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ABSTRACT

Results from an experimental study of the effect of incomplete fuel-air mixing on spark-ignited flame kernel
growth in turbulent propane-air mixtures are presented. The experiments were conducted in a turbulent flow system
that allows for independent variation of flow parameters, ignition system parameters, and the degree of fuel-air
mixing. Measurements were made at I atm and 300 K conditions. Five cases were studied; a premixed and four
incompletely mixed cases with 6°1o,13%, 24% and 33% RMS (root-mean-square) fluctuations in the fuel/air
equivalence ratio. The overall fuel/air equivalence ratio was unity in all cases. The flow characteristics were
measured by LDV. The RMS fluctuation in the fuel/air equivalence ratio was characterized using NOrbased laser
induced fluorescence. High speed laser shadowgraphy at 4,000 frames-per-second was used to record flame kernel
growth following spark ignition, from which the equivalent flame kernel radius as a function of time was
determined. The effect of incomplete fuel-air mixing was evaluated in terms of the flame kernel growth rate, "cyclic"
variations in the flame kernel growth, and the rate of misfire.

The results show that fluctuations in local mixture strength due to incomplete fuel-air mixing cause the flame
kernel surface to become wrinkled and distorted; and that the amount of wrinkling increases as the degree of
incomplete fuel-air mixing increases. Incomplete fuel-air mixing was also found to result in a significant increase
in "cyclic" variations in the flame kernel growth. The average flame kernel growth rates for the premixed and the
incompletely mixed caseswere found to be within the experimental uncertainty except for the 33%-RMS-fluctuation
case where the growth rate is significantly lower. The premixed and 6%-RMS-fluctuation cases had a O°Iomisfire
rate. The misfire rates were 1% and 2% for the 13%-RMS-fluctuation and 24%-RMS-fluctuation cases, respectively;
however, it drastically increased to 23°Io in the 33%-RMS-fluctuation case.

INTRODUCTION

Cyclic combustion variations in spark-ignition engines, which cause engine roughness and increased
unburned hydrocarbon emissions, limit the use of dilute charge strategiesfor achieving low NOx emissionsand
improved fuel economy [1,2]. In spark-ignition engines, ignition and early flame-kernel growth are intimately related
to the problem of cyclic variations in combustion [2]. Numerous efforts have been made to understand the effects
of ignition system parameters [3-17] and flow field parameters [3, 7-10, 16, 18] on early flame kernel growth. In
addition, mixture nonhomogeneity resulting from incomplete mixing of fuel and air (and residual or exhaustgases),
may also have a significant impact on early flame kernel growth. Mixture nonhomogeneity is likely to be a major
factor contributing to cyclic combustion variations in current port injected spark ignition engines, especially under
cold start conditions. A better understanding of spark-ignited flame-kernel growth in nonhomogeneous charges is
essential for the development of improved spark-ignition engines. Several investigationshave been conducted of
the effects of mixture nonhomogeneity on engine combustion. The resultsof these studies are summarized below.

i

In 1978, Petersand Quader [19] demonstrated the effect of fuel-air mixture preparation on the lean operation
of a single-cylinder spark ignition engine. Mixture preparation was changed by varying the time of fuel injection
into the intake manifold. They found that the use of a premixed charge resulted in a richer lean misfire limit, lower
maximum burning rate, higher hydrocarbon emissions, and increased ISFC relative to an apparently heterogeneous
mixture. Therefore some form of heterogeneous intake charge "wetted" with fuel droplets and possibly with bulk
stratificatior_was found to be beneficial for lean combustion.

In 1981, Pundir et al. [20] demonstrated the influence of charge nonhomogeneity on cycle-to-cycle
combustion variations in a single-cylinder, variable compression ratio CFR engine. Various degrees of charg_
nonhomogeneity were obtained with propane and gasoline using a plain valve or a shrouded valve. Charge
nonhomogeneity was determined from exhaust gasanalysis.The resultsshowed that cyclic variations in maximum
combustion pressure increase with an increase in charge nonhomogeneity at a given mixture strength. For the same
charge nonhomogeneity, cyclic variations also increase with leaner fuel-air mixtures and with increasing duration
of the initial phase of combustion.



In 1990, Kajitani et al. [21] investigated engine combustion behavior when the mixture condition at the
intake port was varied by changing the portions of atomized liquid fuel and fully vaporized fuel in the mixture. A
single cylinder, four cycle, side valve engine was used. The experiments were conducted with various amounts of
atomized fuel but at a fixed fuel/air equivalence ratio of 1.0. When the mixture at the intake port contained about
30% atomized liquid fuel, the engine exhibited the highest mean effective pressure and thermal efficiency. The
combustion deteriorated vith 40% or more atomized liquid fuel. Late MBT spark timing was needed for mixtures
with higher amounts of atomized fuel, which was attributed to faster flame propagation at the early stages of
combustion. Cyclic variations in peak pressure were greater with mixtures containing some atomized fuel.

In 1990, Sztenderowicz and Heywood [22] studied cycle-to-cycle combustion variability in a single cylinder
research engine (Ricardo Hydra Mk III) and how it is influenced by spatial nonhomogeneity in the unburned
mixture. They chose two mixture-nonhomogeneity cases: a typical nonhomogeneous mixture obtained with port
fuel injection of indolene, and a perfect mixture of premixed isooctane prepared in a mixing tank before entering
the combustion chamber. The overall fuel/air equivalence ratio was fixed at 1.0 fc_rbot_,cases. Exhaust gas analysis
revealed that fuel/air nonhomogeneity was roughly cut in half when fuel injection with indolene was replaced by
premixed isooctane. The reduction in mixture nonhomogeneity was accompanied by a slight reduction in the
standard deviation of flame initiation and development angles 00.2_. and 00-10_..However, no significant impact was
revealed in the statistics of the main combustion phase 010-9o_..

In 1991, Daniels et al. [23] developed an experimental technique for evaluating the influence of mixture
preparation on the performance of a spark ignition engine. The preparation components investigated were fuel
vapor, droplets, and liquid streams. Their effects on cylinder pressure and exhaust gas concentration were studied
in a production engine. The results showed that the performance (IMEP, exhaust emissions, etc.) of the engine was
diminished by increasing the amount of fuel in liquid-stream form, which was believed to result in the greatest
mixture nonhomogeneity.

Although these studies show that the method of mixture preparation can have a significant impact on engine
combustion, the degree to which mixture nonhomogeneity contributes to cyclic combustion variations is still not
well understood. The relationship between incomplete fuel-air mixing and cyclic combustion variability in engines
has been difficult to resolve in an actual engine due to the difficulties of controlling and quantifying the degree of
incomplete fuel-air mixing in an engine combustion chamber. Recently, several non-intrusive laser-based
measurement techniques which quantify the spatial and temporal nonhomogeneity of fuel-air mixtures in SI engine
combustion chambers have been developed. These include an NO2-based laser-induced fluorescence (LIF)technique
[24], a laser Rayleigh scattering technique [25-28], a 2-D LIF technique [29,30], and a 2-D laser induced exciplex
fluorescence (LIEF) technique [31]. Although the application of such techniques t___realistic engine systems has been
limited to date, valuable information on typical levels of mixture nonhomogeneity has been obtained. For example,
the results reported by Baritaud and Heinze in 1992 [29] showed that 15 - 20°/o root-mean-square (RMS) fluctuations
in the fuel/air equivalence ratio at 25 ° BTDC were observed using a biacetyl-based 2-D LIF technique in a single
cylinder engine with optical access. In 1992, Maly et al. [30] used an ethylmethylketon-based 2-D LIF technique
in a transparent square piston engine, and reported that the fluctuation in the excess air ratio was 0.8 - 1.2 at 40 °
BTDC.

In order to study the effects of incomplete fuel-air mixing on early flame-kernel growth and cyclic variations
in combustion, the experiments reported in this paper were conducted in a turbulent flow system designed to create
the desired degree of incomplete fuel-air mixing in a well-controlled flow field. The NO2-based LIF technique was
used to characterize mixture nonhomogeneity in the test section, and laser Doppler velocimetry (LDV) was used
to characterize the turbulent flow field. Growth of spark-ignited flame kernels was measured by means of high-speed
laser shadowgraphy to gather information about the equivalent flame kernel radius and its growth rate versus time.
The effect of incomplete fuel-air mixing on flame kernel growth, "cyclic" variations, and misfire rate are presented
and discussed.

EXPERIMENT

TURBULENT FLOW SYSTEM - The turbulent flow system illustrated in Fig. 1 was designed to allow
independent variation of the mean velocity and turbulence intensity, as well as, the degree of fuel-air mixing in the
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test section. Turbulence is generated by fot_.ing the primary flow through two narrow slots (0.32 mm w,ue by 50.8
mm long) in the slot plate, as illustrated in Fig. I. This produces large vortices which then breakup in a converging
section before entering the test section, resulting in very high levels of homogeneous, isotropic turbulence [32]. The
mean velocity and turbulence intensity were measured with LDV at nine locations over the width of the test
section, at the same height as the spark electrode. The measured flow characteristics are shown in Fig. 2. The mean
velocity and turbulence intensity averaged over the nine locations were I. 16 m/sec and 0.25 mlsec, respectively.
Relative to the flow conditions in an engine, the turbulence level corresponds to a ratio of turbulence intensity to
mean piston speed (for a I0 cm stroke and 800 rpm) of - 1110.The integral length scale was estimated to be 4 mm,
based on two-point spatial correlation measurements made in a nearly identical flow system [32].

Incomplete fuel-air mixing is achieved by introducing the fuel (propane) at two different locations. The
primary location is about 160 flow tube diameters upstream of the test section which insures complete fuel-air
mixing. The secondary location is approximately I cm upstream of the test section where the fuel is introduced
through four fuel tubes, as shown in Fig. 1. By varying the fraction of fuel added at these two locations, the degree
of incomplete fuel-air mixing in the test section can be changed. In this study, a (100%) premixed case and four
incompletely mixed cases were established while the overall fuel-to-air (fuel/air) equivalence ratio was 1.0. These
four cases are referred to as the 75% premixed, 50% premixed, 25% premixed, and 0% prer rxed cases. For
example, the 75% premixed case is obtained by adding 75% of the fuel at the primary location aI_d the 25% at the
secondary location. By selecting the size of the fuel tubes so that the mean gas velocity of the se_.ondary fuel jets
matches the mean velocity of the primary flow, the secondary fuel was introduced without appreciably changing
the turbulence properties of the primary flow. This was confirmed by making LDV measurements with and without
the secondary fuel flow while maintaining the same flow rate through the test section.

NO_-BASED ElF TECHNIQUE - The degree of fuel-air mixing was characterized using an NO2-based LIF
technique. This technique involves replacing the fuel with an equivalent volume flow rate of nitrogen which is
doped with 6500 ppm of NO2. It is assumedthat the NO2 mixeswell with air at a molecular level and that it tracks
all time and length scales in the flow of interest to yield accurate information about the fluctuations in fuel
concentration. The major drawback in using NO2 is that it is highly toxic, necessitatingextreme caution during its
use. NO2 absorbsradiation over a relatively broad band of wavelengths with many lines in the visible spectrum that
are easily accessible with an argon-ion laser, and subsequently emits broad band radiation at longer wavelengths
[33, 24]. The intensity of the red-shifted fluorescence is proportional to the NO2 concentration and therefore
provides a measure of the instantaneousand local fuel to air ratio. A high signal to noise ratio may be achieved by
using a long-pass filter to eliminate stray laser light scatteredfrom windows, walls, etc..

A schematic diagram of the LIF setup is shown in Fig.3. The 488 nm output of an argon-ion laserwas used
to excite the NO 2. The laser beam was focused with a 250 ram-focal length lens. The fluorescence signal was
collected at 90 degree with a 121 ram-focal length, 60 mm diameter lens, and collimated by positioning the lens
one focal length away from the probe volume. The collimated beam was then focused onto a 1.6 ram-diameter
aperture using a second 121 ram-focal length lens, passedthrough a 515 nm-long passfilter to eliminate resonant
scattering, and detected with a photomultiplier tube (PMT). Becausethe magnification ratio of the collection optics
was 1"1, the spatial resolution was determined by the aperture size. The signal from the PMT was monitored and
recorded by a digital oscilloscope and a computer based A/D system, respectively. All test section walls were
painted black to reduce laser light reflection off the walls. The testsection and all optical components were covered
by a black-painted box to shield them from room lights and minimize background noise.

In the following, background noise is defined as the signal measured with no NO2 and is primarily due to
the small but finite transmissivity of the long-passfilter at the laser beam wavelength. Although it is impossible to
remove the background noise completely, it must be minimized to achieve a high signal-to-noise ratio for accurate
measurements. In order to determine a PMT input voltage yielding a highest signal-to-noise ratio, the signal and
noise characteristics at various PMT input voltages were examined. Here, the signal and noise were measured at
a fixed laser power of 400 roW. The signal from a stoichiometric mixture and the background noise increase with
increasing PMT input voltage, but the signal-to-noise ratio initially increases until it reaches a maximum value of
about 30 at 900 V after which decreasesslightly. Therefore, a PMT input voltage of 900 V was chosen for the best
signal-to-noise ratio.
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The ensemble averaged mean and relative RMS fluctuation of the NO2 fluorescence signal as functions of
the fuel/air equivalence ratio under premixed conditions are shown in Fig. 4. The mean fluorescence signal increases
linearly with the fuel/air equivalence ratio while the relative RMSfluctuation decreases. At stoichiometry (_ - 1.0),
the mean fluorescence signal is about 730 mV and the relative RMS fluctuation is about 5.2%. Because the
premixed mixtures are homogeneous, there should be no significant fluctuation in the signal. However, the signal
always includes small fluctuations due to fluctuations in laser power, room lights, and stray laser light. The RMS
fluctuation does not increase as rapidly as the mean signal; therefore, the relative RMS fluctuation decreases with
increasing fuel/air equivalence ratio. By using the linear relationship between the mean fluorescence signal and the
fuel/air equivalence ratio, a transient fluorescence signal can be converted to a fuel/air equivalence ratio.

A fast data sampling rate was required to temporally resolve the fluctuations in the fuel/air equivalence ratio.
The temporal resolution of this technique is primarily dependent on the device used to record the transient
fluorescence signal. In this study, all transient fluorescence signals were recorded for 5 seconds at a sampling rate
of 1 KHz, which was found to be adequate to resolve the temporal fluctuations. Five thousand data were recorded
for each measurement, from which the ensemble averaged mean value and its RMS fluctuation were calculated.
Figure 5 shows typical fuel/air equivalence ratio versus time traces for the premixed and four incompletely mixed
cases, measured at the height of the spark electrode and at the center of the test section. As previously explained,
the signal trace for the premixed case shows a little fluctuation due to measurement noise but this fluctuation is
small compared to those of the incompletely mixed cases. The RMS fluctuations of the incompletely mixed cases
are determined by assuming the measurement noise is uncorrelated with the fuel/air fluctuations, in which case the
measured RMS fluctuation is equal to the square root of the sum of the square of the actual RMS fluctuation and
the square of the noise RMS fluctuation. The relative RMS fluctuations calculated from the traces in Fig. 5 are 0%,
5%, 13%, 22% and 31% for the 100°/o premixed, 75% premixed, 50% premixed, 25% premixed and 0% premixed
cases, respectively.

It is useful to know the characteristic size of the fuel/air "pockets" under incompletely mixed conditions. This
can be estimated from the integral time scale, T, of the fuel/air fluctuations, which is defined by

T---fo" d_ (1)

where p(r) is the autocorrelation coefficient which is given by

where @(0@(d) is the correlation between values of the fluctuations in fuel/air equivalence ratio, C(0ffi_(0-_(0, at
times t and t'. In a turbulent flow, the value of T is a rough measure of the interval over which _'(t) is correlated
with itself. The integral length scale A, which can be interpreted as the characteristic size of the fuel/air "pockets",
is then obtained by

A -_ U T (3)

where U isthe mean flowvelocity.Thisiscalledthe Lagrangianintegrallengthscale.On theotherhand,the

Eulerian integral length scale can be obtained by spatial correlations between two fixed points in a fixed frame of
reference. These two length scales are the same if the turbulence is homogeneous and isotropic [34]. The
autocorrelation coefficient curves corresponding to the fuel/air equivalence ratio traces in Fig. 5 are shown in Fig.
6. Also shown in this figure are the integrated areas under the autocorrelation curves which define the Lagrangian
integral time scale. The integral length scale based on these measurements is estimated to be about 6 mm. This
agrees well with the turbulent velocity field integral length scale of 4 mm, based on two-point spatial correlation
measurements made in a nearly identical flow system [32].

Another useful way to characterize the incompletely mixed cases is in terms of the probability density
functions (PDF's) of the fuel/air equivalence ratio which are shown in Fig. 7. These curves have a shape somewhat
similar to the Gaussian distribution which is typical of probability densities measured in a turbulent flow, showing
that fuel and air mixing is primarily controlled by the turbulent flow. As the degree of incomplete fuel-air mixing
increases the peak value decreases and the curve becomes wider. The peak values are located close to _ .- 1.0,
except for the 0% premixed case which is skewed a little to the lean side.
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The spatial distribution of mean fuel/air equivalence ratio and its RMS fluctuation across the test section is
shown in Fig. 8. Measurements for each case were made over the width of the test section at nine locations which
are at the height of the spark electrode and along the centerline of the test section. The mean and RMS fluctuation

in fuel/air equivalence ratio is uniformly distributed across the test section. The mean fuel/air equivalence ratios
averaged over the nine locations are, of course, 1.0 for all cases. The RMS fluctuations averaged over the nine
locations are 0%, 6%, 13%, 24°/,, and 33% as the degree of incomplete fuel-air mixing varies from the 100°Io
premixed case to the 0% premixed case.

IGNITION SYSTEM -A General Motors High Energy Ignition (HEI) system was used as the ignition system
for this study [35]. It consists of an ignition module, an ignition coil, a triggering circuit, a J-gap spark plug with 1.2
mm gap spacing (Champion Z-8), and a 12 VDC power supply. The ignition spark is initiated by a I-I'L pulse (5 V
and 5 msec) provided by a pulse generator. Upon receiving the TTL pulse, the ignition module shorts out the
primary side of the ignition coil, causing a high voltage rise on the secondary side. The high voltage induced in
the secondary coil is routed to the spark plug to produce the ignition spark. A plot of measured spark power and
energy delivered to the spark gap versus time is shown in Fig. 9. The HEI spark supplies total ignition energy of 60
mJ in about 4 msec spark duration, however - 80% of the energ_l is delivered in the first 2 mscc. The variation
in measured spark energy from spark to spark was less than 5%.

LASERSI-IADOWGIIAPI-IY - High speed laser shadowgraphy was used to record the temporal evolution of
the spark-ignited flame kernels. The experimental setup is illustrated in Fig. 10. A 514.5 nm-wavelength green beam
from a continuous wave argon-ion laser was expanded by a spatial filter, and collimated by a concave mirror. The
parallel, uniform intensity light was passed through the quartz windows in the test section, and then focused onto
a camera by another concave mirror. The shadowgraph images were recorded using a high speed motion analysis
system (Kodak Spin-Physics SP2000). Measurements were made at 4000 frames per second (fps) speed which
corresponds to 250 _usbetween frames. At each operating condition, flame kernel images of twenty separate ignition
events were recorded.

TEST CONDITIONS - Table I shows the test conditions used in this experiment. Stoichiometric propane-air
mixtures with various degrees of incomplete fuel-air mixing were supplied to the test section at a flow rate
corresponding to a nominal I rn/sec mean flow velocity. The pressure and temperature were I atm and 300 K,
respectively. The mean velocity and turbulence intensity were I. 16 m/sec and 0.25 rnlsec, respectively. The integral
length scale of the turbulent velocity fluctuations was estimated to be 4 mm [32]. The premixed and four
incompletely mixed cases were established as test conditions. The relative RMS fluctuations in the fuel/air
equivalence ratio are 0%, 6%, 13%, 24% and 33% for the 100% premixed, 75% premixed, 50°1opremixed, 25%
premixed and 0% premixed cases, respectively.

ANAI.YSIS METHOD - The flame kernel images recorded on the SP2000 system were transferred to a VHS
tape. The images on the VHS tape were projected onto a screen using a VCR and a front-projection "IV. The flame
kernel boundary was digitized by manually tracing the flame kernel boundary, and the coordinates were stored in
a computer. Based on the X-Y coordinates of the flame kernel boundary and a scale factor, the projected area
enclosed by the flame kernel boundary was determined. An equivalent flame kernel radius was defined as that of
a semi-circle whose area was the same as the projected area of the flame kernel. This digitizing process was
repeated for 20 separate ignition events at each operating condition, producing twenty individual equivalent radius-
versus-time curves. These twenty cases were used to calculate an average equivalent radius and its standard
deviation. The average growth rate was obtained by taking the derivative of the average equivalent radius-versus-
time curve.

The average growth rate was compared with the laminar growth rate of the flame kernel at each test
condition. Based on continuity, the laminar growth rate is defined as

/am Pb

where Pu and Pb are unburned and burned gas density, respectively, and SL is the laminar flame speed. The burned
gas density was calculated using the NASA equilibrium code [36]. The unburned gas density was determined from
the ideal gas law. The laminar flame speed for propane-air mixtures as a function of the diluent mass fraction was
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Table 1. Test Conditions

Fuel Propane
Pressure 1 atm

Temperature 300 K

Flow characteristics

Mean velocity 1.16 m/sec
Turbulence intensity 0.25 m/sec
Relative turbulence intensity 22 %

Integral length scale - 4 mm

Fuel-air mixedness RMS fluctuation
100% premixed case 0%
75% premixed case 6%
5,0°1opremixed case 13%
2',5%premixed case 24%
0% premixed case 33%

obtained from

sL = (1-3.of) sL(o) (5)

where SL(O)is the unstretched, adiabatic laminar flame speed without dilution and f is the diluent mass fraction [37-
39]. The unstretched, adiabatic laminar flame speed (in cm/sec) for propane-air mixtures without dilution as a
function of fuel/air equivalence ratio at a temperature of 298 K and pressure of 1 arm is given by

Sz.(O) = 38.31 +24.84(_ - 1) - 153(4)- 1)2 (6)

where _ denotes the fuel/air equivalence ratio [40].

RESULTSAND DISCUSSION

Incomplete fuel-air mixing affects early flame kernel growth due to spatial and temporal variations in the
local mixture strength near the spark plug which result in ignition-to-ignition variations in the flame kernel growth
rate. This is especially true for the early stagesof flame kernel development when the flame is small and not highly
wrinkled, and flame kernel growth is primarily dependent on the laminar burning velocity. Variations in the local
equivalence ratio, such as shown in Fig. 7, not only affect the laminar flame speed but also thermal expansion due
to a change in the flame temperature. Flamestretchand preferential diffusion also havea significant impact on flame
kernel growth. The primary effect of flame stretch and preferential diffusion is a change in the laminar burning
velocity resulting from a change in the flame temperature. For rich propane-air mixtures where the effective Lewis
number is less than unity, the flame temperature and flame speed increase with increasing flame stretch because
the fuel/air equivalence ratio shifts closerto stoichiometricat the flame front. The reverse is true for lean propane-air
mixtures where the effective Lewis number is greater than unity [41]. In 1969, Palm-Leis and Strehlow [42,43]

investigated the effect of flame stretch on the burning velocity of an outwardly propagating spherical flame in
laminar and isotropic turbulent flow fields. In the laminar case,rich propane-air mixturesexhibited a higher burning
velocity at small radii, while lean mixtures showed a lower burning velocity at small radii. Their resultsindicate that
the effect of preferential diffusion on laminar burning velocity is very high during the early stagesof flame kernel
development and that it changes itssign as the fuel/air equivalence ratio passesthrough unity. However, this effect
diminishes rapidly as the flame kernel grows in size, and becomes negligible as the flame kernel radiusapproaches
20 - 30 mm. Basedon the above considerations, the resultsfrom this study are presented and discussedbelow.

The shadowgraph images of the flame kernels show in all casesthat the flame kernel grows outward from
the spark electrode in a somewhat semi-circular shape, but with a noticeable stretchingof the flame kernel in the
direction of the gasflow. Note, however, that the convection of the flame kernel does not cause it to separate from
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the electrodes at any of the test conditions. As the degree of incomplete fuel-air mixing increases, more wrinkles
are observed on the flame kernel surface. Note that the fuel and air mix as the mixture flows through the test
section, therefore the wrinkles develop mostly on the upstream part of the flame kernel surface. The effect of
incomplete fuel-air mixing on the "cyclic" variation of flame kernel growth is shown in Fig. 11, where twenty
individual growth curves for each test condition are plotted versus time after the start of ignition. Only successful
ignition cases, i.e., no misfire cases, are included in these results. The size of the flame kernel after the blast wave
phase, called the initial flame kernel size below, can be estimated from these measurements by extrapolating the
flame kernel radius versus time curves back to t = 0. Since only one ignition system was used, the ignition system
parameters were fixed so that the initial flame kernel radius is -- 2.5 mm (---5 mm diameter) for all cases. Comparing
this to the characteristic size of the fuel/air pockets, which was previously determined to be approximately 6 mm,
indicates that even the initial flame kernel is likely to encounter variations in the fuel/air equivalence ratio over its
surface in the incompletely mixed cases.

As shown in Fig. 11, the "cyclic" variations are smallest for the premixed case and appear to increase as the
RMS fluctuation in the fuel/air equivalence ratio increases, where in particular more slow growth events are
observed as the degree of incomplete mixing increases• These slow growth events may cause partial burn cycles
in an SI engine which will increase the unburned hydrocarbon emissions and reduce the performance of the engine.
Some faster events are also observed in the incompletely mixed cases because the laminar burning velocity of
propane-air mixtures peaks at slightly fuel rich conditions [37,44].

The observed variations in the flame kernel size at later times are generally believed to be the result of the
fluctuations in the early flame kernel growth rate. To quantify the effect of the early flame kernel growth rate on the
subsequent flame kernel size, the empirical coefficient of correlation R(tl, t2) was calculated as in Eq. 7.

I _ drl- -_.(t l) r/(t2)N J-t
R(tl,_) = (7)

]+
where

N - number of ignition events

dr/-_(t)_--_)--_(t) =

r/(t) = rj(t) - r(t--_
t = time after the start of ignition (msec)

-_(t) - i-th flame kernel growth rate at time t

ri(t ) = i-th flame kernel radius at time t.

The effect of the early growth rate on the flame kernel size at later times is shown in Fig. 12, where the
correlation coefficients are expressed as functions of t1 with a fixed t2 of 6 msec. Thus the correlation coefficient
curves show how well the growth rate at tl correlateswith the flame kernel size at 6 msec (6 msec corresponds to
36 crankangle degrees at 1000 rpm). Note that all curves have two distinctive regions; the first region up to 2 msec
and the second region at 2-4 msec. In the first region the correlation coefficients are initially small and increasewith
increasing time. The most likely explanation for this is that the early growth rate, i.e. before 2 msec, is strongly
influenced by spark assistedgrowth since it is during this time that the spark deposits approximately 80% of its
energy. The reason why this resultsin a poor correlation isthat the spark assistedgrowth rate is not strongly affected
by the local equivalence ratio or turbulent flow conditions (at this relatively low mean velocity and turbulence
intensity); where as the later growth rate (i.e. from 2-4 msec) is strongly dependent on both the local equivalence
ratio and turbulence conditions. This is also evident from close inspection of the flame kernel growth data shown
in Fig. 11. These observations are consistent with flame kernel growth and cylinder pressurecorrelation fig. 11
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Figure 12. Correlation coefficient R(tl, 6) as a
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measurements made in an optically accessible engine operating with the same ignition system [45]. Similarly they
are consistent with the relatively poor correlation between optical fiber spark plug measurements and cylinder
pressure measurements [46]. Note, however, that in a situation with high mean velocity and high turbulence
intensity, the local velocity fluctuations could affect the spark, resulting Jna strongercorrelation between the spark
assistedgrowth and the subsequent flame kernel size.

The correlation between the early growth rate and the subsequent size of the flame kernel, however,
becomes more significant as t_approaches2 msec where the second region begins, indicating that by this time there
are significant "cyclic" variations in the growth rate which directly result in variations in the subsequent size of the
flame kernel. In the second region, the growth rate correlates well with the flame kernel size at 6 msec, and the
curves are virtually flat with correlation coefficients of 0.96 or higher.

And finally, note that incomplete fuel-air mixing appears to result in poorer correlations during the spark
assistedgrowth phase (0-2 msec), but does not significantly affect the correlation during the later stages (2-4 msec).

The effect of incomplete fuel-air mixing on the mean flame kernel growth is shown in Fig. 13, where the
mean flame kernel radius is plotted versustime after the startof ignition. The mean growth curves were obtained
by averaging twenty ignition events for each case in Fig. 11. The mean growth of the flame kernel is a little faster
in the 6%, 13% and 24°/o-RMS-fluctuation casesand a little slower in the 33%-RMS-fluctuation case than in the
premixed case.

Before discussing these results it is important to determine whether or not the observed differences are
significant given the relatively small sample size of 20. The 95% confidence interval for the mean/1 is defined as
where

r - the mean of the sample CONF { r-k _ I_ _ r+k } (8)

k = 1.96o/v/N
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Figure 14 shows the 95% confidence interval for the mean in the premixed, 6%-RMS-fluctuation and 33%-RMS-
fluctuation cases. As shown, the statistical uncertainty in the mean flame kernel radius measurement is comparable
to the differences between the different cases, therefore the discussion of the results which follows, while considered
to be valid must be viewed with this in mind.

A One factor affecting the flame kernel growth rate in the incompletely mixed cases is the variation in the
laminar flame speed with fuel/air equivalence ratio [44]. This effect can be estimated using the fuel/air equivalence
ratio PDF's shown in Fig. 7, where it is necessary to discard caseswhich fall outside the lean and rich flammability
limits, i.e. 0.52 <_2.4 for propane-air [47], in order to account for the fact that misfires are not included in the
growth rate data. Table 2 gives the mean laminar flame speed, within the flammability limits, for the five test
conditions, where it is seen that the mean laminar flame speed decreases with increasing RMS fluctuations in the
fuel/air equivalence ratio. This means that the mean growth of the flame kernel should be slower in the incompletely
mixed cases than in the premixed case, which does not agree with the experimental results, nor with the results
reported in some studies which show that some form of heterogeneous intake charge is beneficial for engine
operation [19,2 I].

Two other factors which must be considered under incompletely mixed conditions are the effects of flame
stretch and preferential diffusion and the effect of flame front wrinkling. As discussed previously, the early flame
kernel experiences significant flame stretch which under fuel rich conditions results in an increase in the laminar
flame speed and under fuel lean conditions results in a decrease in the laminar flame speed. Assuming a nearly
symmetric fuel/air equivalence ratio PDF, this should have little effect in the mean flame kernel growth rate. The
second factor to consider is the observed wrinkling of the flame kernel surface which has been found to increase
with increasing RMS fluctuation in the fuel/air equivalence ratio. This fact will result in an increased flame surface
area, which alone would contribute to an increased mean flame kernel growth rate.

Table 2. Mean laminar flame speed ( _ ) within flammability limits

sL (c,,/_)

Premixed 44
6%-RMS-fl uctuation 42
13%-RMS-fl uctuation 39
2 _,%-RMS-fl uctuation 33
33%-RMS-fl uctuation 31

Figure 15 shows the mean growth rate of the flame kernel as a function of the mean flame kernel radius.
For comparison, the previously defined laminar growth rate is also shown. The growth rate is initially very large,
in fact, many times larger than the laminar growth rate [3]. The large initial growth rate is not shown in Fig. 15
because a recording speed of 4000 fps is not fast enough to resolve the initial growth rate. The result shows that
this initial, large growth rate decreases very rapidly to a value which is less than the laminar growth rate, after which

- it increases to a value slightly greater than the laminar growth rate. This behavior can be explained in terms of three
competing processes [3]. One is the effect of the thermo-chemical energy of the flame kernel which one would
expect to be largest initially and to decrease with time. The second is the combined effect of flame stretch and
preferential diffusion, which results in either a reduced or enhanced laminar flame speed depending on the fuel/air
equivalence ratio, where this effect also decreases in magnitude as the flame kernel radius increases, such that by
a radius of 20 to 30 mm it is nearly negligible [42,43]• The third effect is due to turbulence, which increases with
time as the flame kernel grows until reaching a fully-developed state. One interesting behavior of the growth rate
curves is that regardless of the different degree of incomplete fuel-air mixing, the mean growth rates reach a
minimum and start to increase when the mean flame kernel radii are about 4 mm which corresponds to the integral

length scale. This result shows that after the flame kernel grows to a size bigger than twice the integral length scale,
turbulence effects enhance the growth rate by wrinkling and distorting the flame kernel surface.
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Similarly to the mean flame kernel growth, the mean growth rate for the 6%-RMS-fluctuation case is a little
higher than for the premixed case as shown in Fig. 15. However, the growth rates for the premixed, 6"/.-RMS-
fluctuation, 13%-RMS-fluctuation and 24%-RMS-fluctuation cases are not much different. Based on the discussions
about the uncertainty of the experiments, one can say that the mean growth rates for these four cases are within the
experimental error. However, the growth rate for the 33%-RMS-fluctuation case is significantly lower than those of
the others, suggesting that large fluctuations in the fuel/air equivalence ratio may result in a low mean flame kernel
growth rate. Therefore one may expect that with a higher degree of incomplete fuel-air mixing the application of
lean-burn technology may be limited by partial burns.

Figure 16 shows the standard deviation in flame kernel size, which is a measure of the "cyclic" variation
in flame kernel growth, versus mean flame kernel radius. As the flame kernel grows from its initial size (radius) of
-.-2.5 mm to --4 mm the standard deviation is small and relatively constant. This corresponds to the time when
flame kernel growth is primarily the result of spark assisted growth, as disscussed previously. After this time,
however, flame kernel growth is strongly affected by the local fuel/ai_ equivalence ratio and turbulence conditions
and therefore begins to experience significant "cyclic" variations, as indicated by a marked increase in the standard
deviation of the flame kernel radius. And finally, when the flame kernel radius reaches --20 mm, the standard
deviation appears to begin to level off, suggesting that the size of the flame kernel is much larger than the scale of
the fuel/air and turbulence fluctuations (which are .--6 mm and --4 mm, respectively). Comparing the results for
different RMS fluctuations in the fuel/air equivalence ratio it is clearly evident that incomplete fuel-air mixing can
contribute significantly to "cyclic" variations in flame kernel growth, however, because of the limited statistical
certainty of the measurementsthe relationship between the degree of incomplete mixing and the "cyclic" variations
can not be accurately quantified.

It is well known that the fluid motion within the cylinder of an internal combustion engine has a major
influence on the performance of the engine. The general motion within the cylinder and the associated turbulence,
particularly during ignition and flame propagation, affects the mass burning rate, cycle-to-cycle variations, and the
lean combustion limit [18,48-53]. An increase in turbulence initially improves engine efficiency due to more rapid
combustion. Further increases in turbulence are progressively less beneficial and can ultimately lead to flame
quenching, particularly in the case of lean mixtures. Incomplete fuel-air mixing can affect flame quenching through
fluctuations in the fuel/air equivalence ratio. Flame quenching is most likely in the early phase of flame
development, when the temperature and laminar flame speed are relatively low. This is particularly true for lean
mixtures with low laminar flame speedsand high turbulence enginesat high speeds since these conditions can lead
to high values of the flame stretch rate, and affect the misfire limit.

The misfire tendency at various degrees of incomplete fuel-air mixing is shown in Fig. 17, where!the misfire
rate was determined by counting the number of misfire events in 100 ignition attempts. Misfire corresponds to a
case when the flame kernel grows little if any beyond its initial size after which it is extinguished. This was
observed with the high speed shadowgraph systemand was found to coincide with the absence of a flame in the
turbulence generating section upstream of the test section following ignition; therefore, this simple observation was
usedto determine whether a misfire occurred. The premixed and 6%-RMS-fluctuation caseshad a 0% misfire rate.
The misfire rates were 1% and 2% for the 13% and 24%-RMS-fluctuation cases, respectively; however, it rapidly
increased to 23% in the 33%-RMS-fluctuation case.

It may be useful to compare the misfire rates with the fraction of fuel/air equivalence ratios beyond the
flammability limits, which can be obtained from the PDF curve for each case shown in Fig. 7. There are no non-
flammable fuel/air equivalence ratios for the premixed, 6% and 13%-RMS-fluctuation cases.By increasing the degree
of incomplete fuel/air mixing, these are increased to 3% of the total PDF in the 24%-RMS-fluctuation case and 10%
of the total PDF in the 33%-RMS-fluctuation case. The percentage of non-flammable fuel/air equivalence ratios,
however, does not completely explain the observed misfire rates for the 13%, 24(/0and 33%-RMS-fluctuation cases.
This is to be expected, though, since successful ignition and flammability are not the same, e.g. ignition is a transient
phenomenon and flammability is a steady state phenomenon. Successful ignition is also dependent on the details
of the ignition system. Another approach would be to select the lean misfire limit fuel/air equivalence ratio which
gives the correct misfire rate for the 13%-RMS-fluctuation case and apply it to the other cases. If one does this one
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Figure 17. The misfire tendency at various degrees of incomplete fuel-air mixing.

finds that the lean misfire limit fuel/air equivalence ratio is0.6 which when applied to the fuel/air equivalence ratio
PDF's for the 60,24% and 33%-RMS-fluctuation casespredicts misfire rates of 0%, 8%, and 16%, respectively.
These, however, still do not agree with the actual mixfire rates.

CONCLUSIONS

The effect of incomplete fuel-air mixing on spark-ignitedflame kernel growth has been studied in terms of
itseffect on the flame kernel growth rate, the "cyclic" variation in the flame kernel growth and the misfire rate. The
experiments were conducted at 1 atm, 300 K conditions in a turbulent flow system which allows for independent
variation of flow field parametersand the degree of fuel-air mixing. The mean velocity and turbulence intensity were
fixed at 1.16 and 0.25 m/sec, respectively. Fivecaseswere studied; a premixed and four incompletely mixed cases
with 6%, 13%, 24% and 33% RMS fluctuations in the fuel/air equivalence ratio. The overall fuel/air equivalence
ratio was unity for all cases. The main conclusions from this study are summarized below (Here, the quantitative
resultsshould be used with caution, however, due to the statisticaluncertainty of the measurements):



i

1. The initial size of the flame kernel was not affected by the degree of incomplete fuel-air mixing.

2. The fluctuation in local mixture strength due to incomplete fuel-air mixing causes wrinkling and distortion
of the flame kernel surface. As the RMS fluctuation in the fuel/air equivalence ratio increases, more wrinkles
on the flame kernel surface can be found.

3. The "cyclic" variations in flame kernel growth for the incompletely mixed cases are greater than for the
premixed case.

4. A strong correlation (R(tl,6) > 0..9)between the early flame kernel growth rate and the subsequent size of the
flame kernel was not achieved until after --- 2 msec, i.e. until the completion of the spark assisted growth
phase.

5. The mean growth of the flame kernel is within the experimental uncertainty for all test conditions except
the 33%-RMS-fluctuation case which is significantly slower.

6. The standard deviation in flame kernel size, which is a measure of the "cyclic" variation in flame kernel
growth, is small and relatively' constant during the spark assisted growth phase (0-2 msec), after which it
increases markedly until the flame kernel radius is -- 20 ram. The standard deviations for the incompletely
mixed cases are higher than in the premixed case, but no consistent trend was found.

7. The premixed and 6%-RMS-fluctuation cases had a 0% misfire rate. The misfire rates were 1% and 2% for
the 13°/, and 24%-RMS-fluctuation cases, respectively; however, it rapidly increased to 23% in the 33o10-
RMS-fluctuation case.
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