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Measurement of In-Cylinder Equivalence Ratio During
Starting Using a Fast FID

Younggy Shin*
(Received March 26, 1997)

In spite of the importance of the mixture preparation process during starting in affecting HC
emissions, it has been poorly understood because the process is highly complicated by the multi
-component fuel, transient thermal environment, and two-phase mass transfer. For better
understanding of the process, measurement of the equivalence ratio in the cylinder was attempt-
ed using a fast FID (Flame lonization Detector). Although extensive research has been made
on the measurement using the fast FID, the method is not yet straightforward and needs careful
operation. In this paper, the current status of the method is described. And within the limitations
of the method the in~cylinder sampling test was conducted under the engine operating condition
of 900 rpm, 0. 527 bar intake pressure with gasoline injected. The test results show that 15 to
20 % of the injected fuel evaporates in the first cycle regardless of the amount of fuel injected.
The lean limit of the equivalence ratio for engine firing was about 0. 6. For secure firing in the
first cycle, S to 6 times the stoichiometric fuel amount had to be injected. The contribution of
the left-over fuel in the previous cycles to the mixture formation in the present cycle was found

to be substantial.
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1. Introduction

The fast FID has drawn attentions of many
engine researchers because of its capability of
cycle-resolved HC measurements. When it comes
to HC measurements in the exhaust port, the
measurements have been proven to be reliable
and very useful in understanding HC oxidation
mechanisms. Encouraged by the successful appli-
cation to the exhaust port, many researchers tried
to extend the application to the HC measurements
in the engine cylinder. Measuring the HC concen-
trations of unburned mixture in the cylinder is
extremely important to understand mixture prepa-
ration process in a spark ignition engine from the
following reason. Most of HC emissions are
emitted during starting and early warm-up due to
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poor mixture preparation caused by cold engine
condition. The mixture preparation process dur-
ing the period is very complicated due to coexis-
tence of liquid and vapor fuels and transient
thermal environment. Therefore, measuring the
air-to-fuel ratio of the mixture before spark igni-
tion is the first step to understand the mixture
preparation process and to propose ideas for
better mixture preparation.

In spite of its promising fearures for fast
response, the application of the fast FID to the in-
cylinder HC measurements has progressed little.
It is because physical phenomena such as conden-
sation and pressure interference contaminate the
in-cylinder measurement process and result in
output distortion. This paper explains the mecha-
nisms of such interference and suggests possible
ways to avoid them. The knowiedge is also
applied to measure the in-cylinder HC concentra-
tions in the limited engine operation conditions
where the measurements are valid.
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2. Physical Origin of the FID Signal

The basic physical phenomenon that is exploit-
ed in a flame ionization detector (FID) is that
when a hydrocarbon is burnt, significant quan-
tities of ions are formed. The number of ions
produced is nearly proportional to the number of
carbon atoms burnt in hydrocarbon (HC) form.
The physical explanation for this effect is not yet
fully understood. The process of ion generation is
certainly to do with a non-equilibrium effect
called chemi-ionization, as opposed to thermal
equilibrium ionization, since the latter is respon-
sible for negligible ionization at normal flame
temperatures: The number of ion pairs generated
has been established in many experiments to be
about | ion pair per 10% carbon atoms (in ali-
phatic HC form), tdking part in combustion
(Lawson and Weinberg, 1969). Therefore, the ion
current is simply proportional to the flow rate of
carbon atoms in the hydrocarbon, CmHn, as
follows:

7o WZN(;,,,H,, (1)
where i is the current, m is the number of atoms
in the HC molecule, N, .y, is the molar flow rate
of the HC molecule. From the relation, Ng,u,=
[HC] Nogmpe where [HC] is the hydrocarbon
concentration and Nigmpw (5 the molar flow rate
of the sample gas. From the ideal gas law,

Noansie =% @)
where p and T are the pressure and temperature at
the nozzle end to the flame respectively, and Q is
the volumetric flow rate of the sample gas, and R,
is a universal gas constant. Then, the ion current
is finally expressed as follows:

i=Kim{ HC1H% (3)

Since the FID output in voltage, Vg, is designed

to be proportional to the current i,
VF[D:KFID7%[ILIC}"}‘%%" (4)

As far as p, T, and Q are kept constant, the FID
output, Ve, is proportional to the hydrocarbon

concentration, [HC].
3. Schematic of the Fast FID

Figure. 1 is theé schematic of the fast FID in-
cylinder sampling unit. An essential difference
from the conventional design is that the sample
gas is mixed with the fuel gas at the nozzle exit. It
is this design change which is the reason for the
high frequency response, which in this case is
limited only by dispersion effects within the sam-
ple tube and in the flame itself (Cambustion Ltd.,
1992). When it comes to the conventional design,
the flow rates are controlled by allowing each gas
to pass through a capillary where the rate of flow
depends upon the cross section of the capillary,
the length, the pressure drop across the capillary
(Patterson, 1972). The use of the capillary has
been the bottle-neck to faster response. A short
sample probe is desirable for good frequency
response. For this reason the sample is drawn
directly into the FID. Thus the flame chamber
must be maintained at the pressure below that of
the sample source. The design change over a
conventional FID has produced important advan-
tages, but also the significant disadvantage that
the instrument cannot be merely switched on and
the output interpreted as HC concentration. To
get the absolute HC concentration, the device
should be carefully set and calibrated.
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Fig. 1 Fast FID sampling unit for in-cylinder sam-

pling.
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4. Physical Phenomena Affecting the
In-cylinder HC Measurements

4.1 Pressure interference

If the pressure in the CP chamber is not kept
constant, the sample gas flow rate into the flame
chamber, Q, will be affected. Then from Eq. (3)
the current i is no longer proportional to [HC].
The phenomenon tends to happen frequently if
careful caution is not taken. Thus, it should be
addressed first before any measurement is made.
There are three types of problems associated with
the pressure interference. They are choking, sam-
ple gas mixing due to flow reversal and pressuriz-
ing of the CP chamber.

4.1.1 Choking

It is caused basically by the high cylinder
pressure during the compression and /or combus-
tion. In Fig. 1, the fluid in tubes A and B would
be accelerated by the increasing pressure force. At
some point, the exit to the transfer tube A
becomes sonic and the flow is choked (the flow
field in tube A no longer depends on the down-
stream conditions). The flow in tube B would
adjust itself to swallow the mass flow rate and to
maintain the exit pressure equal to the pressure of
the CP chamber D. The mathematical relation-
ships are detailed in Cheng et al.’s paper (Cheng,
Galliot and Collings, 1989). The situation per-
sists for some time as the cylinder pressure rises.
At some later time, depending on the cylinder
pressure, however, the exit to tube B also reaches
sonic condition. Beyond this time, the velocity at
the exit to tube B would be sonic and the pressure
just inside the exit of tube B would no longer be
equal to the pressure in D, but adjusts according
to the inlet condition. Eventually, tube B would
be pressurized and tube A would become uncho-
ked. Finally, when the cylinder pressure goes
down, tube B would become unchoked.

It is not desirable to operate the sampling unit
beyond the point where the exit to tube B
becomes sonic. Then, the pressure at the inlet to
the connecting tube C would not be constant and
the whole purpose of the constant pressure sam-

Critical cyinder pressure (bar)

o 02 04 08 08 1

CP chamber pressure

Fig. 2 The critical cylinder pressure at which chok-
ing occurs at the expansion tube exit for the
sampling unit (Steady State Calculation).

pling system is defeated. Therefore, the CP cham-
ber pressure should be carefully set up to avoid
choking. For example, Cheng et al. estimated the
relationship between the CP chamber pressure
and critical cylinder pressure as shown in Fig. 2.
The typical pressure just before ignition for natu-
rally aspirated engine at WOT (wide open throt-
tle) is ~8bar. Therefore if the CP chamber pres-
sure is above ~0. 4 bar, choking at tube B would
usually not occur until sometime into the combus-
tion period.

4.1.2 Transient period due to flow reversal

According to Fig. 2, setting the CP chamber
pressure to the atmospheric pressure would be
ideal to avoid choking. However, it causes
another problem related to the reversal of flow
direction. For most of engine operation, the cylin-
der pressure during intake process is lower than
the atmospheric pressure. Therefore, the fluid in
transfer tube A flows from the CP chamber into
the cylinder during the intake process. The fast
FID starts to sample the gas in the cylinder as
soon as the cylinder pressure exceeds the atmo-
spheric pressure. However, the FID goes through
a transient period before reading correct HC
concentrations. Figure 3 demonstrates this case.

A single cylinder spark ignition engine was
operated on the prepared air and propane mix-
ture. Since the mixture is essentially homogene-
ous, the fast FID should read steady state values
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Fig. 3 Comparison of equivalence ratio converted
from in-cylinder FID measurements under
the propane-fueled engine operation of 900
rpm and 0. 587 bar intake pressure for the
following cases of (a) firing, (b) motoring
and (¢) motoring with a span gas bled
through the CP chamber.

when the cylinder pressure is above atmospheric
pressure. In Fig. 3 shown are the following three
test cases: (a) engine with ignition, (b) engine
without ignition, and (c) engine running without
ignition and with a span gas bled through the CP
chamber. In case (c), the span gas whose HC
concentration is nearly the same as that of the
mixture entering the engine. A beauty of the
configuration (c) is the “in-situ’ calibration of the
fast FID against any possible output drift. It is
possible since the FID samples the span gas while
the cylinder pressure is sub—-atmospheric. Figure 3
shows good plateau of the FID output for case
(c). It i1s expected from the fact that both the
mixture and the span gas are homogeneous.
However, when it comes to cases (a) and (b), the
outputs do not show plateau, but rise steadily
right after the jumps caused by the arrival of the
in-cylinder gas into the FID chamber. Case (b)
shows agreement with case (a) right before the
signal drops due to the lowered cylinder pressure.
It means that the output reaches steady state by
then. However, case (a) shows early drop of the
output before reaching the steady state due to the
arrival of the flame at the tip of the transfer tube.
Therefore, the atmospheric CP condition can not
be applied to the measurements of in-cylinder HC
under engine firing.

As it is clear in Fig. 3, the transient period (the
part steadily rising right after the jump) is a key
obstacle to make the in-cylinder measurements
possible. Its cause should be analyzed. The cause
of the transient behavior has not been clarified. It
seems to be related with the complex mechanism
of chemi-ionization process (Sternberg, Gall-
away and Jones, 1962). The energy release by the
unburned sample gas is comparable to that by the
FID fuel (hydrogen). It means that the energy
content of the sample gas may affect the thermal
environment of the flame chamber, and in turn
the chemi-ionization process is affected. Under
the atmospheric CP chamber condition without a
span gas, the ambient air flows into the flame
chamber during the intake process and the unbur-
ned mixture during the compression process. For
example, the output behavior of case (b) in Fig.
3 could be explained as follows: the jump is
attributed by the arrival of the unburned mixture
into the flame chamber and the gradual increase
of the output results from the gradual increase of
the gas temperature in the flame chamber result-
ing from the burning of the unburned mixture.

The author proposes two ideas to improve the
transient period problem. One is to measure HC
concentrations under motoring as illustrated in
case {(c) of Fig. 3. In that case, the FID output
reaches the calibrated output (case (c)) right
before its drop. Since the transient period is lon-
ger than the compression period, the idea is
applicable only for non-firing conditions. In this
study, in-cylinder HC measurements were made
based on that idea. The other idea is to keep the
CP chamber pressure lower than the cylinder
pressure throughout the engine cycle so that the
unburned mixture can be drawn into the FID
chamber from the beginning of the intake process
to secure enough time to overcome the transient
period. However, this idea is challenged by the
possibility of pressurizing the CP chamber to be
explained in the following section.

4.1.3 Pressurizing of the CP chamber under
sub-atmospheric CP conditions

Under sub-atmospheric CP chamber operation,

a critical issue is how to minimize the pressure
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fluctuations in the CP chamber. Another chal-
lenge is to avoid choking by keeping the CP
chamber pressure higher than the critical value
illustrated in Fig. 2. In that case the CP chamber
volume is finite whereas it is infinite under the
atmospheric operation. Thus, the pressure inside
the CP chamber fluctuates inevitably and its
magnitude depends on instantaneous sample gas
flow rate and the size of the CP chamber volume.
According to Summers (Summers, 1996), the
magnitude of fluctuations is more sensitive to the
diameter of the transfer tube than to the CP
chamber volume. The minimum diameter appli-
cable to the in-cylinder measurements is about 0.
2~0. 25 mm considering the limitations such as
tube clogging by carbon deposits and slow FID
response due to the reduced flow rates.

This method is most frequently used for the in-
cylinder HC measurements (Collings, 1988; Gal-
liot, Cheng, Cheng, Sztenderowicz and Heywood,
1990; Brown and Ladommatos 1991; Rose,
Ladommatos, and Stone, 1994; Summers and
Collings, 1995). However, it still leaves a ques-
tion about its accuracy and repeatability in spite
of extensive research for the reliable in-cylinder
HC measurements because it is not completely
free from the problems related to the pressure
interference. Thus there have been few reports on
its application to real engines. One meaningful
example is the measurement of internal EGR
(exhaust gas recirculation) reported by Cheng et
al. (Galliot, Cheng, Cheng, Sztenderowicz and
Heywood, 1990). For better accuracy, the effect of
the burned gas on the transient period should be
investigated further.

4.2 Condensation

When sampled from the cylinder of a gasoline
fueled engine, the sample will condense unless the
sample line is very short, or it is heated. For
example, at the room temperature and pressure, in
a stoichiometric gasoline mixture, only about 50%
of the fuel is vaporized. At the elevated pressures
the vapor fraction reduces. A full (non-isother-
mal) analysis shows that, when the flow is near
sonic at the exit, rapid expansions cause devia-
tions between the gas sample and tube wall of the
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Fig. 4 Schematic of the electrically heated in-cylin-
der FID sampling probe.

order of 20-30K.

In fact, for in-cylinder sampling, the condensa-
tion is more likely to occur in the inlet of the
transfer tube, as the pressures there are high, and
consequently the dew point of an unburned gaso-
line air mixture is elevated. To ensure that the
sample does not condense either at the exit due to
this expansion, or merely due to the main tube
section being below the dew point of the mixture,
heating is essential.

To avoid condensation, a sampling tube was
electrically heated. Figure 4 shows the schematic
of the heated tube. The inner diameter and length
of the tube were 0. 3048 mm and 127 mm, respec-
tively. Since the resistance of the tube was ~1.0
ohm, 5 volt DC power was applied to the both
ends of the tube for electrical heating. The ground
connection at the tube tip was isolated from the
engine body to avoid heat loss to the body whose
temperature was much lower than the control
temperature. For that isolation, the tube and
electrical wire were inserted into a two-hole
ceramic tube (originally used for thermocouple
insertion), and silver-soldered at the end. A ther-
mocouple was silver-soldered on the tube wall to
monitor the wall temperature. The whole assem-
bly was flush-mounted on the side wall of the
combustion chamber.

5. Test Condition

5.1 FID operating condition

The pressure in the CP chamber was set to
atmospheric pressure. Thus, the in-cylinder mea-
surement is valid only for engine motoring. The
pressure difference between the CP chamber and
the FID chamber was kept constant as 6 kPa.
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5.2 Engine operating condition

A production Volvo engine (B5254 FS) was
modified to fit in the Ricardo Hydra single cylin-
der engine mount. The engine has two intake and
two exhaust valves. Its displacement volume and
compression ratio are 487.0 cm3 and [0.(, respec-
tively. Air flow rate into the engine was measured
with a laminar flowmeter. The engine was motor-
ed at 900 rpm with a DC dynamometer. The
equivalence ratio was calculated from the mea-
sured air flow rate and the pulse width of the
injected fuel. The intake manifold pressure was
set to 0. 527 bar. Indolene was used as a test fuel.
Indolene is the standard fuel used for vehicle
exhaust emissions certification.

5.3 Calibration of the fast FID

Although the fast FID is known to show good
linearity, its output characteristic was investigated
using the span gases with different HC concentra-
tions for accurate calibration. The span gases
consisting of air and propane were prepared with
precision flowmeters. The accuracy of the flow-
meter (Tylan Co. FC-260, FC-261) 1s within +/
—0.1% of full scale.

Air and propane flowing through separate
tubes were metered at the same time by each
flowmeter. After that, the gases were merged in a
single tube to form the desired span gas. The span
gas was bled through the CP chamber for FID
readout. The calibration result is plotted in Fig. 5.
The nonlinear calibration data were curve-fitted
in a second order polynomial for translation of
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Fig. 5 Calibration of FID output with span gases.

FID output into the equivalence ratio which was
proportional to HC concentration. The conver-
sion formula from a HC concentration to the
equivalence ratio of fuel C,H, is derived in
Appendix.

6. Test Results

Figure 6 shows a comparison of the measured
in-cylinder equivalence ratio and the correspond-
ing GIMEP (Gross Mean Effective Pressure)
with respect to the injected equivalence ratio in
the first cycle. 1 unit injection corresponds to the
equivalence ratio of 0.97. The corresponding
GIMEP was measured in the second engine run
with ignition since the current FID sampling
method can not measure the correct equivalence
ratio under engine firing as discussed previously.
To keep good repeatability between the two sets
of engine runs, coolant temperature and hydrocar-
bons concentrations measured by the fast FID
were monitored. The engine was motored until it
was restored to the same engine operating condi-
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Fig. 6 (a) in-cylinder equivalence ratio and corre-
sponding GIMEP and (b) mass fraction
vaporized from the injected fuel for the test
condition of 900 rpm, 0. 527 bar intake
pressure, indolene, ambient temperature of 21

C
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tion before the fuel injection in the first cycle. By
experience, it took about less than 5 minutes and
by then the hydrocarbons concentrations in the
engine cylinder was within the lower detectable
timit of the fast FID and the coolant temperature
returned to the temperature before the fuel injec-
tion in the first cycle. To take into account cycle-
to-cycle variations of the in-cylinder equivalence
ratio and GIMEP, the measurements as shown in
Fig. 6 were conducted several times. The test data
were found to behave in repeatability good
enough to be represented by the data shown in
Fig. 6.

It is observed that the measured equivalence ratio
is approximately proportional to the amount of
fuel injected. In other words, the mass fraction
vaporized is nearly constant as shown in Fig. 6
(b) where the mass fraction vaporized is about 15
to 20%. It means that fuel evaporation is not
restricted at least in the first cycle either by the
available fuel evaporation area or by the amount
of air mass to interact with the fuel. Here the
available fuel evaporation area means the area on
the port wall where injected fuel spreads and
convective fuel evaporation occurs. Thus, if it
were not the first cycle since fuel injection, the
port wall would be already wet by fuel injection
from previous cycles and hence the available fuel
evaporation area for the current fuel injection
would be significantly limited. For construction
of a data base, the test needs to be conducied in
terms of intake manifold pressure, intake port
temperature and engine speed.

Another point to note is the quantification of
the equivalence ratio in vapor phase during start-
ing, considering the importance of the role of
engine starting in view of its contribution to
overall HC emissions. In conjunction with the in-
cylinder equivalence measurement, the in-cylin-
der pressure was measured at the same time., The
cylinder pressure data was converted into GIMEP
(Gross Mean Effective Pressure) to infer mixture
strength. Figure. 6 (a) shows a good correlation
between the measured in-cylinder equivalence
ratio and GIMEP. According to the comparison,
a firing occurred at about 0.62. Therefore, the
threshold equivalence ratio for firing could be

about 0.6. And for secure firing in the first cycle,
the in-cylinder equivalence ratio should be at
least 0. 8~1. O corresponding to the injected
equivalence ratio of 5 to 6. Since this test was
performed only at one operating condition (900
rpm, 0. 527 bar intake pressure, and 21°C of
ambient temperature), similar tests should be
conducted over an extensive test matrix for com-
mercial engine development.

Another point to investigate is the influence of
previous cycles on the present cycle in terms of
mixture preparation. Fuel evaporation occurs not
only from the fuel injected in the present cycle,
but also from the liquid film accumulated from
previous cycles. Since the mixture preparation
process is very complicated and essentially non-
linear to any parameters involved, it is almost
impossible to predict the mixture preparation
behavior using any simple theoretical model.
Thus, the measurement of the equivalence ratio in
consecutive cycles would be an important data
base to develop a mixture preparation model. The
consecutive measurement was made under two
different fuel injection schedules. One is a single
pulse injection in the first cycle with varying pulse
widths from [ unit to 8 units. The other is contin-
uous injection with 1 unit pulse width.

The case of single pulse injection is shown in
Fig. 7. Figure. 7(a) shows quantitatively how the
amount of the fuel injected in the first cycle affects
the mixture preparation process in the subsequent
cycles. It is clearly seen that the subsequent cycles
are affected significantly at least over 5§ to 10
cycles. The same data was plotted in Fig. 7(b) in
terms of the mass fraction normalized by the
the first cycle.
Although they didn’t collapsed into a single

amount of fuel injected in
curve, they were quite close to each other except
for the single unit injection case. It means that the
mixture preparation process is not random, but
behaves in fashion with respect to the injected fuel
amount. Therefore it is worthwhile to think about
how engine operation is related with the behavior
of the mixture preparation observed in Fig. 7. An
explanation of this observation is that with 4
larger quantity of fuel injected, there is a larger
amount of liquid blown away from the intake
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single shot fuel injection in the first cycle.

valve vicinity during the reverse blow-down
period. Because this blown-back liquid is situated
further from the intake valve, the film flow com-
ponent of this fuel would take a longer period to
re-enter the engine. The process is a complex
regenerative one, but the test results show that it
is quite consistent with respect to the injected fuel
amount except for the single unit injection case in
which the fuel amount deposited in the intake
port is too small to be blown back by the reverse
blow-down flow.

As the continuation of the above consideration,
a functional relationship between the injection
unit and the equivalence ratio ¢ will be inves-
tigated. The measured ¢ for the continuous injec-
tion is shown in Fig. 8. It is observed that ¢
quickly builds up to its steady state value in about
10 cycles. It is attributed to the presence of the
liquid fuel left over from the previous cycles.
Therefore, it is important to investigate the effect
of previous cycles quantitatively. One simple idea
1s to superimpose the response of ¢ to a single
pulse injection. It would be that, for the continu-
ous injection, the ¢ value of the current cycle is
due to the contribution of the current injection,
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Fig. 8 Comparison of measured and modeled @ for
the continuous injection case with | unit
injection pulse width.

which is the first-cycle-response to the impulse
excitation, plus the sum of the contributions from
the previous cycles. The contribution due to the
Mth previous cycle would be equal to the “unit
-impulse response” delayed by M cycles. A com-
parison is shown in Fig. 8. The model shows
relatively good agreement with the measured ¢
while the measured ¢ builds up slower than the
modeled ¢ . In other words, the “unit-impulse
response” mode! works and the transfer function
represented by the mixture preparation process is
linear with respect to fuel input at least for the
first 20 cycle. The slower increase of the measured
¢ indicates that there exists “another” injection
which tends to hinder the fuel transport into the
engine.

A likely explanation for the slower increase lies
in the backward fuel transport process during the
reverse blow down. The video observation (Shin,
Min and Cheng, 1995) demonstrates that this is a
significant process. The amount of the transport
back, however, depends on the thickness of the
fuel film present in the vicinity of the valve. In the
single injection case by which the impulse func-
tion was generated, the fuel left in the port is not
replenished by new injections. Therefore the biow
-back effect in the subsequent cycles after injec-
tion is substantially smaller than the case of
continuous injection. The result is that the “tail
part” of the impulse function is higher and shorter
(since the total fuel amount is conserved), and
thus the model based on the impulse function



734 Younggy Shin

Ratio of cumulitive vapor mats ko inected fuel mass

PP RS TP P W

@ 2 4 L] L]
Inasction urit

Fig. 8 The ratio of cumulative vapor mass to the
mass of the injected fuel over the first 20
cycles.

overestimates the in-cylinder ¢ value in the con-
tinuous injection case.

Anather feature noticeable from the in-cylinder
measurement is the difference between the amount
of the injected fuel and the cumulative sum of the
measured vapor mass. Figure 9 shows the differ-
ence in terms of mass fraction. The ratio of mass
fraction lies between (. 5 and 0. 6. It means that
only 50 to 60% of the injected fuel participates in
the mixture preparation process and the rest of the
fuel is unaccounted for. The path of the fuel
unaccounted for and its quantification has been
one of the important subjects to understand the
mixture preparation process. In Fig. 9, except for
the case of one unit injection, the others show
about 60 % of fuel evaporation regardless of the
amount of the injected fuel. When it comes to the
one unit injection case, the discrepancy seems to
be caused by the factors such as small amount of
fuel injection, negligible blow back effect, and
limited accuracy of the in-cylinder fast FID sys-
tem. The fact that about 60% of the injected fuel
evaporates during the first 20 cycles suggests that
the fuel composition is responsible for the behav-
ior. Heavy fuel components do not evaporate
during the period and they might flow into the oil
sump through the piston ring pack. That mecha-
nism has been clearly visualized in several trans-
parent engine tests (Shin, Min and Cheng, 1995;
Saito, Sekiguchi, Imatake, Takeda and Yaegashi,
1995). Here the question was how much fuel
ended up in the oil sump. The test result shown in
Fig. 9 concludes that about 40% of the injected

fuel would stay either within the engine cylinder
or in the oil sump. The presence of large amount
of liquid fuel in the engine cylinder during engine
starting was clearly evidenced by Shin et al’s
visualization test results (Shin, Min and Cheng,
1995). The liquid fuel will evaporate later when
engine firing starts and the coolant temperature
increases.

7. Conclusions
The in-cylinder ratio during
engine starting was measured using a fast FID
system. Since the in-cylinder sampling system still

needs careful operation and calibration, the cur-
rent state-of-art of the system has been reviewed.

equivalence

And the in-cylinder equivalence ratio was mea-
sured under the engine test condition of 900 rpm,
0.527 bar intake pressure, and the ambient tem-
perature of 21 °C. The following conclusions
were obtained from the review and the test results.

(1) there are two types of sampling methods in
terms of CP chamber pressure. The method with
atmospheric CP chamber pressure is good for in-
situ calibration and pressure isolation. However it
is useful only for engine starting before firing
since the FID output stabilization period (tran-
sient period) overlaps with combustion events.
On the other hand the method with sub-atmo-
spheric CP chamber pressure overcomes the long
stabilization period, but it is still subject to the
unknown intrinsic problem of the sampling sys-
tem which stems from the alternating supply of
unburned mixture and burned gas into the FID
within one engine cycle. The problem results in
poor repeatabilty of the measurements.

(2) The equivalence ratio in the engine cylin-
der was measured under the condition of single
pulse injection in the first cycle. The result shows
that about 15 to 20% of the injected fuel evapo-
rates in the first cycle and then the equivatence
ratio decays gradually, hinting that the evapora-
tion is mainly governed by the thermal environ-
ment to which the engine is exposed.

(3) The comparison of the measured ¢ and the
GIMEP measured at the same test condition
reveals that a significant firing occurs at the
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equivalence ratio of about 0. 6. And to build up
GIMEP close to a steady state value in the first
cycle, about 5 to 6 times stoichiometric fuel
amount should be injected.

(4) The measurement result of the in-cylinder
equivalence ratio shows that about 60% of the
injected fuel evaporates during engine starting.
The rest of the fuel which is unaccounted for
mainly consists of heavy fuel components and
stays either inside the engine cylinder or in the oil
sump.
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APPENDIX

The relation to convert FID output into the
equivalence ratio of a test fuel, C,Hn, is as fol-
lows:

According to Eq. (4), the FID output, VFID,
should be linear to [HC], but a real calibration
result illustrated in Fig. 5. shows that the calibra-
tion curve deviates a little bit from an ideal linear-
ity line. Therefore, for better accuracy the curve
can be fitted as an second order polynomial:

Xa:m[HC]:fn( Vrip) (A1)
However,
From the definition of equivalence ratio,
¢: F/A — 1 NCmHn WCmHn
(F/AYse  (F/AYst NaorWar
(A2)
The residual mass fraction is
WolVp
— . A
* WairN(/z’r+ WC‘mHnNCmHn+ VVbNb ( 3)
From the definition of [HC],
[HC] . NCmHn (A4)

_NCmI{n+Nair+Nb
From Eq. (A3) and (A4),

Nawr 1_( ) +.-I_/_§;J%£{'7"f’"—>[HC]

(AS)
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From (A35) and (A2)

¢:*1, Wemin
(F/A)se War

<1 X War )[HC]

1—-x Ws

(A6)
X Wennn
(i e
From (Al) and (A6)
¢: 1 WCmHn
(F/AYst Wair
X Wair \fn( V)
()

. X WCmHn \ fn(VFID)
! <1+1—x We / m

(A7)

where

Xe, : concentration of carbons in the mixture

m . number of carbon in the fuel molecule
CmHn

¢ . equivalence ratio

F/A : mass ratio of fuel to air

(F/A)s . stoichiometric mass ratio of fuel to
air

x . residual gas fraction

N : number of moles

W . molecular weight

b . exhaust gas species

[HC] : molar ratio of CmHn in the mixture



