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ABSTRACT

general, the more intense the eddying motion, the
faster the combustion rate. However, under very lean
or high exhaust-gas-recirculation (EGR) conditions, an
excessive level of turbulence may not be desired. With
lean burn or high EGR mixture, the high intensity
turbulence can lead to an increase in cyclic variations
and engine misfire.

The different roles played by small and large
eddies in engine combustion were studied.
Experiments compared natural gas combustion in a
converted, single cylinder Volvo TD 102 engine and in
a 125 mm cubical cell. Turbulence is used to enhance
flame growth, ideally giving better efficiency and
reduced cyclic variation. Both engine and test cell
results showed that flame growth rate correlated best
with the level of high frequency, small eddy turbulence.
The more effective, small eddy turbulence also tended
to lower cyclic variations. Large scales and bulk flows
convected the flame relative to cool surfaces and were
most important to the initial flame kernel.

This paper focuses on the different roles
played by the higher frequency, smaller scales and the
lower frequency, larger scales of turbulence in engine
combustion. It is the authors’ belief that further
advancement in high turbulence, lean burn, highly
efficient combustion engines depends on a better
understanding of turbulence influences on the
combustion process.

INTRODUCTION

SMALL EDDY TURBULENCE VERSUS
LARGE EDDY TURBULENCE - The different roles
played by small scale and large scale mixture motions
in engine combustion have been debated for many
decades. The issue is particularly confused by the
presence of large scale, organized motions such as
swirl, tumble and squish which may break down into
smaller scale turbulence during combustion, (see for
example [5]). Frequently, researchers overlook the
importance of keeping comparable turbulence
intensity over the period of combustion when making a
comparison. Such comparisons become extremely
complex when very different engine chamber designs
are involved. One way of decoupling different
turbulence effects is into

Although combustion chamber turbulence
has been around since the invention of the first
combustion engine, its role was overlooked until the
early twentieth century. Clerk and Hopkinson [1] were
the first researchers to discover the vital role of
turbulence in engine combustion with their
experiments on turbulence effects on combustion rate
as early as 1912. As stated in [1], gas engines would
have been impracticable had the rates of explosion
been the same in actual engine cylinders as in closedvessel experiments. Since then, many researchers
have studied the effects of turbulence on the
combustion process, (for example, [2, 3, 4]). In
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"flame-turbulence" and "flame-electrode/wall" problems.
"Flame-turbulence" interactions can be regarded as the
enhancement of the combustion rate, predominantly by
high frequency, small scale turbulence. The
"flameelectrode/wall" interactions relate to the flame ball being
convected, predominantly by low frequency, large scale
turbulence or organized motions such as swirl and tumble,
in a chamber containing electrodes and walls. Variable
amounts of electrode and wall contact give variable
quenching. Loss of flame area due to quenching is most
critical when the flame kernel is small and is one of the
major factors giving cycle to cycle variations in combustion
rate. (Other major causes of the cycle to cycle variation are
fluctuations in turbulence and inhomogeneities in the
fuel / air / residual gas mixture.)
When the flame ball is small relative to the
average eddy size, (whether due to small flame ball or
large eddy size), the high frequency, smaller eddies are
most effective in shearing and wrinkling the flame front [6].
Eddies larger than the flame ball mostly convect the flame
around. Figure 1a portrays a schematic of small flame ball /
eddy case. The relatively small flame ball is wrinkled by the
small scale, closely spaced corrugations. On the other
hand, the largest eddies are like wandering giants, who
occasionally kick the flame ball around. This flame
convection by the "Kicking effect" is very much related to
cyclic variation. Depending on the relative location of the
flame ball, large eddies, and quench surfaces in the
combustion chamber, the outcome of flame convection can
be very different. The largest scales of motion such as swirl
and tumble tend to provide a consistent direction of motion
on each cycle. However, large scale, random turbulence
eddies can impart a variable extra motion resulting in
variable quench surface contact. This variation contributes
part of the cycle to cycle variation in engine combustion.

Figure 1a A small flame kernel in the midst of relatively
large eddies of different sizes.
(η
η=Kolmogorov scale, λ=Taylor microscale, Λ=integral
length scale).

Variation in rate of turbulent flame growth is
another important factor in cyclic variability of combustion.
Depending on the relative location of the flame kernel
among the eddies, the increase in flame front corrugation
and flame ball distortion may vary notably. The variation in
turbulent flame growth will generally be greater if the
turbulence enhancement is produced by larger scale
turbulence than by small scale turbulence, due to the
greater spatial uniformity of small scale turbulence.

Figure 1b A large flame ball in the midst of relatively
small eddies of different sizes.
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EXPERIMENT AND ANALYSIS

As the flame kernel grows larger (or with fine
scale, small eddy turbulence), a larger portion of eddies in
the turbulence spectrum contribute to wrinkling of the
flame front, directly enhancing the burning rate. This large
flame ball / small eddy size case, as shown in Figure 1b,
provides more effective turbulence enhancement for the
same turbulence intensity. As the flame grows, the larger
flame ball is too big to be kicked around and can take
direct advantage of all the eddy sizes.

ENGINE - The single cylinder engine used was
based on a six-cylinder Volvo TD 102 diesel engine
converted to spark ignition with natural gas fuel. This
engine has been described in detail in [12, 13] and basic
dimensions are provided in Table 1. Figure 2 is a
schematic of the experimental apparatus used. The flow
motion was measured using a two-component,
cycle-resolved Laser Doppler Velocimetry system. The
velocity measurements were processed with a frequency
and a time domain filtering technique to obtain turbulence
at different frequencies. The cylinder pressure was
measured simultaneously to the velocity registrations. A
one-zone heat release analysis was then applied to the
pressure trace to extract the rate of heat release. This one
zone heat release model was used in this study to
estimate the early heat release rate in the engine cylinder.
The rate at which the first 0.5 % of the heat was released
was correlated with the turbulence parameters.

Based on the above physical arguments, smalleddy turbulence seems to be more favourable for fastburn, low-cyclic-variation engines. Why then do engine
designs still employ high swirl and tumble, which are
organized large scale motions? The main reason is that
small eddy turbulence decays much faster than large
scale mixture motions. Bulk mixture motions such as swirl
and tumble provide a consistent direction of flow relative
to the electrodes and chamber walls to reduce quenching
variability. They also store kinetic energy which can be
converted to small scale turbulence when the large scale
motion is squished during the compression and
combustion period [7, 8, 9]. Thus, while not as useful in
directly enhancing flame growth as small scale
turbulence, the bulk motions are important in maintaining
the more favourable, small eddy turbulence at a high level
over the combustion process. In other words, large scale
turbulence decays slower and hence, maintains a higher
overall turbulence level over the combustion period.
Engine and idealized combustion experiments
tend to show advantages of smaller scale turbulence. For
example, Hill and Kapil [10, 11] found a good relation
between the ratio of Taylor microscale over laminar
burning velocity and the standard deviations in burning
time in spark-ignition engines. According to their studies,
cyclic variation can be reduced proportionally by
decreasing the turbulent length scale. However, there is a
lack of systematic studies which correctly separate the
influences of turbulence intensity and scale, particularly
considering the variation of both those quantities over the
combustion period. This study considers combustion in an
engine and in an idealized turbulent combustion cell. In
both situations, turbulence could be varied over a range of
scales and intensities and combustion rate could be
measured. This allowed systematic consideration of
turbulence intensity, turbulence scale, and flame size
effects on combustion.

Figure 2 A schematic of the experimental apparatus
involved in the Volvo TD 102 diesel engine cylinder
test.
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Table 1 Geometric properties of the engine.
Displaced volume
Bore
Stroke
Connection rod
Compression ratio

1600 cm3
120.65 mm
140 mm
160 mm
10:1

TEST CELL - The idealized study was
conducted in a 125 mm cubical combustion chamber
which is shown schematically in Figure 3. Premixed
methane-air mixtures were centrally spark-ignited at 101
kPa and 300 K. Both high speed schlieren video and
pressure trace analyses using a multi-zone equilibrium
model were employed to study the turbulent flame growth.
Details of the experiment and analysis can be found in
[14, 15]. Turbulence with ignition-time intensity up to 2 m/s
and controllable integral scale of 2, 4 or 8 mm was
produced by pulling a perforated plate across the
chamber prior to ignition. Turbulence levels and decay
rate were measured at the centre of the cell during cold
runs, without combustion, and justified using detailed wind
tunnel measurements [16]. This "cold" turbulence was
adjusted for the effects of geometric distortion, caused by
the propagating flame front, and compression, due to
combustion chamber pressure rise. The rapid distortion
model of Chew and Britter [17] was used and the validity
of the adjustment is discussed in [14]. Figure 4 shows the
effects of geometric distortion and compression on the
flame front turbulence according to the rapid distortion
model. The case shown is a typical, 0.7 equivalence ratio
methane-air flame with ignition-time turbulence of 1.2 m/s
and roughly 4 mm integral scale. Curve 1 in Figure 4
shows the decline in turbulence intensity due to viscous
decay. A more rapidly burning flame would allow less time
for decay and thus maintaining a higher turbulence level
over the combustion period. Conversely, a slower burning
flame would allow the turbulence intensity to decay more.
Right after ignition, the turbulence ahead of the flame front
is enhanced by geometric distortion, (Curve 2), as the
growing flame kernel stretches the surrounding mixture.
This geometric distortion enhancement decreases to zero
as the flame approaches the walls. However, the
compression-related enhancement, (Curve 3), increases
as the combustion chamber pressure rise increases. The
combined effect on turbulence intensity due to viscous
decay, geometric distortion and compression is shown by
Curve 4.

Figure 3 The 125 mm cubical combustion cell with a
hydraulic cell radius of 76.6 mm.

Figure 4 The decaying turbulence in the cubical
chamber as affected by the expanding flame
according to the rapid distortion theory.
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As well as combustion chamber pressure rise

as

in

the

cubical

chamber

experiments.

Recent,

rate, the combustion rate can be expressed in terms of

measurements of the fluid flow in ten different combustion

burning velocity. The burning velocity is variously called

chambers for medium size natural gas engines [7, 19]

the flame velocity, normal combustion velocity or flame

have shown that the turbulence can be significantly

speed [18]. Laminar burning velocity is defined as the

altered especially during the later part of the compression

velocity at which the combustion wave consumes the

stroke. If the engine combustion chamber is using a large

unburned mixture, (as viewed from the unburned mixture),

squish area, the interaction between squish, swirl and

in the direction normal to the wave surface.

tumble can be very complex and unpredictable. The result

From

the

pressure

trace,

the

can be a relatively early peak in turbulence as with the

multi-zone

thermodynamic equilibrium model was used to extract

Ricardo NebulaTM or a later peak with a combustion

mass fraction burned, mean flame radius, burnt and

chamber that uses more piston-cylinder head squish area.

unburnt temperatures as functions of time. The multi-zone

The turbulence intensity, rate of heat release (ROHR) and

thermodynamic equilibrium model is described in detail in

the mean velocity have been plotted as a function of crank

[14, 15]. The model assumes an adiabatic combustion

angle degree (CAD) in Figure 5. Figures 5a through 5j

wave of zero thickness which propagates radially from the

correspond

ignition point. The code for this model is an energy

chamber shapes described as: the square, the cylinder,

balance and thermodynamic equilibrium solver based on

the cross, the square with a compression ratio of 16:1, the

ideal gas property relationships. The flame growth rate

Nebula, the conical, the hemi with a compression ratio of

changes significantly over the combustion period in a

16:1, the turbine, the hemi and the flat combustion

closed vessel mostly due to the increasing vessel

chamber respectively. Except where noted, all chambers

pressure. Therefore, the flame growth rate does not

had a compression ratio of 12:1. The geometry and other

correspond to the burning rate. However, the burning

details of these chambers are given in [19]. The solid and

velocity which signifies the burning rate, can be calculated

the dashed lines in Figure 5 represent the velocity in the x

as the amount of unburnt volume consumed by the flame

and y direction respectively as shown in Figure 6.

to

results

with

different

bowl-in-piston

per unit area, per unit time. For the quiescent mixture, the

The rate of combustion during the main part of

flame ball remained fairly spherical over the early

the combustion (10-90% heat release) has previously

combustion period considered. Hence, the laminar

been shown to correlate well to the average level of high

burning velocity (thickness of the concentric shell of

frequency turbulence during that time period. Figure 7

unburnt element consumed by the spherical flame ball

shows a plot of the rate of heat release as a function of

over a small time step) was basically calculated according

turbulence intensity. This figure shows that there are two

to the definition. With turbulence, the flame ball becomes

combustion chambers that have a faster combustion rate

wrinkled and distorted so that, at high turbulence, the

than expected from the level of turbulence, the Nebula

notion of the flame front can be vague. Under these

and cross. It is interesting to note that these combustion

conditions, the turbulent burning velocity can still be

chambers have a significantly lower level of turbulence 50

calculated analogous to the quiescent case. Turbulent

CAD after top-dead-centre (TDC), compared to other

burning velocity was evaluated by considering the burnt

chambers. We know that a turbulent flow field with smaller

volume as though it was a smooth-surfaced sphere. The

scales has a faster rate of turbulence decay and the lower

turbulent burning velocity was estimated as the volume of

level of turbulence 50 CAD after TDC is one indication

unburnt mixture consumed per unit area of the smooth-

that the scales of turbulence in the Nebula and Cross

surfaced sphere, per unit time.

chambers are smaller than average. If this hypothesis is
true, Figure 7 shows that the smaller scales in Nebula and

ENGINE EXPERIMENTS AND RESULTS

Cross generates a favourable environment for the
combustion.

THE IMPORTANCE OF HIGH FREQUENCY
FLUID MOTION IN ENGINES - In a real engine, the
turbulence does not always decay in a predictable manner
5

Figure 5 Mixture turbulence and the rate of heat release as functions of crank angle degree for various combustion
chambers used in the engine experiment. The solid and the dashed lines represent the velocity in the x and y
directions respectively (see Figure 6).
6

the engine have shown that it is the low frequency flow
component, mean velocity, that is most important for flame
propagation in the very early part of the propagation
process. Figure 8 is a plot of correlation between flame
speed and flow parameters as a function of CAD, (see [7]
for details). The figure shows that the "mean velocity" gives
a higher correlation with the combustion rate for small
flames. The reason behind this is that the initial small flame
kernel has not yet been wrinkled significantly. The burning
rate has not reached such a high value that it can ignore
the cooling caused by the electrode. Hence, it is more
important at this very early stage to reduce the cooling
effect of the electrodes by moving the flame away from the
electrodes. After a notable fraction of the fuel has burnt, the
relative importance of bulk flow and turbulence (higher
frequency part) is changed. When only 0.5% of the fuel is
burnt, the flame is big enough to average out all bulk flow
irregularities and by then the small scale turbulence is the
major parameter controlling the burning velocity.

Figure 6 Schematic view of the engine with the measured velocity components. The swirl is rotating clockwise.

Figure 8 The correlation obtained when mean velocity,
turbulence and spark charge are used to explain the
variation in the early rate of heat release 0-0.5% HR.

CORRELATION BETWEEN TURBULENCE AT
DIFFERENT FREQUENCIES AND FLAME SPEED - From
the results discussed above, we know that the bulk flow
pattern is most important for the very early flame
propagation. However, there is still an interesting question
regarding the size of turbulent eddies that is responsible for
the flame speed enhancement. Previous work [12] has
shown that it is possible to split the turbulence into several
different frequency parts. By correlating die energy content
in each frequency interval to the rate of heat release, it is
possible to find the most important frequencies of the
turbulence in enhancing the burning rate. When the
00.5% heat release duration is used as a

Figure 7 Rate of heat release in the 10-90% heat release
interval as a function of average turbulence in the
same interval.
THE IMPORTANCE OF HIGH AND LOW
FREQUENCY FLOW WITH DIFFERENT FLAME SIZES The previous results have shown that high frequency
turbulence is most beneficial for burning velocity or flame
speed enhancement in the main stage of flame growth.
However, with a very small flame, the turbulence wrinkling
of the flame may not have progressed sufficiently.
Simultaneous schlieren images of the flame and Laser
Doppler Velocimetry (LDV) measurements of the flow in
7

measure of early flame speed, it was found that
frequencies in the 2-6 kHz interval gave the best
correlation between flame speed and energy content. The
flame has, however, grown to be more than 30 mm in
radius by the end of this period. To see how the
correlation would be for a smaller flame, the same land of
frequency resolved turbulence correlation is performed
using the flame size at 5 CAD after ignition. Figure 9
shows the result from this evaluation. The results from the
larger flame are also included in this figure. Despite the
experimental scatter, a trend towards a higher correlation
between high frequency turbulence and flame size at 5
CAD is detectable. The frequency of turbulence can be
translated into eddy size using Taylor’s hypothesis, which

Figure 10 Correlation of flame speed versus turbulence
as a function of eddy size.

states that a length scale can be deduced from a time
scale by using the mean velocity. In this work, the average

There is perhaps a question about the results

bulk flow velocities (mean velocities) for all cycles have

presented in the last two sections. From the correlation

been used to translate frequency into length scale. Figure

with both the mean velocity and turbulence, (Figure 8), we

10 shows the same correlation as Figure 9 plotted against

found that the low frequency, mean velocity was more

the estimated length scale of the turbulence. This figure

important for very small flames. The frequency resolved

shows that the lower correlation obtained between low

analysis showed, however, that the low frequency portion

frequency turbulence and flame size at 5 CAD after

in the turbulence was less useful for flame speed

ignition translates into a lower correlation between large

enhancement, (Figures 9 and 10). There are two possible

eddies and flame propagation in this very early period.

explanations to this discrepancy. One reason for this

This is as expected as a larger eddy is less likely to

conflict in results is how the velocity data were handled.

wrinkle the flame surface, especially when the flame is

When the velocity trace was low-pass filtered with the

small.

moving window technique to obtain the mean velocity, the
direction of the flow was given as the sign of the mean
velocity. But with frequency resolved procedure the sign
information was lost. The other explanation is based on
physical arguments. The mean velocity obtained by the
low-pass filtering was a measure of the bulk motion in the
cylinder. This bulk flow moves the flame kernel and leads
to a changing contact area to the cool walls. Therefore, it
is expected that the bulk flow would have a large impact
on the very small flame measured by schlieren imaging.
This was also noted. In the section presenting the
frequency resolved turbulence, the energy content in each
frequency interval was interpreted as a measure of how
intense the eddies were in that specific interval. The lack
of correlation between low frequency turbulence and
combustion rate was then interpreted as a slower
turbulent flame speed enhancement by larger eddies. This

Figure 9 Correlation of flame speed versus turbulence
as a function of turbulence frequency.

could be expected from the arguments in the introduction.
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CUBICAL
RESULTS

CELL

EXPERIMENTS

AND

and further increases in turbulence intensity continue to
increase the turbulent burning rate for the range of

INCREASING

COMBUSTION

RATE

intensities considered. In addition, the figure shows that

WITH

the turbulent burning velocity increases as the flame

INCREASING TURBULENCE INTENSITY - It has been

grows larger, until it is quenched by the chamber walls.

well established that, in general, combustion rate
increases

roughly

proportionally

with

This increasing turbulent burning velocity is also known as

increasing

progressive development of a turbulent flame. Results for

turbulence intensity [20, 21, 22]. Hence, one of the most

developing turbulent flame growth in the current cubical

effective ways of enhancing the burning rate is to increase

cell have been discussed in [15]. When comparing the

the mixture turbulence. This is exactly what was shown

video analysis (thin symbols) with the pressure trace

from the engine results in Figure 7; the square chamber

analysis (thick symbols), the following points can be

produces the highest turbulence and hence the fastest

noted. The figure shows that the laminar burning

heat release rate. The following paragraphs present more

velocities deduced from the video images agree well with

detailed results, with regards to the role of turbulence

those deduced from the pressure traces (the crosses over

intensity from the cubical cell.

the range, 30 mm < R < 40 mm). The video analysis is

Figure 11 shows typical laminar and turbulent

limited by the window size as the flame growth estimation

schlieren flame growth images. Premixed methane-air

requires the whole flame ball to be within the view of the

mixtures of 0.7 equivalence ratio were spark-ignited at

circular windows. On the other hand, the noise to signal

101 kPa and 300 K in the cubical cell. At ignition time, the

ratio in the pressure trace is high during the very early

turbulence intensities were 0, 1.0 m/s, 1.2 m/s and 2.0 m/s

flame growth period when the pressure rise is small.

for (a), (b), (c) and (d) respectively. The integral scale was

Hence, the weakness in the video analysis corresponds to

fixed at about 8 mm with variable intensity by drawing the

the strength in the pressure trace analysis and vice versa.

same plate across the chamber at different speeds. It is

In the turbulent case, the flames are less symmetrical

clear from the figure that the higher the turbulence

compared to a laminar flame and the plate motion leads to

intensity, the faster the flame growth. For decaying

larger noise in the pressure trace. As a result, the

turbulence with a specific integral scale, the decay rate

agreement between the two analyses is less satisfying for

increases significantly with increasing intensity. If the

the turbulent case.

turbulence decay rate did not increase with increasing

A faster burning mixture provides less time for

intensity, the increase in flame growth with increasing

turbulence to decay and also provides a larger rapid

turbulence intensity would be even more notable. Any

distortion enhancement as discussed earlier. Therefore,

decrease in flame front wrinkling scale with increasing

the effect of increasing turbulence intensity is expected to

turbulence intensity is, however, not very obvious in

be larger for richer, faster burning mixtures compared with

Figure 11.

leaner mixtures. The burning velocities of 0.9 equivalence

The burning velocities of the cases shown in

ratio methane-air mixtures are plotted against the flame

Figure 11 are plotted against flame radius in Figure 12.

radius in Figure 13. Similar to the 0.7 equivalence ratio

The figure shows that the laminar burning velocity is

mixture shown in Figure 12, the laminar burning velocity

roughly

sizes

remained quasi-steady while the turbulent burning velocity

considered. A perfectly spherical flame growing from the

increases as the flame grows. As expected, the

centre of the chamber would approach the chamber walls

progressive increase in turbulent burning velocity as the

when it exceeded 60 mm radius. The laminar burning

flame grows is larger for this faster burning mixture since

velocity increases slightly as the flame grows towards 60

the turbulence intensity is less affected by viscous decay.

mm radius due to rising unburnt temperature. It then

This faster burning mixture along with the higher overall

decreases when the flame exceeds 60 mm radius due to

turbulence level lead to more wrinkled and distorted

flame contacting the cool cell walls. The introduction of

flames. The highly wrinkled flame front tend to include

any turbulence increases the burning velocity significantly

some unburnt mixture.

constant

over

the

range

of

flame
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This phenomenon along with the interference of flame
front from the third dimension of the projected flame ball
leads to over-estimation of burning velocity in the video
analysis for turbulent flames. The higher noise in the early
pressure trace also delays accurate pressure trace
analysis to later combustion process. The enhancement in
burning velocity for this faster burning mixture seems to
overshadow the attenuation due to partial flame front
quenching for the combustion period considered.
In short, Figures 11, 12 and 13 show that an
effective way of enhancing the combustion rate is to
increase the turbulence intensity. Over the range of
conditions considered, the turbulent burning velocity
increases roughly linearly with increasing turbulence
intensity.

Figure 12 The effect of turbulence intensity on the turbulent burning velocity as the flame grows. Premixed,
∅=0.7, methane-air mixtures were spark-ignited at 101
kPa and 300 K in the test cell. u′′ig≈0, 1.0, 1.2 or 2.0 m/s;
Λ≈ 8 mm.

Figure 13 The effect of turbulence intensity on the turbulent burning velocity as the flame grows. Premixed,
∅=0.9, methane-air mixtures were spark-ignited at 101
kPa and 300 K in the test cell. u′′ig≈0, 0.4, 1.2 or 1.7 m/s;
Λ≈ 8 mm.

Figure 11 The effects of turbulence intensity on 0.7
equivalence ratio methane-air flame growth. Schlieren
flame growth images at 5.0 ms time interval. Premixed
methane-air mixtures were spark-ignited at 101 kPa
and 300 K in the 125 mm cubical chamber.
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In engine combustion, however, the entire
combustion period has to be considered when making
comparison with regard to the potential benefits of small
scale turbulence. Parameters such as chamber shape,
size and mixture stoichiometry can alter the total
combustion duration significantly. A finite combustion
duration can allow a significant amount of turbulence
decay. As smaller scale turbulence decays faster than
larger scale turbulence, the benefit of more effective,
smaller scale turbulence diminishes when considered
over a finite combustion duration. To illustrate this, the
burning velocity results from premixed, 0.9 equivalence
ratio, methane-air mixtures ignited in the cubical cell are
shown in Figure 15. The ignition-time turbulence intensity
was fixed around 1 m/s with integral scale varied between
2, 4 or 8 mm. (The curve marked 0 mm integral scale
corresponds to the quiescent case). Over the range of
flame sizes considered, altering the integral scale from 2
to 8 mm only led to small changes in turbulent burning
velocity over the combustion period. Due to scatter in the
experimental data, there is no obvious trend as shown by
the figure.

MORE
EFFECTIVE
SMALL
SCALE
TURBULENCE ENHANCEMENT - Even in the idealized
test cell, turbulent flame growth is a highly transient
phenomenon. Hence, it is important to minimize changes
in other parameters when studying the effect of a
particular parameter. The effects of turbulent length scale
on flame growth are more subtle than turbulence intensity.
However, they can be studied by fixing the turbulence
intensity and flame size when making the comparison.
Figure 14 is a plot of the normalized turbulent burning
velocity, St/Sl - 1, as a function of the normalized
turbulence intensity, u′/Sl. The particular case shown is
the 0.9 equivalence ratio methane-air mixtures, influenced
by turbulence with 2, 4 or 8 mm integral scale. Pressure
trace results of 54 mm radius flames are used because
this corresponds to a large flame just prior to contact with
the chamber walls. The signal-to-noise ratio of burning
velocity based on the pressure is high at this flame size.
For clarification purpose, straight lines passing through
the origin are used to fit the data points. The figure shows
that, for a given flame size and turbulence intensity,
smaller scale turbulence is substantially more effective at
enhancing burning velocity.

Figure 15 The effect of integral scale on the turbulent
burning velocity as the flame grows. Premixed, ∅=0.9,
methane-air mixtures were spark-ignited at 101 kPa
and 300 K in the test cell. u′′ig≈1.0 m/s; Λ≈2,
Λ≈ 4 or 8 mm.
Λ≈0
Λ≈ signifies Sl.

Figure 14 The effects of integral scale on the effectiveness of turbulence enhancement on the burning rate of
54 mm radius premixed, 0.9 equivalence ratio, methane-air flames.
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The underlying turbulence intensity for the
combustion cycles shown in Figure 15 is plotted against
the mean flame radius in Figure 16. (All turbulence curves
are based on turbulence decay with geometric distortion
and compression effects fully accounted for). The figure
illustrates clearly that the overall level of turbulence
intensity decreases significantly with smaller integral
scale. Between 40 to 60 mm flame radius, turbulence
intensity with 2 mm integral scale turbulence is only about
60% of the intensity with 8 mm integral scale turbulence.
Despite of its notably lower intensity, the 2 mm integral
scale turbulence produces comparable turbulent burning
velocity to that of 8 mm integral scale turbulence, (see
Figure 15). In other words, while the smaller eddy
turbulence decays faster than larger eddy turbulence, it is
more effective in enhancing the combustion rate. With the
current combustion duration, the two effects are almost
equal. On the other hand, larger eddy turbulence
maintains a higher turbulence level, so, if the combustion
duration is long enough, larger eddy turbulence may
become more effective in the later stages of the
combustion process.

Figure 17 The effects of integral scale on 0.7 equivalence ratio methane-air flame growth. Schlieren flame
growth images at 5.0 ms time interval. Premixed methane-air mixtures were spark-ignited at 101 kPa and 300
K in the 125 mm cubical chamber.

Figure 17 shows typical schlieren images of
laminar and turbulent flame growth for slower burning, 0.7
equivalence ratio methane-air mixtures. The ignition-time
turbulence intensity was fixed at about 1 m/s with integral
scale of 2 or 4 mm for the turbulent mixtures. The figure
shows that the turbulent flames, (b) and (c), burned
significantly faster than the laminar flame, (a). However,
between the two turbulent cases there is little difference.
Changing the integral scale from 2 mm to 4 mm does not
seem to affect the mean flame growth rate. This trend can
be explained using the same arguments of more effective
small scale turbulence with more rapid decay. The 2 mm
integral scale turbulence consists of more smaller eddies
compared with the 4 mm integral scale turbulence and is
more effective in wrinkling and enhancing the growing
flame very early in the combustion process. However, the
2 mm integral scale turbulence also decays faster
compared with the 4 mm integral scale turbulence. (The
difference in turbulence decay rate is more significant in
this slower burning mixture). Therefore, 4 mm integral
scale may eventually become more effective in

Figure 16 The effects of integral scale on the turbulence decay rate as the flame grows. Premixed, ∅=0.9,
methane-air mixtures were spark-ignited at 101 kPa
and 300 K in the test cell. u′′ig≈1.0 m/s; Λ≈2,
Λ≈ 4 or 8 mm.
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of mean flame radius in Figure 19. Figure 19 portrays
clearly that the 4 mm integral scale turbulence maintained
a significantly higher level of turbulence over the
combustion period. This higher turbulence level resulted in
marginally higher turbulent burning velocity at the later
stages of combustion, as shown in Figure 18. In short,
small scale turbulence decays faster so that it could be at
first better and then less beneficial, particularly with a large
combustion chamber or a slow burning mixture.

enhancing the flame growth rate at the later stages of this
longer combustion period. The plot of turbulent burning
velocity against mean flame radius in Figure 18 shows that
this is what happened.

Figure 18 The effect of integral scale on the turbulent
burning velocity as the flame grows. Premixed, ∅=0.7,
methane-air mixtures were spark-ignited at 101 kPa
and 300 K in the test cell. u′′ig≈1.0 m/s; Λ≈2
Λ≈ or 4 mm;
Λ≈0
Λ≈ signifies Sl.

Figure 19 The effects of integral scale on the
turbulence decay rate as the flame grows. Premixed,
∅=0.7, methane-air mixtures were spark-ignited at 101
kPa and 300 K in the test cell. u′′ig≈1.0 m/s; Λ≈2
Λ≈ or
4 mm.

Figure 18 shows that the 2 mm integral scale
turbulence starts out with approximately the same
turbulent burning velocity when the flame is small, (flame
radius < 20 min). At R=20 mm, due to different turbulence
decay rates, the intensity of the 4 mm integral scale
turbulence is about 7% higher than that of the 2 mm
integral scale turbulence (see Figure 19). Despite this
difference, the corresponding turbulent burning velocities
for the two cases are roughly equal. This implies that the
small scale turbulence is somewhat more effective in
enhancing turbulent burning velocity, for the same
turbulence level. However, due to its faster decay rate, the
small scale turbulence becomes somewhat less effective
as the flame grows, as compared with the slower
decaying, 4 mm integral scale turbulence. The underlying
turbulence intensity for these cases is plotted as a function

CONCLUSIONS
Premixed turbulent flame growth measurements
were made in spark ignition engine cylinders and a 125
mm cubical test cell. These experiments aimed at
uncovering the different roles played by the high
frequency, small eddies and the low frequency, large
eddies of the turbulence in affecting the flame growth.
Premixed natural gas / air mixtures were spark-ignited
over a range of engine operating conditions in the research
engine cylinders. Premixed methane / air mixtures were
ignited at 101 kPa and 300 K in the cubical cell. The
following conclusions are drawn from this study.
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1. Both engine and test cell showed that the
burning rate increases with increasing turbulence
intensity, as expected.
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