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A Study on Stratified Charge GDI Engine Development

— Combustion Analysis according to the Variations of Injection Pressure and Load —
Sang Man Lee, Young Sik Jeong, Jae Ou Chae
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Abstract

In general, DI gasoline engine has the advantages of higher power output, higher thermal
efficiency, higher EGR tolerance and lower emissions due to the operation characteristics of
increased volumetric efficiency, compression ratio and ultra-lean combustion scheme. In order to
apply the concept of stratified charge into direct injection gasoline engine, some kinds of
methodologies have been adapted in various papers. In this study, a reflector was adapted around
the injector nozzle to apply the concept of stratified charge combustion which leads the air-fuel
mixture to be rich near spark plug. Therefore, the mixture near the spark plug is locally rich to
ignite while the lean mixture is wholly introduced into the combustion chamber. The characteris-
tics of combustion is analyzed with the variations of fuel injection pressure and load in a stratified
-charge direct injection single cylinder gasoline engine. The obtained results are summarized as
follows ;

1. The MBT spark timing approached to TDC with the increase of load on account of the
increase of evaporation energy, but has little relation with fuel injection pressure.

2. The stratification effects are apparent with the increase of injection pressure. It is consi- dered
by the development of secondary diffusive combustion and the increase of heat release of same
region, but proceed rapidly than diesel engine. Especially, in the case of high pressure injection
(170bar) and high load(3.0kgf m), the diffusive combustion parts are developed excessively
and results in the decrease of peak pressure than in the case of middle load.

3. The index of engine stability, COVimep value, is drastically decreased with the increase of load.

4. To get better performance of DI gasoline engine development, staged optimizaion must be
needed such as injection pressure, reflector, intake swirl, injection timing, chamber shape,
ignition system and so on. In this study, the 150bar injection pressure is appeared as the
optimum.
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Table 1 Specification of engines and fuel injector.

o] Abul . Ao Al . iHZH‘?‘

o 0N

Engine
Specification Before After
Engine type 4 stroke diesel L 4 stroke gasoline

Combustion style

In-cyvlinder dirvect injection

Number of cylinder Single
Bore x Stroke 92X 95 mm
Displacement volume 831 cc
. Toroidal-bow! on the Shallow-bowl on the
Combustion chamber type R .
top of piston top of piston
Compression ratio 19 12
Intake swirl Fixed Variable
Injection timing BTDC 18° BTDC 71°
. Transistorized coil
Ignition system None ..
ignition system
Ignition timing None Variable
Fuel injector
Number of holes 4
Injection pressure Fixed J Variable
ole diameter 0.28 mm
‘5K
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1. Test engine 2. Dynamometer 3. Fuel tank 4. Fuel meter 5. Cooling water

8. Air flow meter 9. Pressure sensor
15. Pressure Sensor meter

14. Smoke meter

10. Suction pump

16. Thermometer

19. Gas analyzer 20. Muffler 21. Thermocouple 22. Encoder

Fig. 1 Schematic diagram of experimental apparatus.
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17. Manometer

6. Surge tank 7. Air filter
11. Computer &printer 12, DAS 13. Amplifier
18. Dynamocontroller

sk o o stglon], FriEzECE 7bH swirlerd 4A dhe



4 A4 4

=}

Nozzle Spark plug

Reflector ————

Fig. 2 Combustor configuration and spray

distribution.
FAHE B9 FES WAL £ deE 5
adrh

3.2 2Fdtgy|
Fig. 200 viepdd wiebdo] ¥ Agold 483
wrubablE AW F5S ol gt
% zdaE AL SHow 3ok A2, oz
K<}

Arstel A%e 3, tdu

AohE @ AT Tye £ FETele

Zo, Sddst 42 2 ALATIA e A3k

ol ¥ satEdol o 4% 4Y w Az 4

AH F7) -8 SAEY TH 5 Hx2 A

siglel, 4ol FEE A EEREsE A

ol Aasgon QEAxEe Eede Y
e

ouf, wAGlAE A7 HS A AU ($FAE 1
wyek W, 2sje) wAbwe FwFad s 9
on) wE wpame Addsns £ (0=907 0

st oA4g7Ish £¥/ B4l HEAE

A EAE st $ 5k
+ o 8 abgsl= g4l g
e A4 (pieZOAelectrlc type pressure trans-
ducer, type 6053A60, KistlerAh) & odaAlo] A=t

o
7hAk kA

sheieh SPHA pE Al g, wgke] il
£ FaAel WHe Aoslx gov el

=

9} A& A (linearity) #F b4 A (stability)
G wal Al Aato] 27 wlol 9%

e
ol

[e]
e

o |

1257 7

£ el B T 1321

sl seetel ksl M
7 sHolutek M*

3 Zr% (sensitivity)
&%-Aﬁ 7} 01]1101] 2+
O

glr 7o, A7 # ol
(electric effect)-& meislojo} dlmz H o o]
M b4 gt EdAFTAc A WA st
o] w|4g Az} eRFzFee] oduks Ha
2l ahe] Hslak FEZ|A Xd%‘—ﬂ 2]5 # kA B
Z frAstg o, dAfuide Ao
¥2 BNC Aol && AMEsISdt °J7ﬂ 1 <
Pafiadols g ASE HEFF 7] (charge
amplifier, Type 5011, KistlerA}) ol 4|
g3 5AAql ohdR a/vxet W37 (A/D con-
verter board, DT 2821-G-16-SE, Data Transla-
tion CO)% At HAFEE AdEol dFdE
| ote] ol AALE dlolely ®EHS 4£2ZE
]OJOI =23 (GLOBAL LAB data acquisition
package) & %8lo] Hzrol R A s
Fady Zz2 g AEHFT 3 g
AR, Fabe AlA, AEE Az, triggering WA
55 AdAR £ glon], B gl hEHA A
AR delet H5E gdal 149 A9S AEshe
N E}-«% tlole} Al&8 T34 (data
20 kHz® 3}glowm,
1500 rpmef| 4= 82, 2000 rpmell A= 6
28 dlo aglazt 1.0°9 sldzeld
7ol ek 100 cycles] Hlolehs #Fehi ol % HE
o'}onl o]B_ }.oi\/]_ 7—;’114‘:4]0_11__ X]VLTE\_ 3Le_ﬂ] ) A}
Ak o)t a4 ZEawle e
v dielel Al ZRadldAe p-AA%, pV
Ax, Inp-ln VAE, Azt o daAdgd &

& ANHEZ 39

%%

sampling frequency) & A=
o )7
7L x‘i 2z

=

B

e

4. NEET Y D
¥ el ol HAA e Eal Agtes WY
A7 ARG ol g Qenz AE AAH ¥
AL QEet el e w W] Dol o §1]
R EE MV T R SR 1ﬂ§4
A%, Hob W FHEL WAL 4+ =D

#5] 9ieh,
EEMEES

ing) & =43l en

ol g ¥4 7= 71°BTDCZ
MBT (maximum brake torque tim-
AuEApe 7B

quﬂ;



4.1 MZARIE (Piy. 100, 120 bar)ollAof HIAEA

Fig. 32 ol g ®ajelz{o] 100 bareln 7| H&Ex
7F 1500 rpmal 7d-$-ell glojale] Rapwiso] uwp
TDC A% 150°0] 4] & otz Aubal g o
WEHE wolFEoh F-agrlell ulel ddzake] F)
stmz odibale] Halw] wela oiiAl gtElx &
ofA el = AstA|7pLe RslEtell wle} TDCell
AEwd 2ol 5718 5o Fube] g

& hEAel Fhs] wWRal dew 3

whsle )

A

.

Reflectus Type Atype
Swirt Number 18
ijection Prassare 148 bar

Leag

Infection Timing MRIDC T05Kgtm
Engine $peed 1Rorpm | —— i18Kytm
T \Cassifcatonbombe 1,43 J )/ .

Cylinder Pressure (bar)
3
|
Heat Release (Jouls)

-100.00 0.00 100.00
Crank Angle (deg)

The Variations of Cylinder Pressure and Heat
Release Pattern according to Load Variation
at 1500rpm, 100bar Injection Pressure.

Fig. 3

Refiectsr Iype Agpe
Swirl Number [A] Lot
Injecten Prassers 120 bar
Infecon Timing MBIDC 0.8 Ketm
Engine Spesd 1500 rpm ——— 13 Ketw
Ciresifcation Number 7,0, % 3.0 Kerm

[ 40

Cylinder Pressure {bar)
3
{
Heat Reisase (Jouls)

T ' 7 T l
-100.00 0.00 100.00

Crank Angle (deg)

Fig. 4 The Variations of Cylinder Pressure and Heat
Release Pattern according to Load Variation
at 1500rpm, 120bar Injection Pressure.

A A

A P dlElAo® fRolR,
A3skel Afele Aok 5 ARl S 13
4 lxzgeel W, F @

4,
4 Fol 23440 Ao

4 ot
) olE 4o RUAG e 154
4 Fol mlele] gl A=sb A 3

| A9 daq el fEol elelel 7
PAEgrsts] ol whaal Aew azksie Ay
Fal 74w o} COV ey (coefficient of cycle varia-
tion in indicated mean effective pressure) Z~x|

7b 2A 34 (60.0—30.4—5.7) 5lo] Yo} Z)a

Pof

[e)
1l

o

ols

T8 A4t ko ebe AL o4 g

Fig. 4= Fig. 33} vlmdle] of2 =782 %
A EAbgrEal 120 barz 2A g 799 iy
Fol wE odadd otEx AuaAage wdtelrt
Fig. 331 SdshAl $38&7)o) mel a4 grde
7k #A Az 7ks TDCol & 5v] Pmax
Eoeldl Ao Relxja 9lrh

a2t A FRE A AT FA43 kAol
Fig. 3¢] 7 9ol nlsle] <7} F3=n], mH5}l
Aol AaFzhe] ke BastAdo]l woh A
Al vrebstom 23fA odubAl o] uiuir]o)x]

sk 23k9] QARAE HS Ao ¢
gl ol obal ¥algkeol 7qlele] ol el
dol Holxm 1 wjite] 1434 o) o) mleix

dseb grlote] HALE o] ne maHoz A4

42 ZEAYLH (Ppy. 150 bar)ollM2] AANEN

Fig. 5% Fig. 6= <dg® 150 bare] s
71345 7F 1500 rpmel 7 ol 9lo] A H-shwl o)
w2 TDC A% 1507041 2] <44 gtz odubay
# ol Al g wWatole, H5hFtel whel o
wAol Fobskel Al qbH el Eolxle Agke
d5ek SalskAnt AR

1
& AL 2r1dE A e Thawl Fol
7

Apgpe o]

| ; Fol Ee)
4 Aei7)zbe] sz, AuAGA A4
sfdube 77k st W, & daslgte &
helo] st 44T Aar)7H(@RAI 7 o]
Fobeoleh, @l F ¥l Asal 279
= owe) Sdud A3 & darlzie] AAlg
el A9sk Aol Ax el dmapol Frhahy o
SARIY Fotel o @ Beld Aalr)zhe 1



Al AREAA AEFI AAEAsl Aol 2 ol

80 — ~ a0
Refacter Type Adrpe
T | Swirt Number o
- Wioctn rossure 150 bar |
% 30 | miecson iming 718IDC T
% Engine Spend 54 rpm 2
§ 7 et e 118 3
] -4 §
s 0 H
& £
3 b £
£ H
L’; 30 x
1 (— 20
20 4
tt
A
[ T T ' ]
-100 .00 000 100.00
Crank Angle (deg)
Fig. 5 The Variations of Cylinder Pressure and Heat

Release Pattern according to Load Variation
at 1500rpm, 150bar Injection Pressure.

80
Reflectar Type Alype
-1 [SwirlRumber s

Irjection Presaure 156 dar
50 - [fMfaction Timing e
Engine Spead 1500 rpm | ! )
Clessication Number 13, 14, 18} |

1 0.5Kgbm
: 1.5Kehm

—— rokem

30 —

Cylinder Prassuyre (ber)
|
Mass Burn Fraction (%)

Inj T<71BIDC >

20

Crank Angle (deg)

Fig. 6 The Variations of Cylinder Pressure and Heat
Release Pattern according to Load Variation
at. 1500rpm, 150bar Injection Pressure.

& ot

2N S AEAET RG] o
dko] ©] 2 z|w|Ho|gl 7L =

6ol shebol s 7 Eatx ol el Folas e

Sepdla g, Sel Aol sbel slatel Fat
A AR A el e adn
6

Ly
i
e
2
R
nly
o
-
oo
=
-
2
N
o
=
-
<o
.0
w2
y
;
N
_,d
o
p‘L
AN
e
o]
—
a3

Al
pozid Azels @4el rida e el
5 3 Soll ulahel oAl
rebedeld e el 2 e

A4A # ke of

Adype
Swirl Number Y]
mjecten Pressare 11000

Wjechen Yming  TIBTDC
mm-

Land
------- 85 Kgkm
s LS Ketm

— ;A
gkl I Y

30 4

Cylinder Prassure (bar}
=
|

Heat Relsase (Jouls)

20 4

-100.00 000 108.80
Crank Angle (deg)

Fig. 7 The Variations of Cylinder Pressure and Heat
Release Pattern according to Load Variation
at 1500rpm, 170bar Injection Pressure.

Eolx| oL Rl A4 Hagteeo] srelx Fs)zk
o) 4l st ks Atads dARE Rg
gk COVimep 4%+ A% ‘SM 7§- Aol aA 7
£(22.719.1-5.0) 5= F&ely st d4E vl
o},

43 1§Aaa<&uwomeM°|MA%g

Fig. 74 edm4-A-leo] 170 baro] 2 7)%4 =

1500 rpmal el RoiAl shEel @
o]

TDC 4% 150°0l4le] oladl qheis) ubagol
Maboleh, Aal Aol FIAIE A9l
wlsto} spalure /1708 grastelAlul B o147

= skt gl sl Al S 4

A

a% Q~Mﬁfﬂﬂﬂﬂﬂ—iﬂ<7$
of gom| Belnt

ek ) 7ke] WEbE gl wlbul F oo

47170 2A Zhasiole shabed 4 yob o 29
ol4 Huwr}h ol gol Zriso] Pmaxi= 2N
shel Agwrkn 2y zhashs Ao R ek

ch sl QbgAE e

A% A FHel Aol

‘: X]J O‘ LO\‘ imep “1° /L
Faapbel zzinc



1324

e W, w8 27

13.6—5.5) s} o},

i
2
R
rr
e
r;\l_/
olN
N
X
=
[0 ¢]
far)
i

(1) 7l sel Bal7l FUd7 APl 98
AL ko] MBTEZ =zAsl+= AspAzlel n]A
dzke] Ao glolom B ool 1500 rpme)
ZIggeel A, AR3H0.5kg, - m)ol M 50°
BTDC, £%3}(1.5kg, - m)olA3= 35°BTDC, 7%
3(3.0kg, - m)ell A= 30°BTDC o+wpez nA=

9}\
(2) & dgdAb hH Ao, Fobt Sl
S7kstel MBT A 34]7]
=lvf ey 2 g b
et Sohe A el e
(3) AFE= BAbtE o] SotE5 WA st
shedwd A A vIzbe] Fokek 2204 sk o
e} nbeke] dAsigl ot dalyishichs g4
Sl A s gloe,
34513, 0kg, - m)el A d
ahAl mbgkstel eladl A ugh (P ol 49
(1.5kg, - m)el Af-urepe 282 frishs 7o
A
(4) 7132} obd 4L Heblle COVimer B2
e e e B L R R
Ehkowm, & ool of&x 7ldelde ol
o] 150 barql 797} ®E f5hzzdel o shed
9

Ao viehk

Al

-

2
o i
for
N
(S
r_&
B
Hz
N
L
B
ki

i

ikl

[ e s

(1) Gaulitieri J. & Sawyer, C. A., 1995, “Toyota,
Mitsubishi DI Gas Engine Debut,” Aufomotive
Industries, pp. 30, Aug.

(2) Heywood, J. B., 1988, Internal Combustion

Engine Fundamentals, McGraw Hill Interna-
tional Editions, pp. 37~40

(3) Ghandhi, J. B., Bracco, F. V., “Mixture Prepa-
ration Effects on Ignition and Combustion in a
Direct-Injection Spark-Ignition Engine,” SAFE
962013

(4) Dodge, L. G., “Fuel Preparation Requirements
for Direct-Injected Spark-Ignition Engine,”
SAE 962015

(5) Peter L. Mtui and Philip G. Hill, “Ignition
Delay and Combustion Duration with Natural
Gas Fueling of Diesel Engines,” SAE 961933

(6) Fu-Quan Zhao, Joon-Ho Yoo, Liu, Y. and Lai,
M. C., “Spray Dynamics of High Pressure Fuel
Injectors for DI Gasoline Engines,” SAE 961925

(7) Lake, T. H., Sapsford, S. M., Stokes, J. and
Jackson, N. S., “Simulation and Development
Experience of a Stratified Charge Gasoline
Direct Injection Engine,” SAE 962014

(8) Matsushita, S., Inoue, T., Nakanishi, K., Kato,
K. and Kobayashi, N., “Effects of Helical Port
with Swirl Control Valve on the Combustion and
Performance of SI Engine,” SAE 850046

(9) Irving H. Shames, “Mechanics of Fluid,” 2nd
Edition, McGraw Hill, Appendix A. 1. 4~A. 1 5

(10) Tomonori Urushihara, Tsutomu, “Effects of
Swirl/Tumble Motion on In-Cylinder Mixture
Formation in a Lean-Burn Engine,” SAE 961994

(11) Inoue, T., Matsushita, S., Nakahashi, K. and
Okano, H., “Toyota Lean Combustion System -
the Third Generation,” SAE 930873

(12) Matsushita, S. Inoue, T. Nakahashi, K.,
Okumura, T. and Isogai, K., “Development of the
Lean Combustion System,” SAE 850044

(13) “Manual of Flowmeter D25,” Department of

Automotive Engineering,
Univ., China

(14) A, o4zt A s, AL &

7l Akl gk ol (1), KSAE 96380316,

G5 A3 53]

Xi’an Jiaotong



