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Flame Propagation Characteristics in a Heavy Duty Liquid Phase
LPG Injection SI Engine by Flame Visualization

e EN, e R A FY, BAE
Seungyu Kim, Choongsik Bae, Seungmook Oh, Changup Klm Kernyong Kang

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 an 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.

F87)4-89°] : Single cylinder optical engine(t+7]% 7HA13} <A%1), Combustion chamber(¥ 4241), Lean
bum( 3 uFA4), Injection timing(FAFAI7]), Swirl(2=9), Squish(2=F| Al), LML(A 3}
3)u+sl4) &), Flame visualization(3}8 7}~ 3})

Nomenclature L, : top land length, mm
Sar : flame area speed, pixels/CA
As : squish area, mm’ ' CA : crank angle
Ab - bowl surface area, mm” S . laminar flame velocity
LML : lean misfire limit
* 39, st 7] Al Bete RS : Ricardo swirl number
*»* 3o AFARZATY YA mean Sy : mean flame area speed, pixels/CA
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S : normalized squish intensity

Subscripts

: time step of flame image
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Engine head
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Fig. 1 Schematic of tested optical engine
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Table 1 Engine specification

Stroke 140 mm
Bore 130 mm
Compression ratio 9.3
Displacement volume 1858 cm’
Quartz piston window size 77.6 mm
Ignition type S1
Intake open BTDC 18
Valve timing | [ntake close ABDC \SE_w
(°CA) Exhaust open \ BBDC 50
Exhaust close | ATDC 18
Fuel supplying pressure 10 bar
Fuel composition (C3Hyg : CaHio) 6:4 T

Cylinder bore Exhaust vaive

Piston'window
Spark plug

\]
Intake valve

Fig. 2 Position of imaged area
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= 738 X232 (spherical bowl shape)o] ] 1w

] 9|2E B, C28)x DE AU (cylin-
drical bowl shape)©]} T}, Table 2= 3] A~ E 9] A}k
o]™ Fig. 32 9 2E 2] P& Ve

2go] nA &= g Yolr 7] fite A7t

A 28 FEE AFESHH T 29H] RS=1.3, 2.0,
348 742 oFg 29, F3F 29 181 Ao A~
dolgt F 272 Fh ~29u]E= RS(Ricardo
swirl number) & A}-8-3} ¢ v}

Ax BrMA]7]= =4 open-valve HAF9)
closed-valve AR Uo] WMStAlA FQio)
Open-valve %A= BTDC 360°CA .25 E] 40°
CA 7tZA 2 2 BTDC 200° CA7ZFR] A1 A FA
© 1 closed-valve Al &7 H 7} &3 & 50°
CA %21 BTDC 100°CA®T} & 7] e 7} &a]7)
18°CA <2l BTDC 400° CAZE A3l 3l E A}
Al71e] 2] ¢} v A & Fig. 49 JEFU A}

2.3 3 SEIAIS

Fig. 5& stg7tA st g 8 Q?‘{Mi]ﬁl 7
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A 5o F717F Ho] A H o ZRE Ims 2t
Ao g o] At S 3 Aol Fol K
g o] &5 At AR EAEE} 500rpm D o

Table 2 Piston specification

{ Piston As[mmz] Ap[mm’] S Limm]
A 2782 14567 1.0 15.68
4344 16182 23 15.68

6882 11500 03 10
2601 15755 L1 | 1568

B

C

D

A B c D
Fig. 3 Bowl shape of test pistons
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Injection timing(BTDC ° CA)
400 360 320 280240 200 100
v vyvvyvyy v
Exhaust TOC Compression TODC

Open valve injection
BTOC 360, 320° CA
BTOC 280, 240° CA

* Early open-valve injection

* Middle open-valve injection

* Late open-valve injection BYOC 200° CA
Closed valve injection

* Early closed—valve injection  BTDC 100° CA

* Late closed-valve injection ~ BTDC 400° CA

Fig. 4 Tested injection timings
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o ol& Zegdrt.

214: 7} 2K odak motion analyzer SR-¢)¢] 11
% FYA REG BFL A7) G5 B2
2-7](high speed gated image intensifier, Hamama-
tsu C4273)& AL2-31 gtk 71 A sl 1 & 22kW
DCEZH A& A A o & 2] (Motec M4)E A3}
of & slv

Hamel 27)E FRoR FHYE PR
A WS e BE B89 A5 P8
B ol AR TE HAUHEES)E B0 5
t}. i%stepell A 9] FHAWAHEE 9} a°CARLH b°
CAZHA S BRAFAAEEE 4 (1), Q% 2
o el shelrt.

_ N,~N.

Sop.i=——— " [pixels/* CA] )
(335,
mean S~ ﬁa—[w‘xels/ * CA] 2

where, N; = 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]

26 FIRASAHBE =2

Trigger

= [0

Camera
controfler

=T Engine control

Image acquiring &

processing High speed

camera

Encoder

Monitoring

OC Dynamometer

Fig. 5 Schematic diagram of experimental setup
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Fig. 6 Flame fronts at 9~27° CA after ignition with
respect to air excess ratios 1.0, 1.2 and 14
(RS=2.0, injection timing BTDC 360°CA,
piston-A)
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Fig. 7 Mean flame area speed with respect to air excess
ratio(RS=2.3, injection timing BTDC 240°CA,
piston-C)
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Injection timing ("CA)
B8TDC 320

BTDC 400 BTDC 240 BTDC 100

Fig. 8 Flame images for different injection timing at 15,
30 and 42° 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).
(RS=34, (=1.2, piston-B)

RS:3.4, air excess ratio; 1.2, piston B

5000 | injection time
81, 400 5
300007 | -t 360 /Q"/? %
o 25000 V‘: :»mggg /{) Y 5
K] v iy T/V
£ 200004 |—0—t 240 A 11,
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S il SV IR 5 %
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Time (from ignition){CA]

Fig. 9 Flame area from ignition to 33° CA after ignition
for seven injection timings. The selected interval,
a~b, was9° ~21° CA(RS=3.4, A=1.2, piston B)
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9CA~21CA, RS:3.4,

20007 ajr excess ratio:1.2, piston B
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1600 %
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S 1200
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E 1000%

E 800 -

) .

o 600 I
g 4004 I
o %

[2]

(77

f f e Ll T el f
400 i360 320 1280 240 200 100
Injection timing (BTDC)

e
R

. 10 Mean flame area speed for different injection
timing. The selected interval, a ~ b, was 9°~21°
CA. (RS=3.4, A=1.2, piston B)
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(a) Injection at BTDC 280° CA, open valve injection

Closed valve injection (BTDC 100° CA)
9°CA 15 21 27

(b) Injection at BTDC 100° CA, closed valve injection

Fig. 11 Averaged flame images of three different swirl
ratios. Images were obtained at 9°, 15°, 21° and
27° CA after ignition
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Ha 94 LPG B4R SI A4 sk TS ol§% Suggelie s dnEy aF
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2 2l AL 73] W Az el Al Hls
A g Hole Aol th(Fig. 12(b)

Fig. 13-15% z}7to] ~ 9o A st A 4o
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$-dl ol dFE FASHA Aoz A
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F3F 24 RS=2.0) 1 A 9ol &= 3 o] A #st
Injection timing BTDC280
air excess ratio:1.2
— = RS13 A
250004 | —0— RS2.0 S
—&— RS34 yave B
W 20000 / /
S 45000 A
B Lyt
v 40000 4 /
g l* /
o 50004 / Q/ P
g @/%
0 10 2 B

Time (from ignition) [CA]
(a) Injection at BTDC 280° CA, open valve injection

Injection timing BTDC100° CA
30000 &ir excessratio:1.2

%“ /1/
S 15000 4 e

g 5000 ///i J

2 "] //L ;

T 5000 2/; Y !

0  s-s—s=2=N"

0 10 2'0 kN
Time (from ignition) [°CA]
(b) Injection at BTDC 100° CA, closed valve injection
Fig. 12 Flame area from ignition to 42° CA after ignition

for different swirl intensity. The tested piston was
piston B and the air excess ratio was 1.2

0°CcAl

12

15

18

Fig. 13 The strong swirl (RS=3.4)'s flame images from
ignition to 60° CA after ignition. Air excess ratio
was 1.2, injection timing was BTDC 280° CA,
and the tested piston was piston B
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Fig. 14 The medium swirl (RS=2.0)'s flame images from Fig. 15 The weak swirl (RS=1.3)'s flame images from
ignition to 60° CA after ignition. Air excess ratio ignition to 60° CA after ignition. Air excess ratio
was 1.2, injection timing was BTDC 280° CA, was 1.2, injection timing was BTDC 280° CA,
and the tested piston was piston B and the tested piston was piston B
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(a) Flame pixel area from ignition to 33° CA after
ignition for four different piston geometries (RS=2.0,
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18 ~ 27°CA, RS=2.0, air excess ratio = 1.2
middle open-valve injection
2500
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Fig. 16 Comparison of four piston geometries. Test
condition was 500 rpm, 10 % throttle position
and middle open-valve injection, RS=2.0
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