
ABSTRACT
Gasoline-direct-injection (GDI) engines have been adopted
increasingly by the automotive industry in the recent years
due to their performance, effects on the environment, and
customers' demand on advanced technology. However, the
knowledge of detailed combustion process in such engines is
still not thoroughly analyzed and understood. With optically
accessible engines (OAE) and advanced measuring
techniques, such as high-speed digital imaging, the in-
cylinder combustion process is made available directly to
researchers. The present study primarily focuses on the
effects of different parameters of engine control on the
combustion process, such as fuel types, valve deactivation,
ignition timing, spark energy, injection timing, air-fuel ratio,
and exhaust gas recirculation. Three engine heads of a 2.0L
GDI engine are used with modification to acquire different
optical access. Pure (E0) and ethanol-blended (E85) gasoline
are used, and the engine speed and coolant temperature are
kept low to imitate start-up situations in the normal driving
condition. The visualization study is realized with two high-
speed digital cameras, a color one and a monochrome one
with an intensifier, to capture the combustion images.

The results indicate that the engine could start up in the first
cycle by injecting E85 even for coolant at room temperature.
Valve deactivation operation, which usually enhances the air-
fuel mixing under low load conditions, may have a negative
impact due to the convection effects on spark and spray
plume at starting conditions. Optimal ignition timing and
higher spark energy could also improve the combustion
process to reduce misfire and cycle-to-cycle variation at the
low speed conditions.

 

INTRODUCTION
More and more automotive manufacturers are implementing
GDI engines in their production vehicles. The engines are
known for their drivability, power density, and fuel economy
especially with downsized and down-speed operations [1].

However, to understand the entire combustion process in
details requires various measurement techniques and
simulation analyses [2,3,4,5,6]. In addition, there are many
parameters to optimize an engine from the engine calibration
and control perspectives, such as injection timing, ignition
timing and energy, variable valve-train (deactivation, lift, and
cam-phasing), and flexible fuel requirement, etc. With more
stringent fuel economy and emission regulations, it is
necessary to better understand the combustion process to
simultaneously achieve the clean and high efficiency goals.

Throughout the past years, engine research and development
has evolved and benefited with advanced diagnostics, among
which high speed imaging with OAE is prominent because of
the direct “insights” gained into the combustion chamber.
With digital high speed camera, the study could be controlled
more precisely in addition to faster post-processing. Many
laser techniques [7,8,9] have been applied to study the
combustion process from the charge preparation to the
pollutant formation. However, direct visualization without the
aid of lasers can still yield interesting and important insights;
for example, to study the effects of mixture formation inside
the engine cylinder in terms of temperature, pressure,
injection timing, and variable valve-train configuration
[10,11,12,13,14,15,16,17,18]. It is well known now that
adequate swirl and tumble air motion will assist the mixing
process, and that combustion stability could be improved
with varied injection timing [19]. The literature also indicates
that ethanol-gasoline blends, such as E85, have larger
injection quantity and latent heat. Such blends also produce
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quite different vaporization process from E0 subject to the
influence of the chamber temperature and pressure. For
example, E85 has been shown to have slower liquid
penetration and larger gas plume than E0 at the same engine
environment, and may actually improve the engine
startability at low temperature [20,21,22,23].

Recently low speed pre-ignition has attracted the attention of
researchers because of its randomness and impacts on engine
performance and life [24,25,26,27,28,29,30,31]. Many papers
have concluded that this phenomenon is caused by several
factors, for example, local hot spot inside the combustion
chamber, oil droplets in the air-fuel mixture, and fuel
components. Direct optical access to the combustion chamber
also has been shown to a useful research tool, to obtain better
understanding.

Besides the above mentioned parameters, advanced spark
design and operation may also impact engine combustion
[32,33,34,35]. With different shapes and various discharge
energy, the engine startability and combustion stability could
be improved.

Therefore, the present study primarily focuses on the effects
of different engine control parameters on the combustion
process in terms of fuel types, valve deactivation, ignition
timing, spark energy, injection timing, air-fuel ratio, and
exhaust gas recirculation. The coolant temperature is easily
controlled using an electric heater, yet the slightly lower
coolant temperature in the current paper is set up on purpose
to imitate ambient cool-start condition.

EXPERIMENT SETUP AND METHOD
Experiment Setup
There are two engine experiments in the present paper:
Visualization of an OAE and that of a modified production
engine. Three engine heads are used to provide different view
angles into the combustion chamber. The one on the OAE is
intact since optical access is provided through transparent
liner or windows mounted on both sides of the metal
cylinder, and transparent window mounted on top of the
Bowditch piston. Two other cylinder heads are modified for
the metal engine tests. Figure 1(a-1) shows that one valve is
replaced with a sapphire window for optical access from the
top using an endoscope through the valve stem, but is limited
to valve deactivated operation. Fig. 1(a-2) shows a sapphire
window plug for endoscope access, which is mounted on the
side of the cylinder head to study the spark and early flame
development and propagation.

Table 1 shows the specifications of the engines used in the
current research. The OAE is a one-cylinder engine designed
for optical access with a Bowditch piston. The advantage and
purpose to use this type of engines is to gain the maximal
optical access; nevertheless, larger crevice volume and blow-

by is expected due to the design and oil-less lubrication, so
some adjustments are made to approach the real-world
conditions, e.g., longer stroke in this case. The metal engine
is a production engine with three cylinder deactivated, and it
provides real-world conditions during the testing with
realistic crevice volume. It also has higher limit and
durability on engine speed and load than the OAE. Figure 1
shows the setup of both engines. Due to the limited optical
access, the visualization on the metal engine is taken by a
high speed monochrome camera equipped with an. The
spectral response of the color camera is shown in Fig. 2. The
blue color peaks from 450 nm to 470 nm. The specifications
of both cameras are shown in Table 2.

Figure 1. (a) Metal engine setup.

Figure 1. (b) OAE setup.
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Table 1. Engine Specifications

Figure 2. Color camera spectrum.

Table 2. Camera Specifications

Two types of fuel are used in the study: pure gasoline (E0)
and ethanol-blended one (E85). A production six-hole
injector is used and mounted on the intake side of the engine
block. The injection pressure is fixed at 100 bar throughout
all tests. Nitrogen is used to reduce the oxygen concentration
and reduce window fouling due to combustion products, so
that only the dilution effects of the external EGR are
simulated. For the metal engine, natural gas burner exhaust is
introduced at the intake to simulate external EGR and also to
reduce the window fouling.

 
 
 

Due to the variation of the experimental setup in this paper,
the detailed baseline operating conditions, such as lambda
and injection timing, will be listed in the result discussion.

Test Procedure
All experiments are done by the following two test
procedures with respect to the engine types due to different
types of control systems. The OAE test is to measure the very
first cycles once the ECU is on; the metal engine one is to
acquire reasonable data statistically since it has better
durability. These procedures are considered as pseudo-steady
state since the actual testing period is less than 1 min. The
discrepancy between the two procedures is due to the
geometric differences of the two engines. The combustion
will not occur for the study otherwise.

OAE Test

1.  Warm up the engine by heating up the coolant and inlet air
to 80 °C and 40 °C, respectively.

2.  Motor the engine at 600 rpm.

3.  Start the injection, ignition, camera recording, and data
acquisition right after the engine speed is reached.

Metal Engine Test

1.  Warm up the engine with a coolant heater until the coolant
temperature reaches 40 °C. Air temperature is as the room
temperature, which is about 25 °C.

2.  Start the engine at 1200 rpm.

3.  Start camera recording and data acquisition if the
combustion is stable.
The tests are conducted according to the following
parameters (not in the testing order):

• Fuel type

• Valve deactivation

• Spark timing and engine speed

• EGR

• Air-fuel ratio (presented as lambda, no specific test)

• Injection timing

• Spark discharge energy

Valve deactivation is shown in Fig. 3 as one-valve
deactivation and no-valve deactivation. The images are taken
from the OAE during the intake valve opening. All bottom-
view results in the current paper use the setup shown in Fig.
3. The intake valves are at the bottom of the images with the
deactivated one on the right hand side from the readers' view,
and the exhaust ones are on the top.
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Figure 3. (a) Left: one-valve deactivation. (b) Right: no-
valve deactivation.

RESULTS AND DISCUSSION
Fuel Type
E0 Flame Speed
Test condition:

• 600 RPM

• MAP: 1 bar

• Injection timing: 300 CAD bTDCfire

• Injection pressure: 180 bar

• Ignition timing: 30 CAD bTDCfire

• Lambda: ∼1.63

• EGR 0%

• Frame Rate: 6000 fps

Figure 5 shows the image results of E0 combustion starting
from the first cycle. The images present that the first cycle is
relatively weaker than the successive ones; even though the
combustion is observed, the flame speed data, normalized
with the mean piston speed and shown in Fig. 5, indicates
that the first cycle has a very slow flame propagation. Once
the surrounding is developed, as seen in Fig. 4(b), the images
show higher intensity, and the flame propagates faster as the
results shown in Fig. 5. Qualitative flame progression is
shown in Fig. 4(c). This test is done in lean condition, so the
flame is expected to be faster if the air-fuel mixture is richer.
It should be addressed that this test is separately from other
tests mentioned later in the paper, so there is no comparison
should be made.

Figure 4(a). E0 combustion at 1st cycle.

Figure 4(b). E0 combustion after 1st cycle (5th cycle
shown).

Figure 4(c). E0 flame contour at 1st cycle (left) and 5th

cycle (right). The axes are in pixel.
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Figure 5. E0 flame speed of the first six cycles (Y-axis:
normalized with the mean piston speed).

E0 v.s. E85
Test condition:

• 600 RPM

• MAP: 1 bar

• Injection timing: 180 CAD bTDCfire

• Injection pressure: 100 bar

• Ignition timing: 45 CAD bTDCfire

• Lambda: ∼1.63 (E0) and ∼1.58 (E85)

• EGR 0%

• Frame Rate: 6000 fps

The images of E0 and E85 combustion are shown in Fig. 6(a)
and Fig. 7 along with their RGB values, respectively. The
injection started at 180 CAD bTDCfire to signify the
difference between E0 and E85 in this test. The averaged
IMEP of E0 is 3.72 bar, and that of E85 is 4.51 bar; the
coefficient of variation (COV) of the IMEPs is 47.76% for E0
and 6.81% for E85.

Even though most modern optical research involves laser
technology, such equipment is very expensive and requires a
lot of maintenance, which may not be financially practical.
Therefore, the researchers of the current study utilize the
color information obtained directly from the camera as the
tool for combustion analysis. RGB value is calculated
according to Eq. 1.

(1)

There is no combustion recorded in the first cycle of E0, so
the images of the ensuing cycles are shown in Fig. 6(a). It is
evident that E85 provides much stronger and more stable
combustion than E0 does because the RGB values in Fig. 7
are higher than those in Fig. 6(a).

The first cycle of E85 is relatively weak comparing with the
ensuing cycles. However, E85 provides better startablity
since there is no combustion in the first cycle using E0. This
is because that ethanol has lower boiling temperature than
most of the heavy components of E0, and there is more fuel
vapor available for ignition since more E85 fuel is injected
than E0 to compensate its lower energy content. The trend
may be reversed at even lower ambient temperature when not
enough heat in the charge air is available to vaporize the fuel.

It should be noted that the blue values have similar magnitude
between all cycles and the two types of fuel. In Fig. 7, it is
seen that the peak of the apparent heat release rate (AHRR)
coincides with the blue color. The correlation is not as strong
for the E0 case in Fig. 6(a), but the start of the blue color and
AHRR still occur at the same time. This may indicate that the
blue flame, which is representative of the lean flame, is
correlated to the flame propagation and responsible of most
of the heat release.

Comparing the images at −15, 0, and 15 CAD in Fig. 6(a) and
7, it is shown that blue color starts and peaks earlier than the
red one, with the green one in between, indicating richer
pockets in the later combustion processes, where soot burn-
out is taking place. Higher peak pressure is observed for E85
cases than E0 ones because of more complete combustion.
Due to better startability, the ensuing experiments are
conducted with the utilization of E85 on both the OAE and
metal engine.
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Figure 6(a). E0 combustion after 1st cycle (5th cycle
shown).

Figure 6(b) shows two spectra of the E0 combustion, one at
TDCfire and the other one at 15 CAD aTDCfire. It is seen that
OH* exists through the period of combustion; however,
CH2O and CH may be covered by the stronger
chemiluminecent light from CO-O. The reference wavelength
is compared according to [36]. From Fig. 2 it is known that
the blue color from the high speed camera is from 375 nm to
575 nm, so it may partially present some combustion
products.

Figure 6(b). Spectra of E0 combustion at TDCfire and 15
CAD aTDCfire.

Figure 7(a). E85 combustion (1st cycle).

Figure 7(b). E85 combustion after 1st cycle (5th cycle
shown).

Valve Deactivation
Test condition:

• 600 RPM

• MAP: 1 bar

• Injection timing: 300 CAD bTDCfire

• Injection pressure: 100 bar

• Ignition timing: 30 CAD bTDCfire

• Lambda: ∼1.20 (E85)

• EGR 0%

• Frame Rate: 6000 fps

 

Downloaded from SAE International by Wayne State University, Tuesday, June 14, 2016



 
This test is experimented with E85 as discussed in the
previous section. Theoretically, one-valve deactivation
creates more swirl motion (swirl-dominant) inside the
cylinder due to asymmetric intake air flows, whereas no-
valve deactivation has more tumble motion (tumble-
dominant) caused by the piston reciprocation. Figure 8 and 9
show the first cycle images of these to modes, no-valve and
one-valve deactivation, respectively.

Figure 8. No-valve deactivation (1st cycle).

Figure 9. One-valve deactivation (1st cycle).

 
 
 
 
 
 
 
 
 

The first cycle of one-valve deactivation has relatively weak
combustion, as shown in Fig. 8. On the other hand, the
combustion of the first cycle of no-valve deactivation is
stronger. Since E85 is the only fuel utilized in this test and its
good combustibility is discussed and proven previously, the
results indicate the impact of one-valve deactivation on
deteriorating the combustion process in this particular engine
setup because the IMEP of the first cycle of no-valve
deactivation and one-valve deactivation is 6.88 bar and 5.52
bar, respectively. It is also observed that the combustion
process is weaker with one-valve deactivation from the
AHRR and RGB values. In addition to that, one-valve
deactivation images show strong diffusional flame at the end
of the combustion. It is therefore expected that the soot
formation is higher with this configuration.

The correlation between the blue color and AHRR also
agrees with the observation from the fuel type tests. The
peaks of both curves overlap with each other, which indicate
that the blue color may be burn rate related. It is also worthy
of notice that the averaged blue values are mostly the same in
any tangible combustion, but the averaged red values always
vary from cycle to cycle depending on the combustion.

Nevertheless, the averaged IMEP of no-valve and one-valve
deactivation is 6.58 bar and 6.82 bar; the COV of them are
3.91% and 6.87%, respectively. This suggests that even
though the combustion is slightly stronger with one-valve
deactivation, it is more stable while no valve is deactivated.

In order to study the difference between these two valve
configurations, an ultra-lean condition (lambda ∼ 1.6) with
early spark timing (45 CAD bTDCfire) is conducted in order
to focus on the blue flame propagation. The image results
shown in Fig. 10(a) and (b) are compared side-by-side from
the start of ignition (15 CAD bTDCfire) to the TDCfire (0
CAD). It should be noted that the RGB values of the images
in Fig. 10(a) and (b) are enhanced, so they should not be
compared with the images in Fig. 8 and Fig. 9.

The flame kernel of one-valve deactivation starts from the
bottom-right to the top-left of the image; the flame kernel of
no-valve deactivation starts from the top to the bottom of the
image.Figure 10(c) is the image data taken from the one-
valve deactivated cylinder head on the metal engine for
qualitative study. Comparing Fig. 10(b) and (c), the flame
development before TDC (0 CAD) should be seen as the blue
flame. Both figures show the same flame development
direction, so the shape of piston top is concluded to have
minimal impacts. It should be mentioned that the two tests in
Fig. 10(b) and (c) are set up with the same spark plug at
different ignition timing; nonetheless, both results show the
same flame development direction.
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From Fig. 3 it is known that the bottom of the image is the
intake valve position and the top of that is the exhaust valve
position. Therefore, the flame propagation is directed by the
air flow motion where one-valve deactivation is dominated
by swirls and no-valve deactivation is controlled by tumbles.

Figure 10(a). No-valve deactivation flame development.

Figure 10(b). One-valve deactivation flame development.

One explanation of this phenomenon is that the direction of
the spark discharge arc does not encounter a local-rich zone.
A CFD simulation is done to display the air-fuel ratio inside
the combustion chamber before the spark. The result is shown
in Fig. 11. It is clear seen that the local-rich zone occurs at
the activate intake valve side while the arc is moving towards
the deactivated valve. Therefore, the control of the spark arc
direction is important in order to encounter a local-rich zone
to have better combustion.

Figure 10(c). One-valve deactivation flame development
in the metal engine (600 rpm; view from intake valve).

Figure 11. One-valve deactivation CFD simulation.
Local-rich zone is shown in red.

Ignition Timing v.s. Engine Speed
Test condition:

• 600 RPM and 1200 RPM

• MAP: 1 bar

• Injection timing: 300 CAD bTDCfire

• Injection pressure: 100 bar

• Ignition timing: 40 to 15 CAD bTDCfire (600 RPM) and 30
to 10 CAD bTDCfire (1200 RPM)

• Lambda: ∼1.21

• EGR 0%

• Frame Rate: 6000 fps
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Figure 12 shows the IMEP, CA00-10 and CA10-90 of the
ignition timing sweep tests from the OAE. The test is done at
lean condition (lambda ∼ 1.21) with the injection at 300
CAD bTDCfire. The spark timing is set from 40 CAD
bTDCfire to 15 CAD bTDCfire on the OAE at 600 rpm, and
30 CAD bTDCfire to 10 CAD bTDCfire on the metal engine at
1200 rpm. There is no valve deactivation so that the
combustion could maintain the stability.

Figure 12(a). IMEP of ignition timing sweep (OAE; 600
rpm)

Figure 12(b). CA0-10 and CA10-90 of ignition timing
sweep (OAE; 600 rpm)

At the spark timing at 20 CAD bTDCfire and 15 CAD
bTDCfire, the engine has high IMEP and low COV of IMEP
on the OAE at 600 rpm. This indicates that most energy input
is converted to work output, i.e. higher efficiency. The
maximum brake torque (MBT) is considered in this range of
spark timing. However, the image results demonstrate that the
retard spark timing, 20 CAD bTDCfire and 15 CAD bTDCfire,
have in fact darker images as shown in Fig. 13. Therefore,

high luminosity may not have a strong correlation to
represent IMEP in this case even though the combustion is
considered strong from the images. If the spark timing is too
early, like Fig. 13(a), the engine would lose power and the
combustion becomes more unstable as the IMEP and COV of
IMEP shown in Fig. 12(a). The CA0-10 and CA10-90 results
show that early spark timing causes longer burning duration.

Since the combustion phase is shifted with the advanced
spark timing, most mixture could be burnt around TDC. This
may explain higher luminosity and the appearance of smoke-
like plume in Fig. 13, especially with advanced spark timing.
The components of the plume are not studied in the current
paper, but it is under investigation to identify the actual
species of the plume as the future target.

Although retarding spark timing may help to improve IMEP
and reduce the negative work, Fig. 13(e) and (f) show some
bright spots after TDC. This could be a concern due to
possible soot formation.

Figure 13. Ignition timing (OAE; 600 rpm): (a) 40 (b) 35
(c) 30 (d) 25 (e)20 (f)15 bTDCfire CAD

Ignition sweep test is also performed on the metal engine
with the side-mounted endoscope. This experiment is done at
1200 rpm, which is higher than the one on the OAE (600
rpm). The IMEP and COV of IMEP results in Fig. 14(a)
indicate that retarded spark timing has low IMEP and high
COV, which is opposite to the results from the OAE. The
MBT is reached with early spark timing. Moreover, the
CA0-10 and CA10-90 data shows that the burning rate is
slower with retarded spark timing in Fig. 14(b). This is also a
contrast to the OAE test.

One assumption to explain the difference from these two tests
is that the air motion by the piston reciprocation would
impact the mixture burning rate. The CA0-10 data of early
spark timing in both tests shows a flat line, which means the
early flame development is not changed with respect to the
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spark timing - an indication that air is not compressed
sufficiently to affect the chemical reaction.

Figure 14(a). IMEP of ignition timing sweep (metal;
1200 rpm)

Figure 14(b). CA0-10 and CA10-90 of ignition timing
sweep (metal; 1200 rpm)

Once the spark timing is retarded, CA0-10 could be faster or
slower depending on the engine speed. It is believed that the
flame kernel of retarded spark timing has enough time to
develop at low speed, so the burning rate is faster. On the
other hand, higher engine speed does not provide enough
time for the flame kernel to develop thoroughly if the spark
timing is retarded; thus, the combustion is deteriorated. It
should be noticed that CA0-90 at 600 rpm and 1200 rpm is
about 40 CAD at the MBT point, but the burn rate at 1200
rpm is actually faster due to the higher engine speed.

The image results in Fig. 15 support the assumption described
above. Figure 15(a) and (b) show very robust combustion, but

the chemiluminescent light is not seen much in Fig. 15(c) and
(d).

Figure 15. Ignition timing (metal; 1200 rpm): (a) 30 (b)
25 (c) 20 (d)15 bTDCfire CAD

Injection Timing
Test condition:

• 1200 RPM

• MAP: 1 bar

• Injection timing: 300 or 60 CAD bTDCfire

• Injection pressure: 100 bar

• Ignition timing: 20 CAD bTDCfire or 10 CAD aTDCfire

• Lambda: ∼1.15

• EGR 0%

• Frame Rate: 12000 fps

Injection timing is critical in GDI engines because air and
fuel need time to mix with each other. If injecting too late, the
mixture will not form uniformly enough and heterogonous
combustion could happen. Two cases are studied for injection
timing effect: injection at 300 CAD bTDCfire (baseline) and
60 CAD bTDCfire in stoichiometric condition with 20 CAD
bTDCfire spark timing and throttled intake. Due to possible
instability concern, the tests are only performed on the metal
engine. The baseline results are shown in Fig 16.

Early injection gives the air and fuel enough time to mix
more homogeneously. The IMEP of the case is 13.055 bar,
and CA50 is at an optimal position, which is 5 to 10 CAD
aTDCfire. However, once the injection is retarded to 60
aTDCfire, as shown in Fig. 16(b), the combustion images
indicate that the mixture does not have the same mixing
quality. The flame is more heterogonous or diffusion-like.
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IMEP fluctuates more with late injection, and possible pre-
ignition or misfire may also occur.

Figure 16(a). Early injection (baseline; 300 CAD
bTDCfire)

Figure 16(b). Late injection (60 CAD bTDCfire)

Misfire and Pre-Ignition
One noticeable phenomenon of late injection is misfire. From
the results of data acquisition, misfire occurs very often with
late injection, whereas no misfire is observed with early
injection. With the optical access, the authors compare the
pressure traces and images side-by-side and discover that
once a misfire occurs, the ensuing cycles have the pattern of
late-burn to fast-burn. Due to the resolution of data
acquisition, the results do not indicate any abrupt pressure
rise, excessive peak pressure, or pressure trace fluctuation.
Nevertheless, low speed pre-ignition is captured with retarded
spark timing as the results shown below.

Figure 17 shows the result of a late-burn cycle, which occur
right after a misfire cycle. The images show some visible
flame at later CAD. To cause pre-ignition after a late-burn
cycle, one hypothesis is considered that the hot burnt gas
does not have time to cool down before exiting from the
exhaust valves, so the residuals remain higher-than-normal
temperature. Once the following cycle starts, the air-fuel
mixture is warmed up faster that a fast-burn cycle would
therefore occurs as shown in Fig. 18.

Figure 17. Late burn after a misfire

Figure 18. Fast burn after a late burn

To confirm the assumption above, the spark timing is set at
10 CAD aTDCfire to cause pre-ignition. Although the
pressure traces of all cycles are not shown in the paper
because of its complexity, it is found that a pre-ignition cycle
occurs after a late-burn one. Figure 19 shows the pre-ignition
image results and the pressure traces of the pre-ignition and
the normal combustion. It is clearly seen that the pre-ignition
combustion starts much earlier than the actual spark timing.
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The first hump of the normal pressure trace in Fig. 19 could
be considered as the motoring pressure trace due to late spark
timing; therefore, the pre-ignition pressure trace suggests that
there be endothermic reactions between −60 CAD and −30
CAD. The reactions could be due to fast vaporization process
of E85, which is injected at −60 CAD. The reason for the fuel
to vaporize rapidly is that there may be hot residual inside the
combustion chamber from the previous cycle. Therefore, the
pre-ignition occurs without the spark. Nonetheless, more in-
depth research is needed to further understand the onset of
pre-ignition.

Figure 19. Pre-ignition v.s. normal pressure trace

Spark Energy
Test condition:

• 1200 RPM

• MAP: 0.5 bar

• Injection timing: 300 CAD bTDCfire

• Injection pressure: 100 bar

• Ignition timing: 20, 15, and 10 CAD aTDCfire

• Lambda: ∼1.15

• EGR 0%

• Frame Rate: 8000 fps

The production coil of the current engine has the maximum
output of approximately 50mJ (based on bench test). The
authors utilize a specially made device to generate different
spark discharge energy to study the impact on engine
combustion. The main variables of the ignition process were
initial energy discharge and arc duration. The test results
show that increasing the energy could improve the
combustion in a pro-misfire operating condition. Figure 20
shows the results of IMEP and COV of IMEP where

improvement is achieved specifically in COV. It should be
noticed that even though 4 coils (4 series) and 8 coils (4
parallel) do not show much difference in IMEP, there is an
improvement in COV of IMEP with the latter.

Figure 20(a). Spark energy on IMEP

Figure 20(b). Spark energy on COV of IMEP

Figure 21 shows the image results of early flame kernel
development and the radii of different coil combinations with
spark timing at 10 CAD bTDCfire. It is clearly seen that the
flame kernel size is larger with more coils. Therefore, higher
spark energy produces stronger flame kernel and may have
faster flame propagation, which would improve combustion
as the results shown in Fig. 20. Due to the proprietary issue,
the exact spark energy could not be given in the present
study.
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Figure 21(a). Flame Kernel Development with Different
Spark Energy: (a) 1 parallel (2 coils); (b) 4 parallel (8

coils); (c) 4 series (4 coils)

Figure 21(b). Flame Kernel Radius with Different Spark
Energy

EGR
Test condition:
• 600 RPM
• MAP: 1 bar
• Injection timing: 300 CAD bTDCfire

• Injection pressure: 100 bar
• Ignition timing: 20 CAD bTDCfire

• Lambda: ∼1.20 (lean) and ∼0.9 (rich)
• EGR: 0%, 10%, 20%, and 30%
• Frame Rate: 6000 fps

Although EGR is usually not present in start-up procedure, it
is interesting to see its effects on combustion with respect to

the air-fuel ratio. Figure 22 shows the in-cylinder pressure
traces of implementing EGR at the intake. It should be
noticed that N2 is used as EGR in the current study. The peak
pressure decreases as the increment of EGR as well as IMEP.
The effect of changing combustion phase by using EGR is
emphasized more in Fig. 22(b) with rich condition.

Images of two cases are compared, whose spark timing is at
20 bTDCfire. Figure 23 shows 10% EGR and 30% EGR in
rich condition. The image results clearly show the difference,
where 30% case shows no smoke-like plume but some bright
spots. The authors believe that these local spots would result
in soot formation. Furthermore, the increase of EGR would
also decrease the stability of combustion, which could be
verified with COV of IMEP (not shown). Therefore, unlike
the prevalence of diesel engines with high EGR application,
the usage of EGR needs to be studied more in GDI engines.

Figure 22(a). EGR effect on in-cylinder pressure (lean)

Figure 22(b). EGR effect on in-cylinder pressure (rich)
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Figure 23(a). 10% EGR (rich)

Figure 23(b). 30% EGR (rich)

SUMMARY/CONCLUSIONS
The present study primarily focuses on the effects of different
parameters of engine control to the combustion process, such
as fuel types, valve deactivation, ignition timing, spark
energy, injection timing, air-fuel ratio, and exhaust gas
recirculation. Three engine heads of a 2.0L GDI engine are
used with modification to acquire different optical access.
Pure (E0) and ethanol-blended (E85) gasoline are used, and
the engine speed and coolant temperature are kept low to
imitate start-up situations in the normal driving condition.
The visualization study is realized with two high speed
cameras, monochrome with an intensifier and color, to
capture the combustion images.

The results indicate the following conclusions.

• The engine could have better startability using E85, with no
misfire in the first cycle at low temperature; although
sometimes it might cause pre-ignition after a misfire occurs,
as indicated by the image and pressure data.

• Valve deactivation which usually enhances the air-fuel
mixing at low load condition, may have a negative impact on
the starting process and combustion stability as well as the
soot formation.

• Higher spark energy could improve the combustion process
and reduce misfire and cycle-to-cycle variation.

• The blue value of the color camera could represent the blue
flame as well as AHRR.
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