFO, a corrosion inhibiting additive has A maximum sulfur content of 0.50 percent is allowed by speci-
to be introduced to the turbines. The additive system parallels tHigation; the fuel typically has a 0.45 percent sulfur content as
for fuel. A 13,000 gallon storage tank, forwarding pumps, dosingceived. The trace elements listed in Table 1 show a rather a
pumps and a piping/valve system is installed and allows addititgpical distribution for heavy oil. Whereas Vanadium is rather low
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Fig. 4 Simplified sketch of fuel system

and in the range of 10—20 ppm, nickel reaches levels of up to Atately 2150, 5000, and>5000°F (1177, 2760, and>2760°Q,
ppm. The washed fuel hardly shows any sodium and potassiuespectively. With the turbine inlet temperature at 1854°F
(1012.2°Q, these newly formed ashes will pass through the tur-

and usually is considerably lower than 1 ppm.

The presence of Vanadium in the fuel requires the addition oftene without melting or adhering to the blades.
magnesium-based additive to avoid accelerated oxidation by low
melting vanadates. When the fuel is burned, the vanadium forms

an ash, Vanadium pentoxide,¥s;, which melts at approximately

1450°F and is a major contributor to high temperature corrosion

The additive, refer to Table 3 for typical analysis, contains 1

Table 2 Typical sample analyze
BHP PRE-SHIPMENT REPORT

Product: Low Sulfur Fuel Oil

percent to 13 percent by weight magnesium in the form of ma Method Test
nesium sulfonate. This compound reacts in the flame zone to pr57057 "API Gravity, Av, 9.8 APl
duce less harmful ashes with higher melting points such Fpos Flash Point. PMCC 330°F
MgSQO,, MgO, and 3MgO. O5 with melting points of approxi- D97 Pour Point 33°C
D445 Viscosity@?210°F 45.7cSt
D445 Viscosity@210°F 214 SUS
Table 1 Fuel specifications D429%4 Sulfur 45 Wt%
LSFO FUEL SPECIFICATION D17%6 Water & Sediment .30 Vol%
D482 Ash
Product Spec. Test Method Typical Range Limits D240 Heat Content, Gross 19003.7 BTU/Ib
(Average) _ D 240 Heat Content, MM Gross | 6.216 BTU/Bbl
API ' : ASTM D4052 14-23 (18) 14 min. D4 629 Nitrogen, Total
Density kg/liter ASTM D1298 97-.90 (.95) .972°max. AES Sodium & Potassium <1 ppm
Flash ASTM D93 150 °F -
ASTM D445 AES Vz?nadlum S ppm
Viscosity ASTM D2161 100-450 (250) | 450 max. AES Nickel 35 ppm
SSU@210°F AES Lead 0 ppm
Pour Point °F ASTM D97 130°F AES Calcium 2 ppm
Water & Sediment ASTM D1796 1% - 1% 1.0% vol. max. AES Zinc <1 ppm
Ash ASTM D482 01% - .06% wt. max.
.06%(.02%)
Gross (Higher) ASTM D240 6.0-6.40 6 MMBTU/BBL Table 3 Additive analysis
Heating Value min.
Nitrogen Dohrmann 60% .60 wt. max. Product: Organic Overbased Mg Product
‘ Chemiluminescence Quantity 44,040 LBS
Sodium plus AAT 20t 1 ppm max. Specific Gravity 1.151
Potassium - .
Vanadium AA* 10-20 (10) | 20 ppm max. Magnesium, Wt% 11.2
Sulfur ASTM D4294 50% .50% wt. max. Flash Point, PMCC, C 60
Delivery 180 °F min. Viscosity CST @ 100 C, CST 13.4
-Il;e]?permlfre ATy Water, Vol.% 1
elivery Pressure - s./sq. in. : 47
absolute z:,;:]:m ppm 1159
*  To be tested by Automatic Absorption/Emission Spectroscopy (AAS/AES) M, ppril
** Delivery Pressure may be adjusted by mutual agreement by both parties. Lead, ppm 16
*4* [ntreated Vanadium, ppm 8
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The amount of additive required is in the range of 3/1 Mg/V. A Table 5 Plant design performance and guarantees
determination of additive flow is made each time a fuel delivery |

d Basic Design: Contractual Guarantees
made. . L _ . | 2GTI1IN rated at 74.6 MW at 76°F | 180 MW Firm Capacity
The chemistry of the deposition and corrosion prevention g7 rared at 51.5 MW 120000 Ibs/hr Process Steam
quite complex. The formation of magnesium vanadates is actua >4y Prossure beltak HRSGs 42.5% Plant Efficiency

happer_ung, but the main buildup of de_posns is magnesium Sulfd=yrain fuel is LSFO wiDiesel as back p | <12 Contractual Unit Trips/year
and oxides. The presence of sulfates increases towards the cQ fuel

portions of the turbine and also Vanadium contents are incre{ 120000 Ibs/hr of Process Steam > 88% EAF

ingly higher there. In the front end of the turbine, one usuall 8310 BTU/KHW with nom. <4% FO

finds layer type structures changing from oxides to sulfates. S| Process Steam

fates are usually water-soluble and can easily be washed off. Mj TIT 1854°F > 15% Steam Export

nesium oxides form hard and hardly soluble rocky type deposi
mainly on the pressure side of the turbine blades.
The effect of nickel has been the subject of debate for quite o
some time. Whereas some people see it as an inhibitor, others %&@rt Reliability
it as a potential melting point depressant and therefore, a cor-Start reliability is defined as the number of successful starts
rodant. The phase diagram of nickel vanadates and nickel sulfagiéided by the number of start attempts. A successful start is
shows that at high Ni/V ratios, the melting points are high, henegunted each time the unit is synchronized. Excluded from start
the risk of corrosion due to such components is low. If, howeveittempts are repeated attempts to start without attempting correc-
the ratio is lower, low melting Ni-vanadates, which could act agve action. Although start reliability is not a guaranteed perfor-
the very corrosive alkali-vanadates, could form. Therefore, thgance parameter, it has direct impact on most guarantees.
Ni/V ratio needs to be carefully watched. At a Mg/V ratio of Figure 5 shows the annual start reliability trend since commer-
3, and the usually high Ni/V ratio, no accelerated corrosion igal operation. Problems with the fuel system, described below,
detected. were the main reason for the poor start reliability during the ear-
The use of ash-bearing fuel has operational consequences firatyears.
have an impact on availability and performance. Fouling results in
degradation of the gas turbines and HRSG performance, and cpjj;t Trips
sequently power and heat rate losses. In order to restore the per- o ] ) ) .
formance, downtime is required to wash off deposits creating suchA contractual trip is defined as the immediate removal of a unit
degradation. Per the contractual agreement for Kalaeloa, oncEn service, whether operator or control system initiated, which
week, each unit is shutdown for a 12-hour period for turbingduires the host utility to start up one of their units to make up for
washing. A typical schedule would have GT1 down Friday night@art or all of the Iost load. For Kalaeloa, the number of contract
at 8:00 p.m. to Saturday mornings at 8:00 a.m. GT2 is similarijnit trips per year is guaranteed not to exceed 12, above that,
down Saturday evenings through Sunday morning. Ilqwda_lted damages are a_ssessed. Contractual unit trips since start
The turbine wash process is fairly simple and short in duratioff Project are shown at Fig. 6.
In most cases, a 45-minute wash is adequate. Demineralized water
is used for the wash, and neither chemicals nor detergents Aseailability
used. Water is injected through built in nozzles installed around
the perimeter at the inlet of the turbine. The majority of the tim
during the 12-hour shutdown is used for unit cool down.

n

Availability is defined as the ratio of available MWh divided by
Elant contractual capacity. The availability guarantee per the
O&M contract is 88 percent. The lowest availability recorded by
the plant was 89.1 percent during the second contact year, most
. down time was primarily due to fuel system malfunctions. A
History of Plant Performance maximum of 94.4 percent was achieved in the sixth contract year

Currently the plant is in its ninth year of operation. Operatinlg:mng which shortest C Inspection at 18.5 days, was achieved.
hours and starts for each unit are shown in Table 4. The plant rUrigure 7 shows the availability data since the start of project.

at an average load of 180 MW and is operated as a base load

plant. Steam production is maintained at 20 to 25 percent Bbrced Outage

power praduction. forced outage is defined as the immediate removal of a unit

Chi;g?’le g: 'r.]lf:ﬁr%tsjo?l' tﬁaergIﬂrﬂasegagr;fnigar:n%f z:ggl?Tnsvgf? m service, or the inability to place a unit back into service due
ments g fhe Ian% owner man’ r%blems have been resoIvP dequipment malfunction rendering the unit inoperable or unsafe
y the p s y pr Zen operate. The guarantee per the O&M contract is a forced outage
anq _the plant is now running at a high level of availability an ate not to exceed 4 percent. The highest rate achieved was 2.37
efficiency. . . ercent in the second contract year, and the lowest was 0.47 in the
Key performance parameters the plant is measured against 4 contract year. Again, the fuel system was the primary cause

guarantee points are shown at Table 5. . of forced outage during the earlier years. Figure 8 shows the
Figures 5 through 9 graph key performance parameters si %?ced outage data since start of project.
€

startup. As stated before, the early days were troublesome, but
plant has now achieved significant success and continues to do so.
Some of the problems encountered early in the project can b?, )
attributed to factors described below. Efficiency
In accordance with the rules established by PURPA, the facility
is required to produce steam at a minimum rate of 15 percent of
total output, and maintain efficiency at a minimum of 42.5 per-

Table 4 Operating hours and starts cent. The efficiency is calculated as the ratio of electrical output
ACTUAL DATA AS OF SEPTEMBER 1999 plus half the thermal energy output divided by the fuel input:
GT1 GT2
Ops Hours 62200 62500
EOH 84200 81900 Electrical Output-(Steam Thermal Output)2
Starts 1100 970 PURPA eff= Fuel Input :
Journal of Engineering for Gas Turbines and Power JULY 2002, Vol. 124 / 537
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Fig. 5 GT start reliability chart

Figure 9 shows efficiency results since the start of projecTaming of the Fuel System
While efficiency is not a contractual guarantee parameter, it must
be met to maintain PURPA Qualifying Facility status. The effi- ) ) )
ciency of the plant has been controllable at the 42.5 percent levelMuch of the poor performance in the earlier years was attribut-
however, with greater difficulty from year to year. This difficulty2ble to the fuel system. Many trips, failed starts, and forced outage
is the result of fouling in the HRSG, which causes deterioration &urs logged soon after start were the result of fuel system related
the steam cycle performance. The problem can be overcomeipgues. A re-evaluation of equipment specifications and process
increasing steam export levels high enough thus causing thesign led to many of the changes that helped bring the plant to its
PURPA efficiency to come up, but at the same time, the heat raterrent state of high reliability. The following is a summary listing
suffers. Plant experience with boiler problems is discussed belayf.some of the problems.
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Fig. 6 Contractual unit trips chart
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Fuel Forwarding and Preheating System. * LSFO forwarding pumps experienced excessive wear and
mage to the shaft seals. This was caused by the fuel leaving
rd deposits when the seals cooled down. Heat tracing and insu-
tion of the seals reduced the frequency of the problem. Exces-

was corrected by replacing the relief valve and replacing the t Ve Ieakgge of .the pum_p_sea_ls was ‘"’.”SO_ caused by lack of expan-
due to high tank level with an alarm signal. ion provisions in the original installation; the support system was

- Leakage in the fuel pre-heaters introduced LSFO into tfrrected. , , ,
steam cycle and water into the fuel system causing unstable com? LSFO forwarding pumps cavitated when the level in the
bustion and flameouts. Pre-heaters tubes were seal welded to préF© tank fell below eight feet. The inlet strainers to the pumps
vent further leakage. The addition of a constant pressure reli¢re changed to a larger mesh and operation procedure was insti-
valve kept the pressure of the pre-heater steam always higher th#gd to switch fuel tanks when one level dropped to ten ft. Fuel
the LSFO pressure; hence, a leak would allow stream into tleding is done twice a week, which leaves at least one tank
fuel, but not fuel into the steam cycle. higher than minimum level at all times.

« Improperly selected filters and contaminated fuel caused* LSFO forwarding pressure control was sluggish; causing
high-pressure drops in the lines resulting in unstable fuel delivepjant trips and start failures. The entire pressure control system
conditions. Problem was resolved by replacing filters with mongas re-evaluated and modified with new control valve, controller,
suitable elements or removing them from service where possibéad transducer.

» Malfunctioning pressure relief valve caused fuel leakage taﬂg
to overflow. Tank high level generated a trip signal to fuel pumps
on both units thereby taking the entire plant down. This proble

Fig. 8 Forced outage rate chart
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 Original design called for two 100 percent fuel-forwarding Another source of water was leakage through the fuel heaters.
pumps. Operationally, both were kept in service to reduce the ri€kace discovered, the heaters were taken out of service and modi-
of pressure loss. However, numerous problems were still expéiied to prevent recurrence.
enced. A third pump, which was available in spare inventory, was

installed to increase this system’s availability. Commissioning and Early Modifications

Start-up of one LSFO pump while the other was in service causedCommissioning work continued while the plant was in com-
a loss of suction pressure and both pumps tripped. This was fgercial operation. This work consisted primarily of troubleshoot-
solved by installing variable speed drives. ing various problems that were discovered as experience was

« Loss of LSFO forwarding pumps due to electrical frequencgained with the plant. Solutions involved hardware and software
variation was frequent for a period of time due to grid instabilitchanges. Due to load demand and contractual requirements, there

The power supply to the pumps was changed to a UPS sourceévere limited opportunities to perform the desired work. Signal
simulations were performed to prevent loss of equipment while

work was done on-line. Needless to say, things were occasionally

Diesel Contamination missed and some loss of equipment was inevitable.
During the GT's ten-second ignition cycle, a self-sustaining S°Me of the changes implemented by the commissioning team
flame needs to be established; otherwise the turbine shuts doWr€ Not fully tested until the equipment was returned to service.
Diesel is used for normal startup and continues in service throu favorable results were occasionally encountered requiring re-

synchronization and up to an appropriate load level in the range pval of equipment from service. to correct.
136 to 20 MW. P pprop g Redundancy built into the design of the plant had to be care-

The original fuel switchover valveghree-way allowed LSFO fully reponS|dered anq improved Wherg appropriate; par'qcularly,
to leak back through the diesel line. This resulted in contaminat@fPtection schemes with 1 out of 2 logic had to be modified to 2
diesel going to the nozzle on start up affecting flow propertie%“t _°f 3 Bugs” were identified and eliminated, these were pri-
through the line, and ignition properties at the nozzle. Numerolfé2rily in the fuel control system.
failed starts occurred as a result. The valves were changed to a
more robust type, and isolation valves were installed in both thgnition Torch

LSFO and diesel side of each valve; the isolation valves aIIowed%he original ignition torch was equipped with a conventional

rk plug. Failure of the spark plug caused many failed starts and
iculty in accessing the spark plug caused the repair process to
very long. Several physical and procedural changes were made
to reduce down time due to ignition problems, but eventually the
Water in Fuel spark plug was replaced with a glow plug. The glow plug consists
) ) ) of a metallic tip that heats up to glowing temperature as electric
Water from two different sources, which was present in the fuelyrrent passes through it. Once the glow plug design was fully

caused difficulties during startups. One source was the fuel Sifsveloped, the start failures due to ignition torch became rare.
ply. While the fuel specification is normally checked prior to de-

livery, it is suspected that occasionally water quantity higher th .

shown by lab analysis was present. Over time water coIIec’[edacg[:)erator Experience

the bottom of the fuel tank and at some point entered the suctionPersonnel hired to operate the plant came from various back-
line to the transfer pumps eventually getting to the turbine. Thiggounds. The majority had gained training and power plant expe-
problem was resolved by weekly water removal through installegence while working with the U.S. Navy; some had worked at
drains, this procedure is still in use today. The amount of wateivilian power facilities, while others had no experience at all.
removed each time varies from very little to several hundredevertheless, much of what was built at Kalaeloa was new to all
gallons. operators. The project team conducted formal training, which was

maintenance to be performed on these valves during week
wash shutdowns. Currently, valve seals are replaced on a quartey;
basis, and problems with contaminated diesel have not recurr
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supplemented by experience gained while working with the corbut no improvements on tube surface. An infrasonic device was
missioning and construction teams. The real experience cametbgn tested. This was installed in the stack and was designed to
trial and error on the job. handle the entire volume of the HRSG. Cleaning results were not

Over the years, a concerted effort was put into developing ogatisfactory. Continuation of the experiment by installing the in-
erating procedures that included theory, practice, and lessdrasonic at another location was considered, but the concern for
learned. Throughout this developmental process, mistakes wstgrounding equipment, which vibrated as a result of the device’s
made leading to the poor performance numbers during the eamlyeration, led to the decision to terminate its use.

years. * CO, Cleaning: The CQpellet blasting method was tested in
] 1998. Expected advantages over grit blasting included: less ero-
Fuel Nozzle Erosion sion and no cleaning grit discharge from the stack on startup. The

The fuel nozzle is composed of two sliding rings with a serigg/€@ning process was much slower than with grit, and the cleaning
of orifices that regulate fuel flow. At the switchover point, ap!€Sults were not satisfactory. This process was not used again.
proximately 25 MW, the smaller ring closes and the larger one * \Water Washing: With the change in plant ownership in 1997,
opens. As the orifices erode, severe load swings occur at MW projects were explore_d; modification of th_e_ boiler for water
switchover point causing the turbine to trip. This problem wa¥@shing was one. The boiler bottom was modified from ceramic
resolved by replacing the sensitive internal components of the fipulation to refractory type insulation unlikely to be damaged by
nozzle with hardened material and establishing a fuel nozzle ovfater. Drains were added and a containment area was built around

haul frequency of six months. the HRSG's to collect the wastewater. The first water wash was
performed with fire hoses and nozzles spraying into the tube
Boiler Cleaning bundles. However, due to the high-density design of the HRSG, it

Althouah the initial f ducti fd dati was determined by use of a borescope, that the interior sections of
though the initial focus on reduction of degradation was 105, .y 1y ngle were still not getting clean. Further consideration led
ward the gas t’urblne, the HRSG became the fo_cus soon therea "the currently used technique of washing the HRSG sections

'.I'hlef.HRSdG S fare fpeltak QUarI] Ql_rre]ssure .deﬁlgnb The tubefs #6m the top. Access hatches were cut into the casing above each
spiral-finned at four fins per inch. The two-inch tubes are at foufiy e three sections, and wash nozzles were fabricated to facili-

m;gge.nters,.withdSZ_ LU?(;S wide and 16 de%ﬁ) per b“_lflﬁle' E the process. On the first wash attempt, water ran down the
Is equipped with 15 steam rotary sootblowers. The sourgge, a5 of the HRSG causing failure of insulation in the side-

of t_he deposits on th? tubes is the_ ash from the_fuel, with ContWaIIs; this resulted in casing cracks on startup due to uneven
bution from the additive. The ash is of fine consistency and ea Xpansion.

to blow off when hot, somewhat caked when cool. The stac
design temperature under normal operation is 33870°Q. As The current evolution of the water wash utilizes nozzle assem-
the HRSG fouls, the stack temperature rises to as high as 40®fifes that essentially pour water between the HRSG headers. This
(204.4°Q. method allows water onto the tubes without spraying into the
The sootblowers are capable of removing some ash, howeva@dewall insulation. The water then swirls down the tube fins,
not enough to produce any significant drop in stack temperatutssolving and removing deposits. Results have been very posi-
for any reasonable duration. Experimentation with sootblowintye, with stack temperature dropping to 340°F after the wash.
techniques did not yield good results. Off-line cleaning methods This method is still under development. Future developments
were investigated producing mixed results. will include automation of the waste water collection, treatment

. . . . and disposal system; automation of the spray system; and better
« Air Lancing: This method involved the use of compressed allontrol of pH of the process to avoid tube corrosion.

introduced to the HRSG by manually controlled hoses blown di- The boilers are now washed on an as needed basis based on

rectly at the tubes. A small reduction in stack temperature Wag, .\ temperature rise, but approximately every two months. Plant
realized. The process was labor intensive and the units had to RPA efficiencies have climbed to the 43 percent range with
placed on “unavailable” status while the cleaning was done. reduced steam export

 Grit Blasting: A copper slag, grit, was introduced into the air
lancing process. The grit was conveyed through the air lines apd
blown against the tubes producing very good results on tube stit= mmary
faces facing the cleaning media. Stack temperatures droppedhe Kalaeloa Cogeneration Plant has come a long way since
down to 355°F(179.4°Q but quickly deteriorated back to high startup, becoming a reliable power production facility for the is-
levels. In addition to the problems in common with the air lancintand, and using a fuel that was not well understood for this appli-
technique, there were added problems with this method: conceation. Through strong commitments, by the various OEM groups
for accelerated tube erosion, and discharge of copper bearing @ard the Plant owners, to its success, problems have been resolved
ticulate out the stack on start-up. and are now under control. Room for improvement remains, and

e Sonic Systems: A sonic horn was installed underneath #me commitment to achieve future improvement is there as strong
HRSG section. Initial observations revealed clean boiler bottoras ever.
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Advanced Gas Turbine
Technology:
o.eckarit | ABB/BCC Historical Firsts

P. Rufli During more than 100 years engineers of the Swiss development center of A.-G. BBC
ALSTOM Power Ltd., Brown, Boveri & Cie., from 1988 onwards ABB Asea Brown Boveri Ltd., in 1999 ABB
Brown Boveri Strasse 7, ALSTOM POWER Ltd., and now ALSTOM Power Ltd. in Baden, Switzerland, have sig-
CH-5401 Baden, Switzerland nificantly contributed to the achievement of today's advanced gas turbine concept. Nu-
merous “firsts” are highlighted in this paper—ranging from the first realization of the
industrial, heavy-duty gas turbine in the 1930s to today’s high-technology gas turbine
(GT) products, combining excellent performance, extraordinary low environmental impact
with commercial attractiveness for global power generation. Interesting connections
could be unveiled for the early parallel development of industrial and areo gas turbines.
[DOI: 10.1115/1.1470484

Introduction fered major disappointments in the 1920s and 1930s; economic
In times of globalization, “new economy,” and virtual stockd'mCUIt'eS have been as much a part of BBC’s history as grand

L ) riumphs. From 1903 to 1914 AEGAllgemeine Elektrizités-
market bonanzas it is worthwhile to reflect on the values of engis
neering ingenuity, enduring leadership, and technical Substar%esellscha}theld a large part of the BBC shares. After WWI the

The historic contributions of ABB/BBC to the successful devel-h C Group had no choice bt to join forces for a short time with
. . ; powerful British Vickers Ltd. Paying out a dividend was out of
opment of the present industrial gas turbines appear to be a gr%[fj ion f 1921 to 1924 and f 1931 to 1938 but i
example in this context € question from 1921 to 1924 and from to ut in
parallel, the technical innovative progress in the newly founded
Gas Turbine—Back to the Roots company appears having continued nearly not affected.
The internationalization of BBC was essentially shaped by one
BBC and ABB are part of the history of technology that gaveutstanding product: In 1900 the company made the courageous
rise to the greatest inventions of the past century. Gas turbingdd momentous decision to include steam turbines in its range of
more generally “turbomachinery,” emerged in the wake of earlproducts(Fig. 2. Watt's steam piston engines had triggered the
electrification. Interestingly, the names of those pioneering coffirst industrial revolution in the early 19th century; a hundred
panies are still today amongst the leading players: years later steam turbines, coupled with generators, were to play a
In 1867 the German Werner von Siemens presented the fifste of similar importance. Rotating turboengines subject to con-
“dynamo” after having discovered the principle of electrodynamstant impingement by jets of steam replaced the venerable piston
ics. In 1879 Thomas A. Edison invented the light bulb, thus layingteam engine. Consequently, the production of turbine generators
ground to create the powerful General Elect{i899. In 1891 soon became a major line of business at BBC. The fast-rotating
Charles E. L. Brown succeeded in transmitting 220 kW of poweilternating current generator, a stroke of genius on the part of
the 175 km from Lauffen/Neckar to Frankfurt/Main, GermanyCharles Brown, led to the breakthrough of turbine generators at
From this moment on, driving power no longer had to be genehe turn of the century and to an influx of orders for BBC from
ated and consumed at the same site. An electrical cable codléund the world. By 1902, BBC had delivered 17 steam turbines,
now link the source of energy with the place at which it wagne of them with an output of 3 MW. By 1905 the product was
utilized; centuries of limiting mechanical transmission equipmenfccounting already for half of total company sal@gg. 3).
were over.

BBC GT Development—The First 50 Years:
Finding the Path

On Oct. 2, 1891 the following entry was made in the comme
cial register of the Swiss Canton of Aargau: “Charles E. L. Brow
of Brighton, England and Walter Boveri of Bamberg, German
both resident in Baden, have established a limited partnership
der the company name Brown, Boveri & Cie., Baden. The natu
of the business: fabrication of electrical machines.” The tw
founders complemented each other perfectly: Brown was the te:
nical wizard and Boveri, the dynamic businessnigigy. 1).

In retrospect the early years must not be viewed solely as a tit |
of technical innovation and success; they were also rife with ii
tense labor and social disputes. Shareholders, for their part, <

Contributed by the International Gas Turbine Institd@&TI) of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna-
tional Gas Turbine and Aeroengine Congress and Exhibition, New Orleans, LA, June .
4-7, 2001; Paper 01-GT-395. Manuscript received by IGTI, December, 2000, fifalg. 1 Charles E. L. Brown (1863-1924), J. Walter D. Boveri
revision, March, 2001. Associate Editor: R. Natole. (1865-1924) as of 1891, the year of BBC's foundation
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Fig. 2 Steam turbine assembly, Baden ca. 1902

Fig. 4 BBC multistage centrifugal compressor for the
Armengaud-Lema”le gas turbine, 1906

In the context of the evolutionary move from piston to rotating

i fi i in th f i h i ) .
engines, first exercised in the area of steam engines, the desd%rr]d of 1920-1930 and for present state of the art. With a turbine

target for the coming gas turbine became cledgartial) replace- . :
megnt of the(Otto orngi]ese) combustion piston ﬁgines eFt)nd conlnlet temperaturéTIT) of about 830 K at the nozzles, obtained by
rq&ectlng water into the combustion chamber, the turbine was

tl li I lerati lerati ist . -
sequently, no linearly accelerating/decelerating masses/pis d t able to supply the mere power for compressing the air. The

cranks, and connecting rods, on the other hand, in view of t t this di inti It ‘b ht in th A
steam plant's complexity: no boiler, no condenser with circulatinﬁause of this disappointing resuft must be sought In the grea

lume of compressed air required to reduce the combustion tem-
water, no water supply, no feed water pump, no water treatmelt, !
no air extractor, no condensate pump, no cooling tower, no otH&rature of 2.200-2.270 K to the value admissable for the gas

o : ) : bine blading.
auxiliary equipment. However, already the first gas turl(iG&) ur e . _— - . .
patent of J. Barber in Great Britain and thereafter the developmég}lt-rl; ge ?:aﬁlcﬂgiig;“dgcs)lrgglrg%s%r:d fgl:'l‘lj;?gear\‘loa}ﬁ;ﬁgyﬁg‘wéc szt'ss'

work of F. Stolze in Berlin at the end of the 19th century indicate: h >
a decisive difficulty on this path: A gas turbine with an useful, népsurmountable during the first decades of the 20th century. Con-

power output is only possible if the total expansion work of thgequently, an intermittently operatin_g, discontinuoqs working pro-
turbine(s) exceeds the compression work cess was selected, where the required pressure rise was achieved

The first stand-alone, net power generating GT power plant Wg}sa,_for_ a short time, her_metically sealed c_ombustion chamber by
built by the French R Armengoud and C. Ldmat Paris. 1905— Self-ignition of an explosive atmosphere. First operational gas tur-
1906. While Stolze was in search of the all-axial-engine from tfgnes according to this “constant-volume” Holzwarth principle

P : introduced in the mid 1920s with steadily increasing output
beginning, the French looked rather for a proven radial compré@Sere In ; . :
sor design—from Brown BoveriFig. 4). This first experimental power up to 5 MW. In this turbine, the fuébil, blast furnace gas,

gas turbine consisting of a 25-stage radial compre¢Sgstem  Of pulverized coal was fed to this closed combustion chamber
Rateall with two intercoolers from BBC and a single-stage tur1‘|Iled with compressed air, and the exploding mixture caused the

bine (f0||OWIng as well Rateau’s desigmchieved self-sustained pressure to rise approximately 4.5 times its Original value. The

operation by adding some steam, generated in combustor cooliﬁgmbus'[Ion chamber, nozzles, impeller, and blades were water

and feeding it back to the turbine in a kind of early “steam injecc00!€d. The power consumption of the compressor was only a

tion” (STIG). The actual GT efficiency should have been betweefﬁaction of that reqqired for the combustion turbine and, conse-
2-3% only, or 6-10 kW of equivalent power produced. quently, a poor efficiency of the compressor no longer had such a

The reason why the first turbine did not prove to become qj{sastrous effect; only a small amount of excess air was necessary
success can be seen in Fig. 5 which shows GT thermal efficier{&r/ combustion(since water was used for coolingnd the air
as a function of GT specific work—both for an early design stan-

8

20 Status 1920530 —1

GT Tharmal Efficiency

101 o,
1008 K

4] T 1
o 100 200 300 400 kMg 5
GT Specific Work

Fig. 5 Gas turbine thermodynamics (approximate perfor-
Fig. 3 BBC first “continental” steam turbine, Baden 1902 mance model )
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Fig. 6 BBC axial turbomachines for the Velox boiler, PR =2.4, 1931

needed only to be compressed to approximately one-quarter of the at BBC by C. Seippel. The ®&mgen airfoil no. 265 was
final explosion pressure. These straightforward advantages weselected as most appropriate, based on lift/drag polar plots pub-
however, accompanied by considerable complication and incrediseed by L. Prandtl, transformed “conformal mapping” into a
in cost of the plant. BBC got involved in building several of thoseascade flow and finally experimentally verified. The tests then
Holzwarth turbines, no. 2 as early as 1909-1913 and still, inalowed the reconstruction of the polar plot of the actual cascaded
second approach in 1928. Brown Boveri proposed for it an inairfoil (Fig. 7) as a reliable design basggl]).
proved two-chamber two-stroke cycle. This unit was installed in a In the light of the extensive von Ohain/Whittle discussion of
Thyssen steel plant at Hamborn, Germany, where it has been s@eent years on the first turbine-powered flight in 1939, it appears
eral years in operation with blast furnace gas. to be beneficial still to investigate the role and contributions of
The explosion turbine might look as a dead-end developmegpbtential 3rd players in this context/contest, e.g., it might be in-
but we are really only édevelopment steps away from theteresting to trace
“constant-pressure” gas turbine—the concept of today! The high ) o ) .
heat transfer rates in the gas ducts of the Holzwarth turbine led to the dissemination of those key ideas, outlined above, apply-
the concept of the BBC Velox boiler—with combustion under  ing airfoil theory for advanced compressor design, and
pressure, supercharged by gas turbine-driven air and gas compres-the whereabouts of some advanced, in parts flightworthy
sors. This application of the gas turbine rendered essential the compressor/turbomachinery hardware, delivered by BBC
creation of a compressor set having a high efficiency. The problem from Switzerland towards England, still during 1939-1940
was solved as early as 1932 by the development of a four or (Fig. 8).

five-stage reaction turbine and a 10 to 12-stage axial COMPressofye \whole excursion refers to the core assumption that ad-
(Fig. ©), the design taking into account the results of the thepynceq axial compressor designs finally became the key to the

latest research in the field of aerodynamics. successful realization of the aero gas turbine—in and after 1940.
- . All this happened in great secrecy before and during WWII, re-
Wanted—The Efficient Axial Compressor flecting the fact that jet-powered flight was considered as, and

First ideas for an advanced compressor design were obvioushtually played, a salient role in the war machinery of both sides.
introduced to BBC via its French daughter Cie. ElectroAs a further footnote it is worthwhile to point out that both Eng-
Mécanique(CEM), Paris. Between 1925-1931 CEM built undetand and Germany went through early jet engine configurations
the supervision of G. Darrieus a series of windmills from 8—10 mwith radial compressor designs; however, Germany managed to
wheel diameter, designed throughout according to modern aecorrect this detour, i.e., the necessary transition to an all-axial
dynamic principles. The practical transfer of single airfoil theorgngine design much faster.
towards the design of a multistage axial compressor was carriedn strange contrast to this later development stands the fact that

1.5 4
Cy
1.0 4

0.5 4

0.0 T T 1

Fig. 7 Compressor cascade deduction /transformation and test of Go “ttingen
compressor profiles, 1931
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GT usage for compact and lightweight ship/destroyer propulsion)
at the Institute of Mechanical Engineering, London
1939 First commercial IGT from BBC operational at Neltgla
(preserved still as an ASME Technical Landmjark
1939 BBC delivers 1st Industrial GT to RAE, 1.6 MW, 20 st.
axial compressor and during 1940 axial aircraft superchargers 190
hp, PR=2.5—in fulfilling a RR purchase order
1941 High ranking Swiss delegation (J. Ackeret, C. Seippel, and
C. Keller) retributing several foregoing visits from Germany by a
tour to AVA Gdtingen
Germany(and Germans abroad
1922 W. Bauersfeld suggests the use of airfoil theory for fluid
machinery, VDI-Z
1928 A. Franz (later, Jumo 004 designer) at ETH-Zurich
1935?) AVA Gottingen, 4 st. axial turbocharger, 7 st. compressor
development, Encke et al. design, PR8, 17,4=83% (in produc-
tion PR=3.1, ,4= 78%), reactionr=1.0
1935 H. P. von Ohain, secret turboengine patent no. 317/38

. ' . : 1937 H. P. von Ohain, test engine HeS3B running
i':n'gl'9839 First UK gas turbine (1.6 MW) at RAE, delivered by BBC 1939 1st jet-powered flight He 178 aircraft with HeS3B, SUN
Aug. 27, 1939, Rostock-Marienehe, test pilot E. Warsitz.
1939 R. Friedrich, Junkers Magdeburg, 14 st. axial compressor

BBC openly sold advanced axial compressor hardware unf@f RTO engine(Ruckstoss-Turbine ohne Leistungsabgabe an

stricted to everyone, as early as 1931. Given the later importanE&opelley, r=0.5, for HeS30 engine, based ont@ugen airfoil

this ten-year-long dissemination period of axial compressor techesign. S

nology is rather astounding, not to mention today’s short-terd240 Jumo 004 with Gaderived compressor, 1st test run.

technology cycles. 1941 _ BBC Mhm. design support for BMW 003C by providing a
The history of this specific development/flow of ideas angUPerior 7st. compressor, PR, 7,4==84%, r=0.5. _

know-how has still to be written; within this context only a fewl942 Me 262 fighter aircraft with XJumo 004, 1st flight

notes shall be sketched. There appears to have occurred a steddiif)7-42, test pilot F. Wendel.

rising number of contacts on this subject within the trianguldgndland(and English abroay _ _

setup—Switzerland, Germany, and England—from 1925 onwar#826 A. A. Griffith “An Aerodynamic Theory of Turbine De-

with some links to other European countries. Moreover, a fas@lgn,” GT as aircraft powerplant.

nating row of (laten highly renowned names of scientists and929 Axial compressor test wheel, 10 cm diam., PR16,

industrial leaders were involved: 7=88.3%, according to A. A. Griffith.

Switzerland(and Swiss abroad, in italids 1929 H. Glauert stay with Th. von Karman, TH Aachen, in ad-

1921 J. Ackeret, later on famous scientist of high-speed aerodgition: AVA Gdtingen publication

namics at ETH Zurich, hosted at L. Prandtls AVA Aerodynal930 F. Whittle, 1st patent for turbo aero engine.

mische Versuchs-Anstalt @agen; a planned one-year stay ac-1930 Tizard, Gibson & Glauert committee denies GT superiority

tually lasted seven years relative to piston engine, in 1931 RAE finishes GT development

1925 CEM (G. Darrieus)—a Paris-based subsidiary company dpr six years consequently.

BBC—successfully produces a series of windmills, based on ak®37 F. Whittle, radial compressor engine, test run 12.04.37.

foil theory design 1938 RAE delegation at BBC—result “Exclusivity on BBC
1926 BBC, 4 st. axial test compressor, first with untwistedaxial) compressor know-how could not be granted.”
blades, later swirl adapted with=0.5 and 1.0 reaction. 1941 Gloster E28/39 with Whittle engine, 1st flight.

1932 BBC, sold a number of 11 st. axial compressors=BR}, 1941 Testing of BBC delivered GT hardware at RAE, guaran-
for the Mondeville project and high-speed windtunn@sc. to J. tees confirmed, but obviously no further consequences.

Ackeret’s desighat ETH-Zurich and Rome,=0.55. Soon, in the early 1930s, the efficiency of the turbocomponents
1934 C. Keller, assistant to J. Ackeret at ETH Zurich, designeapplied at BBC for the Velox boilers made not only the turbine to
one of the windtunnel blower&nd blower for the high-speed drive the compressor, but in addition to generate excess power
tunnel came from BB resulting in Keller’s widely spread Ph.D. through the inverse operation of the electric starter motor. A fur-
thesis “Axial Blowers in View of Airfoil Theory,” detailing some ther step in the direction of generating utility pow@rMW) was

axial compressor design know-hdy2]). achieved as early as 1936 by an all-axial process gas turbine/
1939 A. Meyer, BBC Technical Director, presenting a compreblower group with PR4 for a U.S. refinery, Houdry cracking
hensive paper on GT design achievements (but also, e.g., on phhecess([3]). Based on these practical experiences, BBC finally

af

Ll _k
Pt M

Fig. 9 BBC cross section of first gas turbine for public power generation,
1939

Journal of Engineering for Gas Turbines and Power JULY 2002, Vol. 124 |/ 545

Downloaded 02 Jun 2010 to 171.66.16.124. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



2 ™
)
4 C 7
1 [I=— |
{
i F-oD's
b NN | c==—~

Fig. 10 BBC first utility GT powerplant, 4 MW, Neucha “tel, Swit- —
zerland, 1939

succeeded in July 1939 in putting the world’s first utility gas tur-. ) )
bine into operation at the Swiss town of NelighaThe overall |F 'ga 1f9 4SB|C d“a;' tht";‘]ﬂ gisl\;l\j\r/btmet; 13 . +27, Beznau, Switzer-
configuration was as simple as possible: One 23-stage axial com" (layout of the urboset )
pressor, one single-can combustor, one 7-stage axial turbine, and a
synchronously operated generator on the same ¢higfs. 9 and
10 of [3]). had a thermal output of 40 MW, two sets rated at 13 and 27 MW,
This “constant-pressure” engine was able to generate 4 MW asth running on heavy oil and a total efficiency of more than 30%
peak load with a thermal total efficiency of 17%. Compressgfs]).
pressure ratio was PR4.4, adiabatic compressor efficiency ap- The following three decades were characterized by a fierce,
proximately 85%, turbine inlet temperature H820 K, turbine performance-driven competition between steam and gas turbine.
efficiency 88%, mass flow 62.2 kg/s. In the same year, 1939, tiiee simple cycle gas turbine appeared to be restricted to peak
local competitor Escher Wyss from Zurich, later owned by ABBload and/or special, low fuel price operations only. The 1960s
put a 2 MW closed-cycle gas turbine into operation. The engirgought an essential simplification of the industrial gas turbine
cycle was highly pressurized, striving for “carnotization,” i.e.,(IGT) towards high power density, accompanied by a single shaft/
axial compressor with two intercoolers and one recuperator ftwo bearings configuration, with the generator at the cold end.
indirect intake air heating, thus achieving at that time a recort4ultishaft units with intercooling and recuperation were no longer
high total plant efficiency of 31%. competitive. In the 1970s turbine inlet temperature was increased,
During WWII advanced aero engine concepts belonged alsofirst by introducing superalloys and then followed by especially
BBC'’s design background. C. Seippel already received in 194Qdasigned alloys for the corrosive IGT fuels, e.g., IN 738, later by
Swiss patent on a turboprop engine configuration. A more detailtrtk introduction of air cooling in the first turbine stages, GT11B,
construction of such a geared turboprop gas turbine is illustrat&@70. Even with these increased temperatures the simple cycle gas
in Fig. 11; BBC project studies of that period had outlined clearlyurbine did not reach the efficiency of the steam turbines, while at

the inherent advantages of mixed propeller/jet propulgidm. the same time the oil crisis of 1975 re-emphasized the importance
of low fuel consumption. A resolution of this dilemma was the
BBC/ABB GT Development—The 2nd 50 Years: introduction of the combined-cycle power plaf@CPB. When

- two thermal cycles are combined in a single powerplant the effi-
Towards the Optimum ciency that can be achieved is higher than of one cycle alone. A
The GT evolution now progressed at a fast rate, already in 19d8mbination of cycles with different working media allows to
a two-shaft gas turbine set with 10 MW output was taken intoomplement inherent advantages. The combination most widely
service. Another milestone in the development of the BBC gaxcepted for commercial power generation is that of a gas “top-

turbine was the famous Beznau powerplant of the Nordogiing cycle” with a water/ steam “bottoming cycle([6]).
Schweizerische Kraftwerké=ig. 12). This plant was erected be- The initial breakthrough of these cycles onto the commercial
tween 1945-1947. It contains gas turbines with three comprgmwer generation market was possible due to the gas turbine—the
sors, two turbines, and recuperators. Beznau station was #ey component of the combined-cycle plant—generating approxi-
largest GT plant in the world at the time of its commissioning anchately 2/3 of the total output. Only since the late 1970s have
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/”: ﬁtﬂ ‘ i T ey L \Q‘\\'s
el R == L L
A ' I
¢ | j a T

| P‘i ik ‘J,.J'v
| e === T —
R ey
- 1950 s 1 590 000
Fig. 11 BBC turboprop aeroengine design, 1944
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o 3 v Fig. 15 GT 24/GT 26 rotor turbocomponents

facturing problemgdimensions, weight and complexjtyin close
cooperation between OEMs and relatively few selected high-
technology suppliers considerable progress has been achieved
Fig. 13 Air storage GT powerplant, 300 MW, Huntorf, Germany, mainly in the areas of precision cast parts and high temperature
1977 coatings. Computational fluid dynamics and improved under-
standing in high-temperature turbine cooling technology in com-
bination with extreme lifing demands, unheard of in the aero re-
turbine inlet temperatures, and hence exhaust-gas temperatuggae, opened new technological frontiers. These were
been sufficiently high for high-efficiency combined cycles. Theuccessfully addressed in concurrent engineering/ supply chain
result was a powerplant with high performance, low installatiomanagementSCM) efforts.
cost, and fast delivery time. With the introduction of the advanced GT2800 Hz and GT26
The development path to the present advanced gas turbine f468 Hz) gas turbines between 1995-1997, ABB has provided a
ily GT24/GT26 of ALSTOM Power was already prepared relatechnology level to the power market which meets the require-
tively early. BBC had pioneered the reheat cycle already back iments for extraordinary low emissions, high total efficiency, and
1948 in two-shaft arrangements and had subsequently adapted tinigjue operational flexibility in this very competitive markgtg.
concept to the Huntorf plant in Germany. This unique air-storadel). The GT cycle parametef§ig. 5 illustrate the superior de-
GT powerplant, using 300.000%of underground caverns, basi-sign principles of this GT family: PR30, TIT>1.600 K, SC
cally comprised a 300-MW compressed air plant with two silefficiency>37.5%.
combustors and two turbine expanders arranged on one(figft ~ Advanced turbocomponent development for the GT24/GT26
13). family was started at ABB in the early 1990s in close cooperation
IGT technology received a decisive boost in the early 1990wjth MTU Motoren- und Turbinen Union, Munich and some re-
not the least by a transfer of then available know-how and engieurces from various research organizati¢’d). The subsonic
neering capacity from the military aero engine side. All leadingompressor consists of 22 stages with controlled diffusion air-
IGT manufacturers entertained at that time cross collaboratifwils (CDA). The GT24/GT26 compressors, basically identical on
links to advanced aero technology, resulting, e.g., in a considerl.2 scale basis, are operating at moderate relative inlet Mach no.
able increase in component performance and higher turbine intel.1 for rotor 1 tip. The CDA blading results in an improved
temperatures. Single crystal and directionally solidified materiaigehavior of the compressor also at part load, while providing an
were introduced for the first time for IGT turbine blading, chalexcellent surge margifFig. 15. Part load efficiency is further
lenging a highly specialized supply industry with respect to manimproved by three rows of variable guide vanes.

A lar C with | Fuel Lances } I Welded Rotor |
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Sequential EV Burners Compressor, TT=30
HP & LP Turbine l Variable Inlet Guide Vanes
with SX Blades
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Fig. 14 Advanced GT 24 /GT 26, 183/265 MW, unique design features
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Fig. 16 BBC/ABB high-performance compressor development process

Beginning with the early design exercises of the 1930s the sgiewer density than conventional designs with the same overall
entificly based, aerodynamic approach for improving the comprgsewer output. This design has the following benefits:
sor performance has a long tradition at BBC/ Escher Wyss, both - .
inherited by ABB. Figure 16 illustrates the progress achieved in * Nigh specific power/ a low air mass flow rate,
the average stage pressure ratio during the past 40 years of axidl Iow blade tip speed with lower thermomechanical stresses,
compressor development. It becomes obvious that product inno* Smaller size for the steam/ water cycle plant, and
vation had been prepared in time by a number of very advanced lower turbine inlet temperature.

test rigs. Especially the transonic compressor development Of'I'he GT24/ GT26 series of industrial gas turbines use a novel

1980 with relative tip Mach No>1.3 represents a salient land- : : :
mark, resulting in the unique products of GT10 and GT 8 co combustion technology based on two premixed combustion stages

pressorg[8,9]). This tradition of advanced transonic design is stil S part of a GT cycle with reheat at intermediate pressure level.

preserved with the new 12 stage GT 8C2 compressor with e whole. Sy stgm is a continuously improved, s.,tandjalone devel-
Z17.6. At the same time the PR0 compressor for GT24/GT26 opment originating from the early 1980s. The first high-pressure

represents another unique and unprecedented “first” for a singrfﬁ:c-)mt)ustor uses dry-low NCEnvironmental(EV) swirl burners

shaft configuration, though its stage pressure ratio was kept irtad: 17 while a fuel-air mixing technique on the basis of “delta
rather conservative regime. The high total pressure ratio was ¥49" vortex generators has been successfully implemented in the
lected as optimum for sequential combustion. gecond(SEV) Iegn-premlx reheat cor.nbustior. The EV burner pro-
The GT24 and GT26 utilize the unique sequential combustiofides the benefit of low-NOcombustion without water/steam in-
system, which is based on the concept of two annular combustitstion on natural gas, but alternatively can also be operated on
in the gas turbine. The expansion process in a sequential compiflid fuel. Extraordinary low NQemissions have been achieved
tion GT allows for an exhaust temperature of up to 640°C, whidR Practical operation, both with natural gas and with oil.
can be maintained over a wide part load range, thus representing\s part of the very successful market introduction of the GT24/
optimum conditions for the subsequent steam section of the cof@26 family, ABB decided to build a GT26 Gas Turbine Test
bined cycle. With the arrival of the annular combustor already igenter at Birr, Switzerland. It is equipped with a full-scale 300
the GT13E2, ABB had introduced an important component for tHdVA generator and is capable of firing both natural gas and diesel
sequential combustion technology employed in the GT24 awd. This location is within 16 km from the ALSTOM Power en-
GT26 gas turbines. Sequential combustion with a still unsurpassgideering offices at Baden, so that direct feedback is possible
high-pressure ratio PR30 results in a gas turbine with a higherduring test runs as well as evaluation of actual engine operation at

Aeomization  {Gas njection  Ignition Flame
holes framt

Fig. 17 Dual fuel low NO , EV burner
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power station at Beznau, Switzerland
1955 6 MW mobile gas turbine powerplant
1957 4x27 MW world’s biggest all gas turbine power station,
Port Mann, BC, Canada
1959 Introduction of first compact gas turbines in single and
split shaft versions
1965 Gas turbine powered sea water distillation plant
1977 300 MW air-storage gas turbine powerplant with sequen-
tial combustion, Huntorf, Germany
1980 12 st. transonic compressor, a 1.3, PR=16
1982 1200 MW (20X GT11) world’s largest crude oil GT pow-
erplant, Ryadh, Saudi Arabia
1984 First commercial gas turbine operation with premix com-
bustion first commercial application of a transonic compressor for
GT 8, Shell, The Netherlands
1985 GT13E world’s biggest industrial G¥140 MW, >35%
total efficiency, Hemweg, The Netherlands
Fig. 18 GT 26 rotor assembly at the ALSTOM Power GT Test 1990 Nuclear powerplant repowered by combined cycle GT
Center, Birr, Switzerland sets; 12X GT11N uprated, Midland, USA

1991 First vortex-breakdown dry low-NOEV environmental

dual-fuel burner in annular combustor
various conditions. Figure 18 illustrates the test turbine assemdl§94 165 MW, 60 Hz, high-efficient37.5+%) simple-cycle GT
process, highlighting the most paramount features of this uniqgé 9as turbine with single shaft, P80 compressor, low NO

GT concept: sequential combustion, two bearing welded rotor
] ) 1997 365 MW, 50 Hz, combined cycle powerplant GT 26 with
* simple single shaft arrangement, 58+% total efficiency and low NQemissions
* rugged and reliable welded rotor design, 1999 World's biggest 140 MW turbo gearbox from Renk AG,

an advanced compressor configuration, combining perf@o—50 Hz speed converter for GT11N2
mance with operational flexibility, and

sequential combustion, reflected by high and Iow-pressupa;knowledgments
turbines—a decisive asset in view of increasingly important
environmental aspects.

The authors want to thank a number of colleagues for the gen-

erous help, digging deeply into their files/archives and memories
. | " to reconstruct the past; special thanks in this context to H.-U.

Summary: ABB/BBC Gas Turbine “Firsts Frutschi and F. Farkas. To D. Carpenter, J. Dunham, and H. Schu-

1905 BBC multistage centrifugal compress@@R=4.5) for the bert, we owe very valuable information on the early phase of axial

Armangaud/Lerfia first experimental gas turbine compressor development history.

1910 First operative BBC gas turbine according to th(ﬁ f

Holzwarth principle eterences

1923 First two-stage centrifugal compressor turbocharging alll Seippéély c, 51940' “RTheZD;(\‘)I)eIODm;gt g{ the Brown Boveri Axial Compres-

farir ; : sor,” Brown Boveri Rev., , pp. 86-91.

four-stroke d.|e56| engine, PR2.3 . [2] Keller, C., 1934, “Axialgeblae vom Standpunkt der Tragfleltheorie,” dis-

1931 All-axial compressoften stages, PR2.4) and turbine set sertation ETH Ztich.

for commercial velox boiler with net power outp(@T principle [3] Meyer, A., 1939, “The Combustion Gas Turbine: Its History, Development,

1933 Patent for BBC's unique, welded gas turbine/steam tur- _ and Prospects,” Brown Boveri Rew6(6), pp. 67-80.
m and geno rotors [4] Pfenninger, H., 1970, “Die Gasturbinenabteilung bei BBC-eRalick und

. heutiger Stand,” special print: Schweizerische Bauzeitung, Hefte 24 and 30.
1935 Patent for closed-cycle gas turbine, granted to Ackeret &5 Pfenninger, H., 1966, “Vergangenheit, Gegenwart und Zukunft der BROWN

Keller BOVERI Gasturbinen,” MTZ,27(11), pp. 449—461.

1936 5 MW air/electricity gas turbine installed in a chemical [6] Kehlhofer, R., Bachmann, R., Nielsen, H., and Warner, J., 1@2fnbined
_plant (Houdry il Refinery Proce$,sPhiIadeIphia, USA %II(;I; %T(S and Steam Turbine Power PlaiRennWell Publishing Company,
&?9 4 MW first eIeCtriCity generating, utility gas turbine, Neu- [7 Meincil, T Farkas, F., and Klussmann, W., 1995, “The Development of a
chael, Switzerland Multi-Stage Compressor for Heavy Duty Industrial Gas Turbines,” ASME
1940 First gas turbine powered locomotive.200 hp Paper 95-GT-371.

ici i _ ; 1 [8] Farkas, F., 1986, “The Development of a Multi-Stage Heavy-Duty Transonic
—.1945 10 MW e|(_i‘CtI’ICIty g.eneratmg’ two-shaft gas turbine Wlth Compressor for Industrial Gas Turbines,” ASME Paper 86-GT-91.
intercoolers and intermediate combustors, Bukarest, Roumania [g] Thoren, K. T. E., 1998, “Gas Turbine Development in Sweden after 1945-A

1948 40 MW (13+27 MW)—world’s biggest all gas turbine Historical Review,” ASME Paper 98-GT-26.
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Evaluation of the Cross
Corrugated and Some Other
e.uiainen | Gandidate Heat Transfer Surfaces

e-mail: esa.utriainen@vok.Ith.se

s.sumaen | fOY Microturbine Recuperators

e-mail: bengt.sunden@vok.Ith.se
To achieve high thermal efficiencies, 30 percent and higher, for small gas turbines a

Division of Heat Transfer, recuperator is mandatory. As the recuperator represents3@5percent of the overall
Lund Institute of Technology, machine cost, efforts are now being focused on establishing new low-cost recuperator
Box 118, concepts for gas turbine engines. In this paper the cross corrugated (CC), also called
22100 Lund, Sweden chevron pattern, heat transfer surface is reviewed to assess its thermal and hydraulic

performance and compare it to some other candidate surfaces for a 50 kW microturbine.
The surfaces may be categorized into three primary surface types and one plate-fin type.
Design calculations of a recuperator heat transfer matrix using these surfaces enable
direct comparison of the recuperator matrix volumes, weights and dimensions. It is con-
cluded that the CC surface has great potential for use in recuperators of the future.
[DOI: 10.1115/1.1456093

Introduction terial cost for production of recuperators in very large quantities

has been suggested by McDon@ld. Thus the minimum weight

eqguirement is important. If the weight of a recuperator unit can
reduced it will save a considerable amount of money for the

Following the deregulation of the electricity market in man
countries around the world there has been a massive interes

micro and miniturbinesapproximate output power ranges from anufacturing company. To achieve the very low cost of a recu-

KW to 500 kW. The use of small power plants in the distribution, o a0 ynit, technology transfer from fabrication of radiators in
network, known as embedded generation, allows dlstrlbutorsﬁ(‘)e automobile industry is mandatory.

relieve congested distribution ngtworks and avoid transmissiona; |east three recent recuperator concepts amenable for auto-
losses and costs. The small turbines enable small energy consyreq production methods have been identified:

ers to generate their own electricity to secure power supply even

at peak load periods. In many geographical places the microtur® A compact annular recuperator of plate-fin surface type has
bine may produce power to a competitive cost. The small turbines been demonstrated in the U.K2]), see Fig. 1.

must compete directly with reciprocating engines and the low ® An annular primary surface spirally wrapped unit is under
maintenance cost of gas turbines is not enough to win the interest development in Belgiuni[3]). _

of presumptive customers. Gaining a low unit price cost of the gas® A Spirally formed annular primary surface unit concept has
turbine unit together with low emissions should be of highest P€en presented in the U.§1]) see Fig. 2.

priorities for the gas turbine manufacturers. N Common for all three concepts is the spirally wrapped configu-
A recuperator is mandatory to achieve high thermal efficiencyation which is amenable to high-volume production in an auto-
30 percent and higher for gas turbine units with output powgfated continuous process of manufacturing. The heat transfer sur-
from 5 kW. Thus design engineers face a challenge to establigfzes in these recuperator concepts are of the plate-fin and primary
low-cost heat exchangers that can be manufactured using highrface types. These are possible to manufacture with high com-

volume production methods. pactness, i.e., high heat transfer surface area to volume ratio.
Further requirements on recuperators, of which low cost is al- The cross corrugate@C) surface, also called the chevron sur-
ready identified above, are the following: face, has been identified as one of the best, i.e., giving small

vglume and weight for a small gas turbine recuperg}. In the

) >, ﬁﬁésent study the performance of the CC surface is reviewed by

fect the gas tu_rpme cycle eff|_c_|enc_y. . ompiling and comparing some results of previous studies pub-
* high reliability and durability give low maintenance cost angispe in the literature. Design calculations of a recuperator matrix

long o‘pt.eratlonal !'fe time. o for a 50 kW microturbine have been carried out for some selected
* minimum weight and volume. The weight is directly propory,ifaces. The presented results of the design calculations are fo-

tional to material cost and a small volume of the unit makes th&,seq on recuperator core volume and weight. Some aspects of
gas turbine packages easier to handle. Compact size of the integealign are also discussed.

GT package may also be a good sales argument.

These requirements may be matched with a heat transfer sife Candidate Heat Transfer Surfaces

face having passages with small hydraulic dimensions of primaryThe surfaces considered in this study have passive enhancement
surface or plate-fin types. _ _ of the heat transfer process as opposed to actueface vibra-

A goal of the recuperator unit cost of about 1.5 times the mgon, electrical fields, ety.enhancement techniquéis]). In the
passive techniques secondary flow structures are created by means
Contributed by the IGTI Heat Transfer Committee tiETAMERICAN SOCIETY  of curved and interrupted duct surfaces. The Secondary gas and air

OF MECHANICAL ENGINEERS for publication in the ASME QURNAL OF ENGI- ; ; ; ;
NEERING FORGAS TURBINES AND POWER. Manuscript received by the Heat Trans- flow structures in heat exchangers disturb the insulating near wall

fer Committee July 2000; final revision received by the ASME Headquarters Se!ﬁ.yers and thus improve the thermal ?XChang_e process in t_he duct
2001. Editor: C. MacArthur. ([6]). As the low-pressure drop requirement is important in gas

« high thermal effectiveness and low pressure losses. These

550 / Vol. 124, JULY 2002 Copyright © 2002 by ASME Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.124. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



COR. 3

Fig. 1 Annular recuperator of plate-fin surface type

Oswald [2])
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Fig. 2 Annular recuperator of primary surface type

McDonald [1])
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turbine recuperators the surfaces which show high heat transfer
enhancement with an accompanying low increase of the pressure
drop will successfully be integrated in actual recuperator designs.
The four types of heat transfer surfaces, introduced below, all
meet these requirements. Some surfaces presented in this study
have been evaluated previously and they show competitive per-
formance in terms of low weight and small volume of the recu-
perator matrix([4]).

To provide comparison only of the thermal and hydraulic per-
formances possible, the same hydraulic diameter has been used
for all surface variants in the standard methods of comparison, the
so-called volume goodness, area goodness diagrams, and in the
design calculations for both air and gas sides in the recuperator.
The hydraulic diameter chosen here is 1.54 mm. This passage
size, or smaller, has already been demonstrated for three of the
heat transfer surface types below. Whenever required, the avail-
able data have been used for extrapolation of Nusselt numbers and
Fanning friction factors to low Reynolds numbers. The data of the
CC surface has been extrapolated from~R%&0 down to Re
~200. Data of the other surfaces has been extrapolated less than
that. Geometrical data and correlations of Nusselt numbers and
friction factors, of all selected surface variants, are presented in
Tables 1 and 2. The Nusséllu) number and the produdt Re
(Fanning friction factor Reynolds numberare correlated by a
linear least-squares method. All data obtained by the least square
equations using the coefficients in Table 2 are within ten percent
of the original data. This is illustrated by a plot of Nu numbers
and friction factors of some selected surfaces, one from each
group, in Figs. 3 and 4.

Cross-Corrugated (CC) Surface. The CC surface, also
called the chevron plate, see Fig. 5, has been used in heat ex-
changers in the process industry and by tradition it has been clas-
sified as a plate-type heat transfer surface.

In the process industry the employed hydraulic diameter is big-
ger than 5 mm but for utilization in recuperators the CC duct

Table 1 Geometrical data of all surfaces

Pitch P Int. HeightH; Length of Unitary Amplitude of C 0
Type Surface (mm) (mm) P/H; Cell I, (mm) WavinessA (mm) (m?/md) (Degrees
CcC CC2.2-60 2.36 1.07 2.22 2.36 e 1298 60
CcC CC2.2-75 2.36 1.07 2.22 1.94 e 1298 75
cc CC3.1-60 2.86 0.93 3.06 2.86 ‘e 1298 60
cC CC4-45 3.48 0.87 4.0 4.54 e 1299 45
CcC CC4-60 3.48 0.87 4.0 3.48 e 1299 60
CcC CC4-75 3.48 0.87 4.0 2.85 ‘.- 1299 75
CW CW3-z3 1.38 2.28 0.61 2.98 0.79 1496 e
CW CW3-z8 1.38 2.28 0.61 7.94 0.79 1343 3
CuU UCS-30 2.24, 3.17 1.30, 0.79 1.7,4.0 6.33 1299 30
plate-fin strip-fin 1.63 1.62 1.0 3.20 B 1192 B

Table 2 Coefficients of Nu and

f*Re correlations in the form  (Nu, f*Re)=C1+C2*Re

Nu f*Re
Type Surface C1 Cc2 R? C1 C2 R?
cC CC2.2-60 6.2884 0.1648E-01 0.9998 28.3023 0.3952E-01 0.9981
CcC CC2.2-75 8.8038 0.2307E-01 0.9998 38.7619 0.5413E-01 0.9981
cC CC3.1-60 5.0307 0.1317E-01 0.9998 49.5291 0.6916E-01 0.9981
ccC CC4-45 2.9241 0.7655E-02 0.9998 21.3186 0.2948E-01 0.9978
cC CC4-60 3.8988 0.1021E-01 0.9998 42.4535 0.5928E-01 0.9981
CcC CC4-75 6.1107 0.1478E-01 0.9995 85.6395 0.1362 0.9971
CW CW3-z3 —0.5256 0.2309E-01 0.9993 51.7276 0.2524 1.0
CW CW3-z8 1.8194 0.3878E-02 0.9990 26.1720 0.3131E-01 0.9982
CuU UCS-30 6.7538 0.1155E-02 0.9986 37.0463 0.1392E-01 0.9954
plate-fin plate-fin f=9.6243 R0 7422 ~0185650.3053, - 0.2659

j =0.6522 Ré0‘5403a/70'154150‘1499’)/70‘0678
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25 1.24 mm and hydraulic diameters down to 0.6 mm were projected

/ for different applicationg[8,9]). This concept was not commer-
20 —s—CC-75 cialized due to lack of application. The concept was re-evaluated
/ —a—CW2-z3 recently for possible application in a low-cost annular microtur-
5 n A~ —a—UCS-30 bine recuperatof{10]).

5 ¢ —e—plate-fin Data of the thermal and hydraulic performance used in the
z o« --0-- CC-75 fit present study have been retrieved from experimental work by Sta-
10 P . B CW2-Z3 it siek et al[11]. The thermal and hydraulic performances of the CC

M .--& -~ UCS-30 fit surfaces having?/H;~3 andP/H;=4 were reported relative to a
5 - = .o~ plate-fin fit surface havind?/H;=4 at Re=1000.

Different pitch-over-height ratiosR/H;=2.2,3.1,4) have been

0 . . : : considered in the present calculations and three different included
0 200 400 600 800 1000 angles(6=45 deg, 60 deg, 75 dggsee Fig. 5, were evaluated.
The surface compactnesgse., the ratio heat transfer surface

area/enclosed volumef all CC surfaces in this study, using the

Fig. 3 Nusselt numbers and Nusselt number least square fits hydraulic diameter 1.54 mm, is about 1298/m’

versus Reynolds number for some representative heat transfer Corrugated Undulated (CU) Surface. This is a variant, see
surfaces Fig. 6, of the CC surface which also may be defined as a primary
surface for the same reason as the CC surface above. It is only
during the last decade that this type of surface has been presented
diameter must be much smaller and as it fulfills all requirements scientific papers for utilization in rotary air preheat@f?,13)).
of a primary surface, it may be considered as a primary surface. Production of this surface should be possible in the same man-
In an experimental study by Savostin and Tikhofidyof ther- ner as the CC surface, i.e., by stamping, pressing, or folding metal
mal and hydraulic performance of the CC surface, heat exchangéeeets/foil. The major disadvantage is that two different types of
test modules having hydraulic diameters as small as 1.54 npiates have to be fabricated which means more work for manu-
were fabricated for evaluation using a metallic material. facturing and production specialists during the design phase.
Another recuperator prototype was fabricated and tested in theThe surface compactness, using the hydraulic diameter 1.54
late 1970s where a CC surface of stamped and folded design was, is about 1299 Aim°. The data for the thermal and hydraulic
used. The hydraulic diameter of the heat transfer test matrix wasrformance, at low Reynolds numbers, have been obtained from
a numerical work using direct laminar flow simulatigri4]).

Plate-Fin Surface. The offset strip fin(also called staggered

500 e fin), see Fig. 7, has been used in heat exchangers for decades. It
450 —_— consists of flow separating metal sheets with supportive offset
400 —e—CC75 strip fin secondary surfaces between them. The efficiency of ther-
350 —s—CWe-B mal transport to the separating metal sheets from the secondary
300 —+—UCS-30 surfaces, the fins, depends on the fin height, fin material conduc-
& 250 —e—plate-fin tivity, etc. Good thermal contact is often secured by brazing the
= 200 ---e-- CC-75 it fin structure to the separating metal sheets. This configuration re-
8- CW2-zZ3 fit sults in a higher mass of the recuperator unit than the primary
150 ---&-- UCS-30 fit surface types of surfaces. An advantage is the capability for op-
100 1 ---0-- plate-fin fit eration with a high internal pressure differer(eeg., for an inter-
50 1 cooled and recuperated gas turbine the results of the design
0 . r " T calculations(in later sectionsperfect thermal contact is assumed
0 200 400 600 800 1000 between the fin structure and the metal sheets but without the
Re addition of the weight of the brazing material, which is not esti-
mated in this study.
Fig. 4 Friction factors and friction factor least-square fits ver- The offset strip fin surface considered here is the 1/10-19.74
susf Reynolds number for some representative heat transfer which by Campbell and Rohseno5] was shown to give the
surfaces

smallest volume of a gas turbine=5 MW) recuperator from a
selection of the plate-fin surface configurations compiled in Kays
and London[16]. This does not necessarily mean that this is the
most efficient plate-fin surface but may only reflect that this sur-
face has relatively good performance and the necessary small hy-
draulic diameter. All the plate-fin surface configurations having
small hydraulic diameter perform well in the comparative study
by Campbell and Rohsenoj5].

The correlations of the Nusselt number and the friction factor
for the plate-fin configuration, see Table 2, are obtained from
Manglik and Bergle$17].

The surface compactness for the strip fin surface considered in
the present study, using the hydraulic diameter 1.54 mm, is about
1190 n?/m?,

Cross Wavy (CW) Surface. This is a commercially available
primary surface concept, see Fig. 8, which consists of corrugated,
flow separating, metal sheets where the corrugations are wavy in
the main flow direction. These sheets are stacked in a manner that
the waviness of the upper and lower duct halves are 180 deg out
Fig. 5 The cross corrugated (CC) surface of phase relative to each other. A much higher volume flow rate of
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Fig. 6 The corrugated undulated
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Fig. 7 The offset strip-fin surface
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Fig. 8 The cross wavy (CW) surface

the noncompressed gas side flow lead to higher pressure drop and
this is compensated for by having a bigger hydraulic diameter on
the gas side and thus a lower velocity. In the present study the
hydraulic diameters are equal, i.e., the same as for all other sur-
faces(1.54 mn), on both the gas and air sides, to enable a com-
parison of the thermal and hydraulic performances to the other
heat transfer surfaces.

The wavy corrugation of the surface is obtained using a folding
process. Pressing or stamping of the CW configurations in the
present study is not possible, because of the very small pitch and
relatively high height of the passage, see Table 1. This is due to,
e.g., pressing tool and metal foil strength limitations. The data of
thermal and hydraulic performance of the CW surface has been
obtained from numerical work using direct laminar flow simula-
tion [18].

The surface compactness, using the hydraulic diameter 1.54
mm, is about 1343 Aim® for the cw3z8 surface and about 1496
m?/m® for the cw3z3 surface, see Table 1.

The Cross Corrugated (CC) Surface in the Literature

There are several investigations of the CC surface performance
in the literature. In the present study the thermal and hydraulic
performance of the laminar flow regime is of main interest as the
design calculations, see later sections, show that the resulting
Reynolds number is less than 550 for all selected surfaces. Several
investigations are reviewed by Mang[ik9]. However most of the
results are only for turbulent flows. Several investigations report-
ing low Reynolds number results account only the thermal and
hydraulic performance as depending on the included angle be-
tween the corrugations, i.e., influence of other surface geometry
parameters such as pital®) and internal height ;) are not
studied. The pitchiP) to internal height ;) ratio of the corruga-
tion, see Fig. 5, has a great influence on the heat transfer and
pressure drog[11,2Q).

Marriot [21], Heavner and Kumaf22], Wanniarachchi et al.
[23], and Thonon et a[24] report the dependence of the included
angle(#) but all other geometrical details of the CC surfaces are
missing. Other investigations addressing the performance of the
CC surface for relatively low Reynolds number flows include the
Savostin and Tikhono{/7] report on experimental results for the
Reynolds number range 200-4000, included angle raftye
0-145 deg and the surfaé¥H; ratio from 0.8 to 2. Okada et al.
[20] investigated the performance of the CC surface by experi-
ments in the Reynolds number range 500—20,000, included angle
range 0—150 deg and tigH; range 2—3.75. In that investigation
the dimension of the reported pressure drop is not clear. Focke
et al. [25] reported experimental work in the Reynolds number
range(in the Reynolds number definition the equivalent diameter
(Deg) is twice maximum plate spacing, i.e.H2) 100-60,000,
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14 : Table 3 Microturbine operating conditions
12 s Gas turbine power output 50 kW
5 10 - Thermal efficiency 29.5 percent
a -
£ s R b Bond (1981) Turbine inlet temperature 900°C
= s Pt Turbine flow 0.494 kg/sec
3 S [P Muley and Turbine efficienc 84.0 percent
2 6 -~ Manglik (1998) Y P
2 4 T —— Stasiek et al. Compressor flow 0.49 kg/sec
e (1996) Compressor pressure ratio 4
2 Compressor Efficiency 79 percent
0 T T T Recuperator effectiveness 87 percent
0 200 400 600 800
Recuperator air temp. inlet/outlet 194°C/557°C
Reynolds number Recuperator gas temp. inlet/outlet 637°C/254°C
RecuperatoA p/po; 5 percent

Fig. 9 Comparison of thermal performance in published litera-
ture for a CC surface with #=60 deg and P/H=4

included angles 0-180 deg amiH;=2. Experimental work of P/H;=3.6) reported thermal performance in the form
Bond [26] reports thermal and hydraulic performance in the RRu* Pr03% (4, /u,) % where the viscosity ratio, in a recu-

range 1-10,000, included angles 50-120 deg andPtit& =4. perator for a representative gas turbine in Table 3, accounts for a
Muley and Manglik[27] report experimental results for the Rey-maximal influence of 0.5 percent, on the Nusselt number, for the
nolds number rangdin the Reynolds number definition the|ow Prandtl number fluid aitPr=0.7). The Reynolds number was
equivalent diameterl{e,) is twice maximum plate spacing, i.€.,based on an equivalent diamet&() which was equal to twice
2H;) 400-9000, included angle 60—-120 deg &1tH;=3.6. MU-  the maximum plate spacing, i.eH2. For the plots in Figs. 9 and
ley and Manglik[28] report experimental results for the Reynoldsi g the Reynolds number was transformed to that adopted in the
number rangdin the Reynolds number definition the eqUiValenbresent Stud}(see Nomendatu)eBond [26] also reported ther-
diameter D) is twice maximum plate spacing, i.ep) 2-350, g performance in a similar form, N@r %33 (u,/u,,) %Y.
included angle 60120 deg arRiH;=3.6. Ciofalo et al.[29] The exponent for the viscosity ratio is different but will be negli-
report some sparse results from a numerical study. Predictionsiffe for air flow. The linear characteristics, in a log-log diagram,
thermal and hydraulic performance by computational fluid dysf the Nu number reported by Stasiek et[dll] are extrapolated
namics (CFD), in the Reynolds number range 500-10,000, inom Re~550 down to Re-200. This may be justified by search-
cluded angle 30-150 deg aiH; range 2-4 were presented.ing for a change of slope in the reported thermal characteristics,
Stasiek et al[11] report experimentalthermal performance at- j e  for CC surfaces having the angle=60 deg between the
tained using liquid crystal thermographsesults of the CC sur- corygations. Thonon et g124] reported no change of slope for
face in the Reynolds number range 500-4000, included anglggynolds numbers in the range 50—13,000. In Focke deAl.
45-75 deg andP/H; in the range of 2.2-4. one can detect a sudden but small change of thermal characteris-
All the CC surface characteristics reported in the present stulys at Re=1000 but the slope is unchangéior a straight duct
are based on low Reynolds number data extracted from Stasfgky reported a change from laminar to turbulent flow at Re
et al.[11] because they investigated the influence of a suitdbte —000-900p. In Bond [26] there is a small change of slope at
air/gas heat exchanggnange of the included angle between corre~450. The extrapolation of the Stasiek et[dl1] data seems
rugations and also the influence of a practical rang®/1; ra- ot to contribute to any significant error of the low Reynolds
tios. Their investigation is also one of the few papers reporting,mper thermal performance.
thermal performance for experiments using air as the working oy the plot of the Fanning friction factdf), see Fig. 10, the
fluid. The others report their data in the form Nr" wherenis  Stasiek et al[11] friction factor data were changed from Darcy
—0.33 or—0.4. o friction factor (\) to Fanning friction factorf) and has been ex-
From all the above references it is difficult to extract perfortrap0|ated from Re550 down to Re=200. The Bond26] and
mance characteristics having an eq@al) Reynolds number pyley and Manglik[28] Fanning friction factor data are also pre-
range, angles¢) andP/H; ratio and to plot Nusselt numbéNu)  sented for comparison. A survey of the hydraulic performance of
and Fanning friction factoff). In Figs. 9 and 10 the results fromsjmijlar CC surface configurations, i.e., with the same included
three references are plotted. Muley and Man§#B]| (=60 deg, angle(6), shows that there is a change in slope. Thonon 424].
show that this change occurs atR&00. In Bond[26] there is a
small change of slope at R&l50. The conclusion one may draw

250 from the above is that there is a change of slope at 5 and
the extrapolation of the Fanning friction data of Stasiek efdl]
200 may lead to a slight underprediction of the pressure drop for Re
e | Bond (1981) <500 (assuming the higher Reynolds number friction data coin-
o 150 | Muey and cide with the pressure drop in actu_al operating heat excha_)ngers
e - Mangylik(1998) The comparison of the hydraulic performance, see Fig. 10,
100 - — — Stasiek et al. shows fair agreement between the Stasiek efldl] and Bond
J:_;—:_""/ (1996) [26] data, while the Muley and Mangliik8] data show about 100
50 e percent higher friction factors. An explanation for this discrepancy
can not be found by the present authors except that i
0 . ; . ratio is slightly smaller than in the other data sets, which can not
0 200 400 600 800 account for the large discrepancy. Comparison of the thermal per-
Reynolds number formance, see Fig. 9, shows that there is about a 50 percent dif-
ference between the highest and lowest values of Nusselt num-
Fig. 10 Comparison of hydraulic performance in published lit- bers. The Stasiek et dl11] results represent a median set of the
erature for a CC surface with #=60 deg and P/H=4 data.
554 / Vol. 124, JULY 2002 Transactions of the ASME
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140 draulic diameter for all surface variants is required for correct
120 comparison. The second plot, see Fig. 13, shows the performance
of the surfaces in a diagram for flow area goodness factor com-
parison where the ratio of the Colburn number and the Fanning
friction factor (j/f) is plotted vs. the Reynolds numbére). A

80 \ high position in this plot indicates a small flow area of the recu-

100

Included angle o [degrees]

60 perator. Combining these two diagrams gives an opportunity to

find surfaces giving small physical recuperator size but also

40 T~ means to avoid very flat recuperators, i.e., large frontal area but

20 small length in the flow direction.

A preferred way to compare different surfaces for a recuperator

0 ' ' is to carry out recuperator design calculations and to compare,

0 500 1000 1500 e.g., physical size, weight, etc. In this paper, recuperator heat

Reynolds number transfer matrix calculations, see the Appendix, have been carried

out for a representative microturbine having an output power of

Fig. 11 Approximate occurrence of transition from laminar to 50 kW. Operating conditions are given in Table([31]). In the
turbulent flow, extracted from Thonon et al.  [24] calculations, some assumptions, based on experience from the in-

dustry, have been made:

) ) . » 90 percent of the total heat is transferred in the heat transfer
The changes in slope discussed above are due to transition frgRyix

laminar to turbulent flow. Bon{26] and Thonon et al24] show ", gg percent of the total pressure drop is over the heat transfer

fair agreement on the occurrence of the slope change, i.e., Wf}ﬁatrixy i.e.,Ap/py,. matrix=3 percent, see Table 3. All primary

transition from laminar to turbulent flow occurs. The transition, tace variants are suitable for the same kind of recuperator de-
points of different included anglel®) have been plotted in Fig. gig je. the pressure drop of the inlet and outlet manifolds may
11. These results show that when the included angle is increa: regarded as equal for all surface variants.

from 30 deg to 120 deg the critical Reynolds number is decreased The metal sheet thickness is 0.08 mm except for the fin thick-
from about 1000 to 200. ness in the plate-fin configuration where 0.05 mm is used.

As a matter of curiosity, the friction factor characteristics of the , T hydraulic diameter is 1.54 mm for both the air and gas
CC surface, as function of the/H; ratio only, is different from gqas of the recuperator matrix.

what might be expected. The Fanning friction fadforof the CC
surface(#=60 deg is higher forP/H;=3 than it is for the sur-  The hydraulic diameter is the variable having the greatest im-
faces havingP/H;=2 and P/H;=4. This is confirmed by the pact on the recuperator core volume. A small hydraulic diameter

results reported by Okada et §20]. will give a small recuperator volume, see Fig. 14 where the vol-
ume of the CC4-60 surface variant is plotted for different hydrau-
Results lic diameters. In the calculations the transferred heat, recuperator

effectiveness and total pressure drop are held constant. The vol-

h . ; @e is decreased to less than half the initial volume by decreasin
dard methods of comparison in two diagraf88]. Both methods o 1y qraylic diameter,) from 2.0 mm to 1.0 mm. Th%s shows ?
F:on3|der only the perf(érm.an(.:c(ie of_rﬁnef.sutie of 'ghethheat lexchanqﬁ% importance of achieving a fabrication method which gives
.., gas or compressed air side. The rst one IS (neé volume goQis o hassage dimensions. The Reynolds number at design oper-

ness factor comparison, see Fig. 12, where the axes represent iy conditions in the recuperator matrix decreases from4%€

heat transfer coefficienth) and pumping power per unit heat(for D, =2.0mn to Re=200 (for D;,= 1.0 mm)

transfer areafp-V/Ayp,), respectivelyAp is pressure drop along  The gain in recuperator matrix volume by allowing greater total
the duct,V is the volume flow rate and,; is the heat transfer pressure dropAp,,:, is also worthwhile to consider. If the total
surface area. A high position in this plot indicates a small volunrelative pressure drop is allowed to be five percent instead of three
of the recuperator core but it does not say anything of the shapepefrcent over the matrix then the gain in volume would be approxi-
the volume. In the volume goodness factor diagram an equal hyately 11 percent, i.e., a decrease of the volume from 0.Gl#®m

—m— CC2.2-60
—aA—CC2.2-75
-..3-. CC3.1-60
—eo—CC4-45
—8— CC4-60
—A—CC4-75

1 ——cw3-z3
—4—cw3-28
—oe—UCSs-30
plate-fin

0 50 100 150 200 250 300
Ap*V/Aht [W/m2]

Fig. 12 The volume goodness diagram
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0.00 . T T

0 200 400 600 800 1000 1200 1400
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Fig. 13 The area goodness diagram

0.016 nt for the CC4-60 surface, see Fig. 15. Economical gai#70 to 540(about equal on both air and gas sides of each heat
(smaller cost of recuperafoby increasing pressure drop in theexchanger, see Table 4, which may not be in the laminar flow
recuperator has to be balanced with the loss in overall cycle effegime for the higher Reynolds numbers, see discussion in previ-

ciency and the resulting higher fuel consumption.

ous section and Fig. 11. This will not be a problem when the gas

In this study the hydraulic diameter of the different surfaceurbine is operating at design conditions, i.e., turbulent flow in the
variants are all equdll.54 mm to compare only the thermal andrecuperator matrix but may cause trouble if the turbine is operated
hydraulic performances of the surfaces. The small dimensioasoff-design conditiongpart load. This is so if the turbine con-
give relatively high pressure drop at low Reynolds numbers. Thel is based on constant turbine inlet temperature. In such a con-
resulting Reynolds number in the recuperator cores ranges framol mode the volume and massflow rates are changing, which

0:025 ‘ //
e
pd

7

Volume [m3]

© © © © o
§8ooo
2= 42 N

G o w o

0.5 1 1.5 2 25
Hydraulic diameter [mm]

Fig. 14 Volume of the recuperator core, using the CC4-60 sur-
face, for different sizes of the hydraulic diameter
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\

o
o
2
©
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g
(=]
=
o
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0.014 T T T
0 2 4 6 8

Total relative pressure drop [%]

Fig. 15 Volume of the recuperator core, using the CC4-60 sur-
face, for different total pressure drop in the matrix
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means that the Reynolds number in the recuperator core will
change and the recuperator flow regime will go from turbulent to
laminar flow and vice versa which may be difficult to handle for
the control because of different pressure dr@md maybe also
therma), characteristics in the laminar and turbulent flow regimes.
This trouble may be avoided if the hydraulic diameter of the re-
cuperator passages is decreased to be smaller than 1.54 mm. Then
the resulting Reynolds number in the recuperator matrix will be
lower for operation at the design conditions, see discussion above
in connection with Fig. 14.

In Figs. 16 and 17 the resulting recuperator matrix volume and
weight of each surface are shown. All the CC surfaces perform
well compared to the plate-fin surface and the CW3-z8 surface.
The CC surfaces having the smalldtH; ratios result in the
smallest matrix volumes and lowest weights. Similarly, high val-
ues of the included angl&d) give smaller volumes and weights
due to better thermal performance but the higher friction factors
(f) necessitate shorter length) of the matrix.

The CW surface is the only one that has been utilized in actual
operating primary surface recuperators. The performance of the
CW surface is improved significantly by decreasing the ratio,
length of a unitary cell to amplitude of the wavinesg:(A,,), or
in other words, by keeping the amplitud&f) of wavinesgof the
CW3-z8 surfacg but decreasing the length of the unitary cell
(which also is the “wave length: Comparing the performance of
the CW3-z8 surface to that of the CW3-z3, the shorter length of
the unit cell () results in a decrease of the matrix volume from
approximately 0.044 fhto 0.014 ni. This is a considerable im-
provement. The fabrication of the shorter one may not be possible
in practice because of material strength limitations. It may result
in cracking of the material, but any achieved length reduction, of
a unit cell, should improve the performance of the CW surface.

The performance of the plate-fin surface is, relative to the oth-
ers, not satisfactory. This surface has about four times the volume
and weight of the CC2.2-75 surface. To the already high weight,
the mass of the brazing material should be added.

The CU surfaces show relatively low values in both volume and
weight but the major disadvantage of this kind of surface is that

Transactions of the ASME
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Table 4 Results of design calculations

\olume Weight Width (B) Length(L) Inner Diameter Outer Diameter

Surface Re (m3) (kg) (m) (m) (I/D) (m) (O/D) (m)

CC2.2-60 529 8.85E-03 7.2 0.310 0.092 0.500 0.610
CC2.2-75 534 6.29E-03 5.1 0.307 0.067 0.500 0.608
CC3.1-60 346 1.38E-02 11.2 0.383 0.094 0.500 0.661
CC4-45 409 2.19E-02 17.7 0.353 0.175 0.500 0.639
CC4-60 328 1.83E-02 14.8 0.393 0.118 0.500 0.669
CC4-75 274 1.30E-02 10.5 0.429 0.071 0.500 0.696
CW3-z3 376 1.43E-02 13.3 0.372 0.103 0.500 0.653
CW3-z8 283 4.37E-02 36.7 0.427 0.240 0.500 0.694
UCS-30 396 1.82E-02 14.7 0.359 0.141 0.500 0.644
plate-fin 415 2.25E-02 25.5 0.354 0.179 0.500 0.640

there is two different surfaces involved to form the matrix pasdo not include punching of inlet and outlet port holes on the actual
sages. This means extra cost for, e.g., tool development and fatetal foil would probably give smaller addition to the integral
rication. recuperator volume.

All results in Figs. 16 and 17 are also presented in tabular form.For a comparison with actual operating gas turbine recupera-
The matrix dimensions presented in Table 4 correspond to ttas, four of the heat transfer matrixes in the present study were
cube shaped recuperator configuration, see Fig. 18, and the arshesen(the ones having smallest volume of each surface group
lar configuration, see Fig. 19. To enable this comparison the sizes of air inlet and outlet mani-

The inlet and outlet manifolds for each recuperator configurélds for the cube shaped configuration, of Fig. 18, were roughly
tion will have about equal sizes, if they all have the same masstimated. Using empirical algorithms, used for the CC surfaces
flow rate of gas and air flow. The total length of the recuperatdused in the process indusirgy a heat exchanger manufacturer,
will increase by 50—150 percefdepending on the lengthof the the inlet and outlet port sizes were estimated. Also the hydraulic
recuperator matrix, see Table dnd the weight will increase ac- diameter had to be changed to a level that state-of-the-art heat
cordingly. Other concepts of air and gas flow managertehich exchangers have todafp,=1.0 mm (examples of this may be

Volume of rec. matrix {m3]

| ; |
CC2.2.60 CC22-75 CC3.1-60 CC4-45 CC4-60 CC4-75 CW3z3 CW3-z8 UCS-30 platefin

Fig. 16 Results of design calculations, volume of recuperator matrix
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Weight of rec. matrix [kg]

CC2.2-60 CC2.2-75 CC3.1-60 CC4-45 CC4-60 CC4-75 CW3-z3 CW3-z8 UCS-30 plate-fin

Fig. 17 Results of design calculations, weight of recuperator matrix
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Not to scale

Fig. 18 Cube-shaped recuperator concept
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Fig. 19 Annular recuperator cartridge  (from McDonald [1])

found in the literature, see, e.g., Pars¢88] and Kays and Lon-
don [16]). The gas flow cross sectional shape of the cubic con-
figuration had to be changed to allow for a reasonable pressure
drop (D Pair ports/ Pair=0.5 percent) and shape. The result is an in-
dividual shape for each of the four recuperators but they all have
seven inlet and outlet ports, respectively. The port diameter is 39
mm. The resulting recuperator specific volumes are presented in
Fig. 20, where the axes represent recuperator effectiveness and
specific volumegrecuperator volume/mass flow ratesspectively.

The primary surface recuperatof€C, CW, and CU configura-
tions) perform very well compared to the available examples of
operating recuperators. Their volumes are approximately 30 per-
cent less than what could be expected from primary surface recu-
perators of todaythe gray zone in Fig. 20Even the performance

of the plate-fin configuration is surprisingly good. This may be
explained by the small hydraulic diameter and the relatively effi-
cient plate-fin heat transfer surface type.

Attention should also be focused on the pressure drop distribu-
tion between the air and gas sides of the recuperator. The volume
flow rate, and therefore also the velocity, is much higher on the
gas side because of the low press(ai®se to atmospheric pres-
sure as compared to the four times higher pressure on the air side.
The high volume flow rate leads to a high pressure drop on the gas
side and a very low one on the air side. In present study, the air
side pressure drop is only 0.2 percéampplies to all surfaces in the
present studyof the total pressure drop which is 3 percent. This
may cause poor distribution of the air between each pair of plates
in the stack if the pressure drop is bigger in the port holes, see Fig.
18. There are two ways to change the pressure drop distribution,
i.e., to increase the relative pressure drop for the air side. The first
one is to change the respective cross sectional areas by, e.g., hav-
ing different radius of the top of corrugations. Then the free flow
area is larger for the gas side, see Fig. 21, which will decrease the
velocity and therefore also the pressure drop. The other way is to
distribute the pressure drops of the inlet and outlet areas on each
side. The gas side inlet and outlet areas situated around the port
holes consist of at least one and probably two flow area sudden
contractions and expansiofdue to passage strength and welding
considerationswhich are known to give relatively high pressure
drop. The gas side inlet and outlet areas are subjected to similar
flow contractions but distributed over a larger atdapending on
the number of air port holgsBy making a suitable tradeoff be-
tween these sources of pressure losses one may slightly redistrib-

200 ¢~
Rectangular PS
Recuperator
o [-Annular Wrap-Around Plate-Fin on Operating 45 kW
> Recuperator for 300 hp Truck Microturbine
< Gas Turbine (1968)
[+2]
5 100 |
— = Compact Plate-Fin
i Recuperator for \ Compact Rectangular
g = 2.6 kW Microturbine Recuperator for Operating
35 - 600 kW Gas Turbine
> | + Plate-Fin
£ X UCS-30
o 50 | A Annular PS Recuperator
2 on Operating Microturbine o CW3-z3
(7]
I~ Rover PS Recup. CC2.2-75
£ (1963) Surface Wave Plate PS Recuperator w
© ) \ $¢  for Gas Turbine in Battle Tank
s 30 | Nicholson
PS Recup. Compact Profile TubeRecuperator
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Fig. 20 Comparison of specific volume of some representative recuperators from

present study with operating recuperators.
McDonald, La Jolla, CA, USA. )
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(Diagram used with permission of C. F.
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Fig. 21 Nonsymmetric CC surface passages to compensate Dy =
for the mal distribution of pressure drop between gas and air
sides

D

ute the pressure losses so that the air side pressure losses arff_|f
increased. Both ways, briefly discussed above, may be utilized to "
ensure that severe mal distribution of mass flow is avoided. h
The specific volumes, in Fig. 20, would not be significantly J

changed if the average of the air and gas side hydraulic diameters
is kept around 1 mm. The thermal and hydraulic characteristics of luc

the larger gas side passages should not be much different from the
smaller air side passages if they have a similar shape of the flow Nu
cross section. P
Apior

Conclusions r

Thermal efficiencies of microturbines in excess of 30 percent a Re
recuperator is mandatory. In this paper comparison, of three pri- St
mary surface type of surfaces and an offset strip fin plate-fin sur-
face, has been made for intended use in a recuperator heat transfer @
matrix.

Surface selection criteria as the volume goodness and the flow
area goodness diagrams have been used for a first selection of
surfaces. Results of recuperator heat transfer matrix design calcu-
lations are both shown in diagrams and tabulated to find the heat
transfer surfaces giving the smallest volume and weight of the
integral recuperator unit for a representative 50 kW microturbine.
Dimensions of the corresponding recuperator matrixes were r,
ported for a cube shaped unit and an annular spirally wrappe
unit. If the total cost of a recuperator unit, fabricated in very large
guantities, is a multiple of the material cost, as suggested by Mc-
Donald [1], then a small weight of the recuperator has highest
priority.

eq =

r =

ﬁéx#w -

amplitude of wavinesgémm)

heat transfer are@m?)

width of recuperatofm)

coefficient of compactness, ratio of heat transfer
surfacefinternal volumém?/m3)

specific heatJ/kg K)

cross corrugated heat transfer surface, also called
chevron pattern

corrugated undulated heat transfer surface

cross wavy heat transfer surface

hydraulic diameter CWD,=4* area of cross section/
wetted perimetefm)

Other surface®,=4* internal volume of unitary
cell/wetted surfacém)

equivalent diameteD oq=2*H;, D¢q=D} @

Fanning friction factor, 4=Darcy friction factor
internal height, see, e.g., Fig.(t‘nm)

heat transfer coefficiertvV/m-K)

Colburn factor StPr?3

= thermal conductivityW/m K)

length of unitary cell(m)

length of recuperator matrigm)

Nusselt numbeh* D, /k

pitch, see, e.g., Fig. Gnm)

total relative pressure drop over heat exchangeg,
=APyas/ Pgas™ A Pair/ Pair

Prandtl number P u*cy/k

radius of circle(m)

Reynolds number ReD;U,, /v

Stanton number Nu/Re Pr

volume flow rate(m®/s)

= developed heat transfer area/projected heat transfer

area
dynamic viscositykg/m 9

= kinematic viscosity(m?/s)

= included angle between corrugatiofteg
a =

= see Fig. 7
= see Fig. 7

see Fig. 7

dynamic viscosity at bulk conditions and wall condi-
tions, respectivelykg/m s

Appendix

It was shown that by allowing a bigger total pressure drop over 1
the heat transfer matrix or d.eclreasmg the size of matrix PassagiSine following algorithm. Here is a simplified algorithm for
the total volume of the matrix is reduced. : ) :

- b rimary surface configurations.

Some aspects of design and fabrication of recuperators USH'anut'
different kinds of heat transfer surfaces were also discussed. '

The cross wavyCW) and especially the cross corrugat€r) « dimensions of unit cell
surfaces show superior performance over the others giving a smalt total heat(Q) transferred in the recuperator matrix, calculated
volume and weight of the heat transfer matrix, but as the CC with help of data in Table 3.
surface is well documented in the literature and probably is easier, .
to manufacture with small passage dimensions this should be %hét?p 1. Choose Re number for air side. Calculate veloaiy,
first choice for further studies by recuperator manufacturers, 1°F &ir side

he design calculations for each heat transfer surface are based

The design results show that a cross corruga@@) surface Re, Vai
has the best potential for use in compact recuperators of the future W= D
as it will have smaller volume than any recuperator in operation hair

today. Step 2. Calculate velocity of gas side from
m DaiPai
WgaS:Wair- gag-’al all’.
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_ Nuairkair
ar Dh,air
Step 5. Calculate the overall heat transfer coefficient from
. 1 1 s
U_l/ Fair—i_aas—i_ I(wall).

Step 6. Calculate the total heat transfer area:

_
UAT,y’

Step 7. The compact coefficie(®) is calculated from a repre-

Ator=

[8] Kleeman, M., 1978Auslegung Eines Neuartigen Kompakten Rekuperators
Doktor-Ingenieurs Genehmigte Dissertation, Technishen Hochschule Aachen.

[9] Forster, S., and Kleeman, M., 1978, “Compact Metallic and Ceramic Recu-
perator for Gas Turbines,” ASME Paper 78-GT-62.

[10] McDonald, C. F., 2000, “Low Cost Primary Surface Recuperator for Micro-
turbines,” Journal of Applied Thermal Engineerir2Q, pp. 471-497.

[11] Stasiek, J., Ciofalo, M., and Collins, M. W., 1996, “Investigation of Flow and
Heat Transfer in Corrugated Passages—I. Experimental Results,” Int. J. Heat
Mass Transf.39, No. 1, pp. 149-164.

[12] Stasiek, J. A., 1998, “Experimental Studies of Heat Transfer and Fluid Flow
Across Corrugated-Undulated Heat Exchanger Surfaces,” Int. J. Heat Mass
Transf.,41, Nos. 67, pp. 899-914.

[13] Ciofalo, M., Collins, M. W., and Stasiek, J. A., 1998, “Flow and Heat Transfer
Predictions in Flow Passages of Air Preheaters: Assessment of Alternative
Modeling Approaches,Computer Simulations in Compact Heat Exchangers
B. Sunda and M. Faghri, eds., Computational Mechanics Publications.

sentative control volume of each heat transfer surface configurge4] Utriainen, E., and Sunde B., 2001, “Numerical Analysis of Laminar Flow in

tion:
C=A., V.

Step 8. The total volume of the recuperator can then be calcu-

lated using the following relation:
Vrecuperator: At/C.
Step 9. The total front are@low area at inletis obtained from
Agront= Aair+ Agas+ Ametall
where as an example the inlet flow area for air is
r.T‘air

PaiWVair

Aair=

Step 10. The total length of the recuperator heat transfer matri%

is then obtained from

L recuperator recuperatol Avront -

Step 11. The pressure losses for both sides. Here the air sidé??

Lrecu
_ perator 2
Apgi= 2fairT PaiWVair-

,air

Step 12. The total relative pressure losses:

APiota= APair/ Pairt A pgas/ Pgas-

Corrugated Undulated DuctsCompact Heat Exchangers and Enhancement
Technology for the Process Industries—20R1 K. Shah, A. W. Deakin, H.
Honda, and T. M. Rudy, eds., Begell House, New York.

[15] Campbell, J. F., and Rohsenow, W. M., 1992, “Gas Turbine Regenerators: A

Method for Selecting the Optimum Plate-Finned Surface Pair for Minimum

Core Volume,” Int. J. Heat Mass TransB5, No. 12, pp. 3441-3450.

[16] Kays, W. M., and London, A. L., 1984 ;ompact Heat ExchangerbcGraw-

Hill, New York.

[17] Manglik, R. M., and Bergles, A. E., 1995, “Heat Transfer and Pressure Drop
Correlations for the Rectangular Offset Strip Fin Compact Heat Exchanger,”
Exp. Therm. Fluid Sci.10, pp. 171-180.

[18] Utriainen, E., and Sunde B., 2001, “A Numerical Investigation of Primary
Surface Rounded Cross Wavy Ductéjeat and Mass Transfer-Wiae- und
Stoffubertragungaccepted for publication.

[19] Manglik, R. M., 1996, “Plate Heat Exchangers for Process Industry Applica-
tions: Enhanced Thermal-Hydraulic Characteristics of Chevron Plafas,”
hanced and Multiphase Heat Transf&. M. Manglik and A. D. Kraus, eds.,
Begell House, New York, pp. 267-276.

0] Okada, K., Ono, M., Tomimura, T., Okuma, T., Konno, H., and Ohtani, S.,
1972, “Design and Heat Transfer Characteristics of New Plate Heat Ex-
changer,” Heat Transfer-Jpn. Re§,,No. 1, pp. 90-95.

[21] Marriot, J., 1977, “Performance of an Alfaflex Plate Heat Exchanger,” Chem.

Eng. Prog.,73, No. 2, pp. 73-78.

Heavner, R. L., Kumar, H., and Wanniarachchi, A. S., 1993, “Performance of

an Industrial Plate Heat Exchanger: Effect of Chevron Angle,” AIChE Sym-

posium Series, 89, No. 295, pp. 262-267.

[23] Wanniarachichi, A., Ratnam, U., Tilton, B. E., and Dutta-Roy, K., 1995, “Ap-
proximate Correlations for Chevron-Type Plate Heat Exchangé&steed-
ings of 30th National Heat Transfer Conferen¢¢TD-314-12, ASME, New
York, pp. 145-151.

[24] Thonon, B., Vidil, R., and Marvillet, C., 1995, “Recent Research and Devel-
opments in Plate Heat Exchangers,” Journal of Enhanced Heat TraRger,
149-155.

Step 13. |f thertotal is not equal to O_OSthree percent, see [25] Focke, W. W., Zachariades, J., and Olivier, |., 1985, “The Effect of the Cor-

assumptions at the beginning of the results section and Table 3

then go back to Step 1 and adjust the Re number.
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Inverted Brayton Cycle
w s | EMPlOoyment for Low-Temperature
g-mail: michele.bianchi@mail.unibo.it CO g e n e rati"e Ap p I i cati 0 ns

G. Negri di Montenegro

The employment of cogeneration plants for thermal and electric power production is

A. Peretto constantly increasing especially for low power requirements. In most cases, to match
o these low power needs, the cogeneration plant is built up with diesel or gasoline engine
DIEM—University of Bologna, or with gas turbine units. In this paper, the performance, in terms of the most utilized
Viale Risorgimento 2, cogenerative indexes, of an inverted Brayton cycle working with the gas exhausted by the
40136 Bologna, Italy open power plant have been evaluated. Subsequently, the analysis of a cogenerative gas

turbine equipped with IBC was carried out and the benefits numerically calculated. It
resulted that the IBC employment may increase of about five percentage points the plant
electric efficiency, making this solution particularly attractive for cogenerative
applications.[DOI: 10.1115/1.1447237

Introduction applications: in this case the IBC is used as bottomer of an engine

Disposing of a hot gas at ambient pressure, a net positive sé%l_esel, gas or gasoline fueledr of a gas turhine.

e - ; . In particular, Fig. 1 and 2 represent the cogenerative power
cn‘lc_wor_k can b_e obtained first by expandmg the gas, then ant layouts without and with the employment of an IBC engine,
cooling it and, finally, by re-compressing it up to the ambie

pressire. Al hese termacyrame ransioratons may be pifShecliel | TouGhe cbscied U n e cse o P,
formed by an expander, a heat exchanger and a compressor, Ig P P ’

N e
this “cycle’ is commonly named inverted Brayton cycle eat exchanger, after the IBC compressor, may be used permitting
(IBC).([1)].

to obtain additional thermal power by the exhaust gas before dis-
In this way, the existing power plaffor example, gas turbine

charging to the stack.
specific work and efficiency may be increased by expanding, be-

The possibility to introduce the second heat exchanger depends
low ambient pressure, cooling, and subsequently dischargingﬁfﬁithe temperature increase from 3 tgdie to the IBC pressure
the ambient the plant exhaust gas.

0, Pamb/ Piow) @nd on the cold side required temperatures.

The IBC employment results particularly suitable when the IBC Cycle Analysis. As mentioned above and as shown in
power plant is utilized for cogenerative applications in which &ig. 2 and 3, the IBC engine consists of an expansion below
heat exchanger for the gas cooling is already present. ambient pressurél—2), an isobaric cooling gb,,,, (neglecting the

Moreover, this arrangement is especially convenient for loweat exchanger pressure drppswhich the heat is supplied to the
temperature thermal load, such as civil cogeneration, residentiaérmal utilities(2—3), a compression to the atmospheric pressure
heating, etc. In fact, these cogenerative applications usually (8—4) and, finally, before the stack discharge, an optional new
quire maximum temperatures strongly lower than that of the gasoling atp,, (4—5 to produce additional thermal power.
exhausted by a gas turbine or a diesel engine. To obtain a net work outputAw) from the IBC cycle, the

The IBC engine may reduce the hot gas temperature producigbine work should be greater than that absorbed by the compres-
additional electric power without any variation of the cold sideor. In fact
temperature at the thermal utility inlet. Aw=(h;—h,)—(hs;—h3). 1)

In this paper, a thermodynamic analysis of the IBC cycle is . .
performed considering its employment in cogenerative applic _The values o\w and of the outlet éxpansion and compre'ssmn
tion. Moreover, the performance variations of a cogenerative plar?q{nperaturest andT,, depend on the following quantities:
with and without IBC have also been evaluated.

Cogenerative Employment of the Inverted Brayton Stackzz
Cycle (IBC) TOPPER

As it is well known ([1]), the inverted Brayton cycle is an
engine “cycle” in which a gas is expanded from high temperature Pamb
and ambient pressure to subatmospheric pressure, coofggl,at
constant pressure and finally recompressed to ambient pressure 1 5
and discharged.

The employment of an IBC engine may result convenient when
a free flow of hot gas at ambient pressure is available and when NN
the heat exchanged, to cool the gas, is exploitable for cogenerative

Contributed by the International Gas Turbine Institd@&TI) of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna- Therm e
tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, May al utilities
8-11, 2000; Paper 00-GT-315. Manuscript received by IGTI, November 1999; final
revision received by ASME Headquarters, Februry 2000. Associate Editor: D. Wisler. Fig. 1 Cogenerative power plant
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Fig. 2 Cogenerative power plant employing an IBC engine

the IBC is remarkable when the inlet IBC temperature is over
500°C and the IBC low pressure lower than 0.7 bar. High specific
work (greater than 20 kJ/kgmay be reached also for IBC ex-
pander and compressor polytropic efficiencies equal to 0.85.
Moreover, relevant values dfw may be obtained also for inlet
IBC temperature equal to 400°C but only with polytropic efficien-
cies equal to 0.9.

It should be noted that, in Figs. 4 and 5, the resultsdgy,
=1.01 bar are relative to the power plant without the inverted
Brayton cycle.

IBC in Cogeneration. Since the IBC specific work is much
greater when the inlet compressor temperallyés low, the IBC
employment results particularly convenient for low temperature
cogenerative application.

Moreover, as Fig. 4 shows, the outlet compressor temperature,
T,, is sufficiently higher tharT; to permit an additional heat
exchanger in which the exhaust gas is cooled fionto Ts (here
assumed equal td3).

In spite of the second heat exchanger employment, the specific
thermal power supplied to the cogenerative utilization is lower
than that provided by the exhaust gas cooling fromto Ts at

cycle
constant pressure without IB€ase, for example, of simple Bray-
ton cycle gas turbine with an exhaust temperature equadl, }o
Furthermore, the employment of the IBC as bottomer of a cogen-
p erative power plant leads to a reduction of the heat exchanger inlet
temperature fronT,; to T,.
g
=3
=
g
600
§ T =600
T ! ‘
(OC) .
T - 400 [ e s
amb _ <
/‘7‘—
— o,
entropy ! ! T3- 75°C
Fig. 3 IBC cycle temperature-entropy diagram ---n =n_ =085
200 mguT i =n =
: R npe npc 0.90
« inlet IBC cycle temperaturel;; :
* expansion and compression polytropic efficiencigg, and ; T4 :
Tpe | |
e subatmospheric pressure valye,, ; 0 04 0.6 08 p_ (bar) 1.01
’ ’ ) low :

« after cooling temperaturd;.

Fig. 4 Outlet expansion and compression temperature varia-

For the influence evaluation of the above-mentioned quantmg@]s for an IBC engine cycle

a numerical analysis, whose results are reported in Figs. 4 an
has been carried out.

In Fig. 4, T, and T, values are reported as a functionmf,, ,
for different T,, #7pe, and 7, values and for fixed's. In par-
ticular, the results are carried out assuming the inlet compresso
temperatureT 5, equal to 75°C, the polytropic compression and
expansion efficiencies equal to 0.8fashed linesand 0.90(solid
lines) and the inlet IBC temperaturd, , equal to 400°C, 500°C,
and 600°C.

It should be highlighted that the outlet expansion and compres-
sion temperaturesl, and T,, are greatly influenced by, and
Piow and weakly by the polytropic efficiencies.

In Fig. 5, the IBC specific work outputAw) is plotted as a
function ofpyq,, . Also in this casel's, 7pe, 7pc, andT,, are the
same of the previous figure. It should be noted that the specific
work decreases witfl;, 7y, and 7, decreasing. As far as the
pPiow influence is concerned, in thpg,,, considered range, whén
is greater than 500°Q\w increases wittp,,,, decreasing while,
whenT, is equal to 400°CAw has a maximum.

The figure highlights that the net specific work obtainable by

562 / Vol. 124, JULY 2002

80 I I
Aw T =600°C ! ;
(kJ/kg) ! ; . T.=75°C
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I R P N ]
40 500 SO
I ' ~ N
=~ < .
20 I .400 ...... '.'.h‘.\_ .‘..\' - -
- -\- et - ~ ~ ~
0 | i -
0.4 0.6 0.8 pk’w (bar) 1.01
Fig. 5 IBC specific work output variation
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Table 1 Reference electric and thermal efficiencies Obviously, the ESlis greater than ES(before upgradingif
both A ¢, and A 5, are positive. Nevertheless, evenAify,>0

7k 7 el 7, andA 7,,<0, ESI may be greater than ESI whéfrom Eq. (7)):
A 0.37 0.80 0.46 %
B 0.50 0.85 0.59 Anel _7el ®
Annl ™ 7

This may be, for example, the case of the IBC employment
&fere, sincéAw|=|Aq|, the electric efficiency increase is equal
to the thermal efficiency decreasa §,=A 7;,) being the IBC
mass flow rate constant.

Agq=[(h,—h3)+(hy;—hs)]—(h;—hs). (2)  Asaconsequence, since the reference efficiency rafig 4;)
The comparison between E@) and Eq.(1) shows that the\q ESI?V:Ir? ég:sr}n%nizaﬂ;? Lhee g gwgé/n;%nr;()&g_e :&gé%%gi t(;g :

decreasing is equal to the specific work produced by the IBEZ, %ducible from Eq(7) imposingA 7¢,= A 7, , it emerges that the

It should be observed that, supposing the same stack temp
ture Ts (with and without IBQ, the specific thermal power de-
crease Aq) results(Fig. 3 equal to

It should be noted that the specific work increase due to the | I value, for a defined scenario, increases with,, growth.

engine employment may represent a significant value with respeel. oterence efficiency ratig?// »?, is then an important param-
e t

to the specific work of the topper engifigig. 5. This may be the - .
case of a little siz€<10 MW) Brayton cycle topper where, actu-©ter to establish the upgrading advantage.

ally, the gas turbine specific work is usually lower than 300 kJ/kg.

Cogenerative Indexes

The indexes commonly utilized2]) to evaluate the cogenera-

tive power plant performance are the following: Performance of Cogenerative Gas Turbine Power Plant

b With IBC
ne|=?e' ?3) On the basis of the results obtained in the previous paragraphs,
the effects of the IBC employment in cogenerative power plants
Qi equipped with existing gas turbines have been estimated.
TR (4) The gas turbine units chosen for this analysis and their main
features([3]) are reported in Table 2.
M= Teit Mth (5) The increase in the cogenerative gas turbine performance due to
F*—F 1 the IBC presence are evaluated by using the numerical results
ESI= —=1- (6) carried out in the previous paragraphs. In particular, it was here
F EJF Mth considered an IBC cycle engine with expansion and compression
e My polytropic efficiencies equal to 0.9 and withpg,, equal to 0.6

whereF is the primary energyLHV fuel consumption in the Par Also, in this case, the hot side outlet temperaturg) (s
cogeneration plant to produé, andQy,, andF* is the primary imposed equal to 75°(;Con_5|de_r|ng gas turbines fueled vx_nth natu-
energy consumption in two separated plants producing the saFﬁlegas)' T.h's assumption |mp||¢s, in the four cogenerative power
electric and thermal power output of the cogeneration plant, Plants using the four gas turbine listed in Table 2, different heat
The energy saving index, ESI, represents the difference gxchanger effectiveness within 0.88 and @f8s is due to differ-

. . ) ent exhaust gas temperature vajues
tween F* and F, referred toF* (fuel spent in two separated The performance variations obtained with the previous assump-

reference electric and thermal plants whose efficienciesigdie tions are presented in Fig. 6. In this figure, the full dots represent
and 7, , respectively. Then, the ESI depends on the referencghe cogenerative performance of a Brayton cycle gas turbine while
efficiency values(#, and »f,) that may be chosen consideringthe empty ones are the performance with the IBC employment.
the average efficiencythermal and electrjcof existing plants The reference electric and thermal efficiencies utilized for the ESI
(scenario A of Table flor of future energy system&ase B of evaluation reported in Fig. 6 are the ones relative to the Case A of
Table 1. Table 1.

It should be observed that a cogenerative power plant upgraddt can be noticed that, in all the considered power plants, the
may lead to an electric and thermal efficiency variatio&Sl, increase is higher than 2.8 percentage points, reaching 3.3
(A 7ne,Any) and, consequently, to a new ESlalue expressed points when the IBC inlet temperature is equal to 600ft@del
by: a). These benefits are due to the remarkable growth in the electric

1 efficiencies(up to 21 percent
ESI'=1- A A (7) Considering the scenario B of Table 1, the F®icrease is
el - et | Tth - Tth higher than 2.3 percentage points, reaching 2.7 points for the
el Mth model a.

Table 2 Gas turbine main features (Diesel & Gas Turbine Worldwide Catalog  [3])

Model and Pe HR Texn Mexh
Manufacturer [kw] [kJ/KWh] [°C] [kg/s|
a HURRICANE 1,725 13,870 600 7.4
Alstom
b PGT2 2,000 14,400 525 10.7
Nuovo Pignone
c ASES50 3,771 11,779 566 14.0
Allied-Signal
d TYPHOON 3.6 3,540 13,215 527 15.4
Alstom
Journal of Engineering for Gas Turbines and Power JULY 2002, Vol. 124 / 563
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Fig. 6 Cogenerative performance variations of the gas tur-
bines presented in Table 2, due to the IBC employment

In both cases the cold fluigwaten temperature at the ex-
changer inlet is equal to 60°C and the stack temperature fixed to
75°C as assumed in the previous analysis. The water temperature
at the exchanger outlet is imposed at 9Qtgpical value for the
civil cogenerative applicationsnd this permits the employment,
in the case of IBC-CGT, of a second heat exchanger since the
discharge IBC compressor temperatye89°C is sufficiently
greater than the highest thermal utilization temperat@@C).

The heat exchange diagrams for the CGT and for the IBC-CGT
are shown in Fig. 9. The solid and dashed lines represent the
exhaust gas temperature, while the dotted line the thermal utility
fluid one.

On the basis of the evaluation carried out, the employment of

IBC leads to

* an electric power increagabout 660 kW and, consequently,

an electric efficiency growth of about 20 percdtiie fuel
input powerF is constant and equal to 12.7 MW in both

cases

» a thermal power decreagabout 660 kW that leads to a

water mass flow rate decreaeom 61.7 kg/s to 56.2 kgJs
and to a thermal efficiency decrease of 8.5 percent.

A \ 4 Stack Q
points.
ALSTOM Typhoon 3.6 33°C 75°C
1368 m’
P, =3.5 MW ("
Q=77MW 90°C 60°C
Na=27.2% Y 4
N = 60.9 % ALSTOM
61.7 kgfs
ESI, =332 % Typhoon 3.6
ESIz =20.7% Thermal utilities
Fig. 7 Gas turbine cogenerative application without IBC P.=4.1 MW
Q=71MW
Na=324%
Moreover, also for polytropic efficiencies equal to 0.85, the N =55.7 %
ESl, (ESk) and electric efficiency increases remain over 2. ESI, =36.4 %
(1.8) percentage points and 12.8 percent, respectively. ESI=23.3 %

As reported in Eq.(9), for each gas turbine model, the fuel
utilization coefficient ¢,) is not dependent on the IBC employ-
ment:

7,=NerT Ae1+ Nn—Ann=1y. (9)

Consequently, the segments that link the solid with the empty
dots of Fig. 6 havey,=const.(45 deg slopedand, for the four
considered gas turbine models, b, ¢, and d of Table)2he 7,
values are 0.90, 0.91, 0.92, and 0.88, respectively.

Application to an Assigned Cogenerative Power Plant. In

this paragraph the comparison results between a Brayton cycle 400

cogenerative power plafCGT) and one employing IBQIBC-

CGT) are presented. The analysis has been performed with a com-

putational codéGate Cycle, Release 5.22]) considering the gas
enthalpy dependent on its composition and temperature.
The gas turbine used in the plar{fi§g. 7 and 8 is a 3.6 MW

engine with heat rate equal to 13,215 kJ/kWh and exhaust mass

flow rate equal to 15.4 kg/&Case d of Table )1 The exhaust gas
turbine temperatureT(;), depending on the turbine discharge
pressure, is 533°C for the CQThe back pressure due to the heat
exchanger and to the stack is equal to 1.04 bad 527°C for the
IBC-CGT (where the pressure is assumed equal to 1.018 bar
The IBC engine is designed for a sub-atmospheric pressure,

Thermal utilities

« finally, an ES) (ESk) increase of 3.2(2.6) percentage

It should be noted that the employment of the additional heat
exchanger leads to an increase of the surface area. Nevertheless,
looking at the heat exchanger sizes, the heat exchanger used in the

\ 4 ! Stack 9
C. ﬂ
~ s27°c
Patm"/
F §
q 139 °C .
w60y 1276m L T so2m?® |77°C
47.8 kgfs -‘/\/\4}- ’\/\/}-
0, 8.4 kg/s
90°C, \Y A ) | Jeere
N L
60°C

Fig. 8 Gas turbine cogenerative application with IBC

600

0

200

I
exhaust |

0
0

6 MW) 8

Pow, €qual to 0.6 bar. Moreover, the back pressure at the IBjy. 9 Heat exchange diagram for the cogenerative gas tur-

outlet is assumed equal to 1.035 bar and the pressure drop in i@ power plant with
line) IBC

first heat exchanger equal to 2 percent of the inlet pressure.
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Table 3 Gas turbine cogenerative performances work produced. Thanks to the equal value of the work increase

and heat decrease, the fuel utilization coefficien, doesn’t

Typhoon Ty%hé)on Typhoon Tyflg%m change with the IBC use. o _
36 +IBC 4.35 +IBC On the contrary, the energy saving ind&S|) and the electric
efficiency increasdevaluated with reference to existing gas tur-
p %% 533 53267 518 452122 bines up to 3.3 and 5.2 percentage points, respectigelyen the
Ti [°C] ) 139 ) 139 reference electric and heat efficiencies are equal to 0.37 and 0.80,
Po [MW] 3.5 4.1 4.2 4.9 respectively. These results are obtained thanks to the secondary
Qh [MW] 7.7 7.1 8.5 7.8 heat exchanger that supplies additional thermal power before dis-
Sexc [M’] 1,368 1’27§) 1,549 1’4425')-1) charging the exhaust gas.
71 [%] 279 8354 29.0 91392.0 .I.:inally, the Qevelopgd gnalysis of the IBC employment in a
7o [%] 60.9 55.7 58.9 539 Civil cogenerative application shows that, to obtain the same ther-
7y [%] 88.1 87.9 mal power supplied by the power plant without IBC, a gas turbine
EE:A Eﬂ gg% ggg g‘ll-i %g model of greater size has to be chosen. In particular, for the as-
5 L0 . . . .

sumed data, a 4.2 MW gas turbine is required when the IBC is
used, to produce the same thermal power supplied by a 3.6 MW
gas turbine without IBC. The electric efficiency and ESI differ-
ences between the 3.6 MW gas turbine without IBC and the 4.2
MW with IBC, are over 6.5 and 4 percentage points, respectively.

In conclusion, the inverted Brayton cycle may represent a vi-
able way to increase the performance of a cogenerative power
plant, especially for low-temperature applications, and conse-
quently, an optimization of the gas turbine cycle, with the IBC
employment, may be stimulating. Moreover, also on the basis of
the encouraging numerical results, an economic investigation is
yvorth of consideration.

(Dfirst heat exchanger surface area
@second heat exchanger surface area

cogenerative plant without IBCarea of 1368 f) may be em-
ployed as the main heat exchand&276 nf) in the plant with
IBC.

As already mentioned, the utilization coefficieny,, is, for
both power plants constant, and in this case equal to 0.88.

In order to obtain an equal thermal pow@, (of the plant
without IBC), the employment, in the IBC-CGT plant case, of
greater size gas turbine is necessary. It was then used the “Ty-
phoon 4.35” gas turbine model at disposal on the market. Thidomenclature
engine has an electric power equal to 4.2 MW, an electric effi-

ciency of 29.04 percent, a turbine outlet temperature equal to ESI':l ; Emi/r%;agg\:\?elrngféﬁﬁéé?&w)
517°C, and the exhaust mass flow equal to 17.64 KG/5. k = ratio of specific heats

Table 3 shows the results of the comparison among the cogen- h = specific enthalpy(kJ/kg
erative applications of the Typhoon 3.6 and the Typhoon 4.35 with HR = heat rate(kJ/kWh)
and without IBC. In the last column, Typhoon 4.35 with IBC, the m = mass flow rate(kg/s
thermal power produced is quite the same of that supplied by the P, = electric power outputMW)
simple CGT power plant employing the Typhoon 3.6. i)' — pressurebar

From the table analysis it emerges that, in both engines, the IBC q = specific thermal powetkJ/kg
employment leads to an ESI increasing greater than three percent- Q, = thermal powerMW)
age points. As already mentioned, also in this case, the fuel utili- s t — heat exchanger surface ar(e’az)
zation coefficienty,, is constant for each gas turbine model. efrc = temperaturg°C)

It should be observed that the IBC pressure and temperature w = specific work outputkJ/kg
operating values lead to increased compressor and turbine sizes B = pressure ratio

with respect to the topper gas turbine components. In fact, for the
IBC compressor, the inlet pressure and temperature are lower and

el

higher than ambient values, respectively. All the same, for the iB&rpc> 7pe

turbine, the discharge pressure is below the ambient one. In both
cases, the volumetric mass flow rates at the compressor inlet and

spectively with respect to the topper ones.
Nevertheless, since small size gas turbines are considered, this

fact does not cause relevant design problems because compressors gmhp

and turbines, working with the new required volumetric mass flow
rate, are at disposal on the market.

Conclusions

In this paper, the analysis of the inverted Brayton cycle fok¢cronyms

low-temperature cogenerative applications has been developed.

7th
u

A
B
exh
low

*

LHV electric efficiency(Eqg. (3))
compression and expansion polytropic efficiencies
LHV thermal efficiency(Eq. (4))

= LHV fuel utilization coefficient(Eq. (5))

turbine discharge increagabout 90 percent and 70 percent, reSubscripts and Superscripts
= referred to Case A of Table 1

referred to Case B of Table 1
ambient

exhaust gas

lowest IBC pressure

case with IBC

= reference value

The use of an IBC working with the gas exhausted from the top-  |BC = inverted Brayton cycle
per power plant increases the specific work production and the LHV = lower heating value
cogenerative performance of the power plant itself. CGT = cogenerative gas turbine power plant

The thermodynamic analysis of the IBC cycle has shown that

the IBC specific work increases with the growth of the inlet temReferences
pgrature and polytropic efficiencies am.j with the redu_ct_lon of the[l] Wilson, G. D., 1984 The Design of High-Efficiency Turbomachinery and Gas
discharge pressur@p to 0.5 bay. In particular, the specific work Turbing The MIT Press Cambridge, MA.
may easily reach values over 20 kJ/kg working with IBC inlet [2] Horlock, J. H., 1987 Cogeneration: Combined Heat and Pow@ergamon
temperatures higher than 500°C and discharge pressures lower Press, Oxford. ] ) )
than 0.7 bar [3] :mesel & Gals Turbine Worldwide Catalpd999, Diesel & Gas Turbine Pub-
) i . ications, Vol. 64.

Nevertheless, the employment of the IBC leads to a reduction gate cycle Computational Code-Release 5.22, 1998, Enter Software, Menlo

of the heat supplied to the utilities that results equal to the IBC  Park, CA.
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Introduction most readers will recognize, this problem is simplytan control
problem where the force disturbance is collocated with the dis-
Ir§cement performance signal. The problem of minimizing the
mpliance at a particular rotor location using actuators noncollo-
ted with that location was first considered by Herzog and
3leuler[9]. This important theoretical result pointed out that dy-

amic compliance can not be made arbitrarily low via control for
any rotor systems.

Many applications of active magnetic bearinggMBs) have
control requirements that may be considered as the minimizati
of the peak dynamic compliance of the rotor at a specified sh
location or locations. This is of particular interest in any applic
tion where an externally applied force is both highly localized an
poorly (spectrally characterizede.g., cutting forces in machin-
ing, aerodynamic forces in gas turbines, fiber breaks in textile
feeder roll3. Decentralized proportional-derivativePD) and .
proportional-integral-derivativéPID) control systems are pres- Experiment
ently the standard in industrial magnetic bearings. However, theThe laboratory test rig, shown in Fig. 1, consists of a 685.8 mm
performance of these controllers is limited due to both their po@27 in.) long, 12.7 mm(0.5 in) diameter steel shaft with a 0.82 kg
capabilities in loop shaping, their inherent lack of coordinatiofiL.82 Ibm) disk mounted at the center. The shaft is horizontal and
between bearings, and the dearth of systematic design tools i®supported by two active magnetic bearings at either end, each of
obtaining a specified performance in spite of model uncertaintiedich actively controls the position of the rotor in the horizontal
or plant variations. In contrast, synthesis provides @elatively) and vertical directions. Journal disks composed of silicon iron
systematic method for the design of multivariable controllers thiminations with a mass of 0.6 k@l.32 Ibm) are attached at
includes both performance specifications and robustness guarither end of the shaft resulting in a bearing span of 508 (26n
tees. In this paper, we examine the effectiveness of im). Each magnetic bearing stator consists of four s@lel, non-
pu-synthesized controller in the reduction of rotor compliance onlaminated silicon iron horseshoe-shaped electromagnets arranged
laboratory test rig. The performance achieved is also comparadund the journals. The solid construction of the electromagnets
to that of an optimized PD controller to indicate the benefittoreordains that eddy currents in the bearing stators will have a
provided. profound effect on system performance. When levitated, the gap

In our experiment, we seek to minimize the compliance of theetween the stator electromagnets and the bearing journals is 1.0
rotor at its midspan(i.e., center using only the actuators and mm (0.040 in).
sensors located at the rotor’s ends. This task is intereg¢éind A computer-controlled servomotor is connected to the shaft via
difficult) since the location of the disturbance is so far from tha flexible coupling. The operating speed range of the rotor is 0 to
bearings. For a rigid rotor, the midspan compliance could be r8000 revolutions per minutépm). Rotor position sensing is ac-
duced using very stiff bearingse., high gain decentralized PID complished via noncontacting eddy current probes. Two sensors
control. However, this approach would be very ineffective if emare located next to each of the magnetic actuators and measure the

ployed on our experiment, as the shaft is quite flexible. rotor’s displacement along the horizontal and vertical axes. Two
' additional eddy current probes are located near the disk at the
o Synthesis midspan of the shaft and are used for control performance evalu-

d’artion purposes only. Before the feedback sensor signals are re-

complex linear systems with norm-bounded uncertainties in thé:i?'ved by_th(_a SYStem’S d'g.'tal CO”UO”EF they pass through a f|_rst-
model descriptions, sdé] for a good introduction. Over the past®rder anti-aliasing filter with a bandwidth of 2.2 kHz. For this
decade u-synthesis has been applied to a number of AMB Syg_xpenrr_\ent, all of the power an_d c_o_ntrol electronics were designed
tems([2-5]). Since a detailed discussion pfsynthesis for rotor and built at the University of Virginid[6]).

compliance reduction is discussed in detail elsewligge 8)), it .

will only briefly be examined here. Thetor compliance minimi- Modeling

zation problemis stated as follows: design an AMB controller to  y-synthesis is fundamentally a model-based control design
reduce the maximum displacement that may occur at a particufgehnique requiring a detailed mathematical model of the system
rotor location in response to a unit sinusoidal force applied at thiatluding a characterization of system uncertainties. With a more
same location where the disturbance frequency is not specified.#&surate system model, higher performance can, in principle, be
obtained. To this end, models for all of the test rig’s components
Contributed by the International Gas Turbine Institd®TI) of THE AMERICAN ~ and uncertainty descriptionsee Fig. 2 were developed using

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF g combination of ana|ytica| mode"ng and experimenta|
ENGINEERING FOR GAS TURBINES AND POWER Paper presented at the Interna-; P

- . : B . identification.

tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, May _.. . . . .
8—11, 2000; Paper 00-GT-408. Manuscript received by IGTI Nov. 1999; final revi- SiNce the rotor was symmetric and is essentially nongyroscopic

sion received by ASME Headquarters Feb. 2000. Associate Editor: D. Wisler.  in the operating speed rangé)) identical and independent mod-

p-synthesis is a multivariable controller design technique f
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Fig. 1 Laboratory test rig and schematic

els of the rotor vibration could be formulated for the horizontadrequency range of interegtip to approximately 2 kHz It was

and vertical transverse planes. Separate feedback controllers weissible to accurately represent each amplifier’s transfer function
designed for each of the two transverse planes; only modeling anging a first-order linear model.

results for the horizontal plane are described herein. First, a model finjte dimensional linear model of the digital controller hard-

of the rotor itself was developed for each transverse plane Ry e piatform was then developed including both throughput de-
finite element analysis. Each of these models was uncoupled fr and zero-order hold. The maximum error in the model's fre-

the other and included the lowest eight free-free modes. The firS nev r nsécomplex gain for fr nci to 40 percent
two natural frequencies predicted by the planar model compa’r’%'de Cy responsgomplex gai for frequencies up to 49 perce
very favorably to the values obtained by impact testing, 61 aifi the sampling rate was only two percent. From a frequency
292 Hz, with an error much less than one percent. This was s{fSPONSe obtained by sine sweep testing, a single-pole model of
ficiently accurate for the control design methods employed. ~ the anti-aliasing filters was developed. The fit of the frequency
While switching power amplifiers are inherently nonlinear deresponse data was very good for frequencies up to 10 kHz. The
vices, a battery of sine sweep tests demonstrated that the amptifidy current probes were calibratéu situ versus a precision
ers behave quite linearly for typical amplitude signals over thmicrometer to determine their sensitivity. Due to the very high

—» Amp [ K | ,|Eddy Current
TF
W, |
Digital | "¥ + [Anti-alias
Controller Filters [ Sensor

Fig. 2 Block diagram for experimental with uncertainty representation
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Table 1 Uncertainty block description summary

Ajy Uncertainty in amplifier and, 2X2 diagonal complex
Acday Uncertainty in eddy current transfer function X2 diagonal complex
Ak Uncertainty inK, 2X 2 diagonal real
Aot Uncertainty in sensor gains »X22 diagonal real

p Fictitious uncertainty—compliance X2 full complex
A Fictitious uncertainty—controller effort 22 full complex

bandwidth of these sensotapproximately 10 kHg they were coefficients were then chosen so as to obtain the best match be-
modeled as constant gains. tween the model’s closed-loop frequency response and that of the
Magnetic actuators when operated with transconductance amxperiment. In this fashion, the motor coupling stiffness and
plifiers are typically characterized by their open-loop stiffnessamping coefficients were determined to be 22765 KNIBD Ibf/
(K, and actuator gainK;). Since the experiment’s actuatorsin) and 12.26 Ns/m (0.07 Ibf-s/in), respectively.
have solid stators, we must also consider the effect that eddyFinally, to verify the system model developed, the test rig was
currents have upon the force produced. The open-loop stiffndssitated with several different decentralized PD controllers which
and actuator gain are properties that can be determined by stafifectively varied the system loop gain and bandwidth. Frequency
tests of the actuators. Our experimental procedure to deteineresponse data obtained by sine sweep testing matched well that of
was as follows. With the shaft levitated and centered, a knovthne theoretical model in each case. When the uncertainties are
force was applied via a weight and pulley arrangement. A pertumitted, this theoretical model is referred to asieeninal system
bation current was then injected into the system in order to brimgodel
the shaft back to the centered position. This procedure was per-
formed several times with a number of known applied forces. A
least-squares linear fit of the resulting force and current data thﬁn . .
provided an estimate df; ([6]). ncertainty Representation
With the value ofK; already known, the value d, can be We now will consider the uncertainty blocks for each compo-
determined experimentally from the relationship between ment depicted in Fig. 2. The details regarding each of these uncer-
change in perturbation current and the resulting change in rotainties as well as the philosophy guiding its construction is dis-
position. To this end, we injected a constant perturbation sign@lssed in this section. Table 1 summarizes the characteristics of
into the command input of each actuator amplifier while the rot@ach of these uncertainty blocks.
was levitated. Numerous amplitude perturbation signals were in-Since the rotor model was very accurate as discussed above, no
jected into each amplifier and the current and position readingsplicit uncertainty representation was assigned to it. In an effort
were recorded. From the values fAi/Ax determined for each to encapsulate the small errors in the model, the multiplicative
actuator from the slope of a least-squares linear fit of the resultingcertainty at the rotor inputs and those associated with actuator
data,K, can be determined6]). open loop stiffnesK,, were increased by five percent during
We now examine the effect that eddy currents have upon thgnthesis. The additional uncertaintyiy allows for minor errors
actuator’s transfer function. These introduce a low-pass dynaniicthe rotor model’s free-free natural frequencies.
system into the actuator’s force-current-position relationship: The uncertainties in the amplifier and actuator gaiq) (for
. each channel were combined together to form a single uncertaint
F(8) =KiGeqaf(S)ip(S) +KX(3). block. Reducing the number of ugncertainty blocks ingthe synthesisy
Previous research on eddy current effects in nonlaminated acedel should yield lower-ordep-controllers and decrease the
tuators has shown that they are difficult to model accurately frotime required for controller synthesis. The digital controller mod-
physical principles for typical actuator geometri¢$0,11]). For eling error was judged to be negligible over the frequency range
this experiment, we identified the frequency response of the tramg-interest, and therefore no uncertainty associated with it was
fer function Ggqqy(s) and then fit it with a low-order system. Thenecessary. The amplifier model was found to vary no more than
motor coupling was temporarily removed from the experimerthree percent from the experimental data. Modeling errors for the
and the rotor was then levitated using a nominal decentralized Péibtuator open-loop stiffneds; were determined based upon the
controller. A sine sweep test was conducted on this modified sysstuator's experimentally determined linearity and hysteresis as
tem. This resulted in the closed-loop system’s frequency respongell as experimental repeatability.
(2% 2 complex gain matrix at discrete frequencies. From this The experimental values obtained for actuator gdjnwere
data, the frequency response of the eddy current dynamics viasnd to be uncertain by approximately seven percent. Combining
determined at each discrete frequency by minimization of thkis with that of the amplifier to form a single multiplicative un-
2-norm of the difference between the experimental closed-lo@prtainty for each input channel yielded a total uncertainty of ten
frequency response data and that of the model. In this fashion, ffercent. As described above, five percent uncertainty was added to
eddy current frequency respon@mplex gain was backed out ensure adequate multivariable input gain/phase margin, resulting
of the closed-loop experimental data. This discrete frequency ie-a total multiplicative input uncertainty of 15 percent.
sponse data could not be fitted with a stable rational transfer func-The error in the anti-aliasing filter model was negligible and no
tion due its significant magnitude attenuation at higher frequenciescertainty was attributed to this component. The experimentally
with little associated phase lag. To overcome this, the frequendgtermined position sensor gains, on the other hand, were viewed
response of the digital controller throughput delay was augmentasl uncertain. Based on the linearity and repeatability of the sensor
to the eddy current discrete frequency response data. This caralibration data, uncertainty in the sensor gains was estimated at
bined eddy/delay frequency response could be accurately match&d percent.
by that of a sixth-order stable transfer function. This model was Since the values of actuator open loop stiffn&gswvere calcu-
assembled with that of the other system components to formladed directly from experimental data used to determiievia
new closed-loop model. The frequency response of this compateg= K;(Ai/Ax), the uncertainty ik, must be at least as great as
very favorably with that of the experiment. that forK; . Since, the additional error introduced by the experi-
Next, the motor coupling was reattached and another closetntal determination aki/Ax was very small, the uncertainty in
loop sine sweep test was conducted to obtain new discrete fke;is the same as that fd€; , ten percent. As described above, an
quency response data. The motor coupling stiffness and dampauylitional five percent uncertainty was attributed to this term so as
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to account for small uncertainties in the rotor’s free-free natura  1¢? , , .
frequencies. This resulted in a totd] multiplicative uncertainty =~ |7 e
of 15 percent. h
The greatest uncertainty in the system was due to the effect «
eddy current effects upon the actuators’ transfer functions. Th
degree of uncertainty attributed to this transfer function was com
puted from the difference between the actuator discrete frequent
response datébacked out from the closed-loop experimental date§
as described aboyeand the frequency response of the fitted eddyrg
delay modelG4(s). A second-order filter was then chosen which &
o . X =
over bounded this difference in magnitude.

086 (s+30)?
Weaor™ 0895130007

This filter is the frequency-dependent weight for the additive
uncertainty on this model component and has the following chai
acteristics: negligible uncertainty below 5 Hz which increase: 10" - :
quickly thereafter to a maximum variation of86.6 percent in 1 10 . 10° H 10° 10°
gain, =60 deg in phase for frequencies above 500 Hz. requency (Hz)

The performance goal_for our experiment IS the_m'n'mlza_tlon q—fi .3 Magnitude response of u-controller (solid ) and control-
the peak dynamic compliance of the shaft at its midspan with on L 1

o . regaln limit Wg " (dashed), volts /volt

the use of the position sensors and two magnetic actuators at t
shaft's ends. Since the sensors at the shaft's midspan are not used
in feedback, a large noncollocatidapproximately 254 mm/10
in.) exists between the actuators/sensors and the compliance |
tion. This goz?ll may be fprmulateq 'F‘.the anaIyS|s/deS|gn SySteme magnitude frequency response of this MIMO controller is
model used inu-synthesis as a fictitious uncertainty blogk, g

. . . > . _shown in Fig. 3.
between midspan displacement and a force applied at midspan
(see Fig. 2 In controller design, we will also seek to accomplislg .
this performance objective without excessive controller gain xperlmental Results
bandwidth. This specification, too, may be represented by a ficti-Since theu-controller was open loop unstable, the rotor was
tious uncertainty blockA ., in the analysis/design system modelfirst levitated using PD control and then the control algorithm was
Simply stated, satisfaction of robust stability for the augmenteatvitched to theu-controller. The switch between the PD and
system with these fictitious uncertainty blocks implies satisfactigu-controller involved no timing delays and was virtually seam-
of the compliance and controller effort specificatiofwsa the less. Both the PD ang-controllers were implemented as discrete

I

t(r:]e_closed-loop system was checked. In this fashion, the controller
QW8S reduced to 23rd-order while maintaining a peabf 1.02.

Main Loop Theorem([1])). time, state-space systems with a sampling rate of 10 kHz. With the
rotor levitated, the dynamic compliance at the midspan was ex-
Controller Design perimentally determined by impact testing with an instrumented

To assess the improvement achieved by heontroller, a de- hammer. The resulting vibration was measured using the midspan

centralized PD controller was designed to minimize the maximuﬂ?é!t'orr‘eze:z%rd 5 show the midspan dvnamic compliance results
dynamic compliance. Since optimization of decentralized fixed- Igu w 1asp y : Pl u

order controllers is notoriously difficult, the PD controller paramgbtamed W't.h the PD and—controllers., respectlve!y. In addition
eters were determined via an exhaustive search. to the experimental data, these two figures also include the theo-

etical nominal compliance prediction. For both controllers there

In p-synthesis, the two fictitious uncertainty blocks that werf xcellent agreement between the theoretical compliance and the
augmented to the plant model were used for loop shaping deslal? 9 P

by adjusting the weighting functions associated with them. These
weighting functionsW, andW,, are linked to the dynamic com-

pliance and control effort specifications respectivi@ge Fig. 2 *10
The weighting functio’W, was used to limit the control effort and
force the controller to roll-off at high frequencies. This was cho- =
sen to allow a maximum controller gain of 80 volts/volt and a
roll-off beginning at 2.1 kHz and was motivated by the authors’ 4f
previous experience with decentralized controllers for this experi-
ment. If the specification is satisfied, the controller magnitude will <
be less than that (Wc_l which is shown in Fig. 3. The compliance % 3r
weight, W, , was chosen to be a constant gain. The best obtainabl&
compliance performance was determined via a bisection searc
overW, to achieveu~1. That is, a value oV, was assumed, a & 2f
controller was designed via-synthesis, anlV, was raisedlow-
ered if the achievedu value was less thafgreater thapone. In
each case, we used the MATLAB-Tools toolbox to perform
the D-K iteration using the commandkit. For the final
p-controller, two D-K iterations were required to achieveua
value of 1.02. Interestingly, the resulting 56th-order controller was

Complian

! L

open-loop unstabléiscussed further belowThe following pro- 1o 10" 167 10°
cedure was then employed for controller reducti@h: the un-
stable dynamics of the controller were remové®); the stable
portion was reduced through balanced truncati8nthe unstable Fig. 4 Midspan compliance with the optimized PD controller—
dynamics were reintroduced; arid) the stability and peale of  experimental (solid ) and theoretical (dashed)

Frequency (Hz)
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* 1073 mize the compliance of rotors supported by active magnetic bear-

ings. Indeed, the problem examined was actually a very demand-

ing application of the theory as the rotor was flexible, the

compliance location was far from the sensors and actuators, and

the actuators were not laminated. A significant improvement in

. performance was obtained by thecontroller over that with the
optimized PD controller.
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Metallurgical Considerations
for Life Assessment

and the Safe Refurhishment
and Requalification

of Gas Turbine Blades

Metallurgical analysis of rotating blades operating in advanced gas turbine engines is

) J. A. Daleo important in establishing actual operating conditions, degradation modes, remaining life,
e-mail: daleo@bwdurbines.com and most importantly, the proper repair and rejuvenation techniques to be used in devel-
K. A. Ellison oping opti_mum component life strate_gies. Thg elevated firing temperatures used in the
- M- latest engine designs result not only in very high metal surface temperatures but also in

D. H. Boone very high temperature gradients and concommitant thermal strains induced in part by the

complex and efficient cooling systems. This has changed the primary function of today’s
superalloy-coating systems from one of hot corrosion protection to moderating high tem-

BWD Turbines Lid., perature oxidation reactions. Furthermore, as a result of the high thermal strains induced
1-601 Tradewind Drive, by the cooling systems, long-term metallurgical structural stability issues now revolve
Ancaster, Ontario L9G 4V5, Canada around optimizing both thermal mechanical fatigue (TMF) resistance and creep life. Thus

the gradual change to directionally solidified (DS) and single crystal (SC) alloys through-
out the industry. The use of DS and SC alloys coated with state of the art TBC, platinum
modified aluminide and MCrAIY coatings with or without subsequent aluminizing applied
by vacuum plasma spray (VPS), high velocity oxygen fuel (HVOF), physical vapor depo-
sition (PVD), air plasma spray (APS), and by chemical vapor deposition (CVD) methods
along with the widespread use of internal aluminide coatings have made today’s rotating
components prohibitively expensive to replace after only one cycle of operation. It is
therefore, or should now be a high priority for all cost conscious gas turbine users to help
develop reliable repair and rejuvenation strategies and techniques to minimize their op-
erating cost. Traditional metallurgical considerations required for life assessment and the
reliable refurbishment and requalification of gas turbine blades are reviewed along with
some new exciting techniques. Examples of component degradation modes are presented.
Appropriate attention to metallurgical issues allows turbine users to more successfully
and economically operate their turbingdOI: 10.1115/1.1455638

Introduction fect the system balance, degradation modes, and hence the life. As

Advanced D, E, and F technology turbines operate at very hi%ﬁ{wger hours of servicg are apcumulated, maintgnance cgnsider-
firing temperatures primarily on relatively clean natural gas witAtions such as developing optimum component life strategies and
high-grade distillate fuel used for back up. The realized maintg2Pair processes become important. _
nance period of the critical hot section gas turbine blades is usu\Vhen coatings applied to the external or internal surfaces do
ally determined by the life of the coating system and secondariipt perform satisfactorily, components can be quickly damaged
by the material’s long-term metallurgical stability at the actusdnd rendered no longer serviceable or repairable. If the coatings
operating conditions encountered in service. selected for the application perform as expected, the condition of
Specific operating conditions can dramatically affect the life dhe coating at the first overhaul period becomes an important con-
gas turbine hot section blades. An understanding of the origirgitleration in the operator’s decision to return the parts to service
design parameters and their effect on component life is essenti@l another overhaul period in their present condition or to refur-
to understanding degradation modes, especially those resultifigh the components. Unexpected changes in microstructure and
from invariable “off-design” operation. Today's advanced alloyajloy properties as a result of higher than expected operating tem-
and coating systems are expected to withstand very high tempefgratures or stress can also result in diminished structural perfor-
tures and stresses for periods up to 48,000 hours. Steady-s{aigce and consequently reduced life. Thermal mechanical fatigue
centrifugal stresses range from a few MPa to 250 Mpa, while they1r) cracking in first-stage blades has been observed before and

thermal stress in the airfoil as a result of temperature gradients . .
. ing the first scheduled overhaul of many of the advanced en-
range from—350 MPa to 500 Mpa. Typical steady state metqﬁﬂe Ewo dels y

temperatures range from 760°C to 985°C. Specific conditions “Consequently reliable refurbishment techniques now need to

Contributed by the International Gas Turbine Institd@&TI) of THE AMERICAN address TMF and coating degradatlon. Methods to restore dimen-

SOCIETY OF MECHANICAL ENGINEERSTor publication in the ASME dURNAL oF  Sional damage, such as welding, VPS powder build ups and braz-

ENGINEERING FORGAS TURBINES AND POWER. Paper presented at the Interna—ing techniques are also important, but must be integrated around

tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, M . . . .
8-11, 2000; Paper 00-GT-642. Manuscript received by IGTI, Nov. 1999; final re\ﬁ)‘e following dominant coating and regenerative heat treatment

sion received by ASME Head quarters, Feb. 2000. Associate Editor: D. Wisler. issues:
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(a) the availability of a wider range of suitable non-OEM re-
placement coatings,

(b) development of reliable techniques for removing interne
aluminide coating systems without cracking the base met
or damaging the physical features cast into the componei
to promote cooling such as turbulators, pin fins etc.,

(c) development of reliable techniques for removing comple
TBC/MCTrAIY coating systems on thin wall and controlled
grain (DS, SQ material component designs,

(d) development of suitable regenerative heat treatment cyc
for DS and SC alloys that properly restore the microstrué
ture and mechanical properties of the alloy without ind
ing unacceptable re-crystallization and grain growth, and:

(e) establishment of a reliable way of measuring, calibratin:
and maintaining the effectiveness of the component coolir:
scheme.

There is also a pressing need to develop reliable methods to rej
structural cracks in rotating components and microstructure da!
age caused by TMF mechanisms. In order to accomplish this, DS ] ) ] )

and SC compatible repairs must be developed where the crackéti 1 A photomicrograph illustrating the microstructure of a
or damaged areas of the component can be removed and repl ce-run aluminized CoCrAlY coating applied to a direction-
with suitable high-strength material. Potential repair technologi(‘:i1 y Solidified GTD111 alloy component

include VPS powder buildups and braze overlay techniques. More

novel approaches may include replacing the damaged material . . . e
with welded or diffusion bonded inserts. normal conditions exist in the part. Final qualification of a sample

General surface buildups to restore thin wall sections of DS af@mponent helps identify these abnormal conditions, as well as
SC alloys may also be accomplished using electroplating tecting as a final check on the repair process.
nologies such as the PraxAir Tribom@AJ) process that is now Requalification consists of several steps that compare the

used to apply MCrAIY overlay coatings and abrasive tips. sample part to typical new component standards. Metallurgical
evaluation of surface condition can identify such problems as poor

coating quality, incorrect coating thickness, and surface attack

Refurbishment of Metallurgical Degradation caused by chemical stripping or poor heat treatment atmosphere
control. Microstructure evaluation using electron microscope

Metallurgical life assessment of service-exposed blades gl‘l thods can reveal unsuitable gamma prime structures and grain

proven to be the_ most effective means of identifying the import undary morphologies due to inadequate heat treatment or pre-
modes of material degradation affecting component life. In dep, isting irreversible conditions

knowledge of what is really *wrong” with the components is the . narison of creep rupture properties of material taken from

first and probably the most crucial step in determining suitabjg,, temperature regions of the component and from the root form

reng_rt_technlques to be used to restore the component to a demonstrate that the repair process has appropriately restored

COX ton. alluraical analvsis looks f . lated detdh® Mechanical properties. This testing can be done at several
proper metallurgical analysis 100Ks Tor SErvice related Oeleyerant test parameters to identify possible problems in different

no;an:_ml ?nd, cotr_nbmgd V‘;'th a mechamcatl_ analy§|/s, (_a(\j/altiaf_tes [Eomponents of the microstructure. Inadequate heat treatments can
potential for continued safe service operation and/or identifies the ', o ijeniified from these feste.

need for repair. Methods are used that can detect all of the condi-
tions that can lead to premature failure when combined with suijt: . . .
able nondestructive testing of the remainder of the componerl.&ggradat'on Of Protective Coating Systems
from the set. Detailed evaluation of representative sample bladesn order to reduce the surface metal temperatures sufficiently to
allows the actual “state” of components to be determined amubtain acceptable coating life, complicated cooling schemes are
subsequently monitored. Note that the actual component temparandatory, together with the now wide spread use of TBC coat-
ture distributions are one of the least known and available paraimgs. The cooling systems can consist of turbulated cooling holes
eters although they are undoubtedly one of the most importantand/or serpentine cooling circuits with cast in airflow turbulators
The basic modes of metallurgical degradation encounteredand pin fins. All of the new designs contain local areas where thin
turbine airfoils along with the advantages of using combined mell sectiong0.020“—~0.030") are present. Where necessary, film
chanical and metallurgical evaluation techniques to perform metsoling hole geometries present even more coating and refurbish-
allurgical life assessments, failure analysis investigations and rteent problems. This is in addition to the new and unique prob-
calculate repair limits has been recently described by Daleo aletins in removing both internal and external coatings.
Boone[1]. One of the most commonly used IGT coating system was the
Repair of turbine blades is a multiple-step process involvingeneral Electric aluminized CoCrAlY layer, GT29PI(Rairden
coating removal using aggressive acids, high-temperature hg2l). The coating is applied in two steps.
treatments, manual blending and welding operations, critical in- The GT29(Co—29Cr—6AI-0.3Y overlay layer is typically de-
spections, and carefully controlled recoating processes. The stadsited using VPS or more recently HYOF spray methods, densi-
ing material for the repair process can be extremely variable aied and diffused. The coating is then aluminized using standard
result of variables in the initial manufacture of the components, @ack aluminizing processes or optionally above the gad#) or
well as the different operating histories that the parts experien€&vD processes when internal aluminizing coatings are to be si-
In industrial turbine applications, no two sets of service run conmultaneously applied.
ponents are exactly alike. An aluminized CoCrAlY coating system applied onto a direc-
The repair process must be capable of overcoming these vatianally solidified GTD111 alloy component that has been in ser-
tions in the incoming material with robust processes and excellente is illustrated in Fig. 1. The coating system is a non-
inspection techniques to ensure a high quality repair. Even a wélbmogeneous layer made up of discrete metallurgical phases. On
designed process may not provide an adequate component if tie surface of the coating there is a very thin protective aluminum

Blmm208 kU
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Fig. 2 A photomicrograph of a service-run aluminized Fig. 3 Metallurgical temperature estimates of a service ex-
CoCrAlY coating applied to a DS GTD111 alloy component illus- posed GE MS7001F first-stage turbine blade based on inter-
trating data phase depletion and inter-diffusion with the base diffusion rates between the aluminized CoCrAlY overlay coat-
alloy ing and the directionally solidified GTD111 base alloy

oxide (Al,O5) scale. Below the protective oxide there is a singlerepniques such as this may allow coating performance to be
phaseB(CoAl) layer that was formed during the aluminizing proy, onitored with the components in situ. Early detection of coating

cess together with the concurrent inter-diffusion zone. The cor- : . 2
positiongof the CoCrAlY coating below the single-phasdayer egradation may prevent expensive repairs if the parts can be

has a graded aluminum concentration that is reflected in the rfifgmoved before extensive base metal attack or the onset of crack-
crostructure by the changing volume fraction&fCoAl) precipi- ing occurs as well as a potentially valuable measure of actual
tates. The microstructure of the unaffected CoCrAlY layer coriurbine conditions.
sists of discret€CoAl) precipitates in ay matrix over the coating/
GTD-111 alloy base metal diffusion zone.

_In service the aluminized MCrAlY coating and base alloy comremoval of MCrAlY Coatings From Service Run
bination act as one integrated system. Examination of service r&rg?m onents
components reveals a range of structures. In the hotter regions© P
the airfoil, the beta phase precipitates in the original CoCrAlY ldeally, the stripping procedure should attack only the coating
coating dissolve first as a result of inter-diffusion reactions thand stop at the base alloy substrate. In most cases, TBC ceramic
occur at the CoCrAlY/GTD-111 base alloy interfa@ég. 2. The topcoats can be easily removed by grit blasting, MCrAlY
aluminum concentration in th8(CoAl) additive layer is also si- coatings/bond coats on the other hand, have proven to be very
multaneously being reduced at the,®-aluminide-CoCrAlY in- difficult to remove because of the wide range of chemistries and
terface as a result of the normal loss of aluminum through surfaggcrostructuregDaleo and Boong5]).
scale exfoliation and reformation. However, as a result of the in- Acid immersion techniques are the most widely used methods
creased reservoir of aluminum, this layer can remain intact lomf coating removal and are based on selective attack of the alu-
after the beta phase precipitates in the CoCrAlY coating haveinum rich phases. The dilemma is that MCrAlY coating systems
dissolved. have starting Al concentrations ranging from 6 to 12 percent and

Once all of the beta phase in the as-deposited CoCrAlY heapidly degrade at different rates over the airfoil to essentially
been depleted, what is left of the discernible aluminized CoCrAlwonacid strippable compositions. Thus problems that occur during
layer depletes. Even with depletion of all beta phase precipitatéise stripping process revolve around reliably removing the de-
this layer can continue to form an external oxide. Depending uppteted areas of the coating without attacking the base metal. Con-
temperature, however, these oxides can be less protective amduently in practice, acid immersion methods are more effective
faster growing. Below some temperature and critical compositioim, the cooler areas of the blade where the coating has retained
the degradation mode can rapidly change over to internal oxidaost of its original structure and composition than in the hotter
tion. Once this occurs, the oxide is nonprotective and the substrateas where almost complete coating consumption has occurred.
is rapidly consumed. In addition to coating depletion, extensiyé film formation is

The inter-diffusion reactions between aluminized vacuuriequently observed along severely aged grain boundaries in the
plasma sprayed CoCrAlY coatings and directionally solidifietiotter areas. This presents a real danger that the acid solution may
nickel-base superalloy such as DS GTD111 can be calibrated aithck the base alloy grain boundaries during coating removal.
used to estimate the operating temperatures of service-exposeBroblems that occur during the stripping process revolve around
combustion turbine blades. Recently a model developed by Elteliably removing the depleted areas of the coating without attack-
son et al[3] was used to estimate surface temperatures of servideg the base metal and detecting when the coating has been com-
exposed GE MS7001F first-stage blades. The metallurgical tepietely removed. Each vendor’s stripping process is supposed to
perature estimates based on overlay coating inter-diffusion werehandle the service-induced microstructure variations adequately,
reasonable agreement with those obtained independently fromadthough this is not always evident. In general, it is difficult to
analysis of gamma prime precipitate coarsening and pyromegffectively remove all of the remaining coating from the substrate
data(Fig. 3. without causing base metal attack using acid stripping techniques

A new nondestructive method of coating condition analysis wadone. In practice, vendors invariably resort to repeated combina-
recently developed using advanced Eddy Current Test methodgitms of chemical stripping cycles and abrasive belt grinding steps.
examine degradation levels in service run coatifigglls [4]). As a result of this, components are often rejected from the repair
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cycle because the blending limits are exceeded in the thin wigled Pl A=
sections or because the internal airflow turbulators or pin fins ha,*EE R Fe-T- R0 4]
been preferentially attackegig. 4).

Recently, more novel approaches to removing MCrAIlY coafig. 6 A scanning electron micrograph of DS GTD111 alloy
ings have been developed, though they are not widely used. Thefier 18,000 hours of service
include Siemens, Siclean procedure, aluminize and acid strip, and
Sermatech’s aluminize and grit blast process.

Fig. 4 A photograph illustrating irreversible stripping damage
caused to a pin fin array

) B rated with a very thin, discontinuoug’'/M,3Cq/MgC carbide
Microstructure Stability layer. Minor additions of zirconium and boron are added to poly-

Knowledge of the alloy microstructure is fundamental to undef,;_rystalllne alloys to stabilize grain boundaries while additions of

standing the mechanical property behavior of the material. Supﬁgl;ng;;?nhﬁq\éetefg\{sral beneficial functions, particularly in colum-

alloy microstructures continually change with time at the operat-The stability of the various microstructural phases at the oper-
ing temperatures experienced by gas turbine blades and vaneging temperatures experienced by gas turbine blades is extremely
~ The starting microstructure of a blade is a product of the Cheﬁ?ﬁportant. As the alloy is exposed to the gas turbine operating
istry, the casting parameters and coating and heat treatment stefiyitions, changes in the microstructure occur resulting in re-
used to manufacture the component. In the new, heat treated aligyee creep and fatigue strengths and ductility. In serviceythe

the gamma primey’) particles are arranged in a structure, whiclhhase increases in size with time and temperature, and complex
results in an optimum balance of tensile, fatigue, and creep prQRyrpide reactions occur.

erties. The most important of the carbide reactions is the continued

The microstructure of a directionally solidified GTD111 alloyyrowth of the M4Cs carbide phase along the grain boundaries.
blade in the standard heat-treated condition is illustrated in Fig. e migration of chromium to the boundary leaves the matrix

Nickel-base alloys, such as DS GTD111 are primarily strengtjbca”y enriched in they’ forming elements nickel, aluminum,

ened by a duplex mixture of ordered face-centered cubic, Precipl- nium etc. allowin ) ;
. . ! ) . g a film ofy’ to form along the boundary.
tated second phase particles [Nis(Al, i) ] and by chromium Degeneration of MC carbides into ACg+ ' in the matrix and

and refractory element rich carbides that form during solidificaazIong the grain boundaries accelerates the process. Examples of
tion and subsequently in the gamrtig solid solution strength- these phase changes were observed in a DS GTD111 turbine blade

ened matrix. The grain boundaries are often serrated and de%’rhoved from service after 18,000 houFig. 6)

Reheat Treatment of Service Run Blades

Attempting to fully recover the aged microstructure to reestab-
lish the mechanical properties by repeating the alloy’s standard
heat treatment sequence does not always work. For example, typi-
cal heat treatment cycles used for two of the most common indus-
trial turbine rotating blade materials, polycrystalline GTD111
(Tien and Caulfield6]) and IN-738LC(ASM Metals Reference
Book [7]) are similar to the following cycle:

Vacuum Solution Heat Treatment. 1120°C for two to four
hours followed by a rapid gas quen®6°C to 55°C/minutgto
below 650°C.

Vacuum Precipitation Aging Cycle. 845°C for 24 hours fol-
lowed by a rapid gas quench to room temperature.

Figure 7 illustrates a service run IN-738LC airfoil that was
processed through this standard reheat treatment cycle. Note that
the microstructure was only partially recovered by the heat treat-
ment.

The reason why the standard heat treatment does not often work

Fig. 5 A scanning electron micrograph of DS GTD111 alloy in well is that the y" solution temPerature f(())r IN-738LC and

the standard heat-treated condition illustrating the duplex y'  GTD111 alloys ranges from 1175°C to 1190°C. To fully restore
precipitate microstructure and the grain boundary carbide the microstructure after service exposure, these alloys need to be
morphology solution treated at 1200°C. An effective way to incorporate the
574 | Vol. 124, JULY 2002 Transactions of the ASME
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Fig. 7 A scanning electron micrograph of an IN-738LC turbine
blade processed through the standard reheat treatment cycle.
Note that the microstructure was not restored to its original
condition.

Fig. 8 A scanning electron micrograph of an IN-738LC turbine
blade not correctly processed through the modified high-
temperature reheat treatment cycle

ity. Where possible, it is wise to remove both internal and external

high temperature cycle needed to restore the microstructure @@fatings before performing this type of refurbishment heat treat-
service run blades is to hot isostatic préldéP) the components, ment.
especially if the components were not hipped during the original In DS materials such as the GTD111 alloy, exposure at the
manufacturing sequence. A typical HIP cycle used for the poly-200°C solution heat treatment cycle can induce re-crystallization
crystalline versions of IN-738LC and GTD111 alloys is similar tan areas that have been plastically deformed. Impact damage on
the following cycle: the surface of the airfoil and the contact areas of the root form are
1200°Ct 10°C, 15,000 psi especially suscepti_bIéFig. 10. Si_nce it may not be possible to

éHin recover the microstructure in all areas of these alloys, it is
prudent to measure the resulting properties in the critical, hotter
areas of the component as part of the material re-qualification

[8]). Hold at 1120°C for one to two hours, then furnace cool. ; ; )
The high temperature thermal cycle helps to homogenize t [ocess. Note that the new stress relaxation testing technique can
€ a very useful tool here for measuring creep properties in spe-

microstructure while the controlled cooling rate from 1200°C tcific locations after reheat treatments

1120°C nucleates the optimum primagy distribution and in- )

creases the intermediate temperature creep rupture strength of the

material by forming serrations in the grain boundaries. Where tkg€ep Damage

components have been previously hipped, the above cycle can bghe firing temperatures used in the latest generation of gas

performed in a vacuum furnace. A rapid gas quel@5°C to tyrhines designs has forced engine designers to incorporate elabo-

55°C/minute to below 650°C should be done from the final holdate cooling component schemes. These are required to reduce

point at 1120°C. . _ steady state creep rates and TMF by reducing the average metal
The heat treatment steps performed after this cycle, will Bgmperature and hopefully by reducing thermal gradients. In de-

alloy and coating specific, but similar to the following thermajermining the remaining life of rotating blades and vanes, consid-
sequence.

HIP Cycle (Argon Atmosphere).
+100 psi pressure for two to four hours. Furnace cooled ata r
approximately 2.5°C/minute to 1120°@eddoes and Wallace

Internal Aluminide Coating Diffusion Cycle. 1000°C to
1080°C/two to eight hours, furnace cool.

MCrAIY Coating Diffusion Cycle. 1080°C to 1120°C two
hours.

Solution Heat Treatment. 1120°C for two hours followed by 33 40 : .
a rapid gas quencf25°C to 55°C/minutgto below 650°C. ? £

Precipitation Aging Cycle. 845°C for 24 hours followed by
a rapid gas quench to room temperature.

Failure to correctly integrate the coating and heat treatme - =~ ° < ., »
cycles can result in incompletely developed microstructures a* ; é &y ;
properties(Fig. 8). A \

One precaution concerning regenerative heat treatment cyce |
above they’ solution heat treatment temperature needs to
noted. Diffusion aluminide and MCrAIlY coatings do not usually
melt at they’ solution temperatures, however, the coating-bas *
alloy interdiffusion zone can melt in some coating alloy combine shimiarihs : ‘
tions doing irreversible damage. This is especially the case whe ; . )
internal aluminide diffusion coatings are preséhity. 9). Addi-
tionally, exposure of the diffusionally controlled coating system tgig. 9 A photomicrograph illustrating melting of the inter-
excessive temperatures can greatly degrade the coating protedctiffusion zone of an aluminide coated IN-738LC substrate

‘e

> O
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Fig. 10 Photomicrographs illustrating re-crystallization of the surface grains observed in the
root form of a reheat treated DS GTD111 alloy blade

eration of both creep and thermal mechanical fatigue resistar@rain Rate Estimates of Design and Remaining Life

are critically important, in that either degradation mechanism Once the operating metal temperatures and stress have been

could lead to failure of the components. determined, an estimate of the design life can be calculated using

The most effective method of determining the decrease in cregp ... . . . . :
strength and ductility resulting from service exposure is to pegig])o ?Af;??n\é%r%gpagsthgr;gbf'rgsc?igrll‘s'fe Fraction R(#Robinson

form long-term mechanical stress rupture tests. Alternatively a
celerated stress relaxation tests have shown considerable promise
(Daleo et al[9]). Traditional stress rupture testing is well known sT/éi—E O, 1)
and understood, while use of the accelerated stress relaxation test
method is not yet common practice. Thus, a brief review of theheres=the failure strain or alternatively the acceptable design
stress relaxation test method and its use follows. strain criterion(strain to crack initiation 0.5%, efcof new mate-
rial, &;=the strain rate at temperature and stiessO,=the sum
of the operating hours at temperature and stress
In the case of a rotating gas turbine blade, the strain rate of the
Stress Relaxation Testing r_naterial changes with time, thus_a refined estimate _of remaining
o ) life can be calculated by measuring the current strain rate of the
Soderberd 10] originally described the fundamental methodolmaterial at temperature and stréssnd recalculating a new life.
ogy and mathematics of stress relaxation testing. Early exampjeghe new life is more than the next overhaul period, the compo-
of converting raw stress relaxation test détaress versus timéo  nent can be returned to service, if it is less, the component is
stress versus strain rate and using it to compare creep propertiep‘e@bired or replaced.
austenitic stainless steels were published by Offliigy As better
strain gaging and high-speed digital data recording technology .- .
became available, methods of accelerating the test method using ST(E Oi si) )/SC>Z Oin @
tensile testing machines were later developed and (seel and

Hart [12]).

The use of stress relaxation test methods to help characterize
the creep properties of service-run gas turbine components ic ~ GTD-111 Alloy Stress Relaxation Data
relatively new concept, first proposed by Woodford et[4B]. 600 R :
The detailed test procedure has been described previisigd- Std Heat Treatment 1l
ford [14]). The specimen is deformed to a fixed strain, which i | | = il
held constant during a typical one-day test. The stress versus ti %0 19,150 Hours i g gl
response is converted to a stress versus creep rate respons @ BEgillig g 1T
differentiating and dividing by the modulus measured on Ioadin% 400 g ///::- T
This is, in effect, a self-programmed variable stress creep te%y /:"E:; il el
Typically, a test lasting less than one day may cover up to fi\ § 349 . ;—‘=4/”f . Aged 5,000 Hours@900°C
decades in creep rate. Thus, an enormous amount of creep (5 A 41T |
can be generated in a short time. TR 23,000 Hours

The data is best presented as a plot of stress versus the lo¢ 5
creep ratgFig. 11. The test is meant to be performance base:
i.e., it provides a measure of the current mechanical state in ter 100
of creep strength, since time-dependent microstructure chani 1E-05 0.0001 0.001 0.01 041 1
are deliberately minimized. Thus, the test allows a determinatit Creep Rate (per hour)
of the consequences of microstructure evolution and damage | — eirm203939_Root_Std_Heat Treatment —— EIFM203939_Airfoil_19,150_hr_Service
velopment. It does not attempt to incorporate these changes in
actual test as in the traditional creep rupture approach. —— EIFM2044757_Root_5000hr@900°C ~ —— EIFM142492_Airfoil_23,000_hr_Service

More detailed explanations of the stress relaxation data pre-
sented in this paper and how the methods are used for creep fifg. 11 A plot comparing strain rate data measured from poly-
assessment can be referenced found in the following papefgstalline GTD111 alloy samples in different conditions at
(Daleo et al[9] and Woodford and Dalel5]). 850°C and 0.8 percent total strain
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Fig. 12 A plot illustrating the drop in creep rate properties

[neasur;:-otl in a FEOIVCWStaL“.?f GfTPlll,, alloty _blfa_dethawfc;n in Fig. 13 A plot of stress versus estimated creep rupture life of

derrgsho t(imp::‘rg uredc_?_pa ity of “néw" material in the stan- polycrystalline GTD111 material in the standard heat treated

ard heat freated condition condition based on 5 percent, 10 percent, and 15 percent fail-
ure elongation

Wherege=the current strain rate of the material in condition ¢ at
temperature and stress=0O;,=the sum of the operating hours to
the next overhaul at temperature and stiess

The most conservative estimate would be to divide the failure g=Bg"e(" /RN (5)
strain or the acceptable design strain criterion of new material
the current the strain rate at temperature and stress

The most widely accepteised expression fok is

WhereB and n are constantsg=stress, Q. is the activation
energy for creegKJ/mole, R is the universal gas consta(& 314
. KJ/mole and T=temperature in deg K.
erlec— 2 o ®) Recognizing that the time for rupturg,, is also a function of
the creep ratgMonkman and Granfl17] (tf«1/¢) and many
Temperature-Based Comparison Using Stress Relax- more sophisticated models to followthe rupture life can then be

ation Strain Rate Measurements expressed as

Stress relaxation creep rate data of material under different con- 1htfoce=BoMel” %/RD, (6)
ditions can be compared directly in terms of temperature capabfine stress relaxation test can be thought of as taking a cross
ity of the new material in the fully heat treated conditialeo section through a series of constant load creep rupture curves at a
et al.[9]). An example of this is presented in Fig. 12, where thget total strain and temperature. At 0.8 percent total strain, in most
material properties measure_d in the airfoil of a service run blaggnstant load creep rupture curves, the steady-state creep rate has
had deteriorated by the equivalent of almost 40°C. _ been reached. Thus in a single stress relaxation test an estimate of

To use this approach in life assessment applications, an estim@ig steady-state creep rate is obtained over a large range of stress
of the starting material properties generated by the original prggnditions. The time to failure at any given stress and temperature
cessing is needed. This would be obtained by measuring the ragmpination can therefore be estimated directly from the creep
terial properties in the root form at three temperatures that brackgtes measured in the stress relaxation test runs. At the optimum
the service temperature range of interest. Service run airfgiia| strain parameter of each alloy, the stress relaxation test pro-
samples would then be measured at two temperature levels,pfes a measure of the average steady-state creep rate. This allows
interest. Plotting the data all together on one graph providesygeasonable estimate of creep rupture life to be extracted from the
direct estimate of the drop in creep rate properties in terms ghta py dividing the expected or the minimum acceptable fracture
temperature. Once the drop in temperature capability is knom@ongaﬂon directly by the measured creep rate.
the extrapolation procedure of choice can be used to analyze theq|ycrystalline GTD111 superalloy blades exhibit creep ductili-
data. The creep rates of_dn‘ferent matene_tls tested in th_|s ManRRis that range from a low of about 5 percent to approximately 15
can also be compared directly. This provides the material's €NYercent when measured in standard constant load creep rupture
neer with a very powerful tool for new alloy development or ifests(Daleo and Wilsor{18]). A plot of stress versus calculated
alloy selection for critical applications. life based on 5 percent, 10 percent, and 15 percent elongation at

. . any particular temperature therefore provides not only a measure
Estimates of Creep Rupture Life Based on Stress Relax- of the expected life, but also an indication of the scatter to be
ation Data expectedFig. 13.

The mechanism resulting in fracture in the shortest time or after 1 "€ data sets examined indicate that rupture lives can be esti-
the lowest strain determines the failure characteristics of the ré{tgated to within a factor of three, which is quite remarkable given
terial. In terms of creep mechanisms, time to failure is a functidf@t the data needed to estimate rupture properties can be gener-
or a measure of the materials creep streriigéh, creep ratewhile ~ 2t€d and analyzed within a few weeks.
strain tolerance at failure is primarily a function of the microstruc-
ture. Correlation of Stress Relaxation Data With Time Tem-

Creep strength can be best thought of in terms of changes in fherature Parameter Approaches
steady state or average creep ratp \{ith respect to time, stress, . .
and temperature. ~ A Larson-Miller curve was produced by converting the rupture

time estimates generated by the stress relaxation data into Larson-
e=f(t,o,T) (4) Miller format (Larson and Miller{19]) and fitting the data into a
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Fig. 14 A plot comparing a Larson-Miller curve created from
estimated creep rupture life based on strain rate to failure elon-
gation, to published GTD111 creep rupture data

best-fit curve using a least-squares regression mowet 4,
+B1X+e). Comparison of the plot made using the estimated
data with published Larson-Miller plots in the open literature
(Schilke et al.[20] and Daleo et al[9]) indicates that this tech-
nigue can rapidly produce these plots with reasonably good accu-
racy, Fig. 14. The technique was also used to produce Larson-
Miller plots for two other widely used gas turbine blade alloys,
IN-738LC and IN-939(Daleo et al.[9]) for which stress relax-
ation data had been previously obtain®dodford et al[21]).

Thermal-Mechanical Fatigue Damage

Thermomechanical fatigud MF) damage is caused by a com-
bination of strains resulting from mechanical loads together with
high transient or steady-state temperature gradients in the part.
When free expansion cannot occur as a result of the inherent part
geometry, high stresses are generated. The highest combined
strains usually occur in the hottest and coolest regions of théd. 15 A sampling of a series of transmission mode thermal
section. inertia of images of a CF6 turbine blade

Thermal fatigue life is generally correlated with the number of
startup and shutdown cycles of the turbine where the shutdown
3221;2?”'8(13;?1?0Iﬁ;ﬁﬁ:ggg; g;tZeowévveerrt?rr:apﬁﬂig%r:rso?l:cmg%?eCt present is performed to calculate thg stress, strains, gnd

i 9> ! Hress intensity factors. Knowing or measuring the relationship
cycles to failure can vary considerably from part to part and frmg§

130703798 15:52:01

) ; . tween the stress intensity factors and crack growth rates, the
engine to engine. The transient nature of the temperature changs o) for crack growth toya critical size befortgj the next over-
makes thermal fatigue life very difficult to predict.

. 0 haul can be evaluated. This often requires three-dimensional tran-
Since TMF cracking is almost always a surface related phenolj, i o maj stress analysis to determine the stress fields and the

ﬁ]na,rélheea?]rgs;ﬁﬂcs::a aall\?vg tgpfeogo%rgiheecfe\éeiﬁciﬁte'ngeg!aﬁsaﬁgzg'\,'& ain ranges in the defect zone under typical load cycles. Since
9 y 9 K& blades must be capable of withstanding abnormal operating

analysis. " . : o
L onditions, the effect of high-cycle fatigue excitation may also
Often when problems occur, the only way to minimize the e -Eve to be evaluated.

fect is through careful redesign of the component, change of coa
ings or materials or by changing engine operation. Startup cycles

of the turbine employing quick light offs and/or rapid acceleratio : :
rates will tend to eegultgir? Iargergthermal gradient[?s in the compg--herrnal Inertia Analysis
nents and therefore higher thermal fatigue loads. The nature offhroughout this discussion, the importance of operating tem-
shutdowns can often more significantly influence thermal fatigueerature on component life and repairability has been demon-
life. Thermal fatigue loading is much higher under trip conditionstrated. While designs are optimized and verified in an attempt to
than in controlled shutdowns. In addition, thermal fatigue resisbtain the required temperatures, variations in theory and assump-
tance is significantly influenced by environmental attack. Eldions, manufacturing processes, and changes, which occur during
ments in the hot gas path interact with the base alloy or with tiggeration, can result in actual service temperatures in excess of
coating system used to protect the base alloy. design limits.

In those instances where it is required to operate a turbine withMetallurgical techniques such a8 and coating diffusion zone
cracked components to the next logical overhaul period, a defggbwth measurements have been very successfully used to deter-
tolerant desigr{fracture mechanigsanalysis can be performed tomine actual temperatures Ellison et [8]. On several occasions
assess the risks. A mechanical analysis of the component with they have been used to justify design changes. Since blade tem-
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peratures are a strong function of cooling system design and rétrmation in the repair-replace-retire decision process. Use and
ability, a technique to monitor the function and service changes iotegration of these techniques to support the range of new chal-
the cooling system is extremely important. lenges of advanced gas turbines are being actively explored.

In the past, direct NDE thermal analysis using sensitive infrared
detectors has been successfully used, particularly to determine
coating integrity. However, the recently introduced thermal inertiﬁ

) . . - . . eferences
analysis(TIA) technique(Daniels et al[22,23) involving an in- ) ) )
tegrated thermal source-measuring system and sophisticated date P&/, J A, and Boone, D. H., 1997, “Failure Mechanisms of Coating Sys-
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Systematic Evaluation of U.S.
Navy LM2500 Gas Turbine
Condition

From an operational availability stand point, the U.S. Navy is interested in the short term
reliability of its ship based LM2500 gas turbine engines. That is the likelihood that an

B.D. Thompson engine will operate successfully through a six-month deployment (usually 1500 to 2000
operational hours). From a maintenance and cost of ownership standpoint both the short-
B. Wainscott term and long-term reliability are of concern. Long-term reliability is a measure in time
(in operating hours) between engine removals. To address these requirements U.S. Navy
Flest Technical Support Center, Fleet support maintenance activities employ a system of tests and evaluations to deter-
Pacific, U.S. Navy mine the likelihood that an LM2500 will meet its short and long-term goals. The lowest

level inspection is the predeployment inspection, which attempts to identify primarily
mechanical faults with the engine. Gas Turbine Bulletin inspections are used to determine
if predefined wear out modes exists. Performance evaluations can be performed which
determine the ability of the LM2500 and its control system to meet expected power
requirements. Lube oil system data can be analyzed to determine if excessive leakage or
excessive scavenge temperatures exist. Engine vibration characteristics can be reviewed
to identify the source of both synchronous and nonsynchronous vibration and determine if
corrective measures need to be taken. This paper will discuss how the lowest level inspec-
tions feed the more sophisticated analysis and how these inspections and evaluations
work to provide a systematic method of insuring both short and long-term LM2500
reliability. [DOI: 10.1115/1.1451716

Introduction Marine Gas Turbine Inspectors

The original maintenance philosophy of the LM2500 has With the increased number of gas turbines used for propulsion
evolved as a result of numerous factors, some of which are dand auxiliary systems in the U.S. Navy, it became apparent that
cussed by Hartranft in 19981]). As detailed by Thompson, Bad- the traditional method of engineering support, i.e., providing a
gley, and Hartranft in 198¢2]), increases in mean time betweeriechnical representative to a ship to assess a problem and direct
removals, operational experience, and the development of in pl&&srection was ineffective in a maintenance scheme that dictated
maintenance and repair procedures took the LM2500 from an é@ntinuous maintenance. During this period, the U.S. Navy had a
gine that was removed and repaired in the depot to an engfgmber of repair ships that would deploy to critical areas. Gas

where problems were corrected in place. Since the LM2500 g‘régb_ine repair shops were establisheq and manned _with personnel,
ing, and repair parts. The Marine Gas Turbine Inspector

turbine in USN service typically does not see prolonged operatiépC! . ; o
at or near design powe%pleve{s, hot section ICélegrac%llationphas ?MPTI) program was established that offered senior military per-
been an over riding factor in defining long term reliability. In facls_onnel a qu§I|f|cat_|on program v_v_h_ere their skills gained from pre-
long-term reliability has been a *moving target” in that with in- ¥/°YS tours in maintenance facilities could be expanded and uti-
creased age of the engine new wear out modes have develoIIze - These personnel performed numerous inspections and
and have required assessment and resolution. Presently the f€pairs Including changing out engines. As an outgrowth of this
. oo : 4 % Iaram and with the decommissioning of the repair ships, the
time between removal is in excess of 16,000 hours with sOM&entg of these personnel have been utilized as a vital link be-
engines now exceeding 30,000 hours. In order to obtain theggen the ship and traditional engineering support activities.
levels of engine life, there has developed a refined understandingyne of the key elements of the program is the predeployment
of the LM2500 and the propulsion and controls system. Thigspection of both the propulsion and auxiliary gas turbine en-
cess has allowed the USN to meet both short and long-term goaymed inspector mainly looking at the mechanical condition and
Conditions which effect long term reliability of the LM2500 systems associated with the engines. These inspections are gener-
can be broken down into the following areas: engine vibratioglly performed on a 24 month cycle focus on key items that help
characteristics, ability to meet expected performance, lube-oil sys-ensure the Navy can meet both its short and long-term goals.
tem performance, and the effects of “engine cleanliness” botbn an as requested basis MGTI's will also perform inspections
internally and externally. This paper will discuss the tools deveprior to an availability. Specifically these inspections lead to ob-
oped for identification and assessment of LM2500 conditions asérvations of the general engine condition, obvious signs of vibra-
the in-place correction processes developed to ensure long-tdiom, lube-oil system problems, variable stator vavi8V) system
reliability. problems, and assess input from the operators. Based on the se-
verity of the items noted, these inspections will form the basis for
Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN ~ More advanced systems testing
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, Munich, Germany, MyM2500 Lube Oil System Performance

8-11, 2000; Paper 00-GT-667. Manuscript received by IGTI November 1999; final . .
revision received by ASME Headquarters February 2000. Associate Editor: D. LM2500 lube-oil system performance can be characterized as

Wisler. lube-oil consumption rates and lube-oil scavenge temperature lev-
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Fig. 1 LM2500 lube and scavenge system

oil sump gets separated from entrained lube-oil in the air-oil sepa-
rator. The lube oil is scavenged from the sumps by a five or a
six-element scavenge pump. The effective operation of the
LM2500 lube system is determined by a balance of the pressure
difference across the sump labyrinth seals, the rate at which the
scavenge pump removes the oil from the sumps and the amount of
lube oil extracted in the air-oil separator. When this system is
operating normally(correctly) the engine does not leak oil exter-
nally, lube-oil scavenge temperatures are usually less than 250°F
and total lube oil consumption should be less than 20 cc an hour.
Abnormal operation of the LM2500 lube-oil system is usually
reported as “external lube-oil leakage,” “high lube-oil consump-
tion,” or “high lube-oil scavenge temperatures.” To help deter-
mine the cause of the abnormal condition, ship’s force is re-
quested to perform diagnostic tests. One test that is almost always
run is a lube-oil survey, Fig. 2. In this test, the engine is started at
idle and accelerated in increments to full power. How the indi-
vidual parameters recorded behave as the engine goes to full
power largely determines the direction of the troubleshooting. The
parametergsuch as compressor discharge presstaken in the
lube-oil survey sheet can also be compared to engine performance
model predictions to determine if an engine performance or a
controls issue is the cause of the problem. In the example shown
in Fig. 2, there is a rapid rise in “AGB” scavenge temperature as
the engine nears full power. Previous investigative efforts have

els. There have been very few engine bearing failures on USRown that the cause for this problem is a flooding accessory
LM2500s. Therefore, lube-oil wear metal analysis has not yie|dg$arbox. It has been also determined that the real cause for the
great benefits. The LM2500 lube-oil system is diagramed in Figroblem is the inability of the AGB scavenge element to keep up
1. Its basic feature is that compressor bleed air is used to proviigh the amount of oil entering the accessory gearbox. LM2500s
a high-pressure blanket around each engine sump, thereby centering Navy service prior to the early 1990s the oil discharge
taining the lube oil. The difference in air pressure between ttieom the air-oil separator was piped to the accessory gearbox; this
higher pressure air blanket and the pressure inside the sump isemtld potentially cause an oil flooding problem, particularly at
great. The air from the blanket that does not enter the sumphigh power. Another test that is typically performed is to connect
usually exhausted in overboard seal vents. The air that enters $ipecially configured bottles to the engines seal drains. The results
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Fig. 3 Abbreviated LM2500 “self” vibration survey (working document )

of this effort can be seen in the far right-hand column of Fig. Zor ultimate hot section life, it is unfortunately the speed range
This test is done to identify the location of either high lube-oi(both gas generator and power turbiménere several of the most
consumption or leakage. structurally damaging vibration modes are, Thompson and Badg-
To demonstrate the interdependencies of the LM2500 lube-@ly [3]. Therefore the life of the engine is more likely to be based
system, consider a situation where on an older en@0000+ on damage or degradation that is the result of prolonged operation
hour’s time since installatiorexhibit excessive seal drain leakagewith high (3.5 to 5.0 mils peak to pealor moderate(2 to 3.5
from one of the carbon seals in the accessory gearbox. The cusls) vibration levels.
tomary troubleshooting procedure is to install the above- The gas generator with its long 16-stage high-pressure com-
mentioned bottles on all the engines seal drains and to instrypcessor rotor is susceptible to the effects of rotor unbalance and
ships force to run the lube-oil survey, Fig. 2. The lube-oil survemisalignment. Misalignment between the high pressure compres-
reveals that high AGB scavenge temperatures that are just belsov and the high pressure turbine can be introduced during engine
the alarm level. The bottle test reveals that leakage is most proragsembly. The unbalance can be a result of the engine assembly,
nent at higher engine powers. The conclusion of the investigation induced during in-place repairs such as when first stage com-
was that the accessory gearbox was flooding allowing liquid lubpressor blades are changed for midspan damper wear, multiple
oil to have direct contact with the carbon seals, thereby, causibtpdes are changed for foreign or domestic object damage, or
them to leak. The solution to the leakage problem and to timeultiple stages are changed for localized stadl a result of VSV
scavenge temperature problem is to eliminate the accessory géaiture) or high speed compressor stall.
box flooding. The real underlying problem was that more oil was Typically, the ship expresses the concern for vibration when
being separated from air-oil mist going to the air-oil separatdhey see high vibratiorfor a large change in vibration leyebn
because of increased seal clearances around the engine ntaninstalled system, or through Gas Turbine Bulletin engine in-
sumps(A, B, C, and D. This is probably due to engine age. Butspection that reveal the results of high vibration. In the initial case
with the proper fix this engine can continue to operate satisfactofthe ship seeing vibration, past maintenance is reviewed and the

rily for many thousands of hours. decision made as to whether the vibration is real or only an indi-
cation problem. Static testing of the monitoring system can be
LM2500 Vibration done by injecting a signal to observe the results. With the vibra-

) o _tion monitoring system operating properly the second procedure is
The effects of LM2500 engine vibration can range from minofor the ship to perform a dynamic engine vibration survey during
resulting in broken clamps and chaffed tubes, to major resulting 4 underway period. This includes operation of the engine at vari-
damage requiring engine change out. The installed vibration syg;g speed points, shown in Fig. 3. The results of the survey
tem allows monitoring of rotor-tracked vibration and alarm; it Wi”coupled with engine maintenance history will direct the mainte-
trip (shutdown the engine in a high vibration condition. It basi-nance approach. As discussed by Thomgdgnengine trim bal-
cally consists of installed vibration velocity pickups or acceleronyncing may be required to reduce vibration level to enhance long-
eters, signal processing, and analegge metepsor digital dis- term reliability and arrest wear. This procedure requires special
play (DDI) in mils peak to peak. Signal processing, which is paihstrumentation, a minimum of one at sea vibration run, data

of the machinery control system, includes multiplex input, amplinalysis, and opening of the compressor case to install a trim
fication, tracking filter with gas generator and power turbingejght.

speeds and integration from velocity to displacement.
Accelerometer based systems have an additional signal co

tioner that pre-processes the vibration signal prior to uplink;r“(d'\/|25oO Performance Evaluation

converts the signal from a charge sigRico-Coulombgsto volt- In a typical scenario ships force will report that one engine
age and has an additional stage of integratiaoceleration to “will not take the load” or one engine is “weak.” Another situa-
velocity). tion is when the ships force knows they have an excessive torque

The typical operating profile of a LM2500 on a USN ship tendsplit between two engines and they are concerned about making
to favor the 3000 to 10,000 BHP range. Although this is very goddill power for an inspection. These types of requests will usually
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GTM ENGINE PARAMETER SHEET - FFG LM2500 Gas Turbine Performance Evaluation
SHIP: __US5 Gearse Phi h‘p DATE: A= Jum o
PRIOR TO STARTING GTEs ) _ 3 DATE
L T PARAMETER - | e STA e o ; 9:29:55 AM USS George PhiligFFG-12 GTM1A
?;;//::31 ;é, /(:/ZQ[ 7.G7 Ship Class - FFG-7 Gas Generator Type TST FFG-7
1367137 PTs.4 Amb Pressure = 14.7 Amb Temperature = 67
Torgue Computer Test vDC Observed engine Estimate of what | Difference between
Main Fuel Control P¥ Pad pls performance engine performance |  observed and
Barometric Pressure & OQurside Aur Temp, (From Brdge) parameters "should be* "what it should be*
Par Observed Performance M Delta Status
PLANT CONDITION: NGG > 8500 T2 (degrees F) 4 0K
DDIA/B PARAMETER 1A 1B PR (psia) ] 024 X
130/ 131 T2
: E &S .2 (3.2 MFC type
1327133 PT2 1. 32 14.26 |
1287129 NGG %0 [ 9750 INGG (RPM)
2237204 cop 12<.3 196 -G COP (psig)
13671357 PT34 42.? 49,7 Pt5.4 (psia)
145/ 148 TORQUE Q203%0 28 076 FMP (psig)
14571 L 13820 (3270 NPT (RPM)
1387139 EMP 64/ 6538 FSEE Torque
158/ 159 3. :
1?4 - i’ - NP; 326 335/{ ITorque (Formula) 22,067 29,586 7519 X
210 Is4e (2]
TP 30 (o below) ) FSEE BHP 13,820 20,029 6,209 , X
0477048 PLA % 7302 7€ .17 BHP (Formula) 14,873 19,941 5,068 i
04$ /050 ENGINE BIAS 5.4 (degs F) 1326 1323 3
0537054 GG PRESS. RATIO | COP /P5.4 434 4.00
1497150 SHAFT RPM 174 1 Pressure Ratio 298 341 :
151152 & Feet PITCH / & 3749 FT. PLA (%) 78.1 782 0.1 in s
048 SHAFT TORQUE 97,000 Main Shaft Speed 174 1770 30 X
TP 9/ 10 TOIQ‘lII:cLDIH NY\‘V:ICHIT
TP21/22 FLaCoM | pAFEIONGK | T . . .
- = = Fig. 5 Diagnostics program output for GTM-1A

TP 21 & 22 Voltage should match. If mis-matched, chéek TP 9 & 10

TP 7.5-11VDC = Overtorqus Control On.0 <2 VDG = Normal Ops.

TP 10 75-11 VDC = PT Speed Limiting Or. 0-2 VD = Normai Ong

for each method. If the same level of performance is not computed

for each method then control system correlation’s are used to de-

termine which sens@) need calibration, which controller needs
justment or if engine performance has degraded. This provides

result in an external inspection of the engine to insure that t ble-sh ith f the d d ides hi
variable stator vane§/SVs) are rigged correctly, the compressoil'€ trouble-shooter with many tests of the data and provides him

inlet temperature sensor inlet filter is not plugged, there no obyjith the most likely problem area. In the past with the manual

ous leaks or damage to external engine control components Yy Method the interest was primarily on determining why an

these checks are passed satisfactorily, the ship is requested to op-
erate the engine above a specific gas generator speed and provide

Fig. 4 Performance /torque split data sheet

the propulsion plant/engine performance parameters defined a LM2500 Gas Turbine Performance Evaluation
shown in Fig. 4. tor
Performance deficiencies of the LM2500 propulsion engine ii ;';s‘aam SIS — ——_ DATE

USN service can be separated into three categofidsa per- . earge Fhipre
ceived problem that is caused by control system and/or sens| W& :;5'7 inasbie"mt;zypf;T Fre-7
miscalibration,(2) a real performance issue that is the result of ressure - 14 o

. . . Observed engine stimate of wha Difference between
control system malfunction, dB) a real performance issue that is performance | engine performance |  observed and
caused by the mechanical degradation of the engine. In practi parameters *should be* *what It should be*

P Observed Performance Map Delta

the first two items are by far the most common occurrence.

In the past a variety of methods were used to resolve the:[? #9¢esF)
issues. The most common was the comparison of performan|f2®s® | 125
data between two operating engines. This was accomplished [MC¢tee | P24
obtaining an “800" printout which contains all the machinery [NGG RPM)
plants measured parameters. The appropriate data was then [COP (psig)
tered by hand in a data collection sheet and with the help of son|pi.4 psia)

approximate performance curves in the technical manual engiifrmp (psig)

63.2

performance was analyzed. Needless to say this was trial and er xer gew) 3510 P
and the success of which heavily depended on the experience |esee rorque 28,070 ~30,037 1967
the trouble-shooter. Presently, at Fleet Technical Support Centlr ... Fomui) 31,008 30386 =
Pacific, a computer program, described by Thompson and Rac p ey o =
kowski [5] is used to adjudicate discrepancies in the engine pe S 20'783 20'307 o
formance and sensor calibration. The assessment of the data [ . :
vided in Fig. 4 by the Performance Diagnostic Program is show[> * %°? 1. 1817 68
in Figs. 5 and 6. COP / Pt5.4 3.96 401
To perform this analysis a full engine performance model, ag|resswe Ratio 3.49 3.42
justed for ships specific configuration, is used. Engine perfolfflA %) 782 779 03
mance is computed three ways, using a different set of parameteMain Shaft Speed 174 1755 15 X

for each method. If all the engine sensors had perfect calibration
and accuracy the same level of performance should be computed  Fig. 6 Diagnostics program output for GTM-1B
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engine wagor appeared to heperforming poorly. With the com- FSEE and the MFC is what is known as the power lever actuator
puter assisted approach an engine that may be performing “t@@LA). A great deal of trouble isolation time is spent adjusting/
well” for a given gas generator speed and can be more readdglibrating this interface.
identified. This should reduce the number “high-speed” stalls Obtaining repeatable, consistent data to perform the above
(compressor surgecaused by misadjusted or worn-out fuel conmentioned analysis is essential. For some procedures hand-logged
trol components. data from ships instrumentation is adequate, although not pre-
A too common problem with the performance of soméerred. Hand-logged data can be susceptible to additional control
LM2500s is it's apparent inability to produce power. The sympealibration error as well as error introduced by the time lag effect
tom is characterized by low compressor discharge pres€@D®), in manually writing down the values of different parameters, that
power turbine inlet pressure gR) and power turbine inlet tem- should be recorded simultaneously. For others, particularly perfor-
perature Ts 4 indicating that the engine is actually not producingnance analysis methods, it is not adequate at all. To obtain data
the power. But gas generator speed) & correct for the control from older control systems the “800 printout” is used. This pro-
setting. The result is a large torque split between engines and thées an instantaneous readout of all the machinery plant param-
inability of the ship to make rated speed. In the past, experieneters; this can be then manually entered into the analysis program.
and a good knowledge of the relationship between NIT, and Some newer ships have MCMAS that was initially installed to
CDP or R; 4 has identified the cause for this problem as a “haprovide consistent trial data, but has been retained because it is
shifted” compressor inlet temperature sen€0IT). The CIT sen- superior to the installed ship machinery control system for data
sor is reporting(hydraulically to the main fuel contrpl higher trending. Some ships are equipped with ICAS, which can provide
compressor inlet temperature than is actually the case. This causesful trend data if it specifically programmed to do so.
the main fuel control to schedule the variable stator vanes moreThe ability to trend data, through the use of MCMAS, has be-
closed reducing engine airflow and thereby power. The perfareme a valuable tool. It has been useful in diagnosing sensor and
mance diagnostics program allows one to identify this problesignal conditioner calibration drifts or failures. MCMAS acquires
quickly. In fact it can quite readily identify slight CIT sensor “hotdata at a once a second rate and is stored on large removable
shifts” or “cold shifts” that were very difficult to identify using drives. It is portablgi.e., downloaded in a digital forimcan be
experience. The case diagnosed in Figs. 5 and 6 is a “hot shiftetithe or condition averaged, analyzed for any discontinuiti®s
CIT sensor in GTM-1A on USS George PhilipFG-12. an external prograjmand imported directly into the diagnostic
Using the LM2500 Diagnostic Performance Program, CIT seprocedures. Although, this greatly increases the validity and use-
sor “cold shifts” or main fuel control “rich shifts” have been fulness of the engine/plant performance data, it does complete the
identified. This problem can be somewhat more difficult to diadeop of providing automatically valid reliable data to a diagnostic
nose because the engine produces plenty of power and ships fawalysis program.
has no complaint with it's performance. What will typically occur
is the ship will complain about the “lack” of performance of it's he Future
neighboring engine and the fact that power turbine inlet temper-la—l-
ture on the “cold shifted” engine appears to be higher than nor- The U.S. Navy is moving towards greatly increased automation
mal. The risk with the “cold shifted” engine is that it will have aat a rapid pace. A crew size of 100 men has been advertised for a
high-speed stall if it is not corrected. In most of these cases it halsip the size of the DDG-51. It is clear that the present approach
been found that the hydromechanical main fuel confiFC) is  to trouble isolation and diagnostics will have to change to meet
the problem. Either it's variable stator vane schedule is out #ie new requirements. With greatly reduced machinery plant staff
limits (on the open sideor it's fuel schedule is“rich shifted.” The it is probable that the detailed trouble shooting and data acquisi-
likely cause for both these problems is mechanical wear or deipn that presently takes place will not occur manually. Therefore,
radation in a MFC that has been in service a long time. the engine and propulsion plant controller must provide basic con-
dition and fault diagnostics to the machinery plant mandper-
haps ICAS. It also must provide reliable engine data both at the
" time of the problem and historically. This is required, because
Data Acquisition when human intervention is required, as always, good data is es-
Another aspect that affects the ability to trouble-shoot and dential. Investigative experience has shown that attempts to make
agnose engine and/or machinery plant control system problemsidhaustive expert systems to automatically diagnose all plant
the availability of reliable machinery plant data. The diagnostigroblems is limited by the current state of knowledgeen at the
procedures discussed are performed under “real world” condBEM). The expert system can become quickly obsolete particu-
tions. The control systems vary from the original DD-963 plararly on maturing systems. Therefore, an automated condition
introduced 25 years ago to the latest DDG-51 plants, which ibased maintenance system must not lead the crew astray and pro-
clude both Integrated Condition Assessment Sysi€AS) and a vide good data when engineering is called to resolve the problem.
machinery plant data archiving systeiCMAS). ICAS is de- Another aspect of automation is the tendency to add additional
scribed in Schreder et 46]. Therefore the trouble-shooter has tesensors to measure parameters that are considered critical from a
deal not only with sensor and signal conditioner calibration issuesaintenance and diagnostics point of view. These include sensors
but also the lack of data or data whose precision and reliability asach as compressor discharge temperaf@E&T), high-frequency
in question, even on a perfectly “calibrated” system. In fact somaccelerometers to measure gearbox vibration frequencies, fuel
important controlling parameters are not available at all throudlow meters, individual thermocouple measurements and dynamic
the ships propulsion control system. This is because the engipe¢ssure sensors. One has to balance the additional maintenance
propulsion control system is not integrated due to the differefdad required to calibrate, maintain, and replace these devices
methods control. A classic example of this is the relationship béwhen they fail) against the additional data provided and it's use-
tween how engine fuel is scheduled and how engine power fidness in scheduling maintenance and diagnosing problems.
controlled. Engine fuel is controlled by a hydromechanical main Kandl and Groghafi7] described efforts by the USN to develop
fuel control (MFC), whereas, engine power is set by a analogondition based maintenance system for the LM2500. They found
free-standing electronics enclosufeSEB. One of the primary that the reliability of the electronics and data storage devices was
inputs into the fuel schedule is compressor inlet temperd@IfE)  poor, which essentially limited the usefulness of the systieen,
sensor; this sensor has no machinery control system displaytloe engine was much more reliable than the monitoring equip-
readout. The torque computer in the FSEE calculates engimen). In addition, they found that the value of trending was of
power; one of the primary inputs is gas turbine inlet temperatulienited value because the engine was essentially very reliable dur-
(T,), which is not the same sensor as CIT. The link between tleg the time frame of the test. Practical experience with the
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LM2500 has shown that this is relatively true. In the test describedance diagnostics, vibration diagnostics and trim balance, engine
by Kandl and Groghan the computer hardware limited the capstart trouble isolation, etc. The use of ICAS and MCMAS to au-
bility of the system. Presently, the capability and reliability ofomatically acquire data and to maintain historical data has begun.
computer hardware has increased 100 fold in the 20 years sif@eobtain the desired automation for future ships will require se-
this test. It is now incumbent on the software of a CBM system fective integration of the trouble isolation procedures into future
sort through large amount of data that present syst8d@&MAS)  versions of ICAS that will alert the operators of changes, reflect
are capable of storing, to identify abnormalities and significatite true picture of long-term degradation, direct maintenance and
trends. This information should be provided to the operator alopgovide smart embedded technical manuals.
with recommendations on corrective action.
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1 Introduction The current trend in the turbomachinery industry is to avoid the
rious simplifying assumptions during the modeling process and

as?gnn?glv?rrlﬁ\t/li(t);bsl O;:in;:véil:iil bllj?:;ecrzzrﬁfft;éltitr'gsaw daagidrﬁ seek quantitative answers to questions related to mistuning.
y y 9 i¥ite element based models are routinely used in industry for

processes. It is well known that the dynamic response of a mis . s . L
. S _theoretical predictions. Using realistic finite element models for
tuned bladed disk can be altered significantly from that of i, comple?e bladed disk, igcluding mistuning effects, is, how-

tbulngd counterpart s% tr|1at t.rt'ﬁ. retshponse of amplr%desé]())f 'ﬂ?'v'dl&fer, still too expensive in spite of the advances in finite element
ades may vary widely within the same assemipll-3]). This modeling and computer hardware during recent years. The com-

situation has posed a very important practical problem for a lo on practice in industry is to make use of the cyclic symmetry

time and efforts of many investigators have been,_ and_contlnue Fbperties of the tuned system to obtain the natural frequencies
be devoted to pred'C“Ug and c_ontrqlllng thes_e mistuning effec d mode shapes of the whole tuned bladed disk assemblies. Al-
Surveys of recent studies of mistuning are givefidhand[S].  y,,4h very desirable, there is no method readily available to
Most of the previous studies of mistuned bladed disks haygieng the use of cyclic symmetry of a tuned bladed-disk assem-
begn bgsed on simple models, eg. lumped parameter mod5§,f0r mistuning studies.
mainly in order to reduce the very high computational cost. In“Agempts at using detailed finite element models for mistuned
such models, each sector of a bladed disk is usually modelga oy gisks have been made recently. An original approach has
using just one or a few lumped masses connected by SpPringsen geveloped ifil6] and[17] to reduce the size of the large-
Qualitative results obtained using such models have been us&lillie finite element models of mistuned bladed disks. The devel-
for gaining a general understanding of the influence of mistuning, technique is similar to the Ritz procedure and is based on
on the vibration of bladed disks, most notably the identification @pansion of the mistuned bladed disk amplitudes into a series of

critical blades and the increase in forced response levels whighyqe shapes calculated for two specially chosen subsystems of
can be caused by mistuniig—10)). However, such simple mod- e tuned bladed disk. An investigation of the validity of this
els have limitations when quantitative predictions are of 'mere@chnique can be found in referendds] and[19]. A different
for spgcific practical applications, i.e., for. a given bladed dis'fnethod is proposed if20], where model reduction is carried out
Resorting to the lumped parameter model involves many approiy yepresentation of mode shapes as a limited sum of the system
mations during the estimation of the model parameters, makigéhdes that are called “nominal” modes by the authors. These can
the quantitative predictions based on such simple models quig the modes of the tuned bladed disk or of the bladed disk with
unreliable. More represeptative bladed disk quels incorpoyaéespecified mistuning pattern. Both of the above-mentioned ap-
beams and plates to simulate blades and disks, respectivgfyaches are dependent on the nominal mode shapes chosen for
([6,11-13). Such models can also be extended to include furth@fe expansions of the mistuned system response as well as on the
practical features, e.g., pretwisted beams, shrouds and blade-@igkber of these mode shapes, and incur approximation.
joints in the analysis of bladed disk vibratidfil4,15). These  The present paper introduces a new method for the analysis of
models reflect vibration properties for a wider class of bladg@rced vibration of mistuned bladed disks. The method is based on
disks although they still have a restricted range of applicability.an exact relationship between the response levels of the tuned and
the mistuned bladed disks, the tuned system being described by a
oA S i D SUE SO S09ET T, sector model usig the ol symmetry properes of the assem:
upli I I H H H
FOR GAS TURBINES AND POpWER Manuscript received by the GT Division, Febru- bly. An .exaCt. re"atlo.nsmp between the tuned and the mistuned
ary 2000; final revision received by the ASME Headquarters September 2001. AsSYystem s derived using Woodbury-Sherman-Morrison formula for
ciate Editor: M. Mignolet. the inverse of a perturbed matr{21,22). This formula was ap-
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plied in referencd23] for response reanalysis of a simple linear

system and was proposed and used successfully for calculations o

modifications in the nonlinear analysis of systems with friction

dampers in referencd24,25. The current paper proposes a fur-

ther development of this approach for the analysis of mistuned

systems. An important feature of the method proposed here is the

reduction of the system model to a manageable size without in-

troducing any loss of accuracy during the reduction process, such

as is usually incurred when including only a subset of the model A
degrees-of-freedom reflecting the interest of the eventual applica-
tion. Any subset of nodes of interest can be chosen from the whole
set of assembly nodes for the mistuning analysis without any ad-
verse effect. Accordingly, the method allows mistuning analysis of
bladed disks using the large finite element models that are used at
present only in the analysis of tuned bladed disks, based on a
cyclic symmetry approach.

The first section of the paper describes an exact relationship
between the response amplitudes of the mistuned and the tunec
bladed disks as well as explaining how to perform the response
calculations for the mistuned system at those coordinates where
the system is mistuned. Also included is a recurrence procedure
for the response calculation of a mistuned system which shows a
better numerical performance when several patterns of mistuning
are to be analyzed. The method presented allows the developmen
of an expression for the response of a mistuned bladed disk using
the response and the frequency response fun¢iBfF) matrix of
its tuned counterpart where the tuned system is modelled using
finite elements based on its cyclic symmetry properties.

The second section explores how the tuned system properties

can be used during the forced response analysis of a mistunegl \yhich reflects the deviation from the tuned system. As a

assembly. An original technique is presented for the calculation fgsult, the matrix equation for the forced response of a mistuned
both forced response levels and the frequency response funcliiided disk(1) can be written as

(FRP matrix of tuned bladed disks using a sector model. This

method allows one to obtain a tuned assembly’s response proper- [Zo(w)+AZ(w)]q=f )

ties under arbitrarily distributed harmonic loads over all bladeghd so the response of the mistuned bladed disk is expressed as

disk sectors, a feature essential for the analysis of mistuned bladed B

disks. q=[Zo(w)+AZ(w)]"*f. ®3)
Various mistuning devices or “elements” are defined in theiowever, calculation of the response levels by direct solution of

third section to facilitate simulation of the different MIStUNINg=q_ (2), or using the inverse of a matrix as implied by the above

conditions encountered in practice. An approach to establisheguation, is extremely costly, especially for the analysis of a com-

relationship between mistuning elements and blade-alone fifete mistuned bladed disk assembly when a realistic finite ele-

quency mistuning is also described. The last section of the papgént model is to be used. The major idea in this paper is to obtain

presents a comprehensive assessment of the numerical propefkgsforced response levels for a mistuned bladed disk with high
of the method proposed here, including several sample calculgcuracy without the need for

tions of two practical bladed disks comprising a three-dimensional o .
assembly model with solid elements and a pretwisted beam bladéi) a matrix inversion,
model. The results for the latter case are compared with an exactii) @ complete finite element model for the whole assembly,

Fig. 1 Finite element model of a bladed disk

solution. and
(iii) inclusion of all the degrees-of-freedom in the response
analysis.
2 A NEW Method for Forced Response Analys|s Of MlS' It is shown in reference&l] and [22] that the inverse of the
tuned Bladed Disks sum of two matrices may be obtained using the so-called

Sherman-Morrison-Woodbury identity which relates the inverse
2.1 An Exact Relationship Between the Response of Tuned of the sum of two matrices to the inverse of one of the summands,
and Mistuned Bladed Disks. The equation of motion for forced transformed with the use of the second summand:
vibration of a bladed disk such as that shown in Fig. 1 can be (ZO+UVT)7l:ZEl_ZalU(I+VTZ(;1U)71VTZ(71- (4)

written in a customary form in the frequency domain as
) . This identity is valid for any matrixZ, (NXN) and any matrix
(K=o*M+iD)g=Z(w)q=f 1) az=uvT, expressed by multiplication of two rectangular matri-
whereq is a vector of complex response amplitudes for nodaesU (Nxn) andV (Nxn) if Zy andl+V'Z, U are invertible.
displacementsf is a vector of complex amplitudes of harmonidHerel is an identity matrixN is the total number of degrees-of-
nodal loadsK, M, andD are stiffness, mass and structural dampireedom for the system considered, amis number of degrees-
ing matrices of the system, respectiveB(w) is the dynamic of-freedom where modifications are made.
stiffness matrix;w is excitation frequency; anid= \—1. One can  For the mistuning problem addressed in this paper, the matrix
also include other terms representing gyroscopic and stiffenidg is the dynamic stiffness matrix of the tuned bladed disk and the
effects due to rotation in the dynamic stiffness matrix, if requirednatrix AZ represents the “mistuning matrix” which can itself be
It is proposed here to represent the dynamic stiffness matrix igfpresented as a multiplication of two matrices. This representa-
a mistuned bladed disk as a sum of two matrices; a matrix cori@n can be done in various ways, one of which is to collect all
sponding to the tuned bladed disk,, and a mistuning matrix, nonzero rows into a matri¥" (nxN) and to construct the matrix
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Fig. 2 A scheme of decomposing the mistuning matrix into multiplication of two matrices

U (NXxn) using unit vectors corresponding to nonzero rows deature of Eq(7) is that it expresses the response of the mistuned
the matrixV. This decomposition scheme is illustrated in Fig. 2system as that of the tuned system minus an expression which
Inserting Eq.(4) into Eq. (3), one can obtain an expression fordepends ori) the FRF matrix of the tuned systetii,) the mis-
the response of the mistuned bladed disk in terms of that of thening matrix, and(iii) the response of the tuned system at the
tuned system and the modification matrit¢sndV as active coordinates. As a result, this feature allows calculation of
_ Ty —1¢_ T LT the mistuned response levels at the active coordinates by consid-
9= (ZoF UV =[Ag=AgU(I+V AU) VAol ering only those rows in Eq7) which correspond to the active
=qo—[AU(l1 +VTAU) VT, (5) coordinates. The formulation in the next section deals with active
. . coordinates only, hence the indexs dropped in subsequent de-
whereAq(w)=[Zy(w)] ' is the receptancé~RF) matrix for the velopment of the formulation.
tuned bladed disk, ang, is a vector representing the amplitudes
of the tuned assembly due to the external force veétor, 2.2 Recurrence Update of the Forced Responselt is seen
It should be noted that E@5) is an exact expression and one othat Eq.(7) needs an inversion of a square matrix of onderhich
its very useful properties is the possibility it offers of obtaining thé the number of coordinates involved in modifications. In order to
exact response of a mistuned system by considering only a sn@pid the time-consuming matrix inversion, we have developed a
subset of the degrees-of-freedom. These degrees of freedom Egetrrence technique for updating the forced response, which is
(i) those where the mistuning is applied afiid those where the reported below.
forced response levels are of interest, and this combination isThe modification matrix can be represented as a sum of indi-
referred to below as the “active coordinates” all the othevidual modificationsAZ=3_;Az;, such that each can be writ-
degrees-of-freedom constitute so-called “passive coordinateseh as a multiplication of two vectors, i.azj:u,v?—_ For the
Naming reflects here the fact that amplitudes of “active” coordischeme of matrix decomposition adopted h@s was illustrated
nates are explicitly used in equations for forced response calcuigFig. 2), u; is a unit vector with one nonzero component selected
tion of both the mistuned and tuned assemblies and “passivibom jth column of matrixU andy; is jth column of matrixV.
coordinates are used only for calculation of response of a tungfen the influence of the considered part of the modification ma-
bladed disk(when a sector model can be applieahd for the trix, Az;, on forced response can be calculated from the following
mistuned bladed disk analysis are not considered explicitly. Tleg&pression, which is obtained from E&) with accounting for the
size of the matrices used in analysis of mistuned bladed disk c&fucture of the vectorg; andv; :
be reduced to any desired number of active coordinates without
any loss of exactness of the description of the behavior. This sig- vaqo )
nificant feature can be achieved as follows. First, the vector of 4=0o— maj (8)
complex displacement amplitudes is partitioned into two: the part e
with the active coordinate@ndex a) and the part containing all \where aJ(O) is the jth column of matrixA,, and the coefficient
the other, passive, degrees-of-freedofmdex p), i.e., g beforeaj(o) in Eq. (8) is a scalar value.

. T o e o
=1{9a,dp} . The modification, or mistuning, matridZ, is also  gyccessive accounting for the influence on forced response all
partitioned accordingly, as illustrated below: the pairs of the vectors; andy; (i.e., all individual rows of the

Az.. Az uvlool TullvlIT mistuning matrix yields an efficient formula for calculating the
Az=| P = oa [ oa (6) forced response levels of mistuned systems which does not need
Azya Az 0 0 matrix inverse. The derived recurrence formula has the form
Then, by partitioning the receptance matrix for the tuned system, Vg
Ao, the expression in E5) can be written in the following form: gtV =gh— %a}”
1+v a '
|qa] [qa] Aga Agp Ua(l +V21—Agaua)_lvl Oan] M
= BN 0 . . 1 . ,
) U)o [Apa App 0 0]19%J o A+ = A — m[a}l)(vaA(J))]’ j=0...n—1 (9)
_ {q] [Agauau +VaAgUa) "1V, fa @) o
“la/, ASaUa(I +VIAO Uy ] Gaso where the superscript indicates total number of the rows of the

modification matrix which is being accounted for in the current
whereAJ,, A, Ap,, Ap, are partitions of the matri, accord- recurrence update. As a resudf” is a vector of responses when
ing to the unmodified and modified coordinates. An importarihe whole mistuning matrixAZ, is accounted for. As one can see
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from Eq.(9), apart of the high computational efficiency following Te=RM — 2% +i D01 Fam A )T 13
from avoiding the matrix inversion, there is another advantage of Gs=[Ks'~™Ms s Ts=Ad)fs (13)
the recurrence update in the possibility it offers to calculate rggere KO =TrKT,; MP=TFMT,; DX =T:DT,; and T¥
sponses for the bladed assembly for many differently mistuned

patterns introduced consequently during the recurrence upd%(cjeT fs. Aw(w) is introduced here and is called the *wave FRF

k
. trix” of the bl isk, which t i
i.e., the possibility to analyze the whole sg®,q™, ... g™, of atrix” of the bladed disk, which corresponds to thih engine

) order of excitation. The symbol indicates that the relevant ma-
vectors of amplitudes of forced response, when approp(fate

X o - . .trices are obtained after imposing the boundary conditions, and
example in statistical calculations or in search for the worst Migse symbol* denotes Hermitian conjugate

tuning patteri To start the recurrence update, the response aM-rpe condition that the excitation must be of the engine order
plitudes and the FRF matrix of the tuned bladed disk are usedtype is important, meaning that the loads must be applied to dif-

ferent sectors with equal amplitudes and a specific monophase
shift between adjacent sectors, i.e.,

3 Response and Frequency Response Function Matrix
for Tuned Bladed Disks

The method presented above allows us to express the respdi8gref; is the loading vector applied fdh sector.
of a mistuned bladed disk using the response and the FRF matri2Nc€ the response levels of the reference first sector have been
of a tuned assembly. As the calculations can be carried outG@culated, the response levels for any other sector, saytthe
active coordinates only, and there are generally very small subS8€tor, can then be expressed in terms of the amplitudes of the first
of the whole set of degrees-of-freedom, very detailed and realisB8CtOr, using a rather simple relationship:
finite element models can be used to represent a bladed disk. _ iak(-1)
Furthermore, a single-sector model can be used to describe the q;=¢ Os- (15)
behavior of a complete tuned bladed disk and, hence, typical finitegqation(15) indicates that the circumferential distribution of
element models used in industry can be taken as a basis for fhgyjitudes of the assembly is a discrete harmokibeing the
mistuning analysis method proposed in this paper. Accordinglyer of this harmonic, i.e., the number of displacement waves in
this section is devoted to the development of a technique for thes circumferential direction. The response levels of the whole

calculation of forced response and the FRF matrix of a tunggneq pladed disk are obtained by collecting the response levels of
bladed disk taking full advantage of the cyclic symmetry propefpgividual sectors as follows:

ties.

fj:fseiak(jil) (14)

— iak i2ak i(Ng—1)ak T
3.1 Response Calculations. Forced response levels of 9=10s,€'“"ds,€°"gs, .. . €770 qg} . (16)

tuned bladed disks which are subjected to engine iy type i js eyident that the efficient calculation of the FRF matrix for a

of exci:ja';ion car: be analyzed fusr:ng a finitbel elekr]nent mo_del (; tned bladed disk is quite important for the response calculation

structe : rom on 3|' one sector obt e assembly. The equation of t§e, mistuned system. This efficiency is achieved by utilizing the

motion for a single sector can be written as wave FRF matrices introduced above, and as described in the next
: two sections.

(Ks— 0’Mg+iDg)gs=fs+ Qs (10)
where Kg, Mg, and Dg are the stiffness, mass, and damping . .
: ; 3.2 Wave Frequency Response Function Matrix Calcula-

matrices for one sectogs andfs are the displacement and Ioadtion. The methog prop{)sed ﬁere for the efficient calculation of

vectors, respectively, for the considered, first se@yis avector - © = "coc ot T on Using the natural frequencies and

of nodal forces for interaction of the considered sector with nelgﬂﬂ-l Ing g

boring ones. mode shapes of the assembly obtained from a sector model. The

As a result of the cyclic symmetry properties of the tune ttractive feature.of this approach is.that the wave FRF matrix can
bladed disk, special boundary conditions can be applied to calculated efficiently at the desired co-ordinates without any

: ; : Ss of accuracy due to coordinate reduction.
-(10)' In_ _ordert_o carry this OUt;the displacement \4ect0r in &) Natural frequencies and mode shapes of the complete bladed
is partitioned into the fornys={def ,Yinternal Arightt » Wheredjeq

; . isk assembly can be determined by solving the eigenvalue prob-
and qyign; are vectors of displacements at nodes lying on the | m for one sector:

and the right boundaries separating the individual sector from the
rest of the bladed diskgiyema IS @ vector of displacements at
internal nodes of the sector model. Correspondingly, the vector of
interaction nodal forces takes the fo@y={Qjcx ,O,Qnght}T. The
symmetry properties and special excitation type result in the f
lowing relationships:

KO pW=u2MP g0, 17)

atricesk © andM{ , obtained from Eq(10) using cyclic sym-
netry boundary conditions Eq11) for a given number of the
displacement waves along bladed disk circumferekcare Her-
—aiaky — _ aiak mitian for k#0 andNg/2. Hence the solution of the eigenvalue
Grighi= €& "Gttt Qright =~ " Qe (11) problem yields real natural frequencies but complex mogde shapes,
wherek is the engine ordery=27/Ng is the sector angle, and i-€.,
Ng is the number of sectors in the bladed disk assembly. These

relationships result in a reduced number of independent un- B = g M (18)
knowns: wherer is the mode shape number. The full set of natural frequen-
I 0 cies and mode shapes for a tuned bladed disk can be obtained by
Dleft et considering all integer values fdrranging from 0 toNg/2. The
Ointernalf = 0| [q- }:qu (12) natural frequencies fok#0 and Ng/2 are double(two modes
Olright giak) g | nema with identical eigenvalugsand the two mode shapes correspond-

ing to the same frequency are complex conjugates of each other.
and, taking into account the relationship for the forces of interac- Wave FRF matrices corresponding to forward travelingwve
tion of the considered sector with the neighboring ones in Equmber+ k) and backward travelingvave number- k) waves of
(11), one can write the sector equation in the terms of nodal amngine order excitation can be expressed through the complex
plitudes of this sector only, i.e., natural modes of one sector as

Journal of Engineering for Gas Turbines and Power JULY 2002, Vol. 124 / 589

Downloaded 02 Jun 2010 to 171.66.16.124. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



forward traveling wave Ng

m (K 7K\ T F(¢)=2 [x(e—a(j—1))—x(e—aj)]f; (22)
& () =1
Adw)=2, : "2 2 . . . )
=1 (I+ing)(o) ~ow where x(¢) is an asymmetric step function, i.ex(¢)
_ ={olarozo . N .
back traveling wave As derived in referencg26], and shown in detail in Appendix
m _ A, the function in Eq(22) can be expressed exactly in terms of a
(K¢ (T > _
& (") finite series as
A (w)=2, : W2 2 (19)
=1 (I+in)(0") ~o 1 Ne o Ng2
where 7, is the damping loss factor for theh mode and a line Flo)= . ( ce” K- Vdexd(¢) | (23)
over a symbol denotes complex conjugation. It should be noted Bj=1 \k=-Ng/2

that the matriceé\, andA _, are not Hermitian conjugates due to

the presence of damping in the considered system. Moreover perec,=1 for all k, exceptc,=0.5 for k=Ng/2 whenNg is
pr ping I y " ' g'\}aen. Here the following definitions for the introduced functions
following mode normalization for the mode shapes is assumed

o?discrete complex exponential functiordsexd\'f;(go), are used:

be satisfied:
()M 1 =1. (20) & ”
. . . dexd¥ ()= —a(j—1))— —aj)]eleki—D,
As mentioned, the wave FRF matrices in E§9) need to be eXmB((P) 2‘1 [x(e=a(j=1)~x(e—aj)]e
calculated at the desired active coordinates only. The next section (24)

presents a technique for calculating the FRF matrix for tuned
bladed disk using the wave FRF matrices described above. For each vector of sector loads, every term in the series ovkr
] ) in Eq. (23 satisfies relationshigl4). As a result, the complex
3.3 Frequency Response Function Matrix for a Whole amplitudes for all bladed disk sectors caused byktheterm of

Bladed Disk From Wave Frequency Response Function Ma- the expansion for loads applied to tith sector,F(a(j—1)),
trices. It is necessary to develop the FRF matrix for all sectorgan be expresse@ia Egs.(13) and(15)) as

of the tuned bladed disk, without any assumptions imposed on
load distribution, in order to analyze mistuned bladed disk using i A,

the approach developed in Section 2. qkj iakp
For this case we consider vibration under a set of arbitrarily 2= K Fe(a(j—1))
distributed forcesf={fy,f,, ... fy,}" applied to all sectors. k] iak“;‘”_l)
Forces can be different for individual sectors and they are not N, € oA
limited to the engine order type of excitation as previously as- A
sumed. We introduce a functidf(¢) that allows us to represent iak"
loads in the following form: _ i e Ak e iak(i-1f (25)
N I
f1 F(0s¢<a) glk(Ng= DA
fy Fla<¢p<2a)
f=9 ... (= (21) The expression for the FRF matrix of the tuned bladed disk is
be F(a(Ng—1)<@o<aNg) obtained by summing all the terms of the expansion for the loads

applied to thejth sector, and then summing the responses caused
whereg is an angle describing a sector position in the cylindricdly loads applied to all other sectors. The resulting coefficient ma-

coordinate system and this function has the form trix is the FRF matrix of the tuned bladed disk, i.e.,
|
r Ng/2 Ng/2 Ng/2 b
2 CeAx 2 Cke—iakAk E Cke—iak(NB—DAk
k=—Ng/2 k=—Ng/2 k=—Ng/2
Ng/2 Ng/2 Ng/2
1 2 CkeiakAk 2 CkAk e 2 Cke*iak(NB*Z)Ak
Apg=— k="—Ng/2 k="—Ng/2 k=—Ng/2 . (26)
Ng
Ng/2 Ng/2 Ng/2
E Ckeiak(NB—l)Ak 2 Ckeiak(NB—Z)Ak 2 CA
k=—Ng/2 k=—Ng/2 k=—Ng/2

It is important to note that the relationship given in Eg6) is Ng/2 T Ng2
exact since the series involved in its derivation are finite. O( ce KA = D cpeiekAT
It is evident that rows of the FRF matrix for the whole tuned k= —Ns/2 k=—Ng/2
bladed disk can be formed by cyclic permutations of a vector Ng/2 Ng/2
combining the last and the first rows of the matfiy. . = D e A= D kA,
Moreover, this matrix is symmetric since its blocks disposed k=—Ng/2 k=—Ng/2
symmetrically in respect to the matrix main diagonal are the trans-
pose of each other: which is based on the relation between wave FRF matrices corre-
590 / Vol. 124, JULY 2002 Transactions of the ASME
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Fig. 3 Various mistuning elements: 1 ) lumped mass; 2 ) stifi-  Fi9- 4 A relationship between the mistuning coefficient and
ness between a node and ground; 3 ) damping between a node frequency mistuning

and ground; 4 ) stiffness between nodes of different blades; 5 )

damping between nodes of different blades; 6 ) stiffness be-

tween nodes of the same blade

k.« 0 O
Aze=| O ky 01:
sponding to forward and back traveling wavAg:= Afk, follow- 0 0 k,
ing from Eq.(19.
These features of the matri, avoid the need for computing damping mistuning
NgX Ng blocks of matrices. InsteadNg blocks are sufficient to
describe the FRF matrix fully. id, O 0
The developed technique has advantages over other possible R .
and more traditional approaches when the FRF matrix for the Az*=| 0 idy O (27)
whole bladed disk is calculated from its mode shapes recovered 0 0 id,
from sector mode shapes. The main advantages of the proposed
method are wherem;, k; ; d; are mass, stiffness, and damping coefficients of

. the element in three orthogonal directions. These matrices may
(@ the deduced expressiéB6) shows the structure of the ma-paye all nonzero components for some other kinds of mistuning.
trix, and allows a drastic reduction in computation expensgy, the specific types of mistuning elements expressed ii2Zy.

?%/Gsa;%ﬂating only one row of blocks in the matrix of EqQ.pyt applied between two nodgsandk, the element matrix takes
’ the form
(b) the expressiof26) is much more general since it allows the

use of wave FRF matrices obtained not only from mode AZe  —AZ
shape generation but also by any another way, such as by Azjek: e e |- (28)
direct calculation of Eq(13). —AZ Az

4.2 Blade Frequency Mistuning. It is possible to describe

quite a wide class of possible mistuning arrangements using the

4 Mistuning Modeling simple mistuning elements introduced in the previous section.

. . ) . One of the widely used measures of mistuning in practice is to

4.1 Mistuning Elements. The method of analysis for mis- refer to the “blade-alone” natural frequency scatter. This type of
tuned systems proposed so far does not require any assumptiofsning can easily be represented by establishing a relationship
regarding the distribution or the magnitude of the mistuning M@eyeen individual blade frequencies and the properties of a set of
trix, AZ. However, it is useful to define, without any loss ofyistning elements applied to the blades. This can be achieved by
generality, some simple mistuning elements that can be applied.ghqycting a preliminary analysis to determine a one-to-one rela-
desired locations in the bladed disk model. Various mistuning §lsnship between the blade alone frequency scatter and the amount

ements defined here have physical interpretation and their com§imistuning introduced at specific locations. A possible approach

nation allows us to describe a wide range of mistuning patterpisi, express the mistuning matrix for a bladez, as
that might be encountered in practice. Some examples of such

mistuning elements are illustrated schematically in Fig. 3, and AZ=c;AZ, (29)

include: lumped mass, stiffness, and damping mistuning applied

between a node and ground or between two nodes. Each mistwhere AZ, is a predefined mistuning matrix for a given set of

ing element is described by its matidxz® and can be applied to mistuning element characteristics aryds a variable representing

any location desired. mistuning coefficient. Calculations are made for a sufficient num-
The mistuning element matrixAz®%, applied between a node ber of values ot so as to establish a relationship with an accept-

and ground for the case of three degrees-of-freedom at a node 8hl¢ accuracy between the mistuning coefficiept,and the scat-

be expressed as ter in blade-alone frequency. This relationship is usually nonlinear
) ) but a very good description can be made using a spline approxi-
mass mistuning mation. A typical example demonstrating such a relationship is
— »2m 0 0 shown in Fig. 4 for a practical turbofan blade when lumped mass
X mistuning element was applied.
AZ= 0 —wzmy 0 ; It should be stated that some preliminary blade-alone analysis
0 0 — w?m, may be necessary to determine the datum mistuning matrix
(AZ,y), especially if the blade-alone frequency mistuning for
stiffness mistuning more than one mode of vibration is of interest.
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ments to the blades. The level of mistuning was assumed to lie in
—0—0—‘/'/, —t—6 o o o oo the range of£5 percent of a first blade-alone frequency and a
proportional structural damping level of 0.3 percent was used in
the calculations.
/ As described in earlier sections of the paper, the proposed
method is based on an exact relationship between the responses of
the tuned and the mistuned bladed disks, the only sources of error
- *—o—o +——o—o—o—o—o being due ta(i) the floating point arithmetic andi) residual ef-
: fects in regenerating the FRF matrix for the tuned assembly as a
e result of the use of a limited number of natural modes for the
0 12/3 45 6 7 8 90011 1213 141516 sector model. The main attention in this section is therefore de-
Nodal diameter number voted to establishing the accuracy of the predicted results when
different numbers of modes are included during the FRF matrix
calculation for the tuned bladed disk. Forced response levels are
calculated under second and tenth engine-o(@EO and 10EQ
excitations using homogeneous distribution of loads along the
5 Numerical Results bladg and the results corresponding _to t_he blade tip and shro_u_d
) ] . ) locations are presented below. The significance of these specific
Two different bladed disk assemblies have been considered iR@ponse locations was that the response levels were maximum at
series of case studies to demonstrate the accuracy and the gffi- piade tips and the worst accuracy in amplitude calculations
ciency of the new mistuning analysis method proposed in thig,s sually obtained at the shroud locations. The latter was

Paper. caused by the fact that blade amplitudes at the blade-shroud joint
5.1 Bladed Disk With Midspan Shroud (Pretwisted Beam were determined for the considered excitation mainly by the
Blade Model). The natural frequencies and mode shapes obhroud elasticity. Natural modes of the bladed disk which are
tained from any finite element package can be used to describstiaulated by shroud vibration had much higher natural frequen-
tuned assembly and its sector finite element model may contaies than the modes stipulated by blade vibration. Because of that,
any types of finite elements. As the main purpose in this sectiondalculation of the FRF coefficients at blade-shroud joints required
to illustrate the accuracy of the proposed method, results of thelarger number of natural modes than for other points of the
new method are compared with solutions obtained for a full finitgssembly.
element model of a mistuned bladed disk, in a case where therygo examples are presented in Figs. 6 and 7 where the normal-
model size allows direct solution, i.e., without any reduction qfeq forced response levels are plotted for individual blades of the
degrees-of-freedom. The mistuned bladed disk model for a turigisined assembly when excited by 2EO and 10EO, respectively,
fan stage is considered, which comprises 33 pretwisted blade ponse normalization being made with respect to the maximum

variable cross section connected by a midspan shroud. The ap- : :

proach of referencgl5] where pretwi)s/ted bear% models are usesﬂmd response levels in the frequency range of interest. In con-
ast to the tuned system, it is immediately seen that there is a
18 Yy y

for blades, has been used to obtain a direct solution of the fin| tter in blad levels for th istuned ;
element equations. Each blade consists of eight pretwisted beqig€ Scatter in blade response Ievels for the mistuned system,
elements and each shroud sector between adjacent blades congritgcially around the resonance frequencies. It is interesting to
of two curvilinear beam elements. Both types of the beam elBOt€ the presence of two resonance frequencies where the distri-
ments have six degrees-of-freedom per node and a total numbePB?o_n of individual blade response levels exhibits re_gule}r charac-
degrees-of-freedom in the considered system is 1980. The bld@@stiCs. For the 2EO case this is the resonance whllch is close to
length is 78.5 cm, and the shroud is positioned at 47.5 cm froffe tuned system natural frequency of the mode with two nodal
blade root. diameters and the corresponding amplitude distribution has four
The frequency spectrum for this tuned bladed disk is plotted aves. Such doubling of the number of waves comes from exci-
Fig. 5 for the frequency range of interest. Random mistuning wéation of a mode shape with two dominant cycles when only posi-
introduced into the bladed disk by applying mass mistuning eléve amplitudes are shown. For the 10EO case, at the resonance

'S
=)
=

Natural frequencies

: \»\1\}3
|

Fig. 5 Engine order harmonics and natural frequencies in the
frequency range analyzed

Normalised response

Fig. 6 Forced response for each blade of the bladed disk. Excitation by 2EO,
amplitudes at blade tip.
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Normalised response

Fig. 7 Forced response for each blade of the bladed disk. Excitation by 10EO,
amplitudes at blade-shroud joint.

corresponding to the mode shape with zero nodal diameters, tiwdal diameters results in less than two percent errors for all ex-
amplitudes are almost identical, as would be exactly the case focitation frequencies in the rand®. . . 450 Hz.Errors are mini-
tuned system. mum at resonance peaks and usually much less than the quoted
In Figs. 8a) and 9a), the maximum response amplitudes foundialue away from resonances.
among all the blades of the mistuned bladed disk are comparedn Fig. 10, maximum normalized response against resonance
with those of the corresponding tuned bladed disk. It can be seeeaks and the associated errors are given. It is interesting to note
that while the tuned system has a small number of resonantkeat maximum error is about 0.65 percent when 16 modes are
(four resonance regions for 2EO and three resonance regionsifmiuded and this maximum error belongs to the peak with the
10EO, the mistuned bladed disk has a large number of resonadowest amplitude. The maximum errors found among all identified
peaks, as expected. The results obtained using the methodrefonance peaks are presented in Fig. 11 with respect to the num-
analysis proposed in this paper were compared with the ex&ar of modes included in the analysis. As expected, the error lev-
solutions and the relative errors are presented in Fig®. &d els in the mistuned analysis decrease as more and more modes are
9(b). It is seen that use of 16 mode shapes for each numberintluded to describe the tuned assembly. It should be noted that

10 10
& s b e Tuned
© . :‘; —— Mistuned
W LI
= = 10
oy o
£ 10" : I
g g
=} = -4
£ E 10
Z 10 2 i
= = e e
STC gl WS PR SN T S - 10° L — s ST R S
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
(a) Frequency, Hz (a) Frequency, Hz
10' 10°
w0t P S N N S N
S 10 o - z vt
By A U (R [ 7
10.2 :_\ 100 :‘_4 L.ip :’:
2 10 L 2 A g ( Y
£10° | : e Ll ' 5
g | 2 107 | 1
m 10 = 3 : l! J
G- A A e . 10
107 £ 8 modes
F N R I R R B 8 modes
10,6 i 16 modes 104 I 16 mode
10'7; . . . L L . [ [, 10'5 L . , ; L | . 1. ol
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
(b) Frequency, Hz (b) Frequency, Hz
Fig. 8 The case of excitation of 2EO:  (a) maximum amplitudes Fig. 9 The case of excitation by 10EO: (a) maximum ampli-
at blade tip searched among all blades for mistuned and tuned tudes at blade-shroud joint searched among all blades for mis-
bladed disks; (b) errors in their determination tuned and tuned bladed disks;  (b) errors in their determination
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16 030 tude of individual blades within the frequency range of interest,
b 14 ] g gﬁfgf‘;"se are presented in Fig. 13. It is evident that very high level of
o 0.25 accuracy can be obtained even when a small number of tuned
§_ 12 - assembly modes are included to describe the tuned system.
g 10| pA- 1020 m
E 0.8 § 5.2 Three-Dimensional Finite Element Model of a Bladed
Tg 06 I 015 = Disk Without Shroud. The second bladed disk studied here is a
5 i - fan assemblyshown in Fig. 1 comprising 24 unshrouded blades.
Z el 1 i 0.10 The complete three-dimensional finite element model shown in
02 e : i 1 Fig. 1 had 47,808 nodes with three degrees-of-freedom per a
0.0 Ll FJ It §f!;—E-1fL nadbIE8E jxi E@i cetdl 0.00 node. A sector model was used in the predictions and 8 modes for
135 7 911131517 19 21 23 25 27 29 31 33 35 37 each of 13 different nodal diameter numbers were used for calcu-
(a) Resonance peak number lating the FRF matrix of the whole tuned assembly.
Vibration amplitudes at nine nodes for each blade were in-
18 0.7 cluded in the analysis, their locations being close to the blade tips.
L6 g Erers(];)r:nse Excitation forces were uniformly distributed across 53 nodes on
§ 14 06 the lateral surfaces of individual blades and excitation by 1EO
e 7 1 _05 was considered.
g 12 EE - o In Fig. 14, the maximum response levels searched among all
g 0 ‘ EEEEEEE 11 04 5 blades and all nodes included in the analysis are plotted against
= 08 i 4 - 03 = the excitation frequency and the results are compared with the
E 06 *  response level of the corresponding tuned bladed disk. Also in-
S oa HEELEL e 'BE LLEELERLE 02 cluded in this figure are the modes inclgded to describe the tune_d
) EELBEEHEER LRI Y assembly. It can be noted that the coupling between blades for this
02 s E EEEEN 1l FETETEECEE 1k B E assembly is quite small due to high disk stiffness, hence the wors-
oo ihrsluu e bad b HA D0 L L LTREE ening effect due to mistuning is comparable to the blade fre-

1 3 5 7 911131517 19 21 23 25 27 29 31 33 35 37 39

(b)

Resonance peak number

Fig. 10 Normalized response at found resonance peaks and
errors in their calculations for the case when 16 modes are

included:
excitation by 10

(a) the case of excitation by 2EO;

EO

(b) the case of

quency mistuning, i.e.;t5 percent. In Fig. 15 the normalized
forced response levels are shown for individual blades of the mis-
tuned assembly in the vicinity of the first family resonance peaks.

It is evident that each of the blades of the considered assembly has
its own resonance peaks. At such resonances other blades have
relatively very small amplitudes. The effect of damping level on
resonance amplitudes of such a bladed disk is illustrated in Fig.
16. Two damping loss factors were considered here, namely: 0.3
percent and 3 percent. For the assembly with higher damping,

the relatively high error levels observed in Fig. 11 for the casggsonance peaks are not as sharp as for the system with the lower
when only four modes for every nodal diameter number are igamping loss factor and some weak resonance peaks disappeared
cluded, refer to errors at resonance peaks with the lowest am%ﬂthough the damping did not affect the worsening effect due to
tude levels. Because of the existence of a very dense spectrumf introduced mistuning.

resonance frequencies for the mistuned bladed disk, practically

important resonances are those with higher amplitude levels, and

they can be calculgted with acceptable accuracy even with a smgll conclusions

number of modes includg@s demonstrated by the results below o . .

It is quite important to be able to predict the distribution of maxi- An efficient method for the response analysis of mistuned
mum response levels for individual blades. Figure 12 showsPipded disks using detailed finite element models has been pre-
comparison of such results obtained using a difexaci solution Sentéd. The method proposed here allows exact calculation of the
and using the new method proposed here. It is seen that results'&fPonse of mistuned bladed disks using FRF matrices of the cor-
almost identical in spite of the fact that only four modes per nod&#SPonding tuned system and a mistuning matrix. The distinct fea-
diameter were included to describe the FRF matrix for the tundgfes of the proposed method af®:only a single-sector model is

assembly. Another set of results, the maximum response amfeded to represent the tuned and mistuned bladed (diskis-
tuning is treated as a structural modification probldii) the

computational cost for mistuning calculations does not depend on
the size of the original sector model as the solution is obtained at

100 42,35 ***** EE— E%fngine O§delro z‘ctive tc_:oordinatg_s, r;m(iv_) the reducetd mo?ﬁl (_:o_;relspontding tod I
o e active co-ordinates is as accurate as the initial sector mode
0| %\ 14 | represented_by its natural frequencies and mode shape_s.
/\ \ The effective method has been developed for calculation forced
* /\ 1~94 response of a tuned_bladed disk undgr Ioad_s arbitrarily distributed
g /\ /\\ — 0654 ——— along circumferencé.e., not necessarily engine-order type of ex-
&) s /\ %\\ 021 citation) and for calculation of the FRF matrix for a whole bladed
o %§ 7 %§ 7 00-1 disk assembly. The possibility of representation of the FRF matrix
: f //\ /\ b \ for the V\g?oltleqtunedhasdsgmé)ly bé/ a small suk;set of its (‘}Qmponegtsl
AN G BN G| gy e simeon e o str e e
' 4 8 16 24 A computer program for forced response analysis of mistuned

Fig. 11 Maximum error searched among all resonance peaks

Number of modes included

in the considered range in respect to number of modes

included

594 / Vol. 124, JULY 2002

bladed disks has been developed and various numerical aspects of
the method have been studied. The accuracy and the computa-
tional efficiency of the new method have been demonstrated by
performing forced response analyses of two practical mistuned
bladed disks using large-scale finite element models.
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Fig. 13 Maximum amplitudes for each of the blade assembly for different num-

bers of modes included:
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Fig. 14 Maximum amplitudes searched among analyzed
nodes of all blades for the bladed disk shown in Fig. 1. Inset—
all natural frequencies of the bladed disk.
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(a) excitation by 2EO,

(b) excitation by 10EO

Normalised response

Fig. 15 Forced response for each blade of the bladed disk
shown in Fig. 1

JULY 2002, Vol. 124 / 595

Downloaded 02 Jun 2010 to 171.66.16.124. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



10’ 10°

)

E 10’ 43

= 1 I SN

2 10 . P S

& I K N

< v . e
0 . - AN 0 fo el \

10 Lt b il el 10 leeetlole o b %

80 82 84 86 83 90 92 94 80 82 84 86 88 90 92 94

(a) Frequency, Hz ((9)] Frequency, Hz

Fig. 16 Maximum amplitudes searched among analyzed nodes of all
blades: (a) damping factor 0.003; (b)-damping factor 0.03

1.5 1.5

G G
= 1.0 ro = 5 1.0 b P .
. 5l B oos S I
© 00 et i = WL TR T
= %, = 00 " - .
g 0.5 - . JJ— g 05 : I'! : IJ :. SO
f=-} . j v‘:ﬁ‘" S L,
E -1.0 Thnma g 1.0 Lot H
= o5 -15

0 02 04 06 08 1 0 02 04 06 08 1

¢/2n ©/2m

@ 1.5 1.5
Se 10 fem—ripe _— 1.0
(7 R St
S 05 |ib i = 05
= o0 A g2 00
! H &
= 05 [ o2 05
= e U HetH
210 -1.0
© 15 -15

0 02 04 06 08 1 0 02 04 06 08 1

©/2n @/2n

Fig. 17 Examples of the discrete harmonic function introduced

Acknowledgments The total number of sectors in the structuky,, and wave num-
The authors are very grateful to Rolls-Royce plc. for providinber, k, are parameters of the discrete functions. Some examples of
) . . . e = h functions are shown in Fig. 17.
the financial and technical support for this project and for |vm%uc . h . .
us permission to publish this V\E)(E)rk. The authpz)rsJ thank Mr. Mq Kim From these functions discrete complex exponential functions
of UTC, Imperial College for providing the mesh for three2"® constructed:

dimensional solid finite element model of one of the bladed disks

analyzed in this paper. dexﬁ\,zk)(cp):dsirﬁ\,k;up)ii dcos‘,\,ké(zp)
A di Ng
ppendix =2 [x(e—a(j—1)) = x(e—aj)]e= 01,
Expansion of an Arbitrary Load Distribution Into A Finite =1
Discrete Series. This kind of expansion was specially devel- (31)

oped in([26]) for analysis of cyclically symmetric structures un-

der loads arbitrary distributed over all sectors of the symmetric . S .
structure. The major idea here is representing the loads as finita® function which is equal to unit for angjevalues correspond-

series so that each term satisfies to conditib) which allows N9 to thejth sector and which is equal to zero for the others can
calculation cyclically symmetric structures using only one sectb€ expressed as

model.
To make such expansion the function of discrete sine and co- Ng/2
sine are introduced: Y(o—a(j—1))— x(¢—aj)= E Ckefiak(jfl)dexmké(@)

Ng =—Np/.

dsirl)(¢)= 2, [x(e~a(j = 1)~ x(¢=aj)Isinak(j-1) (32)
pa

wherec, =1 for all k, exceptc,=0.5 for k=Ng/2 whenNg is

Ng
dcogl! (@)= —a(j—1))— x(¢—aj)lcosak(j—1).  €ven.
SLNB((P) 121 [x(ea( = x(emal)] k(] ) Using Eq.(32) the arbitrary load distribution over all the stric-
(30) ture sectors are expanded:
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Active Control Algorithms for the
Control of Rotor Vibrations Using
a e-snarei | HyDrid Squeeze Film Dampers

Department of Mechanical Design and

PFQGUCt?Oﬂv The hybrid squeeze film damper (HSFD) has proven itself to be an effective controlling

Faculty of Engineering, device of vibration in rotating machinery. The critical stage in the development of the
Caer University, HSFD as an active vibration suppressant, is the development of the control algorithms

Giza 12316, Egypt for active control of rotor vibrations. This paper summarizes, evaluates, and compares the

control algorithms for HSFD-supported rotors. Quantitative as well as qualitative
measures of the effectiveness of the control algorithms are presented. The study includes
the PID-type controllers, LQR, gain scheduling, adaptive and bang-bang controllers.
The adaptive, gain scheduling, and nonlinear proportional controllers have proved
to be quite effective in the active control of HSFD supported rotors, with impressive
results.[DOI: 10.1115/1.1421058

Introduction to rotor systemg14]). A major effort has been expended, with the

. upport of the U.S. Air Force, to study the control algorithms for
A recent paper| 1)) presented a study on actively Contro"eqs-?FD-rotor systems. This paper reports on the control algorithms

bearing dampers for aircraft engine applications. They evaluatg ed for the active control of rotors using HSFDs. It summarizes,

nearly seven nonmagnetic bearing devices that would be possi Valuates, and compares the control algorithms for HSFD sup-
for aircraft engine applications. It was concluded that “Welghil '

- ; : ; rted rotors. ntitativ well litative m r f th
size, and cost penalties for all of the damper design candidal grted rotors. Quantitative as well as qualitative measures of the

. ctiveness of the control algorithms are presented. Both theo-
considered are probably upacceptable when compared to the Ratical as well as experimental results are presented.
sive squeeze film dampe([1]).
In addition, it is now generally accepted that magnetic bearings
will not find their way into aircraft engines for a few decades, for
reasons of reliability, weight, size, and temperature considggasic Theory of the Hybrid Squeeze Film Damper
ations. Our group at Cairo University has been working with a{HSFD)
active control device, the “hybrid squeeze film damp@fSFD), ) )
which utilizes the inherent reliability of the squeeze film damper Most of the analyses of SFDs consider the short bearing ap-
with the added capability of actively changing between varioyg0ximation to Reynolds equation, which is justified if the damper
damping levels. The deve|0pment of the HSFD was support{ﬁ.short in the aXl.al direction .SUCh that the flow in the damper IS
by the U.S. Air Force and several investigations, both theoretic®¥ial rather than circumferential. On the other hand, the long bear-
and experimentai[2—4]), have confirmed the effectiveness and"d approximation to Reynolds equation, which is justified if the
reliability of the HSFD as an active control device for rotodamper is long in the axial direction such that the flow in the
vibrations. damper is circumferential, has attracted comparatively very little
El-Shafei[5] introduced the HSFD and demonstrated its corpttention(e.g.[15-17). Usually open-ended dampers are consid-
cepts both theoretically and experimentally. Later, El-Shafei afded short dampers and tightly sealed dampers are considered long
Hathout[6] presented a complete model of the HSFD, as well &mpers regardless of the actual physical length of the damper
the bang-bang controller. This nonlinear model was used to sinfithich is usually short with respect to the diameter of the
late the behavior of the open-loop, and to determine the damSi&mper. )
parameters required for our test rifp]). Moreover, this math-  Short dampers and long dampers have very different character-
ematical model was later used by several of the cited papersi$fics ((18]). In general, long dampers are better at attenuating the
designing the closed-loop controllers. amplitude response of the rotor, while short dampers are better at
Also, El-Shafei and El-Hakirfi7] presented the first experimen-reducing the force transmitted to the support. Also it can be shown
tal results for the on-off controller. The theoretical development &fat the long damper provides more damping than a short damper.
the adaptive control was presented by Hathout and EI-SF@fei Thus if it is required to stabilize a rotor, then the long damper will
while the PI control development was presented by the same & move more energy than the short damper. Also, because of the
thors the following year[9]). Hathout et al[10] presented the larger forces that are transmitted through a long damper, the long
application of the on-off control to multimode rotors, while El-damper can be considered as a high load damper, i.e., it will be
Shafei and El-Hakin{11] presented the experimental results ofble to sustain high loads without executing large ortjit9)),
the adaptive controller. They also presented the experimental &d thus the possibility of jump resonance is reduced. Table 1
sults for the PI control[12]) and on-off controk[13]). summarizes the differences between short and long dampers.
Since the introduction of the HSFD, it was clear that the control Thus, if a squeeze film damper is designed to operate as a short
algorithms are critical to the successful implementation of HSFIStmper when a small force transmitted to the support is desired,
and to operate as a long damper when a small amplitude of vibra-
Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN tion is desired, this would lead to a more effective squeeze film
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL oF  damper, and would allow rotors to operate safely at higher speeds.
ENGINEERING FOR GAS TURBINES AND POWER Paper presented at the Interna-This can be accompﬁshed by active|y Controning the squeeze film

tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, M f ;i :
811, 2000, Paper 00-GT-564. Manusctipt received by 16T1 November 1999, firdfiTIPer to change its characteristics to either the long damper or

n .. . .
revision received by ASME Headquarters February 2000. Associate Editor: g'.'e sh_ort damper. This |mpI|es_that the _Contml_alg_or'thm for such
Wisler. a hybrid damper would be as simple as just switching from long to
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Table 1 Short versus long dampers

Short Dampers Long Dampers
Flow axial circumferential
Damping low high
Amplitude response higher low at critical speed
Transmissibility low at running speed higher
Fluid inertia minimal considerable |
Load low high
Stability fair better f
Jump resonance possible less probable
/
/
short dampers and vice versa. However, it may be required tc -

obtain intermediate amounts of damping for better operation of

the rotor.

This suggested that it is possible to develop an actively con-
trolled hybrid squeeze film damper, which can operate as a lon
damper near critical speeds, such that it effectively attenuates th
amplitude response of the engine and avoids the possibility of ¢ (
jump resonance, and it also can operate as a short damper at tl

| OO

O

operating speed region, such that it effectively reduces the forct l

transmitted to the engine frame. In addition, it can be used tc

provide intermediate amounts of damping. This is possible by

designing the sealing on the damper, such that the damper be-
comes tightly sealed.e., long damperor open-endedi.e., short

Fig. 2 Automated hydraulic circuit

dampey, or anything in between, according to the instructions of

a controller. This is the hybrid squeeze film damper.

The HSFD

the damper clearance. In order to return to the short damper con-
figuration, the seal pressure is lowered until it is less than the
internal pressure of the damper. This causes the seal @ds
return to their original positions.

_ Figure 1 shows a cut-out of the HSFD. Two movable sealing |t may be required to locate the sealing rings in intermediate
rings (4) with sliding fit both to the end caps and to the housingygsitions, other than those for the short or long dampers, to pro-
one on each end of the damper as shown in Fig. 1, are used asi@ for the required rotor control. Thus the sealing rings are
controlling elements. The principle of the seals operation {gnnected to springs that would act to restrain their motion versus
simple. The damper oil film and the hydraulically actuated seaige applied pressure in the sealing chambers. As illustrated by the
are supplied from independently variable sources. In order for tESmputer simulations of the syste(fi2]) this is quite an effective
damper to operate as a long damper, the pressure to the seal chagtnod of controlling the position of the sealing rings. The spring
bers(12) is elevated above the internal pressure of the darfiper qqg (10) shown in Fig. 1 allow for centering the journal in the
The seal ring$4) will move in axially and seal the oil film inside damper, in addition to preventing the damper from rotation.
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Fig. 1 Cutout of manufactured hybrid squeeze film damper
(HSFD)

Journal of Engineering for Gas Turbines and Power

The centering spring action provided by the spring r@® can
be an important factor in the dynamics of the rotor bearing
system([20]).

HSFD Hydraulic Control Circuit

Figure 2 shows the automated hydraulic circuit used to control
the HSFD. A three-way proportional pressure control valve
(PPCV) 2 is used to control the pressure in the sealing chambers.
The valve is normally closed, however, when it receives a current
signal, it connects the supply line, through an orifice, to the seal-
ing chamber, thus increasing the pressure in the sealing chamber.
If, on the other hand, a reduction in pressure is required, the PPCV
connects the drain, also through an orifice, to the sealing chamber,
thus reducing the pressure in the sealing chamber. When the re-
quired pressure is achieved the valve is closed. It was shown by
El-Shafei and El-Hakinj7] that the pressure in the sealing cham-
ber should be at least twice as much as that in the damper to move
the sealing rings. For our test rig, the damper supply pressure was
3 bar and the sealing chamber supply pressure was 6 bar.

Modeling of Open-Loop System

Figure 3a) shows the open-loop block diagram. The input cur-
rent actuates the PPCV thus applying the pressure on the sealing
rings. The sealing rings control the amount of damping supplied
by the HSFD to the rotor, thus providing the expected eccentricity
ratio at the damper as the open-loop output.

A complete mathematical model of this open-loop system was
developed by El-Shafei and Hathopf]. This was a nonlinear
model, in which the PPCV was modeled with a second-order
transfer function, the sealing ring was also modeled with a

JULY 2002, Vol. 124 / 599
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The controllers were designed in several different ways. First

: p . 4
_‘_’ PPCY | Sealing Ring 2 | HSFD | {Rotor < the open-loop system was seleg:ted to simulate the behavior of our
Dynamics test rig. Then using a simple linear model and such well estab-
[—> ’_’ lished design rules as the Ziegler-Nichols rules for the PID-

(a) controller, a preliminary set of design parameters are selected
([9]). Then using the nonlinear mod¢b]), extensive simulations

R g .
—-i?—»{CONFO“efl—-»{COntrol Valve HHSFDHRMOF)_,_; are used to tune the parameters of the controller to the required
(b)

behavior{4]. These parameters were then used in the experiments,
but it was found that a second stage of tuning experimentally was
required([3]).

Fig. 3 (a) Open-loop system, (b) generic control loop for
HSFD-rotor system On-Off Control

The basic concept of the typical on-off controlleee Fig. 4is
and a linear HSES switch betwec_en two m_odes of operation based on the error
signal. In the active vibration control of the rotor system, the two
gmdes of operations are the short and long damper modes. The
Criterion for tuning of the controller between its two modes is the
major design implication. It is not quite straight forward to design
the on-off controller based on the error signal. However, since the

PPCV had a bandwidth of about 250 Hz, the sealing ring was thigady-state operation of the system in both the short and long
slowest part of the open-loop controller with a bandwidth aboﬂ?o.desf are a_val_lable at hand, a spee_d range can be chosen to be the
2.5 times the bandwidth of the rotor, which is slowest part in th witching criterion. This can be easily implemented as an on-off

system. In this case the sealing ring had a bandwidth of about 8 %si_gn. In summary, the contr(_)ller Is switched_to either _mode ina
Hz and the rotor had a bandwidth of 30 Hz. particular speed range as defined by the designer off-line. It was

Based on this almost linear model and the relatively slow b _hovlvn bly Bfu(rjrows. et al.21], that ;Otr som? rr)ttﬁr iyﬂe“.“s or;I%/h
havior of its mechanical components, it was decided to work wi 0 levels or damping are required to control the behavior or the

raditional common cl -l ntrollers. fotor-bearing system.
traditional common closed-loop controllers To implement the on-off controller to the HSFD-rotor system,

. basically one chooses the HSFD to be operating in the long
Control Algorithms damper mode at the critical speed and operating at the short

Several control algorithms have been applied to the HSF@amper mode away from the critical speed. Thus a critical speed
These vary from the simplest on-off control to the most deman@nalysis, as well as an unbalance response analysis, should be
ing adaptive control. Other control algorithms include PID-typgonducted before selecting the switching speeds. Figure 5 shows
control, gain scheduling, nonlinear proportional, and LQR conhe experimental res‘ults of |mplementlng the on-off controller in a
trollers. Most of these controllers have been investigated botRast-down test. It is clear from the figures that the controller
theoretically and experimentally. These controllers were chosgcceeded in attaining the desired mode of operation in the given
because they are common controllers in the industry and #@eed region. Switching between the two modes is not instanta-
simple enough to be used in an applied environment. MoreovBgous and a time delay is observed in the response. However, this
based on the study of the open-loop system shown in Fay, B 1S not S|gn|f|cant. as the switching is deS|gneq off-line, an.d as a
is clear that these controllers should work, since there is a singgsult one can include the delay in the design of the different
output, and the system model and behavior is well defip@l.  regions. ‘ . )

For all the controllers, the feedback to the controller is the Although the on-off control was quite successful in controlling
eccentricity of the journal in the damper. The only exception is tH8€ rotor system through a run-up or coast-down, yet it has the
on-off control, which is based on switching at different speedgeficiency of not being able to accommodate varying operating
Other states were considered for feedback, example pressurec@iditions, or disturbances, such as sudden unbalance, because of
force in the damper, but early simulations indicated that the feed feedback on the rotor system. Only the damper is scheduled
back on eccentricity is enough. based on the speed of the rotor.

Basically, the control loop, for most controllers, is as shown in
Fig. 3(b). The reference signal is compared with the eccentricify|D-Type Control

and an error signal is applied to the controller, which in tumn e first set of closed-loop controllers to be considered with the
applies the necessary control action to the control valve. The cqgadhack on eccentricity, are the PID-type controllers. In this case,

trol valve provides the necessary pressure to the sealing ringsjg controller in Fig. ) is defined by the transfer function
the HSFD, thus varying the damping acting on the rotor. The

second-order transfer function with delay,
model following Holmes and Dogdii 6] was used. The pressure
in the HSFD is controlling the damping which contributes to th
rotor dynamics.

Although this was a nonlinear modé&heglecting some pecu-
liarities such as saturatipthis model behaved quite linearly. The

resulting eccentricity is the feedback, as shown in Fig. 4, and is U(s) Ki
compared with the reference signal, thus providing the error sig- ﬁ =Kp+ ?Jr Kgs @
nal, until the reference signal is satisfied.
where
U = is the control action
K, = is the proportional gain
Speed K; = is the integral gain
short — long [ Ky = is the derivative gain
“g"’gs e = is the error signal.
A A= Speed Several simulations were performed for the design of the ap-
A . ] propriate PID controller for the HSFD-rotor systef®]). How-
SN S » Plamt {5 ever, early on, based on the simulations, it became apparent that
— g the derivative control was providing chattering of the sealing
A=0 rings, thus destabilizing the closed-loop system. This is due to the
anticipatory nature of the derivative control, which in effect an-
Fig. 4 On-off controller ticipates the damping needs based on trends, rather than actual
600 / Vol. 124, JULY 2002 Transactions of the ASME
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needs, resulting in the chattering action. Thus the derivative cothfe sudden unbalance easily, an_d _the controll_er behaved very well,
trol WE’IS eliminated early on, and was ﬁot tested experimental anging the damper chara_cterl_stlt_:s to provu_:ie more damplng_. It
while both the proportional a'nd proportional-integral control wer ould be no_ted, that there Is a limit to the ability of the HSFD in
investigated thoroughly{9]) Sccommodatlng sudden L_mbalance: As soon as the HSFD reaches
In the simulations, the P.I-control behaved relatively well witI’Ejhe long damper mode, it will not be able to provide any more
. > - ' amping, thus losing the capability to accommodate any larger
some minor chattering. However, experimentally, the P'.C(.)m.m”