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ABSTRACT 

Combustion and flame propagation characteristics of the 
liquid phase LPG injection (LPLI) engine were 
investigated in a single cylinder optical engine. Lean 
burn operation is needed to reduce thermal stress of 
exhaust manifold and engine knock in a heavy duty LPG 
engine. An LPLI system has advantages on lean 
operation. Optimized engine design parameters such as 
swirl, injection timing and piston geometry can improve 
lean burn performance with LPLI system.  

In this study, the effects of piston geometry along with 
injection timing and swirl ratio on flame propagation 
characteristics were investigated. A series of bottom-
view flame images were taken from direct visualization 
using a UV intensified high-speed CCD camera. 
Concepts of flame area speed, in addition to flame 
propagation patterns and thermodynamic heat release 
analysis, was introduced to analyze the flame 
propagation characteristics. The results show the 
correlation between the flame propagation 
characteristics, which is related to engine performance 
of lean region, and engine design parameters such as 
swirl ratio, piston geometry and injection timing. Stronger 
swirl resulted in faster flame propagation under open 
valve injection. The flame speed was significantly 
affected by injection timing under open valve injection 
conditions; supposedly due to the charge stratification. 
Piston geometry affected flame propagation through 
squish effects. 

INTRODUCTION 

Liquid phase LPG injection(LPLI) system has an 
advantage of enhancing power output because the 
volumetric efficiency increases due to lowering intake air 
temperature [1]. The exhaust gas temperature and the 
amount of NOx emissions are decreased. The engine 
knock tendency is also reduced and it does affect 
favorably to extend a lean misfire limit. Backfire, which 

has often occurred in conventional LPG engine with 
mixer system, is prevented because the fuel is injected 
as liquid phase. However, the application of LPLI system 
for a heavy duty engine should be completed by optimal 
combustion chamber design to satisfy fuel economy, 
performance and emission characteristics [2]. Lean burn 
has been considered to accomplish these goals [3]. 

Lean burn strategy makes it possible to reduce 
emissions and to enhance fuel economy. To the contrary, 
it may cause unstable engine running by combustion 
cyclic variation, misfire or partial burning. To overcome 
this disadvantage, there have been lots of efforts toward 
fast burning through fuel stratification. Specially, lean 
combustion system is requested for heavy duty LPG 
engine to relieve thermal load at the condition of 
retarded ignition to avoid engine knocking [4,5]. 

It is generally known that fuel stratification is one of key 
technologies to extend the lean limit. The rich mixture in 
the spark plug vicinity could be achieved by the control 
of swirl intensity and squish flow [6]. The injection timing 
also affects the stratification so that open valve injection 
usually showed the best mixture distribution [7]. It was 
found that the axial stratification is maintained if the 
radial component of the swirling motion is stronger than 
the axial components. Flow field in engine cylinder was 
measured to understand the effect of piston geometry [8]. 
Inside the bowl-in-piston combustion chamber, the 
interaction between swirl and squish flow was intensively 
investigated [9-11]. 

This paper presents experiments to observe the effect of 
swirl and squish in an optical single cylinder engine 
equipped with LPLI system. The flame propagation 
images were compared with different piston shapes. The 
injection timing effect was observed to obtain best 
injection timing which was expected to augment the 
mixture stratification.  
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EXPERIMENTS 

RESEARCH ENGINE  

The experiments were carried out in an optically 
accessible single cylinder engine. The engine is 
equipped with quartz liner and quartz piston window. 
Side and bottom views of the combustion chamber are 
optically accessible through the windows. Figure 1 
illustrates the schematic of tested optical engine. Since 
commercial heavy duty diesel engine (Hyundai D6 AV, 
compression ratio: 17) was modified to an LPG (SI, 
compression ratio: 9.3) engine, the engine head has flat 
roof and the spark plug is mounted at the position of the 
injector hole around the center of the combustion 
chamber. The spark plug and some parts of valves could 
be observed through the piston window as shown in 
Figure 2. About 35% of the combustion chamber area 
was observable. A liquid phase LPG injection(LPLI) to 
the intake port was adopted for the fuel supply system, 
where liquid fuel was injected into the port with 10 bar 
supplying pressure. Table 1 summarizes the engine 
specification. 

 

Table 1: Engine data 

Stroke 140 mm 

Bore  130 mm 

Compression ratio 9.3 

Displacement volume 1858 cm3 

Quartz piston window size 77.6 mm 

Ignition type Spark ignition 

Intake open BTDC 18° 

Intake close ABDC 50° 

Exhaust open BBDC 50° 
Valve timing 

Exhaust close ATDC 18° 

Fuel supplying pressure 10 bar 

Fuel composition (C3H8 : C4H10) 6 : 4 

Quartz liner

mirror

Quartz piston window

Extnended 
piston

Engine Head with 
flat roof

Intake valve

Cam shaft

 

Figure 1: Schematic of  optical engine. 

Cylinder bore Exhaust valve

Intake valve Piston window
Spark plug  

Figure 2: Position of viewing area(inner circle) 

EXPERIMENTAL CONDITIONS 

 A mixture of propane(C3H8 )and butane(C4H10 ) of 60:40 
ratio was used as fuel. The coolant temperature was set 
at 50°C  to reduce the thermal load of the optical module. 
And the throttle position was set at 10%. The engine 

45°



was operated at 500 rpm and the spark timing was set at 
BTDC 30° CA. 

Four geometrically different pistons were used to 
investigate the effects of piston geometry. Each piston 
has different squish area and top land length. Figure 3 
illustrates the shape of the pistons while Table 2 
describes specification of the tested piston. Piston A has 
spherical bowl shape, which is unmodified base piston. 
Piston B and C are modified pistons that have cylindrical 
bowl shape. Piston D has cylindrical chamber wall with 
chamfered edge. 

Three swirl ratios were selected to investigate the effects 
of swirl strength. In the following section, the terms 
‘weak swirl’, ‘medium swirl’ and ‘strong swirl’ represent 
the swirl ratio 1.2, 2.0 and 3.4 respectively. The swirl 
ratio was measured in a steady flow rig. The Ricardo 
swirl number (Rs) was defined by the following equation 
(1) [12]. 
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where, LD = engine shape parameter 

Cf = flow coefficient 

NR = non dimensional rig swirl 

a1 and a2 represent opening and closing time of the intake valve 

 

 

Figure 3: Bowl shape of test pistons 

Figure 4 indicates the tested injection timings. Seven 
injection timings were selected to investigate injection 
timing effects. Two of the timings represent closed valve 
case; right before the opening of the intake valve and 
right after the closing of intake valve. Injection at BTDC 
400° CA represents late closed-valve injection timing, 

while BTDC 100° CA represents early closed-valve 
injection timing. Five open valve injection timings were 
selected from BTDC 360° to BTDC 200° CA with 40° CA 
interval. Injection at BTDC 360° CA and BTDC 320° CA 
represents early open-valve injections, while BTDC 200° 
CA represent late open-valve injection. Injection timings 
BTDC 280° and BTDC 240° represent middle open-
valve injections.  

Table 2: Piston specifications 

Piston Squish 
area [mm2] 

Bowl surface 
area [mm2] 

Top land 
length [mm] 

A 2782 14567 15.68 

B 4344 16182 15.68 

C 6882 11550 10 

D 2601 15755 15.68 

 

 

Figure 4: Tested injection timings. 

COMBUSTION ANALYSIS 

Prior to the flame imaging experiment, combustion 
analysis was conducted through the engine tests without 
optical modules. The initial combustion duration (time for 
10% mass fraction burned) and the main combustion 
duration (time for 10-90% mass fraction burned) were 
calculated from heat release analysis. The engine was 
tested at WOT (wide open throttle) condition at 1200 and 
1500 rpm. 

FLAME VISUALIZATION 

Figure 5 shows a schematic diagram of experimental 
setup. A high speed camera was synchronized with the 

Injection at BTDC

TDCIntake TDC

400 360 280 240 200 100

Compression

320

Exhaust
Open valve injection 

� Early open-valve injection BTDC 360, 320 
� Middle open-valve injection     BTDC 280, 240 
� Late open-valve injection BTDC 200 

Closed valve injection 
� Early closed-valve injection BTDC 100 
� Late closed-valve injection BTDC 400 

A B C D



ignition signal. Once it was triggered, it took a series of 
flame images by 1 ms  interval. 1 ms was equal to 3° CA 
in engine crank angle at 500 rpm engine operation 
speed. In overall lean condition, the flames were darker 
than those of stoichiometric condition. To compensate 
the weak flame illumination, a high speed gated image 
intensifier was used. The intensifier gain and the 
exposure time were adjusted for lean operation.  

M CP

High speed 
camera

M onitoring

Image acquiring  &
processing

Camera 
controller

Encoder

Trigger

ECU

Engine control

Figure 5: Schematic diagram of experimental setup 

The bottom view images of flame are integrated 2-D 
images of three dimensionally developing flames. 
Apparent flame propagation speed can represent flame 
speed, though the exact flame speed cannot be 
calculated from the images. A flame area speed was 
defined as the expansion speed of the observed flame 
image areas to compare flame speed qualitatively. The 
flame area speed at ith step(Saf,i) and the mean flame 
area speed(mean Saf)  from a° CA to b° CA were defined 
in the following equations (2) and (3). 
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where, Ni = Number of pixels inside flame at i-th step [pixels] 

 t = time interval between i and i-1 step [° CA] 

 b-a = selected time interval [° CA] 

RESULTS AND DISCUSSIONS 

OVERALL AIR EXCESS RATIO EFFECTS 

Flame speed is greatly affected by fuel fraction in the 
intake charge as studied by Zhou et al. [13]. Figure 6 
shows flame boundaries at 9°, 15°, 21° and 27° CA after 

ignition for three different air excess ratios. Flame areas 
were greatly reduced with leaner mixtures at the same 
crank angle. 

The smaller flame area for lean mixture is due to the 
slower flame propagation speed and longer ignition 
delay. The laminar flame is fastest at stoichiometric or 
slightly rich conditions [14,15]. At overall lean region, 
chemical energy density and mixture temperature are 
lower than those at stoichiometric condition. These 
strongly affect the inflammation process and rate of 
propagation of resulting flame are strongly affected. As a 
result, the flame size is decreased enabling more time  
available for heat losses [16]. 

Figure 7 shows mean flame area speed (see eq. (3)) 
with respect to the air excess ratios. With leaner 
mixtures, flames became darker and smaller. Unstable  
combustion in terms of cyclic variation was also 
observed. It is an intrinsic nature of a lean burn, which 
provides a motive of this research. 
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λ=1.0                  λ=1.2                  λ=1.4 

Figure 6: Flame fronts at 9~27° CA after ignition with respect to air 
excess ratios(λ) 1.0, 1.2 and 1.4(Rs=2.0, injection timing BTDC 360° 
CA at 500 rpm, piston A). 
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Figure 7: Mean flame area speed with respect to air excess ratio (500 
rpm, Rs=2.0, injection timing BTDC 240° CA, piston C). 
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INJECTION TIMING EFFECTS 

It is well known that the injection timing in a port fuel 
injection engine is closely related to a charge 
preparation process. The correlation between the axial 
fuel distribution and the injection timing has been 
investigated [7, 17,18]. Open valve injection may form a 
favorable mixture distribution, which is rich near the 
spark plug. 

It seems that gaseous fuel may also have some 
advantages with open valve injection. The wall wetted 
fuel and liquid phase fuel that have not been vaporized 
yet, may produce detrimental effects on air/fuel ratio 
control and emissions by making local over-rich  mixture 
in gasoline fueled engines. For most gasoline fueled 
engines, closed valve injection is utilized for better fuel 
vaporization. Injected fuel could have more time to be 
vaporized in the hot intake manifold. Axially stratified fuel 
distribution in the cylinder induced by the liquid phase 
LPG injection(LPLI) may have some effect on the flame 
propagation processes.  

Figure 8 shows flame development for four different 
injection timings. The flame images were taken at overall 
lean condition, λ=1.2. Open valve injection(BTDC 240°)  
seems to lead to faster flame propagation.  

 

Figure 8: Flame images at 15, 30 and 42° CA  for different injection 
timing after ignition. Closed valve injection timings are BTDC 400° CA 
(1st column, late closed-valve injection) and BTDC 100° CA (4th 
column, early closed-valve injection). Open valve injection timings are 
BTDC 320° CA (2nd column, early open-valve injection) and BTDC 
240° CA (3rd column, middle open-valve injection)(500 rpm, Rs=3.4, 
λ=1.2, piston B) 

Even for the open valve injection cases, injection timing 
difference led to noticeable flame propagation speed. 
Much bigger flame was observed at 15° CA for BTDC 
240°CA injection case, while smaller flames were 
observed for other injection timings; flames were still at 
initial stages not only for closed valve injection but for 
open valve (BTDC 320° CA) injection cases. At 30° CA, 
second row of Figure 8, slightly bigger flame was 
observed for BTDC 320° CA-injection case than those of 
the closed valve injection cases. It implies that open 
valve injection promotes faster flame propagation than 
closed valve injection. 

However, there was significant flame size difference 
between two open valve injection timings (early open-
valve injection and middle open-valve injection). The 
flames of the middle open-valve injection (BTDC 240° 
CA) had already been over the window border at 30° CA 
after ignition. In other words, the middle open-valve 
injection showed faster flame propagation than that of 
the early open-valve injection. 

Injection timings BTDC 400° CA and BTDC 100° CA are 
both closed valve injections. Slightly bigger flame was 
observed for the early closed-valve injection (BTDC 
100° CA) at 30° CA (Figure 8). Figure 9 confirms the 
observation. Averaged flame area of early closed-valve 
injection is larger than that of late closed-valve injection. 
It was presumed that the two closed valve injection 
timings have entirely different mixture preparation 
processes. The early closed-valve injection (BTDC 100° 
CA) is the time at 50° CA after intake valve closing. 
Injected fuel stays in hot intake manifold and may have 
more time to be heated up and be mixed up with air; the 
mixture tends to be more homogeneous. 

The late closed-valve injection (BTDC 400° CA) is just 
2°CA before the opening of the intake valve. Fuel 
injection lasted for about 18° CA. Since fuel injection 
continued after the intake valve open, quite a part of 
injected fuel may enter the cylinder directly. 
Subsequently, the rich mixture remains around the 
piston bowl surface since ill stratification takes place. 
The intake mixture entering the cylinder after the fuel 
injection is supposed to be very lean. And it may occupy 
the upper space of the cylinder. Thus, it is believed that 
the stratified mixture in the vicinity of spark plug must be 
lean. To make the matter worse, the mixture 
temperature must be decreased much because of the 
vaporization heat; the mixture becomes less ignitable. 
Unlike the late closed-valve injection, homogeneous 
mixture may be distributed in the cylinder for the early 
closed-valve injection (BTDC 100°CA). The charge is 
less stratified than the late closed-valve injection, since 
more homogeneous charge participate in the 
stratification. 

Figure 9 shows flame pixel area obtained with seven 
different injection timings. Ten flame images were used 

30 ° 

42 ° 

15 °  

Injection timing(BTDC) 
 
 400 °CA          320 °CA           240 °CA            100 °CA 



to calculate averaged flame area and its standard 
deviation for the same crank angle. Flame areas of 
BTDC 240° CA (middle open-valve injection) were the 
largest among the tested injection timings. Flames of 
BTDC 280° CA (middle open-valve injection) were pretty 
large, but those were still smaller than those of BTDC 
240° CA. Flame areas of closed-valve injection timings 
including some of open valve injection timings (early and 
late open-valve injection) were similar. As discussed 
above, injection at BTDC 400° CA showed the worst 
case in the early flame propagation. 
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Figure 9: Flame pixel area from ignition to 33° CA after ignition for 

seven different injection timings. The selected interval, a° ~ b°, was 

9°~21° CA. (500 rpm, Rs=3.4, λ=1.2, piston B) 

To compare a flame propagation speed, the mean flame 
area speed was calculated from 9° to 21° CA after 
ignition (Figure 10). Since the observing window was 
confined, calculated flame pixel area was decreased as 
the flame front went over the window border. The time 
interval, 9° to 21° CA, was selected in order to represent 
flame propagation speed properly without the limitation 
of optical access. Figure 10 indicates the mean flame 
area speed with respect to the injection timing.  

The flame propagation speed was very sensitive to the 
injection timing. The optimal injection timing was around 
the middle open-valve injection timings. Just after the 
optimal point, flame speed was decreased drastically. 
The intake begins at 18° CA before TDC (378° CA 
before firing TDC) and finishes at 50° CA after BDC 
(130° CA before firing TDC). From the results, two 
conclusions could be drawn. Firstly, there was optimal 
injection timing which was around the middle open-valve 
injection timings. Secondly, there was worst injection 
timing and it was beginning or slightly before beginning 
of the intake process, so–called late closed-valve 
injections. 
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Figure 10: Mean flame area speed for different injection timing. The 
selected interval, a° ~ b°, was 9°~21° CA. (500 rpm, Rs=3.4, λ=1.2, 
piston B) 

Figure 11 shows flame images at 12°, 21° and 30° CA 
after ignition. No significant difference in flame size was 
observed for the injection timings. In λ=1.0 case, the 
mixture state was so favorable for combustion that the 
effect of injection timing was unnoticeable. In other 
words, the injection timing effect on the flame 
propagation speed was trivial for stoichiometric condition 
where flame speed is fastest[13]. The flame images in 
Figure 8 were obtained with strong swirl (Rs=3.4) and 
the images in Figure 11 were obtained with medium 
swirl (Rs=2.0), which showed some difference in flame 
development. The effects of swirl intensity on flame 

section.  

 

Figure 11: Flame images for different injection timing at 12°, 21° and 
30° CA after ignition. Closed valve injection timings are BTDC 400° CA 
(1st column) and BTDC 100° CA (4th column). Open valve injection 
timings are BTDC 320° CA (2nd column) and BTDC 240° CA (3rd 
column) (500 rpm, Rs=2.0, λ=1.0, piston B). 
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Injection timing(BTDC)   

characteristics are to be discussed in the following 

400°CA          320°CA              240°CA               100°CA 



SWIRL EFFECTS 

Figure 12 shows averaged flame images of three 
different swirl ratios for open and closed valve cases. 
Tested piston was piston B and the air excess ratio was 
1.2. Figure 12(a) and (b) show averaged flames under 
the condition of open valve injection (BTDC 280° CA) 
and those of closed valve injection (BTDC 100° CA). As 
shown in Figure 12(a), flames of strong swirl (Rs=3.4) 
were larger than those of other swirl ratios for open 
valve injection. For closed valve injection (Figure 12(b)), 
flames of medium swirl (Rs=2.0) were larger than those 
of other swirl ratios. 

Figure 13 shows the flame areas with regard to the swirl 
ratio. As shown in the Figure 13(a) and (b) for middle 
open-valve injection, flames of strong swirl (Rs=3.4) was 
bigger than those of the lower swirl ratios such as 
Rs=2.0 or Rs=1.3. For the desirable injection timings 
such as BTDC280° or 240° CA, strong swirl was helpful 
in increasing flame propagation speed. The trend that a 
strong swirl does affect favorably in flame development 
was consistent for open-valve injection.  By varying 
injection timing, however, the swirl ratio effect on the 
flame propagation speed was also changed. As shown 
in the Figure13 (a), when the injection timing was BTDC 
240° CA, the variation of the flame size with strong swirl 
was small. The averaged flame size was also noticeably 
larger than those of medium or weak swirl. This means 
that the strong swirl enhanced the flame propagation 

speed when the injection timing was set at the optimal 
injection timing, BTDC 240° CA in this experiment.  

Figure 13(b) shows BTDC 280° CA-injection case. The 
flame area difference was not large between Rs=3.4 and 
Rs=2.0, though Rs=3.4 still lead the fastest flame 
propagation. The flame size and its variation were not 
changed much for the lowest swirl ratio, Rs=1.3.  

The trend of swirl ratio effect was changed when the 
injection timing was set retarded after the optimal 
injection timing, BTDC 240° CA. Figures 13(c) and (d) 
show flame area changes of late open-valve injection 
(BTDC 200° CA) and early closed-valve injection (BTDC 
100° CA). For these injection timings, the medium swirl 
(Rs=2.0) was beneficial for fast flame propagation, while 
the strong swirl (Rs=3.4) was the worst case. When the 
injection timing was set at BTDC 200° CA (late open-
valve injection), the flame area differences by the swirl 
ratio were not significant (Figure 13(c)); averaged area 
differences among the swirl ratios were smaller than the 
area variation ranges. Rs=2.0 was still the best swirl 
ratio. As the injection timing was set far from BTDC 240° 
CA (the optimal injection timing), flame speed 
enhancement of medium swirl was clearly observed. 
And the flames of strong swirl became deteriorated 
(Figure 13 (d)). 

 

 

 (a)        (b) 

Figure 12: Averaged flame images of three different swirl ratios. Images were obtained at 9°, 15°, 21° and 27° CA after ignition                                  
(500 rpm, λ=1.2, piston B).  

  (a): Injection at BTDC 280° CA, open valve injection  (b): Injection at BTDC 100° CA, closed valve injection 
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    (c)       (d) 

CA after ignition for different swirl intensity(500 rpm, λ=1.2, piston B). 

CA, middle open valve injection  CA, middle open valve injection 

CA, late open valve injection  CA, early closed valve injection 

Too strong swirl flow may affect adversely on the in-
cylinder combustion. The result of closed valve injection 
does agree with the previous result of swirl ratio 
optimization for carburetor engine reported in [19]. There 
are similarities between a mixer type fuel supply system, 
carburetor, and a closed valve injection system. In such 
systems, swirl effects to the combustion are confined to 
flow effects. 

In contrast to the closed valve injection, as stated above, 
high swirl flow enhanced the combustion with the middle 
open-valve injection. It is believed that the observed 
advantageous effect of high swirl in optimally-timed open 
valve injections is based on the suppression of the axial 
diffusion; rich mixture remains around spark plug with 
the aid of timed injection and the high swirl ratio. It has 

been reported that swirl plays key role in preserving 
axial fuel stratification [7, 20, 21]. A strong swirl flow 
increases heat loss, so the resulting combustion gets 
worse. That is why the high swirl ratio worsens 
combustions in a carburetor engine. However, in an 
open valve injection system, axially stratified charge is 
preserved, with the aid of strong swirl environment, so 
that rich mixture is distributed in the vicinity of the spark 
plug. Though there is still heat loss because of the 
excessive swirl flow, a moderate flame development 
could be accomplished. 

Figure 14 shows the burning rates for three swirl ratios 
with respect to the air excess ratio. The pressure 
measurement for heat release analysis was conducted 
at 1500 rpm and wide open throttle position (WOT). The 

SOI BTDC 240° SOI BTDC 280°

SOI BTDC 200°
SOI BTDC 100°

Crank angle from ignition(° Crank angle from ignition(°

Crank angle from ignition(° Crank angle from ignition(°

Figure 13: pixel area from ignition to 42°

(a): Injection at BTDC 240°

(c): Injection at BTDC 200°

(b): Injection at BTDC 280°

(d): Injection at BTDC 100°



result from flame image analysis agreed with the heat 
release analysis. As shown in the Figure 14(a), initial 

and the strongest swirl ratio (Rs=3.4) was the best for 
fast combustion as far as mixture is not too lean(λ ≤ 1.3). 
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Figure 14: Combustion speed of three swirl ratios. The test condition 
was 1500 rpm and wide open throttle (WOT), open valve injection 

(a): 0-10 % mass fraction burned 

(b): 0-90 % mass fraction burned 

Figure 14(b) shows duration of 90 % mass fraction 
burned. The medium swirl (Rs=2.0) was faster than 

other swirl ratios. It implies that the strong swirl induced 
fast burn at initial combustion stage and then the 
combustion speed decreased as the combustion 
progressed.  

On the other side, for the medium swirl, combustion was 
somewhat slow at initial combustion stage, but the main 
combustion got faster than that of strong swirl. It has 
been found that stratified charge burns faster at its initial 
stages because the flame meets leaner mixture than 
that of homogeneous state as it grows [22]. This proves 
that more stratified combustion occurred in a strong swirl 
condition. 

Favorable effect of strong swirl on combustion was 
decreased for the leaner mixtures as the overall air 
excess ratio increased. In the lean region over λ=1.3, 
combustion speed of Rs=3.4 was decreased rapidly. It 
was presumed that the deteriorating effect of excessive 
swirl predominated over the combustion process under 
lean conditions. 

Figures 15-17 show raw flame images of different swirl 
ratios. The flame propagation pattern was varied as the 
swirl ratio changed. In strong swirl (Rs=3.4) environment, 
the flame shape was almost like a circle (Figure 15). The 
initial flame kernel was observed in the vicinity of the 
spark plug. The flame was developed symmetrically 
from the center of the flame kernel. After the flame front 
exceeded the piston window border, bright flames 
rotating along the swirl direction, were observed around 
the center of the chamber. The flame propagated slowly 
toward the upper part of the piston window border where 
the intake and exhaust valves are located.  

With the medium swirl (Rs=2.0) (Figure 16), the initial 
flame shape was also like a circle, but the flame front 
reached late the exhaust valve side. Initial flame was not 
a circle shape for the weak swirl (Figure 17). The flame 
kernel was developed around the spark plug and it grew 
to larger flames in an oval shape; the flame propagation 
direction coincided with the swirl direction. The 
instantaneous flow effect on the flame kernel was 
studied in [23]. It was presumed that the flame kernel 
developed along the flow field direction in a weak swirl 
condition. However, if it is laid in a strong swirl flow field, 
trapped in the center, faster flame speed due to higher 
turbulence could overcome the convection effect of bulk 
swirl flow. Thus, the kernel was developed into the 
circular flame with saw-tooth like flame front wrinkles. 
The wrinkles were directed to the swirl direction, as 
shown in Figure 15. There are still uncertainties in the 
flame images which are the projected images of the 
three dimensionally propagating flame. The flame front 
reached around exhaust valve side late.  

 

combustion duration lasted 10 to 20° CA after ignition 



 

Figure 15: The strong swirl (Rs=3.4)’s flame images from ignition to 
60° CA after ignition(500 rpm, λ=1.2, injection timing  BTDC 280°CA, 
piston B). 

 

 

 

Figure 16: The medium swirl (Rs=2.0)’s flame images from ignition to 
60° CA after ignition(500 rpm, λ=1.2, injection timing  BTDC 280°CA, 
piston B).  
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Figure 17: The weak swirl (Rs=1.3)’s flame images from ignition to 60° 
CA after ignition(500 rpm, λ=1.2, injection timing  BTDC 280°CA, 
piston B). 

PISTON GEOMETRY EFFECT 

Four different piston geometries were used for the 
experiment. Each piston is expected to have its own flow 
characteristics. Squish flow intensity difference is one of 
the expected flow difference among the tested pistons. A 
theoretical squish velocity can be calculated from the 
instantaneous displacement of gas across the inner 

edge of the squish region, required to satisfy mass 
conservation. The squish intensity was calculated 
following the expressions for the squish velocity in [16]. 
The squish intensities of the tested pistons were 
normalized to the squish intensity of piston A.  

Table 3 indicates the normalized squish intensity(s). The 
piston A is the base piston with spherical bowl shape 
and the others (piston B, C and D) are modified to a 
cylindrical bowl shape piston in bathtub type as shown in 
Figure 3. The swirl intensity of piston B is the biggest 
because of its long top land length and large squish area. 

Table 3: Normalized squish intensity, s 

Piston A B C D 

s 1.0 2.3 0.3 1.1 

 

Figure 18 shows the flames of four different pistons in 
three different air excess ratios. The white circle 
indicates the piston window border and the white spot 
inside the circle indicates the spark plug location. The 
apparent flame size difference was not significant 
among the tested pistons in λ=1.0, 1.2 and 1.4 
conditions.  

Figure 18 (a) shows the flames at 18 CA after ignition. It 
is around the end of initial combustion. Center of the 
flames were placed eccentrically. It seemed that the 
flame kernel was displaced along the instantaneous flow 
field direction[19]. No significant flame size difference 
was observed for stoichiometric state, while slightly 
smaller flame was observed for λ=1.4. Figure 18(b) 
shows flames of 36° CA after ignition. At λ=1.0 or 1.2, 
flames exceeded the piston window border. Smaller 
flame was observed in piston A. 

Figure 19 shows combustion durations for four different 
pistons. As shown in the Figure 19(a), initial combustion 
duration of piston B was shorter than those of other 
pistons. At the stoichiometric condition, the initial 
combustion duration difference was ignorable. 

The fast combustion of piston B was clearly observed as 
the overall air excess ratio was increased. Figure 19(b) 
shows main combustion duration, where faster 
combustion of piston B was observed even at the 
stoichiometric condition. Besides, piston C showed 
longer combustion duration and its trend of longer 
combustion duration was manifest at lean region.  

The combustion duration between the piston B and C 
seemed to be related with the squish intensity difference. 
For pistons A and D, the combustion duration difference 
was not significant. Combustion duration difference 
between piston B and C was slightly increased as the 
mixture got leaner. 
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Normalized squish intensity of piston B is about eight 
times bigger than that of piston C (Table 3). Strong 
squish flow enhanced the combustion performance. 

 

Figure 18: Flame images at 18° CA after ignition (a) and at 36° CA 
after ignition (b) obtained with four different pistons(500 rpm, throttle 
position 10 %, injection time  BTDC 280°CA, Rs=2.0)  
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Figure 19: Combustion duration comparison with respect to piston 
geometry. Test condition was 1200 rpm, WOT, Rs=2.0. 

(a) 0-10 % mass fraction burned (upper)  

(b) 0-90 % mass fraction burned (lower). 

CONCLUDING REMARKS 

Flame propagation characteristics in a liquid phase LPG  
injection(LPLI) engine were investigated. The effects of 
injection timing, swirl and piston geometry were 
investigated experimentally by in-cylinder flame 
visualization. 

In an overall lean condition, injection at about the middle 
of the intake process showed best performance. The 
flame speed was greatly affected by the injection timing 
even among open valve injection timings. Injection 
timing effect was not significant in a stoichiometric 
condition. For the closed valve injection, flame 

(a) At 18 °CA from ignition 
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(b) At 36 °CA from ignition 
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propagation speed was different for injection timing 
BTDC 400° CA (before intake open, late closed-valve 
injection) and BTDC 100° CA (after intake closing, early 
closed-valve injection). 

The effects of swirl ratios on the flame propagation 
speed were changed by injection timings. The strong 
swirl (Rs=3.4) was the best for fast flame propagation 
when the injection timing was middle open-valve 
injection (BTDC 240° CA), which was the best injection 
timing on overall lean condition. As for the closed valve 
injection, the medium swirl (Rs=2.0) was the best swirl 
ratio. It was supposed to be due to the suppression of 
axial diffusion by strong swirl flow. 

Piston geometry effects were also investigated by 
varying cavity shapes. The piston(B in this study) 
inducing strongest squish flow showed faster 
combustion than the others, while the piston with 
weakest squish flow(C in this study) resulted in longest 
combustion duration. This implies that squish flow is 
important for fast combustion. 
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DEFINITIONS, ACRONYMS, ABBREVIATIONS 

Rs Ricardo swirl number 

LD Engine shape parameter 

Cf Flow coefficient 

NR Non-dimensional rig swirl 

a1,a2 Opening and closing time of intake valve 

Ni Number of pixels inside flame at i-th step 

t Time interval between i and i-1 step 

a – b Selected time interval to compute mean Saf 

Saf,i Flame area speed of step i 

mean Saf Mean flame area velocity between a – b 

s Normalized squish intensity 

λ Air excess ratio 


