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Experimental Investigation
of the Variations of Early Flame
Development in a Spark-Ignition
Direct-Injection Optical Engine
Experiments under two intake air swirl levels (swirl ratios of 0.55 and 5.68) were con-
ducted in order to investigate the early flame development of combustion in a single-
cylinder spark-ignition direct-injection engine. The engine was equipped with a quartz
insert in the piston, which provided an optical access to its cylinder through the piston.
The crank angle resolved combustion images through the piston window and in-cylinder
pressure measurements of 250 cycles were simultaneously recorded for both swirl levels
at a specified engine speed and low load condition. The early development, size, and spa-
tial characteristics extracted from the flame images were analyzed as a function of crank
angle degrees after the ignition. The experimental results revealed that the early flame
development was strongly influenced by the highly directed swirl motion of intake-air
into the combustion cylinder. The location of the start of the flame kernel relative to the
spark plug position also changed intermittently at different swirl levels. While the struc-
ture of the early flame was found to be similar for both swirl levels, the starting location
of the flame showed a vast difference in how the flame progressed. In general, the flame
kernel was formed two crank-angle degrees after spark timing for the high swirl level,
which was four crank-angle degrees earlier than that of the low swirl case. For the low
swirl flow, the early combustion showed more cycle-to-cycle variation in terms of both
the flame size and centroid location. It was quantitatively shown that increasing the swirl
ratio from 0.55 to 5.68 could reduce the cycle-to-cycle variation of the early flame struc-
ture, resulting in about three to four crank-angle degrees advance of the peak pressure
location and a 1% improvement for the coefficient of variation (COV) of the indicated
mean effective pressure (IMEP). [DOI: 10.1115/1.4027256]

Introduction

Recently, vehicles equipped with spark-ignition direct-injection
(SIDI) engines have demonstrated great potential in improved
combustion efficiency and lower pollutant emissions [1]. How-
ever, elucidated by the method of how fuel is directly injected and
immediately interacts with the incoming air through the intake
ports, the combustion process strongly depends on the fuel-air
mixture formation inside the combustion cylinder. It is well
known that combustion does not behave in the same manner for
consecutive engine cycles, even under the exact same engine con-
dition due to the turbulent nature of the in-cylinder air motion
[2,3]. As a result, the in-cylinder pressure curve varies quite sub-
stantially over many engine cycles. However, excessive variations
of the engine output in terms of the indicated mean effective pres-
sure (IMEP) not only reduces the engine power, but also increases
the fluctuations of engine torque and combustion stability, degrad-
ing the drivability and controllability of vehicle. In addition, the
slow combustion cycles could result in partial or unstable

combustion, which increase the hydrocarbon emission and fuel
consumption.

The reasons for the combustion variations have been well
documented [1]. One of them is the variation of the fuel-air mix-
ture formation from cycle to cycle in the cylinder and, more
importantly, in the vicinity of the spark plug prior to the ignition
process [4–6]. Subsequently, the variability in early flame devel-
opment could degrade the combustion quality. It is because small
differences of the early flame development could generate very
different in-cylinder combustion pressure characteristics upon
which the engine power output was based. Therefore, it is impor-
tant to understand how the flame is initiated as the combustion
starts under realistic operating conditions in an engine.

It is widely recognized that taking combustion images inside an
engine with optical access to its combustion chamber is a power-
ful method to investigate the combustion quality, particularly in
the early flame development stage where the use of a pressure-
sensor may not provide reliable combustion data. Thanks to the
recent advances in high speed imaging hardware and advanced
processing algorithms, researchers are able to determine more pre-
cisely the key characteristics such as the flame front development,
flame structure, propagation speed, and cycle-to-cycle variations
of combustion inside a real engine [7–12]. For example, Aleiferis
et al. [13] investigated the early flame development in a lean-burn
SIDI engine with an optical access to its combustion chamber to
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study the cycle-to-cycle variability of engine combustion. They
demonstrated that the initial flame kernel formation played a vital
role for the later progress in combustion. Similarly, Keck et al.
[14] demonstrated that the cyclic variations in the early flame
location and growth rate were the major causes for the in-cylinder
pressure cycle-to-cycle variation.

The charge motion of the fuel-mixture formation has been
extensively studied as a way to enhance the combustion efficiency
in internal combustion engines. In particular, a swirl control valve
(SCV) can be adopted to enhance the fuel air mixing inside the
combustion cylinder. For example, an SCV in a four-valve (two
intake valves, two exhaust valves) SIDI engine has been demon-
strated to accelerate the combustion process at idle and low-speed
operating conditions [15,16]. Since each intake valve has its own
intake port, the SCV is located in one of the two intake ports.
Strong swirl motion can be introduced into the cylinder by closing
the SCV. Li et al. [17] utilized laser Doppler anemometry to study
the flow characteristics under both the SCV open and close condi-
tions. When the SCV was deactivated (valve open), large-scale
flow structures inside the cylinder were found, which were mainly
composed of a tumble motion. These structures were distorted and
broken up during the later stage of the compression stroke. Thus,
small scale eddy and turbulence structures increased near the end
of the compression stroke due to the strong breakup in the tumble
direction. When the SCV was activated (valve close), the swirl
motion was much stronger and was sustained longer until the end
of the compression stroke. Frieden and Sick [18] demonstrated

that a high swirl flow produced a less homogeneous charge motion
than the low swirl flow at spark timing and the high swirl signifi-
cantly increased the combustion speed. Mittal and Schock [19]
used the molecular tagging velocimetry measurement diagnostic
to study the influence of the charge motion control valve (CMCV)
on the cycle-to-cycle variations on in-cylinder flow. They found
that the charge motion control had a profound effect on control-
ling the variations during intake and early compression, but the
influence was progressively reduced during the late compression.
Thus, they assumed that the CMCV improved the fuel-air mixing
more than the combustion speed.

In summary, previous studies showed that the SCV can improve
the engine performance through two methods: (1) enhancing the
fuel-air mixing, fuel transport, fuel distribution, and evaporation,
and (2) significantly increasing the flame speed. However, the
study of the early flame development and its variation are still lim-
ited. Therefore, the objective of this paper is to experimentally
investigate the early flame development at the engine idle condi-
tion inside the cylinder of a SIDI engine under different intake
swirl flow levels. Simultaneous high speed combustion imaging
and in-cylinder pressure recording under (1) low swirl (SCV
open, swirl ratio of 0.55), and (2) high swirl (SCV closed, swirl ra-
tio of 5.68) conditions are performed. The early flame formation
and the variations are compared for these two swirl flow condi-
tions. The current investigation also focuses on the cycle-to-cycle
analysis of individual flames, including the flame size, location,
and spatial characteristics on consecutive engine cycles.

Experimental Apparatus and Procedure

Optical Engine Assembly and Combustion Measurements.
A single-cylinder four-stroke optical SIDI engine was used in this
study. The engine was equipped with a four-valve pent-roof cylin-
der head which was based on a configuration of a General Motors
prototype four-cylinder 2.0 L engine. The optical access to its cyl-
inder was achieved through two locations: (1) two pent-roof win-
dows, which allow for the view through the engine head clearance
volume, and (2) a quartz-insert piston with the Bowditch extended
piston design. The pent-roof windows also facilitated a close view
of the flow field in the vicinity of the spark plug (shown) and in-
jector tip (not shown). The four semicircular grooves were
designed to avoid any unnecessary contact between the intake/
exhaust valves to the piston top. A picture of this research engine
is depicted in Fig. 1. The specific engine parameters and their val-
ues are tabulated in Table 1. The spark plug and a specially
designed eight-hole SIDI fuel injector were centrally mounted on
the cylinder head, which were in close proximity of each other. A
piezoelectric pressure transducer (Kistler 6125A) was installed for
acquiring the in-cylinder pressure measurements. The engine head
configuration is shown in Fig. 2.

As previously mentioned, the SCV was installed in one of the
intake air ports in order to enhance the clockwise swirl air motion
entering the cylinder. High swirl was introduced into the cylinder

Fig. 1 Optical engine with a metal liner, pent-roof window, and
upper piston with a quartz insert

Table 1 Engine parameters and operating conditions

Parameter Value

Bore 86 mm
Stroke 94.6 mm
Connecting rod 160 mm
Clearance volume 54.95 cm3

Displacement 549.51 cm3

Compression ratio 11.0:1
Intake valve open (IVO) 366 deg BTDCF
Intake valve close (IVC) 114 deg BTDCF
Exhaust valve open (EVO) 131 deg ATDCF
Exhaust valve close (EVC) 372 deg ATDCF
Engine speed 800 rpm
Fuel injection pressure 10 MPa
Injection duration 915 ls
Fuel mass/cycle 10.7 mg
Manifold absolute pressure (MAP) 40 kPa
Air/fuel ratio 14.7
Start of injection (SOI) 300 deg BTDC
Spark timing 15 deg BTDC

Fig. 2 Bottom view of the cylinder head; the dashed line
shows the field of view (with a diameter of 26 mm)
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by fully closing the swirl control valve, as illustrated in Fig. 2.
The dashed line shows the field of view of the combustion cham-
ber through the quartz piston insert (with a diameter of 26 mm).
For the tests in this study, a metal liner with a water coolant sys-
tem was used instead of a quartz cylinder liner. If full optical
access is necessary to image the fuel injection inside the cylinder,
the metal liner can be replaced with the quartz liner.

The engine was motored by the AVL AC dynamometer (AVL
List GmbH, Graz, Austria) at 800 rpm in this test. Since the engine
only consisted of one cylinder, the AVL customized balance sys-
tem was used to guarantee the engine operating at the lowest vibra-
tion level. A throttle valve was used to control the intake manifold
absolute pressure (MAP) regulated at 40 kPa. A high-speed camera
(Vision Research, Phantom V7.3) aiming into a 45 deg mirror
located inside the elongated piston was used to record the luminos-
ity of direct combustion. The experimental setup is shown in
Fig. 3. Both the temporal and spatial evolution of the combustion
process was studied by recording 91 images (400� 400 pixels) per
engine cycle at 9600 Hz (two images per crank angle degree). At
the same time, the in-cylinder pressure was measured with a reso-
lution of 0.1 crank angle degrees (CAD) simultaneously. The com-
bustion images and their corresponding in-cylinder pressure
measurements from 125 consecutive cycles were recorded for one
test. Then, due to the limited memory storage of the camera and
the dirty engine, the engine was cleaned and the recorded combus-
tion images were transferred to the computer hard drive before the
next test. Afterwards, the same test was performed again. In this
way, the combustion images corresponding to a total of 250 engine
cycles, with 91 images per cycle, together with the in-cylinder
pressure, were obtained for every test condition.

In order to examine the effect of the SCV on flame initiation,
the tests were performed under the following two intake air condi-
tions: (1) high swirl, which was achieved through fully blocking

one of the intake ports; and (2) low swirl, which was realized by
fully opening both intake ports. The in-cylinder pressure data was
used for the calculations of the engine IMEP. Then the correlation
between the IMEP and peak pressure parameters was correlated
with the characteristics of the combustion images. The cycle-to-
cycle variation for both engine swirl flow conditions were com-
pared and analyzed.

Processing of Combustion Images and Data Extraction. To
obtain quantitative information from the combustion process, the
combustion images were processed in order to determine the
structure and other characteristics of the flame such as the flame
boundary, size, centroid location, and its propagation (see Fig. 4).
Even though the recorded combustion image was the 2D projec-
tion image of a 3D flame, it still provided important and useful in-
formation such as the flame location and flame size. The raw
flame images were processed in the following manner. First, a
binarized combustion image was created from the raw 14-bit gray-
scale combustion image. More specifically, since the background
noise intensity was smaller than five counts, a user-defined thresh-
old of 10 counts (this value was maintained for other conditions)

Fig. 3 Experimental setup of the imaging diagnostics

Fig. 4 Processing method for extracting the boundary centroid and locations of flame images

Fig. 5 Average in-cylinder pressure curves for the low and
high swirl levels

Fig. 6 Peak pressure of 250 consecutive combustion cycles
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was set to identify the flame presence area. In other words, the
image pixels with an intensity larger than 10 were set to be a value
of 1 and the other pixels were set to be 0. Then the flame boundary
was identified to be the separating line of the values of 0 and 1 in
the binarized image. Afterwards, the centroid location of the
binarized flame image was extracted. In this way, the early flame
location was represented using a single point. Finally, the combus-
tion image was displayed in false-color mode using a built-in “hot
colormap” script in the MATLAB library. The final image was over-
laid with the features of the cylinder such as the valves, injector
tip, and spark plug to illustrate the position and size of the flame
relative to the combustion chamber.

Results and Discussions

Prior to examining the characteristics of early flame develop-
ment on a cycle-to-cycle basis, it is important to first reveal how

swirl flow might influence the engine output on a cycle-ensemble
perspective. Figure 5 shows the average pressure curves in the
cylinder over the combustion cycle. They represent an average of
250 combustion cycles for both swirl levels. It is clearly seen that
the high swirl level provided a slightly faster combustion. The
peak location of the in-cylinder pressure was 18.5 crank angle
degrees (CAD) after top dead center (TDC) at low swirl and 14.8
CAD after TDC at high swirl level. The average value of the peak
cylinder pressure also showed comparable differences between
the two swirl levels. The peak in-cylinder peak of the high swirl
level reached 16.4 bar, whereas the peak pressure for the low swirl
level only peaked with a value of 14.8 bar. There was a difference
of about 10% between them. The corresponding peak pressure
and IMEP (gross quantity) of the 250 consecutive cycles are dis-
played in Figs. 6 and 7, respectively. While the data points were
randomly dispersed, the overall scattering of the peak values con-
firms that among these 250 cycles, the higher swirl level produced
both a higher combustion peak pressure with a larger mean IMEP
than the lower swirl level. As expected, the higher swirl level
resulted in a higher average IMEP of 2.85 bar and the correspond-
ing coefficient of variation (COV) of the IMEP was only 0.99%.
On the contrary, the mean IMEP for the low swirl condition was
2.83 bar and the 250 cycles scattered much more with a COV of
IMEP 1.99%, which was almost twice that of the high swirl
condition.

Next, the focus is directed towards the examination of the early
flame development and their variations over consecutive combus-
tion events on a cycle-to-cycle basis. Figures 8 and 9 show the
progression of the early flame development at both swirl levels.
Four cycles from each swirl level have been selected to represent
the typical observations found for these in-cylinder flow condi-
tions. The first image on the left was selected when the flame was
just initiated and its area reached a size of nearly 1 mm2. The rest

Fig. 7 IMEP of 250 consecutive combustion cycles

Fig. 8 Four representative combustion cycles of early flame development recorded from the
low swirl level
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of the images corresponded to the flame size reaching approxi-
mately 3 mm2, 5 mm2, and 7 mm2 of the propagation of the same
flame development.

For the initial flame combustion images of the low swirl level
depicted in Fig. 8, the early flame kernel started in close proximity
to the spark plug, but the starting locations surrounding it varied
considerably. For example, it can be seen that the flame for cycle
no. 2 started on the right side of the plug, while the flame started
on the left side for cycle no. 6. The flame kernel also started at

Fig. 9 Four representative combustion cycles of early flame development recorded from the
high swirl level

Fig. 10 Starting time variation of flame kernel formation (top),
and CA05 location variation (bottom) over 250 combustion
cycles

Fig. 11 Cycle-to-cycle variation of centroid locations under
low swirl conditions, corresponding to flame areas of 1 mm2,
3 mm2, 5 mm2, and 7 mm2, respectively
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different times: at 11 CAD before TDC (0 CAD) for cycle no. 2
and at 9 CAD before TDC for cycle no. 6. In general, it took about
3.5 to 4 CAD for the flame to progress from 1 mm2 to 7 mm2.
However, take cycle no. 199 (bottom one on Fig. 8) as an illustra-
tion. The flame started at 10.5 CAD before TDC and it only took
2 CAD to grow to a size of 7 mm2. The initial flame propagation
for this cycle was almost twice as fast as the other three cycles
shown. The flame in cycle no. 47 started at the earliest among the
four, at 12.5 CAD before TDC, and the starting was at the tip of
the plug instead of on either side. The natural flame luminosity for
all cycles also varied greatly among these four cycles. As
expected, all four flames propagated in a comparable fashion with
a similar geometrical pattern. However, the flames of cycle nos. 2
and 6 had a higher natural luminosity than the other two cycles
displayed. It is worth mentioning that while the actual color of the
flame was mostly in pale blue, the images displayed in Figs. 8
and 9 had been reprocessed with a user-defined pseudo coloring
scheme, as shown with a combination of red, orange, and yellow
colors.

Reviewing the initial flame combustion images for the high
swirl level, one can immediately identify that the cycle-to-cycle
variations are considerably less than that of the low swirl levels.

Based on the metrics of the initial starting location, starting time,
pseudo color, and pattern of the initial flame structure, it can be
seen that the four cycles showed very consistent behavior. The
flame started mostly at the left side of the spark plug. The starting
time was around 13 CAD before TDC and it took only about 2
CAD for the flame to grow to nearly 7 mm2. For example, the
flame in cycle no. 23 started at the earliest moment and it only
took 1.5 CAD to reach a size of 7 mm2. Overall, the flame propa-
gation speed for the high swirl level was almost twice that in the
low swirl level.

Figure 10 depicts the starting time variation of the initial flame
and the CA05 variation at both swirl levels (when the flame area
reached 1 mm2). The fuel mixture was ignited at 15 CAD before
TDC. It can be realized that for several cycles, flames started im-
mediately as soon as ignition was initiated. For the high swirl
level, most flames were found to start developing between 12 and
13 CAD before TDC and only a few cycles in which the flame
started as late as around 6 CAD before TDC. On the contrary, for
the low swirl level, the starting time of the flame scattered in a
much wider manner. Besides a few cycles which started at 15
CAD before TDC, the majority of the cycles started between 12
and 8 CAD before TDC. For several outlier cycles, the flame was
even initiated around or beyond TDC at 2 CAD when the piston
started to move downward. A very similar observation could be
found in the CA05 distribution in Fig. 10, suggesting the correla-
tion between the flame image and in-cylinder pressure measure-
ments. This is intuitively reasonable that the early flame
appearance led to early CA05. In addition, the stable early flame
appearance distribution results in a stable CA05 distribution for
the high swirl case. Overall, for the 250 cycles under a low swirl
level, the average starting time was 8.6 CAD before TDC with a
COV of 31.6%, while for the high swirl level, the flame started
much earlier at 12.2 CAD before TDC with a COV of 10.7%.
Therefore, based upon this set of test results, it can be concluded
that a higher swirl level inside the cylinder promoted the ignition
process with a faster and lower cycle-to-cycle variation of flame
initiation after ignition was commanded.

Further illustrations of the geometrical characteristics of the
early flame development for all 250 cycles, from the beginning of
the flame kernel until the flame reached 7 mm2, are depicted in
both Figs. 11 and 12. Note that the limit of 7 mm2 was selected so
that the entire flame boundary could be clearly contained within
the visible limitation of the quartz piston insert. If any part of the
flame extended beyond the boundary of the circular edge of the
quartz-piston insert, the outside portion of the flame would not be
accounted for. Thus the determination of the flame centroid would
be not accurate.

In these two figures, the flame centroid locations of all 250
cycles were overlaid on the cylinder head configuration. The
flame centroid is a good indication of the spatial scattering of the

Fig. 12 Cycle-to-cycle variation of centroid locations under
high swirl conditions, corresponding to flame areas of 1 mm2,
3 mm2, 5 mm2, and 7 mm2, respectively

Fig. 13 Distribution of the number of flame cycles reaching
1 mm2 under two swirl levels

Fig. 14 Distribution of the number of flame cycles reaching
3 mm2 under two swirl levels

101503-6 / Vol. 136, OCTOBER 2014 Transactions of the ASME

Downloaded From: http://gasturbinespower.asmedigitalcollection.asme.org/ on 03/05/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



flames. Comparing the locations of the centroid of the initial flame
(1 mm2 flame area), one can realize that a larger scattering of the
centroid locations under a low swirl level was present. As the
flame continued to grow to 7 mm2, their positions were rather con-
sistent surrounding the spark plug. For the high swirl level, all of
the flames started at the upper left side of the spark plug. The
more directed and concentrated locations of the flame initiation
could be due to the fact that the initial spark or flame kernel was
stretched in that direction by the in-cylinder air motion. It is also
worth noticing that once the flame started at a specific position, it
continued to grow relative to that location. Once started, flames
were unlikely to jump around the cylinder spatially at the early
stage. This observation seems valid for both low and high swirl
levels.

The following set of figures (see Figs. 13–16) illustrates the
comparison of the distribution of the number of flame cycles
reaching a specific flame size of 1 mm2, 3 mm2, 5 mm2, and 7
mm2 under both swirl ratios. Note that the ignition was set at 15
CAD before TDC. Two observations can be readily obtained: (1)
the initial flame kernel started much sooner after the ignition
under the high swirl level than under the low swirl level, and (2)
the distribution of the number of flames for the high swirl level
was much more uniform (in other words, narrower) than that of
the low flow level for all four flame sizes. This indicates that the
higher swirl flow promotes a faster flame combustion than the low
swirl ratio.

It is evident that there was less variation of the flame kernel for-
mation under the high swirl level. As illustrated in Fig. 13, for the
high swirl level with a flame area reaching 1 mm2, there were
nearly 60 cycles which started at 12 CAD before TDC and almost

all cycles started on or before 10 CAD before TDC. In contrary,
for the low swirl level, only about one-third of the flames started
on or before 10 CAD before TDC. Similar trends can be found for
other flame sizes.

Lastly, the peak pressure locations (in CAD) are correlated with
the initial flame locations (in CAD), as depicted in Fig. 17. First, a
linear correlation is found for both swirl ratios, i.e., early flame
kernel leads to early peak pressure. Second, it is evident that the
high swirl flow accelerates the early flame propagation and results
in an earlier peak pressure location than that of the low swirl flow
ratio. To have an optimum engine output and efficiency, the loca-
tion of the peak pressure should be between 13 deg CAD and
15 deg CAD ATDC. Therefore, as depicted in Fig. 17, a high swirl
flow can advance the location of the peak pressure to around
15 deg CAD ATDC, which would improve the engine efficiency
and output work.

Conclusions and Future Work

In this investigation, engine tests were performed to reveal the
cycle-to-cycle variation of the early flame development of com-
bustion in a single-cylinder spark-ignition direct-injection engine.
The crank angle resolved combustion images inside the combus-
tion chamber and in-cylinder pressure measurements of 250 con-
secutive cycles were simultaneously recorded for both intake air
flow swirl levels (swirl ratio of 0.55 and 5.68). The following
observations are found under the current engine test conditions:

(1) Flame initiation is strongly affected by the swirl flow levels
inside the combustion chamber. Overall, the initial flame
kernel appears about 4 CAD earlier than that of the low
swirl case. In addition, the high swirl flow promotes the
early flame kernel propagation speed to be roughly twice
that for the low swirl case. The high swirl early flame loca-
tions are much more repeatable than that of the low swirl
case.

(2) The analysis of the cycle-to-cycle variations of the flame
characteristics reveals more details of how the early flame
is developed and propagated.

(3) The high swirl level produces a lower variation in the early
flame structure on a cycle-to-cycle basis, leading to higher
combustion stability (1% improvement for the COV of the
IMEP) and faster combustion. More specifically, the high
swirl flow advances the location of the peak pressure to
about 15 CAD ATDC, which would improve the engine
output work and efficiency.

This investigation was performed when the piston quartz insert
diameter was 26 mm. In order to ensure that the entire flame
boundary was clearly contained within the visible limitation of the
quartz piston insert, the maximum flame size was limited to only
7 mm2 in this study. It was rather small compared to the actual
bore of the piston, limiting the visible area of the combustion pro-
cess and the accuracy of the data extraction. Since then, a new pis-
ton with a quartz insert with a diameter of 64 mm has been
assembled in order to allow a much larger viewing area for

Fig. 16 Distribution of the number of flame cycles reaching
7 mm2 under two swirl levels

Fig. 17 The correlation between the early flame (1 mm2) and
peak pressure locations

Fig. 15 Distribution of the number of flame cycles reaching
5 mm2 under two swirl levels
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combustion visualization. Future work will also be focused on
gathering additional combustion images to correlate the initial
flame structure with the burn rate to understand the flame develop-
ment at higher engine and load conditions. In addition, different
fuels would affect the variation in the fuel mixture formation and
combustion processes of fuel injected engines. Renewable fuels
such as alcohol-based fuels will be investigated in the future for
the understanding of early flame development.
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