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Effect of ambient conditions on the spray development and
atomization characteristics of a gasoline spray injected

through a direct injection system

3 4 &
S. Y. Ha

ABSTRACT

This paper presents the effects of ambient pressure on atomization characteristics of
high-pressure injector in a direct injection gasoline engine both experimentally and
numerically. The atomization characteristics such as mean droplet size, mean velocity,
and velocity distribution were measured by phase Doppler particle analyzer. The spray
development, spray penetration, and global spray structure were visualized using a
shadowgraph technique.

In order to investigate the atomization process numerically, the LISA-DDB hybrid
model was utilized. This breakup model assumes that the primary breakup occurs when
the amplitude of the unstable waves is equal to the radius of the ligament of liquid
sheet near the nozzle and the droplet deformation induces the secondary breakup.

The results provide the effect of ambient pressure on the macroscopic and microscopic
behaviors such as spray development, spray penetration, mean droplet size, and mean
velocity distribution. It is also revealed that the accuracy of prediction of LISA-DDB

hybrid model is pretty good in terms of spray developing process, spray tip penetration,
and SMD distribution.

F87]%&8ol(Key Words): Gasoline Direct Injector (X% 7I1&dd
4

(#5 2d), Sauter Mean Diameter (Sauter 3T

)

tasoi - time after start of injection

shRok a0 Y akee) 2] A 10 A A4 320001/ 47

Q12 E), Spray Development

Sos A5} o] W& A9} vy Jtio] AT B 2

&
L: axial distance from nozzle tip LA 8
Pamb © ambient pressure HT A2 wiE MA2E 823 4F ¥
Pu; ¢ injection pressure Ao o AT 83 EAJ AZdsA dF
o 2 2ute) U 23Rl ojitge s
&3

o]



48/= &

Aag AL g gl
ojejd FAHE H4dy] Yid Az A

2 Wz A BAss Ag PAY el

A BANY 7t Qe ASode daA
el d82 Y BEAsinz &4do] Aty
T, 9E 2g @io] gasle] XE AL

g &3 A7t tEsie ¢
30% Fxe 98 Av&E AHY F don,
Add WellA @87 718d 9 Arje 98
o 713t el 23 Frle Pz s AA
UFYE Y F glems 454 AHAS
o] gitech

7HEd AY A 79 AHE Hoig A
7171 A8 E AuHez g2 d5-379
EE AR B¢ ¥3¢ EWVE PA AAe
71go] #Alolch ol2jg BHAA st&EY 7
@o B2 EA3 ujgste] #3td Zhao!
@ Dodge®, Shelby” Lawrence®S o2 <
TS A¥A A7t HaEa Qo

ojgt & AEH A7} dEo A
A% 43 JYPHD  glth. O'Rourkest
Amsden2 TAB (Taylor Analogy Breakup)
g9 AP KIVA z=d Hg3ihe
o, Ibrahim™e 71&e] TAB Ewo} w|4¥
A7%E F7}3 DDB (Drop Deformation and
Breakup) 2 9-& AAlstgrt. ojeig 47 A
Ho|l EhE F 22 9ol % Reitz® Bellman
3 Pennington™& 35 BARAd 7wrg o
A Y 298 At

A Y AL dHo] dFy Aoz B
H ¥HE 134 297 #d¥ 4o oy
e d¥og MR 23 £E #HHoZ
TFARY. WA ojd AAH FE o &
Astd v g3t #AHE wAE] AHME 1, 2
2 B 47 & pdg AHREHe B =
o] Wttt Su 5'%& WAVE =@ RT
298 =3l KH-RT B¢ 2de A¢st
geoo, A FL& Ay BEY mL4E9 45 A
%42 Hris@ch Park §'02 134 #go
LISA (Linearized Instability Sheet

Atomization) 3 9& HL&s: 23 B

DDB wd-g H&3E LISA-DDB ds A
fsled Adxo] 2d Ang AUt

BoadFoae ok AW 2997 44ge
Wil WE dg BF9 99 AL PDPA
(Phase Doppler Particle Analyzer) Al®3}
NEIHEI Yg o4t HdPHoR EAs
i, KIVA-3 =9 LISA-DDB 2% 2d&
o] &3he] sttt

2. 4% A ¢ 3y
2.1 PDPA Al2H

BHe) JYABTE ¥A3F7) Hstd PDPA
ANxgls dg FF AAE pASET 9%
2 R ¥A Al2ge dy g3, 1%t
, 4 23719 QAHE FAEY, A8
HEIE 075 kW ACHEZ)2 TF3
BALES QAE Shelne] Aojd ost
o] Foi At} PDPA &#9 FYL Ar-iondl
ol A(EY : 15W)E Agdtg e dolA H
& 40MHz9 F34 AIZEE 71X = 7z 270
ANZE VI ANZE Yoz Yroj|a, 47
o  del  FAelE g A
(transimitter)o) &3 A
o 7tZe) AAE I, W Wele] WA=
AAR o]Foj7 A AHo| YAHET <
A&7 24 AHE T &3 A
T3 A= HEH(detecter)dl] F7|Ho=z
oto] mapalE ArEFe] HEHN, FEFHE
=58 Fo5e Az g FAG FA
ANHE FHste YAt £ AT ZIA
Azt e &5 WP viHsiez, 9
e dgsts F4 W3dE B YA &
EE 7% 5 ok o] W £xof g
Bragg cell& E338e ¥ A2y FHFE
40MHz3HE HolAllezy ZAXJL AT
wgkoz YAE £ FFo|A Fol YAt
oy Wag #ydy & Aok zEx 39 A
ZHM HEdE REY NE5Y FHFE F
gatjat ztzto] Z1ERolAM ZAA o] of
3 A4 927 2oz ZHSE 9del 2
229, d4HdE gAY AA v, 360
08 ZMgozM THsh= BAE 9 1%

LU

2 8 K odg of
oo

ofr

oE & W ¢ o



F85 Adgozsy siddict HdEse AEe
A %%‘ﬂ(photofmumpher)i Haro} A
A Adz HABHol ANF HAAE £3o

[+
Ao A Adel BT AFN SEE

Fig. 1& 98 £5 949 9433} £x&
7371 1% PDPAA 2 TS AT A
ojct. o] XA BYL Ar-ion Yol A(ZH

D15 W)E Abgstdlen #Held W& 40MHz
9 #4548 7t o

High g fuel pump

Stgnal controller

& Proransducer

P y
Bl pr repulator - [G0BQ Clanputer

© Imection deiver
Fuel tank & feed pump :
Teanssuuer T ATRCIYT ()su!huwpz‘
: f
. y .“&‘f_
=
s
7T
Receiver y 23
v CEnk rees BB

oer drives

Signad analv zer ( omputer

Fig. 1 Schematic diagram of experimental
apparatus

22 ¥% A% 33

QR E¥ AT L ¥Y HYE AN
I EF BEE 9 BAZYG 2 BR P
stopels) shel AR BA N2Y R BT
3 %A E Fig. 2% 2o] 743}

23t
z

=2

=

=
=

® Provansducer

S
k) Pr regulator

Monnor
High pr m;ecmr

Injection driver T camerp

ﬁ:><ﬂ{:§“]
1wkt tens - !

e
2006 m "!*Z‘i"’;
[£322 ma] =

Signal controlier

{{Light source  Chamber

Computer

Fig. 2 Schematic diagram of gasoline
injection and spray visualization system

N
o
rY

2RO wudge MARadEyg

A
tol BF RFH, % Ay =Y A,

o

o] &

st aful 2 ohekE] 2] A 10 H A4 T2005)/49

H O If I C
®E % 5& 7

A skl

Mw Aed PR SIS BAHI A
B9 452 CCD sleteny doju BE
CRES °l“l7~ aYu g Eate} ARE A%
}3, ol onlA dolHzREH BT wy 3}
ym 2R g A B2 E 59 ANd =

r-{n:

FEA el g ¢ 2x9 ¥l o2
9 o3l E4L dotry] 935k @
£ Smsec® 3 FAF 4HL
SMPZ 8t A8& F#3ysct £FY U9
1Mo gtge 01, 02, 04, 06, 08 ¥ 1.0
MPag) 62AZ #WMIAHEM BEo dg 3
A& 7N AT =3 E59 JdF BEE
Bo1gt stell A8 £AF 4E SMPaclA 53
sgen = wakAg 20mm$t 40mmeol A
A wgog ommztAo e 2F3Hc QA
o} 439 PDPA A9 A3 ANAAE F
713l AN e o vt A3 e A Y
ZAAzZke) 022 HAAM BAAZ] @ E &
=9 473 & A}

Ago] AHEE =FL OF Y BY 29
g AAHE ALy, xF FF AEL
1.0mmel 2, ¥29 YEE 680.3kg/m3elx, A
A A4E 0.00029Ns/m2o]i T},

3. FY 24 9 &4 9y

Fig. 3& A¥H 71&d dxe £ 5 oy
9 3% #34 s4qd 2Lg LISA-DDB £%
2deo 7AgdS =AM Relch. £Frt UAH
ojA ¥Alg F Ak Bd Ao T H
H LISA 2de] o9& 13 §£Fo] dojdd
% DDB 2def ojs) 23 FHol dojup=
o2 AU

1 e Adesl slstg A e "
LISA(Linearized Instability Sheet
Atomization) 5.¥-2 du} BolHA o]&ef 7
%89 Schmidt$"”e] Atd mdejrt o
LISA 29& ARyoz: 3uAe] HAger

»oM



50/= &

Udlol Ao} obelel Fig 44l Bz HA
¥ oueryy, dutpd, olgs Ao ofF

SRS

Primary breakup
: LISA model

™,

Secondary breakup &
: DDB model

Fig. 3 The concept of LISA-DDB hybrid
model

12 £l 98 gAY Aol ¢ e o
Hoz PdsE 24 ¥9e DDB(Droplet
Deformation and Breakup)2 Z£3lo] AAbs}
Aok KIVA Z=9] #¥ 299 TAB 29
2 4% =2d=2 42x g zed dFH9
AYo] & ALolv uAde] A} oln HE
B e3l7] 91319 Ibrahime TAB 22N 3
ZAsta Fdd ¥y aHE 223 DDB
2a7g zetaig et

4. A% 2 1%
41 £97] ¢tgo] d8 59 w2 3
X = g3

Fig. 45 A& o=y &% 73 339
LISA-DDB 8% Rd& A8 78 Aol
ok BAF qhEeluziel F9 vlA ¢ w3
o & &% ge8§ 8237 flskd 241 7)
7+o] Smsec?l 7% §-ol U8 E SMPagl ¥4} ¢
Hoz, F3 Vde 3L 0.1MPa, 0.4MPa,
0.8MPa, $1.0MPa = ®WHAF|HA FA F
08msece] Azt Aoz AL S
AY 2 AzeA B 5 %ol FFAFY
Byt 39 Ao 48 Wl e o FY

o

o)

o

Zo] Zojg: F9 71AY FY ZF7bel o3
R %Y PR ng Adst Folee 4TS

ek W A dael e Wk 8

dlME eH7t EREA wevt 2947 ¢4

of F7tgtel wet kel Z=7F Az 29

3 aelA B3 sixel AY dnet

I} BE RN 4ol F

AAY = WFoz P A

o ooy Aol dEUE olfe

ol Frtel o @l FFFl »& &

oz He $T%E MNE W
7

go] W] 2357 WE Aoz Addr

2
2

& mw’"“‘-..,j{aw 8o ¥ B Tl 3 3me
ank e : :
Exp
O MPs
Al
Eun,
o i €5
Cat
Exp
1 oMPa - ~
L EcaY) T &
.. S 1
LB '

Fig. 4 Effect of ambient pressure on spray
behavior (Pi;=5MPa, Tin=5ms)

Fig. 55 F4¥ 7|d9 & vzt o8 &
Ao =g A W3aE Jehd RAejth
A7l go] trlgd Aole 48 Fas
277 viaAd & dA oy BH47
o] AdjHeoz & Ao A AFHSL
A% da 3A depdoh olgg A
kol veht: o)f e E97) 4™ Zrbel
3 3r=lel F7l7l ARG AA dFE7)
grow wodct adn 48 A 4
¥ 25 Az dig) A9 M¥Hoz PEF
=2 A=zt F71std. ol 9o
2 BE Mg &9 As B4 712 WA
= AgAes Fksigrt AL Bd § 9

M <o

LA )
o e

(2



= Asky} A o =) sk}

2 O,D
£ u/°/
= o
=] o -
k= — P =}.0MPa o —"
S w0 - o«
z o ./""." —a"
z /O/ - - /u/o--"’.—.
2 N oL oA
3 oY e
e ¥ .
= oG e
) ONS
o
1] 1

Time after start of injection {msec)

{a) Experiment

100

——P_=0IMPa
=0 INIPa
=0.8MPa
=1 ONPa

b
mh
P b
MR e
Lige

i R

Spray tip penewration (mm)

Time atter start of injection (msec)

(b) Calculation

Fig. 5 Effect of ambient pressure on spray
tip penetration at SMPa of injection pressure

42 2917] ¢¥e) <1 59 vy
SA46 v g8
579 nA A vigst 54U ¥ 37
AAE »& ygoznyg 20, 40mm212é°ll*1
7 wgko 2 ommitA e s &gt Ay
PDPA 23 AAE o83t 20000712) A
< A BE 97, €5 TS 7o
A2 ddd £¢ JAAHZ sojsts B
AL AFE A A A} FIIAIA BAL Azl
g dlojg Hels FYPsidd

KIVA 2x9] A4 478 PDPA 243 A3
o vlwatsl AsA dolEle) ¥ Ayt g
83tk B ddaE PDPAS Huie o]
AT J9¢ Avs g9 dF, &5 §
S 2 AR AN AT TG REI
HRE e Aol g WAy HAs)
£ el Fasith ¥ AP A 77

M ol o T mlo

ra el zhatslz) A0 A A4 $(2005)/51

Fob ahzie] mAo] L=20mm ¥+ 40mmE F
oz 3 w7 0lmme ¥ Agdd 1
Adel A7, £E gL BAXNE 1 9 A
2 Aol xHech wey 999 27§ 4
Aol wat AL A#st @A A @k w7l
0lmmQl A% & WakolA A Ao} 5~
T%REE 7 Ao ALY A EEFHU

—e— Moasured
—-0— Calcudated
bk
z PR
o]
z
©“owp
(ERS
W I L L .
4 8 2 16
Radial distance (mm)
(a) L=20mm
—e— Mcasured
b / \ —o— Calculated
T st O 0/0 o
ES o/ o
a o— \
= ——e__ .
ﬁ piR S &.\'
%
K n X

0 15 20 pa i

Radial distance (mm)

(b) L=40mm
Fig. 6 SMD distmbution according to axial
distance (Pwj=5MPa, Pump=0.1MPa)

Fig. 6 ¥AI ¢38 5MPa, W3 A
20mme} 40mm A FA WA e o2
SMD #¥& Yetd ¥l SMDY HTF
BEX: 2% 439 4 Axs vk
299 9% A 20mmAE Afelr et
3 upel o] SMD WA wrgke] Z713le) w
2 A9 MIHog Frlagd. zeiv At
Ao FEF7F AvE A”AAE SMD
7} —1—7}3}%’\04 o] o= FAhzATL o



SMD& A7)
ZA3ro} 3

S 48 Hd 40mm ARANAE
7} 20mm¢l A $uol i Frbsl=

A AFedA gexth o Fwa
20mms} 40mm A A Apoloj A ol cha
WStA A ZE7) el Aoz wddrh
% W A 20mm NG AFAN 3
o] WMIASIA dojut, 20mm ¢ 40mm Abo)
e Fao] i $ASA gZdn @
A},

M ow

i

%émﬁ

o

L=30mm

Droplet diameter (um)

Arrival time (mesc)

(a) L=30mm

L=60mm

Droplet diameter (m)

IRy

Arrival nme (mesc)
(b) L=60mm
Fig. 7 The droplet diameter as a function of
arrival time (Pi; = 5MPa)

Fig. 7& ¥A¢td SMPadlM 9] #AHF =¢
Akt SMD ste] g% BAE JEid A¥E
Artoln}. A9l BE AYAMNE10molste] A
Agol F2 £X FAoH, 3F =¥ AY
W7k AU =2 Ale]l ALEFE Az
W7t Fovy, Azte] Bl whe} o1 WInst
Zo A

Fig. 8% ¥ARS- Alibe]l 38 uwet A
AHol SMD w3 E AAste YEbd o
ojtt, #ALE A SMDtT #43] €0 B3
o, Azl gl wel 19um A Sl
ek AL F Imsec X A71A SMD7t
gastden, Imsec o] $dllE AA 3

Aoz et

d

GRS AR
B N R
o o

Q'L

\l

rir

—

E*O‘ —— 5MPa

N

RS

o

O 30

£

8

=]

S 0}

7]

£

S

]

3 10t

3]

w
i 1 i 1 1 4
0 ] 2 3 4 5

Time after start of injection (ms)

Fig. 8 Overall calculated SMD according to
time after start of injection

5 28

47 2AY HEY ABel HE8E 1¢
AR AAHEE PAHE ¥P AT L ¥
¥ ougs B4 MAE $RAY 4y 22
B BA 239 JPE $F ARG 23
4 N29g olgstd d¥Hos st
agx KIVA-32=9} LISA-DDB 8% 2d¢
o Agste] Qe ARE 4Y Ass viwa
o e ge AR AU

(1) LISA-DDB 2499 9 oj&d 5 @

g 7y, 2B Mg 59 Az SMD ¥

o AH7t Y Axe vund F dASAT
(2) ¥47) el F7t EFE FTAFY

7 39 A Y WUt ot SF9
Zol5x ¢ 71He #H Frte] o
=z

£=3
h o

(3 297 ££9 27 ¥FA U9 2=
z7e WYL BT A%, 3 BF 22 AY
W RE wg By s 10x 2 4%



S HAA e deR Jehgg

(4) =28 718 0mmAH Aol held
Hho} o] SMD w7 wakol F}gte) wheh
A d¥Hoz Frstgd ey At A4
Fold e FEF Avke AR SMD7)
7t oy 1 ol e Fashiich

o1l

tnEd
(1) Zhao, F. Q, Lai M. C, and Harrington,
D. L, 1997, A Review of Mixture
Preparation and

Strategies for

Combustion  Control

Spark-Ignited
Direct-Injection Gasoline Engines, SAE
Paper 970627.

(2) Zhao, F. Q, Yoo, J. H, Liu, Y., and Lai,
M. C, 1996, Spray Dynamics of High
Pressure Fuel Injectors for DI Gasoline
Engines, SAE Paper 961925.

(3) Dodge, L. G. 1996, Fuel Preparation
requirements for direct-injection spark
ignition Engine, SAE paper 962015.

(4) Shelby, M. H.,, VanDerWege, B. A, and
Hochgreb, S, 1998, Early Spray

Ddevelopment in Ggasoline Direct-Injected

Spark Ignition Engine”, SAE Paper
980160
(5) Laurence w. Evers,, 1994,

Characterization of the Transient Spray
from a High Pressure Swirl Injector, SAE
Paper 540188

(6) ORouker, P. J. and Amsden, A. A., 1987,
The TAB method for Numerical
Calculation of Spray Droplet Brekaup, SAE
Paper 872098

(7 Torahim, E. A, Yang, H Q. and
Przekwas, A. J., 1993, Modeling of Spray
Droplets Deformation and Breakup, AIAA
J. Propulsion and Power, Vol. 9, No. 4, pp.
652-654

(8) Reitz, R. D., 1987, Modeling Atomization
Processes in High-Pressure Fuel Sprays,

Atomization and Spray Technology, Vol. 3,

A g sista 2l A0 B A4 5(2005)/53

pp. 309-337

(9) Bellman, R. and Pennington, R. H., 1954,
"Effects of Surface Tension and Viscosity
on Taylor Instability,” Quarterly of Applied
Mechanics Vol.12, ppl51~162

(10) T.F. Su, M.A. Patterson, R.D. Reitz, and
PV. Farrel, 199, Experimental and

Numerical studies of high

pressure
multiple injection sprays, SAE Paper
960861

(11) Sung Wook Park, Hyung Jun Kim, and
Chang Sik lee, An Experimental and
Numerical Study on Atomization

Characteristics of Gasoline Injector for

15th  Annual

Conference on Liquid Atomization and

Direct Injection Engine,

Spray Systems, pp. 47-51

(12) Schmidt, D.P., Nouar, I, Senecal, PK,
Rutland, JK, and Reitz, R.D,
Pressure-Swirl Atomization in the Near
Field, SAE paper, 1999-01-0496



