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A Study on the Spray Atomization Characteristics of a Multi-Hole
Diesel Nozzle using PDPA System
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ABSTRACT

The spray characteristics of a direct injection multi-hole diesel nozzle having the 2-spring
nozzle holder were investigated by using the image processing system and a PDPA(phase
Doppler particle analyzer) system. The spray tip penetration, the spray angle, and the droplet
diameter and velocity with the variation of the pump speed, injection quantity were measured.

From the experiments, we know that there are small droplets which are not to be detected
with spray image around the leading edge of the spray. In order to represent the mean
characteristics of the intermittent spray very well, it is very important to set the time windows
accurately. From the measurements along the axis of the spray, close to the nozzle, the initially
injected droplets are overtaken by droplets that follow them. And also there are the maximum
axial mean velocity and SMD at the following part of the leading edge of the spray.

F87148°9 : Intermittent Spray(FE¥%), Multi-hole Nozzle(t}# %), PDPA(phase Doppler
particle analyzer), SMD(Sauter mean diameter)
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Fig.l1 Schematic of experimental setup

AYAANE A ARPAFAR, BTR4
H{E5FAR, PDPA 3AFXNRE JdE F 3l
o AR EARARE PARETY =38 XY
3o, ERYBYSFAEE Y, CCD 74
g, 9ANARA 5oz FAS Uk A}
HEZE V8Z1E A AREHE AEY YE
24, {9 3600rpm DCEE] o3 FF €
o d8E ¥F 08315, FAX 3.71cSt, SAHE
1.4682] EAXE 713W KS 239 ARFE A
|39, BAxZS 2-22Y JGHE R
single-cone, mini-sac 2} 5F xFolt} 13}
Axo] AWULE 150kg/cmPolL 23 AxY
8] J)RQHe 220kg/cm’olth &L F HHo|
033mm¢ #& 2719 032mmgl ¥F 3=
FA4se} slev] Hel o AFHue ZZ
2.813(d,=0.32mm)}  2.727(d,=0.33mm) ol]t}.
Fig2t Z £39 #xg EAHE oA &7
o ANFEE =4Hoz2 Yed Ao, 7
o HEE Ygoz AT Aoy, 44 AFH



&S FYROZRE B(offset angle) THE
AAA Qlow, 150°9) 5 cone ZH& ZET

B ARG B0l Ppse) =
ER A3 Z(DX-525A)8F CCD7vhe}(Toshiba,
IK-536)& A183te 932 d4Ae £=E
Aol & Alg3td B4 SRt

Fig.2 Outline of five sprays

AXs} A7 £=& Q%7 A 2449
PDPA N2¥(DANTEC Co.)& AH83c &
ANAE Ade 939 A@RL £RRA F
A=l 2789 Bv)-$ 7] (photomultiplier) A A A
714 Azz @@=y, A5A271(DANTEC,
58N10)E %3 FFENN AH9 &z A7)
of ¥ diojtE d¥M) JFHr} o) o &
= &% Uiy 23 WA 2% oz
Byton, AML FATI 90% oA Axt
deolelg A gEaigch

3. 4¥xd % 34y

9% @859 E4& Botsy] A g
9 FFxUE ARAA UM YY8 £
fck. o] o, WE H{AFE 400rpm, 600rpm,
¥Al 2 (mg/st-hole)& 0.867, 0476, 0945= '3
}AAY. Fig3e #5739 AFEs tiof
PDPAAZE& 1% 24349 AXNE ded A
ojt}. o] o, Hape ZHo2 WAWYL r2
o2 d3yHRAG. 24Y 24 4Ag 43L
xZo MHESR N F8% Ane) YSo
71 s A, PDPAASE 9% oF 25 #9
X A2 Y&, & Hddo2RE I0mm
2992 HAREH 200mm FFABAA, #7533
o2y 2mm YFoe 233 2T EN

WA siob e 2] A 4 AA 1 5(1999)/47

€ #5337 AN vazd=g FAY st
& A8t 2ERRLIN PFA] 23
of o& 279 FIYE YS5}A.
ALY AlFe fxo] BFANZIZEY] RIH
MA@ JA49 AD B871E A8 BY
B3t

Fig.3 Measurement positions

33 4 M (Autonics, BF3)& ¥l AL88 ¥A
Biae RAA7] B 15° oMo HFE @
A=2 dx39ct. o] AEF PDPAS o
EFA Az2 ofdPgen, AEZTHAFE
9] w7 ele) 71E HEE o] &3t

4. 4923 % 13

41 BB ANA 54

411 ¥ 32
G3¥x3e) EF TR, AExEAY, ¥74

Photo 1 Spray development with time after
the injection start(ms)



48/= &

59 ANH S43 dgol Z BFalole
PFRENE Fostna 2Y NG FAE o
43t B8 4484 YS{AT. Photo 1& 3
Ao PANE UFRRY wunye o
oli7l it oA A BF F Ao
032mm¢ 13 ¥F uis, #A4 A3} ¥
0.1ms%E Olms 3oz {EW 1T P4
Yebd Hojh,

AA W7] Fo YYSHE O0F w3 BRE
S E FANT Yy FZE olFn 3o
B, AYRE AAFY A 9 HuY
HE olfn Qo EAl X7E HRH o)
He P78 Y4ysin gon, Aband o
T AS) FAE Yz wesHe) YL ¢ 4
ek, £ 4 £Fof Y YyHE BRe
IR JA N2 ¢ 48 ¢ 4 U=
T ANHOZ & Holg YA 8 ¢
% Sl

412 ¥R gAY

% 92338 g Aoz gojuy)
figte] B Yo RY AU BE M
SEeAE $AAY. Figdt ¥ HA4

600rpm, ¥A+Fo] 0946mg/st-hole ¥ A%, ot

A AR ARERAAE Y Ao

100 o
- ++Hu.m 1 4
E [ ..o Hola No. 2 o
£ 8O} ... Hole No. 3 2
8 L-—P—HD‘.NO 4 i
a Hole No. §
B eof
: | <
> -~
L of
gl -
4
B 2
i
]
T I Y P EEPU S SIS GErE P
0
0.0 02 0.4 os 0.8 10 1.2

Time(me)
Fig4 Spray-tip penetration with time from
the start of injection

AR F A 7hide] w2} A AYHo
2 FN3e A%E Relm Utk 2 2E A

olof oF3te) xojE Bolm Yo, B3 RF
7o) & 3¥(d,=0.33mm) ¥£F3 490 23 =
gA=s g2 #EFRT FY @A Jdegda
A}, oA FxEFY FF =& H(sac)dl
TYY Yo Fo P Adete RFR0) A
2 249 yaAs Aold me fE FAL
=7} @3#7) g o2, BEFHol Z AL A
dAHoz2 RA&E7} H287] dEoz 4Z
gt olg} o] BF Alold] A E UAE
EF70] FYUstA && e 713 & 80
2 AG5AR, ojgjelr BF9 wjAd] wa
WE %9 A= d%E A Ao Y
' &3 Ax Aol AF & Aolx A
N2 ¥ 05ms 2ANA AY 65mme ol &
YeEhin slew, of AN 2 BF9 7
ol 9 EFWAE 263mmE FIHHEAY.

413 #3227

Fight 59 $4AEE dotur] 4dd
BE A4 600rpm, ¥EALFol 0.946mg/st-hole
4 EY 9R A 27 BERZ Wig A
Ao disied Yehd Heoldt

40

Hole No.1
Hole No.2
Hole No.3
Hole No.4
Hole No.5

35

+Xo00

30

25

20

Spray angle(0)

15

— o = 19.67 {03

F T VU ST U U S G G Y

10
0.0 0.5 1.0 1.5 .20
Timeims)

Fig5 Spray angle with time from the start

of injection

BA &7l 4° ke @ RS U
e e, 37 gedsolzel ua} A o
e ¥HE P2 & 5 oAt AR
¥ o 15ms ol ¥ o 16° A +=33
I Atk TG BA 27|l g BF Aleld



2H 2 AolE ROJA G, Ajgkol Ao
wet 2+ £FAtole Aolr} A BAHE U
F Atk 4 FFAL0|9) AR} 2 AolE BEA
A1z o 02msolA dehdo] Ho) 772 Ao
& Wehz, o] AAAN 7 BFY HF3
A FEAALE 26°2 b,

414 B Avie AS

4F =2 PR $ue BE e A
£ 2B AUEY ASE WYolus] s
Fig3ez Aod £%9 248 2 B39
$21o)4 PDPAE o8&t} 23% 4% =g
N3H¢ Fighol LErRIG

4.5

N

E

Arrival time(ms)

» “
C (-]

T T

jl

[ ]

s

3

3

" —s—z = 6Omm

20 —— —+—z=30mm
—a —a—z = 110mm
o

—o—2z = 130mm
M B T L a4 an

2 0 2 4 s s 10 12 14
Radial distance{mm)

-
o

Ny

Fig.6 Arrival time with radial distance along
spray axis

HH =gAE TR ¥ d4Ho HE
AESe ABeR AY93yed, g AF
ZL 400rpm, BAHFE 0.867mg/st-holeol},
28% A" F7ist cigo] wARY Az}
7 Wt RRzdAe gustAd F7
v, 2 71471 33NN #ARYl ¥k
A Jveldn gld. ¢]7& Photo 12 B5F
Pz v B, £7 A Jehd Mg
A4 B9 YHE olFn giow, BF
e F3 ovinH FiY ZAE e
o 28y Fig6sl 3% 25734 gy
HFRe Y90 9o HE=ER 3
AL FF Hdie FARRAEe &
@3E WA 9ol ¥R Aoz &

o
s

® ook
2 L, ol

¢

AT G2 A4 A1 3(1999)/49

F gl F&(cloud) Hee] vl A Fo
EAs D A& guiste Aotk ojFHE A
3} Gong 99 LDV 24 @3} fAHE R
o2, BF FAHFC ZAse & dHg B
gl g yHE e AHo F o=
P2 Yrtas Y= ez FEdch

42 43 £x 9 A

Fig7& ®Z 334  400rpm, ¥AZ
0.867mg/st-holed @ & FAANAM 4% A
Yisie] g ZWY STPXFE AITESA
e JERR RAeot

140
120
100
80
60

{a) Z=a0mm

120 ) Z=80mm

T T LOARL AR RARS |

Axial velocity(m/s)

120 £ (€)Z=150mm

Time(ms)

Fig.7 Time-resolved axial velocity
distribution along the spray axis

vy xZo 7l7E Z=30mmo} F+E ¥
Hud, 3AAAA NS =3} ¥ MG
Fo A3 £xR § oo FPHE Ade
25 FA¥Y A9 &5t f 3A dEd
€ ¥ & Utk o8 o] BEHOE FAH
g g5 $5F daitd 943 Hu

=
-



£ 43| o8 24y Pt WYL 2eH
2 AZe] @& FAg e W #AHUY
B2, Koo FWe] A3 ups} o
R AUyt Ax F7) 3¢ #EHE 3¢
Aol 3 &7t FAHE WY HAy=:
A3 e JaHoz AL g Bo} A 7
A $53E o 28 AA%HY] dEoz 4
29t 29y £ Yudd TLY F o
$ A%3 PaRe ¥ & AT 39 A
7t 3749 Z=80mm$} Z=150mm¢] A& &
HEY 7 dure AL BT dFz 2
+8 PAHE EE T/ AR Qgo] gaE
v, R $5Fo] FHoz AY RE [N
J9&¢ ¢ 4 Ak

Fig82 943arist 344 Aole] 4@
BAE Udotyr| H5d Fig7dH FYY 2
o] gte) WY& AAAs] Aoje] BA
£ 943 717 288 AKXl e dehd A
olt},

Koo |n

140
120 |,
100 - .o "

(@} Z=30mm

N & & &
o © o o o

]
-
N
=]

{b) Z=80mm

-
o o
S ©

Axial velocity(m/s)
s 2

~n
o o

120
100

(c) Z=150mm

) I Y 1

oo
Diameteripm)

P Y
150 200

Fig8 Correlation between the axial velocities
and the diameters of drops along the
spray axis

&f Z7tE Z=0mme A ¢, A=A 2%
U £ Alo]9 £ JUUAE o}l
& glod, BHiHon & 4Ho] & &%
i B LxPHol FYA REXHY UEE
& F Utk 23y 27 Ewgoes g5E
S &5 A0 dEo & Aol Y
439 Z=150mm¢ B¢ 7 HHo2 AY4YH
Ag Reg YusHE & AL A1 o
Y 60molste) A¥oz FAEH UL ¢
F Sk ol ® WY A @E qFa7|
HWate A3 EdHAo] ¢A3 FEHA Ja
A geje]l ¥ A€ Yrite AozA
BAL A o]FojA = X7 BT i
57 AYHAA . A 23 £do] 539
vy 8404 B2 4%& NA& ¢ & U

43 #%9 ¥ 24

Fig.73% Fig82 43 Alelg F¢ 333 &
AYs 43 AIZE FUP ZAADN A3y
el Feloh oA R AW A%
< AER7) % ez, BRI ZA3AE A
Y 5o g@AEAYDY ol A AFEH
3¢ ¢ # 9. 92N gRAR T 22 b
A4 Y $79 BAYE 2o AFHom A
HE7 fAME A Alo]E9) Z ARt
(time window)o} W& ¥4jo] #sjzlo} ¥}
dutx oz N3 Alojg ¥HHRE FE A
AZTE ah dE FFE ISR
(ensemble average velocity) U th&3} zto]
Ao g,
U(T.At)=—17 3 Et: U.-,('i—f,"—’) oy

=1 y=}

P&z P AFEE Ums UG53 2



A7IM, u; = U; ~ U oldt. =3 Nie i
A Apojge AT e &3 doj” A
oo}, Nt wiole] HEo] o]8d AolF &,
Nee AN &3 dlojg oo}

Y, dad3azie £33 o AHu=
EAU9 HE Dx(SMD)7} o145 tis g
o] AoErt.

3)

9714, NAPD e DURHE A4
F e AES F2 @& FHAck An, uF
e A4 dolE} ¥Ese HFRYE ue
¥ 4 g 89 maa uRy geeRe
AS AT ARl WY Fas,
LEERIEEE EL L T FE

18y
[ (2) ime window=0.05ms
120 Mean velocitv(m/s)
»
= 100
E
-
2 80
H
° 60
>
s wf
<
20
0 et
0.5 1.0 1.5 20 25 3.0 35 4.0
Time(ms)
140
{b) ¥me window=0.1ms l
120 |
Mean velocity(m/s)
2 100
E
2 so
Q
2
» 00
>
8 40
[
<
20

05 10 15 20 25 30 35 40
Time(ms)

Fig.3 Axial mean-velocity distribution with

the variation of time windows

wadAn Yo A] A4 AN 1 5(1999)/51

Figdt Alt73tel Aol UUEF BHA
BAo 7NA e 9%E ¥otry] Hale Hxy
A4 600rpm, FAFF 0476mg/st-holed W
Z=40mm HAANH ZH3Y YFLEE AN
F39 dAol o3 AN HELxze A
vetd Aejck of o, AFFIHE 0.05msei A
Ims7hA 0.06ms HALE WAIF oW, olF
Ims$}t 005mso] h# AR E Jehufict
Fig9(a)e AI73e] 005mse]l i@ Helx,
Fig9(b)e AF73o] 0lmsY A4 A R
olth. AjRb¢zlo] AUAA AW vfi¢ BE &
A1 e BAE 283 ZEY 4+ gl
EF UE #E& A4, Figdad vetd st
Zol AA £x¥xe] HWRAEBHE YA £
i WFgke] Wgel AsA €9 53 53
#AE o#ist=d 713 FAE REY EF
Agdys BF FHR 243 € T A
BelM @& zolE ez glch wEbA
1~15ms A= vi¢ #L FATE &E:e
AA MY BFo g7 B4E v ¥ By
7] M NTFTY dAe] vy T3
o, A5 pe BA HEe FAF Fdd
B2 e, 12n deole HEd(data
rate) 5& R2Aste] AAIE dASA @
o & AFdME FE dolH ¥S5&(data
validation) §& 1839 4t& 010ms= 2
A}

Fig10e HEZAM$  400rpm, EAIS
0.867mg/st-holed W W& Aelol W& F
Wk PE4Es SMD EXE Adisie] of
gt} 74 el Aot Figlo(a)elX x&
of 7t7-& Z=40mme] F+& 4HEY Fig.79
A g% uig} o] ¥F ddyyg fin=
e g Fe] f ¥& £ A& FEEE
of dg EAxe] APsE RFEEH FA
Ay YALEEE JeERE ANTdAM & 3
& Jehol, HFESEY gol Azte] Ay
of wet FA% P EFHRE LTS
Sxo ARG EF 4L & 5 U

SMD9] #1318 AHRA Z=40mmohAH EF
AYRE P8 44T A% T Bm~
0mIAE e WA HA2E GHFYY



52/+ ¥

SMDE A 8&mel ¥ @& Yvehlx Ao
oJRE BF NoRst F4 9 ¥YE s}
Z A gt W, gu=s d43ge ¥g
e 3YE ¥ dEeledtn @aHy, o) 9
AN &= Zolo] AP AH FEH} Yo
g8 BYSE v)7Y AHe A2 Jso
g 2 g9 SMD7F vede Aoz AZd
.

100

70

© {2)Z=40mm

80
—&—~\ velocity (m/s)

8- Urms (m/s) 80
—+—SMD (um)

60 [
40 40
20 | 30

20

(b} Z=80mm

» %or 160

£ -
4 60 o
= -
1] =
o 40 Fl
r =
> 20

80 |

80 - 3.50

40 |-

20

0 aaly L 1 alaa G
1.0 20 3.0 4.0 5.0 6.0 7.0 8.0

Time(ms)

Fig.10(a) SMD and mean- and rms-velocity
distributions along the spray axis

Aol Ade] mal SMDe #4sAT &
5 meRiel AGHs ABAA ¢ B
A AT Holn Yot o)L HEFAY 3
71& Jehle SMD7 943 A A9 343 24
9 vz 5o ALE A7 & o, B 2
B FtFA FolH A BAIE Rew
A, BEFAHY vig 2 BHo] o] Aoy
45D dSE AAY F At aY oY
© YL gAY oMY ge g8
o, 85 SFHcdHE A dAANNE Fue
Bolx git}

Fig.10(b) 4% £ ¥ X9 SMDY 48
BAE YEd AHolt)h, xZd 7174 Z=40mm

9 HA$E AWEY 30molste] AL B
A iy e 29y SEEEE Yrhis
B, o] o)) & JAHE AiHeR d¢
T WY £2¥XE Yehin ik 29
Y ugA st AR S = e 3
719 Ao £x7} ot 45E0, & 939
oy Zade A¥E Jehlz U B R
B Fo #F3E Z=150mme A 30meol st
JHoz FAS glovw YY &9 P
A48 BAE BoFa Ut

100 r L g
ao: Y (a) Z=40mm
[ LI
60 [
[ [
[ .
20 [ « *
9 [
0 [ .Alm. A sl i
- ' (b) Z=80mm
= 80 |
£
-
S e} .
© L
[ .
% 40 | °
> r .
E 20t .o\‘
» 3
< o ‘d"
H (c) Z=150mm
80 -
80 [
40 | [
.
[ )
20 o m
0 |lllsglll‘ PESE B GO U U DO U S SR
10 20 30 40 50 80 70
SMD (um)

Fig.10(b) Correlation between axial mean
velocity along spray axis

Fig.l1e& H|E3HS 400rpm, BEALF

0.867mg/st-hole ¥ ™ Z=80mmoIA =43 1
459 SMD ¥X& AW Az
uisle} vpERE Folo)
Figll(a)yoh X 273 3gA=s F7ge] ne)
29459 SMDE #4380, 253 $449
N #3 £x9 HY SMD7 AL ¢ F
it



(2) eOmm

—8— Axial velocitvim/s)

D SMD (pm)
J40

30

“ 20

50 | ?50

Axial velocity(m/s)
s
(wrl) ans

Time(ms)

Fig.11(a) SMD, mean velocity distribution
with radial distance

a8y B3R ALst FHgd e &=
7t a3 HIFAH A7)t FopAA R,
BEFEA ¥ A2 r-8mmAM A3
2 & 97 AL U=l Sl RAE B F
UG, oA BEAA RFRAAN F7 #9d
23 tEol ¥5F Moyt Ui Aoz
U BFE gFRFoz davws A=
G5 4goz At FAHA ANg] ¢
48 Yoy)7] REolet AFAIOID

Figll(h)e] 294zl BT A3 A7 9
42BAE AMuA vy FE JUBAE
YehgA e, B8 9for BLF 7L}
A Foly g € + 5l

5 3 &
5 34343 PDPAE 4% o3dA

k38 EF54 1¥L FA 983 2L 3
€ ¢ 5 I

xR gshera A Al 4 VA 1 5(1999)/63

70

so | . o .
so b ." o {a)rsomm
40 F °

30 f °

20 . ;

L ]

10 14

L ]

[} .*.L PO 1 aals s \
w60 {(b) re4mm
L
€ sof
>
£ w0}

o a0} Ce

L g

> 20 F ee §° °
~ F )

- 10 E

: 0,———-&* A

é0 F - (c) r=8mm

so |

40 |

30@

20 b -

TR TR

[ ]
0 E_m}..l.. ala Yaaanl alaacald .
20 25 30 35 40 45 50 55 60
SMD {(pm)

Fig.11(b) Correlation between the axial mean
velocity and SMD with the radial
distance

1. 88 AdRe gFRfde 5 o=
$A¥ + e viMG AFgo] EA}R
A& & F AU

2. VYo FASHE YR ¥F7 HFEA
€ B0 I B ARME AT
dAe] wi% Fa3iv, gxo AFxuN
doje] HE& T 2N AIFVE
dAstelcl e ¢ F AN

3 w3 JhE BF AN ERYVY
ug side: 4349 551 o w4 Y
e 249 Aol ASHE, MUE ge
9ol 29% A4S} SMDY A3k
o BYE ¢ & AN

4. X3 Ft7tE EFBAAN A4RAV ¢
g FRY FFVAE RolA YA,
i 3HE BSS B¢ JudAs vy



54/+= &

& ¢ F AU

5. ¥F %oz BFE dAaris gide
BT HolXt EF ARy Ry
MNe ta F7ste 3%e Jehln

¥ 7
2 =¥ ARU%E A3AAredTL
AYA(FANTARI0)N 93t AFHYL
9, old FA=HY.

ﬂ),‘.'.

a1EY

1. H. Hiroyasu and M. Arai, "Structure of
Fuel Sprays in Diesel Engines,” SAE
900475.

2. Min Xu and H. Hiroyasu, "Development of
a New Optical Technique for Measuring
‘Diesel Spray Pemetration,” SAE 902077.

3. H. Hiroyasu, and T. Kadota, "Fuel Droplet
Size Distribution in Diesel Combustion
Chamber,” SAE 740715.

4. Ja-Ye Koo and Jay K. Martin,
"Comparisons of Measured Drop Sizes and
Velocities in a Transient Fuel Spray with
Stability Criteria and Computed PDF's,”
SAE 910179.

5. Kiichiro Takeuchi, Jiro Senda, and
Masayuki Shikuya, "Transient
Characteristics of Fuel Atomization and
Droplet Size Distribution in Diesel Fuel
Spray,” SAE 830449.

6. Shigeru Yoshikawa, Ryunosuke Furusawa,
Masataka Arai, and H. Hiroyasuy,
"Optimizing Spray Behavior to Improve
Engine Performance and to Reduce
Exhaust Emissions in a Small DI Diesel
Engine,” SAE 890463, pp. 83-95.

7. C. Arcoumanis, E. Cossali, G. Paal and J.
H. Whitelaw, “Transient Characteristics
of Single-Hole Diesel Sprays,” SAE
890314.

8. Yong Chen and David B. Kittelson,
"Geometric Optimization of Nozzles for
Inclined Injectors for DI Diesel Engines,
SAE 960868. '

9. Gong, Y. and Peng, Z., "LDA Analysis of
High Injection Pressure Diesel Fuel Spray
and Entrainment Air Flow,” SAE 941951,

10. Hajime Fujimoto, Gi-Soo Hyun,
Mitsuhide Nogami, Katsutosi Hirakawa,
Takatsugu Asai, and Jiro Senda,
"Characteristics of Free and Impinging
Gas Jets by Means of Image Processing,”
SAE970045.

11. Tomohisa Dan, Sayo Takagishi, Jiro
Senda and Hajime Fujimoto, "Effect of
ambient gas properties for characteristics
of non-reacting diesel fuel
SAE970352.

spray,”



