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Piezoelectric excitation property of multi-nozzle injector
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Abstract: The piezoelectric excitation property of multi-nozzle injector was studied by
numerical simulation. Pressure, mass flow rate and fluctuation of velocity of the injector
were obtained. The results showed that the pressure fluctuation was mainly influenced by
wall motion characteristics, and the pressure amplitude increased with the increasing excita-
tion frequency in multi-nozzle injector. But in the obturated cavity, the pressure fluctuation
mainly depended on change of the cavity cubage, and the pressure amplitude didn’t vary with
the excitation frequency. Thus theoretical method of obturated cavity could not nicely fore-
cast the pressure fluctuation in injector. In the multi-nozzle injector, the mass flow rate am-
plitude at inlet and outlet was different. The pressure amplitude distributed non-uniformly in
different positions, resulting in different velocity amplitudes at multi-nozzle outlet, and also

different jet shapes.

Key words: multi-nozzle injector; piezoelectric excitation; mass flow rate amplitude;

pressure amplitude; velocity fluctuation
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Fig. 1 Multi-nozzle injector structure and grid model

SCHFFE AR AAR R A 2 ik v » L = 2 S B %
1009 B
x1 HiEmHESHRD"
Table 1 Physical parameters of liquid"'*
po/MPa g /(kg/m*)  K,/GPa n n/(MPa « s)
0.1 930 0. 84 4.57 5

Hs H, Pl 5 R ] TF 5% U6 P, = 3K 2l 3 ok il o i

ik Wi &4 it o 355 Bl » L 32 Sl R T AR o

z = esin(2x ft) (2)
P = 3R T W B e Al 1) B2 K L S . e Ol 00 B8 4R
W f AR e O AR 2 . A SR AL R
R 1. 5 pm, PR RN 1~6kHz,

P FAH SR He Fi B B ) 7 B8 38 5 Bl ) A% R
S H SR B Sy A8 B X 8, Sk A WA iz gl X
S AT N SN R B TR e e A
Sy WIPE 4 Sk TR A 52 32 gy HC A AR iz B BE T 5 MY
PETCW B A . WA g AR, WEAL R
J1°4 101, 325kPa, A 0 3 N 30 kPa, 41 i F 1
Ty 5. 4m/s, S5 T W EC 1205, R,
SN EARAS N Z W A B DR E A
FURI R g i i R4

Cervix
(deforming)

V4
Head (rigid body) J

Bl 2 e 58 3 7 =
Fig. 2 Moving method of piezoelectric ceramic
HRAE 2 (2) B A5 e v i 5 =k 8 1932 2l e B2 oy
v = 2nfecos(2m ft) (3



LR

AR TG Y5 < 22 S5 I IS 48 Y S o D o 1817

T T W Pl 58 0 7% 18 BIOR i I 5 0 — Ar I 20 1) «
IR 221 F) - 249 3 R Dy
v = 2xfecos[ 2x f(t — 0. 5A1) ] 4)
R A HE R ORS B B4 i i 1R 2P A O 1/
(30, BT iz 3l & 91 R T 30 A 8 i 2R 47 4
W o AR E] 25 N L PSR il gl Dy R O 2
PEJT R RS G SR R A R R
S RPN

2 WHEERKSH

2.1 BT R X E SR 0E A 20

Muntz % A3 5 BEIE 50 B A R » 24 38 il 45
RGN T I R [ AT 451 2R A SRR ABL 4 s 1A [ A 45
ot 30 kHz) B, 355 P i P9 H 380Rh 1 e g i
W AT AR R

‘OA‘€('2
\%4

b Ay Sy e L B e B K s 9 TETRR LV Dy S5 A 1Y
B e WM

FEARBE TSR B B S 0 AR SCAE L~
6 k Hz Hi 220 [ P9 6] Jis 9 s H 380Dl 7™ 26 1 ik 3l e
AT VORI TR E I IRIER , S TR
ANTHIRTE AN [F] I 220 089 °F- 38 1 73R4S 1 P JiE P
PR PR 16 > 1684 Pa, I HAE A [R50 52N 19 & )
PeilE JLF- 58 4 — 30, MR =X OO #E97 Be TR R
T3 PRI 1 . ) 4Ry 1688 Pa, {7 a5 {H 5
WIT AR A xR 22298 0. 2% I H W) A R AT

% SRS 25 AT B 8 AN [ ST O6E I 5 2
(4 HE 7 BRI UEAT 1 7 LT 5 A 56 50 L 45 SR A
B3 i o T rp o S8 Rk 6 (L 000 25 457 g
S 0 BE 1 AH R B X A kistler6052¢ 7Y
[k 2l e 00 J s 4k A5 . NI Al LU 2 05 00
W S5 25 T AF S B PN 1 R g i e I AR 3 48 K 48
KPR 5 E 2 s—8, Bhiksgh
BT AE A [FIB0R AT 5T R R 6 (1 A R R
25 o TE ST BEAIR o A X 5% 25 55 K XTI B S5 (IR A
3 4 e 0 BB BN K

LSRR X T A8 SO 22 558 T W S
AT o B P04 ) A W 95 il A 23 18 KT 3 K
177 355 A 8 0 B A T T IR i TP AS B A S ol . X
Fe W1 (5D X T 22 S5 i W 559 25 01 A 3 90 e Al 53
22 SF U W S 2 A B SRR B e ) R e 5
B A 0 A7 FE R 25 5 o TR G Sk 22 S5 i i A5 4% O
J BB AU 5t 2 R Y

b. = (5

—=— Computation

7 T T
61 \ —e— Examination
St —o— Relatively error
41

3

2

1

0

/kPa

p

flkHz
[ 3 e SF s A TS 91 M I A0 46 ) 72 A L 1
Fig. 3 Changing rule of pressure amplitude with

frequency in the injector

2.2 EHBEEHITEXENKINEFNE
SEOR P8 RO AN S N NG %0 L oh
i E Tk Sl s s B TR P Bl Ol an ] 4
i e TS5 RAIA R WS A0 3 DA R oA 0
37 B 1A s g 249 it s v g R A7 8% AR 37 1) A2 A 2 1)
1 A RO AL L SR T DR B s A A
Jir 22 3 3 5 T H P e s ) AL O VR A G

32 r —=—Pressure fluctuation in the obturated cavity

n? JJ‘-I-I-I-I~._._.

= 30 =" “‘11 ’._."r-

S 28 e

On 0.57 1.0m 1.5% 2.0m
Displacement phase

(a)

31  —=—Pressure fluctuation in the injector
< g-m-EEEEg
g 29 - ‘JJ‘ -11"‘-
St R N
27 : : . :
O 0.5n 1.0n 1.5n 2.0m
Displacement phase
(b)
1.0 %a’u,nﬂ-“ ''''' oo, —5—Boundary displacement
O H‘"\u‘ﬁ:l
N
-1.0 L L I:L"""'-‘-t:l—u—l:l—I'-l‘""'Irﬁrl:”‘:').:
O 0.5m 1.0n 1.5n 2.0m
Displacement phase
©

B4 Bk3hED S Em &AL R
Fig.4 Relation between pressure fluctuation and

displacement of piezoelectric ceramic

AR 20 A (3) B AT s v, B 68 Sk FR BE 1H7 1)
i oy
a=— Qnf)iz (6)
3 (6) R MY s F Pl 5 Sk 0 R T ) o 3k J3E AH o2
SN AR B . 2 B O Gk B e KA I
SHC 3 - 2 T e A A R T e 2 U A4 Y
s 38 ik B e /ME
ARG 20 (5D ] LA K - 75 £ P 7Y 2 T ol B
B LA I I J P fs 2 AR/ 0N PN AR 32 B B
JERBECHE S BRI & . B, 24 T H B 5 i 3



1818 it = &

%32

e KA RS 1) o JF PAT s PN 1) 38 AR Bk s 44 AT M PN
FIEEAR T I IR B e KA . W T 2w AL K
I IS SRR T HL B 0 BN AR TR e D A
B35 B AN WSS 2% 9 Y ) kgl ) 2 a2
RE TS Sl AR 52w L I A5 R ) 55 06 B AR 6 4 IR o
FEWE ST 28 N L 24 H B 67 B8 A 07 43 i Ak T
07,0, 57, 1. O Al 1. 57 PUAS ML T A A7 f 5 FE 43
finEWmE S pR. WERATLUEH, EEER

Pressure/kPa 26 27 28 29 30

JE 353 A5 AHXE ¥ 57 3 32 450 B8 R 67 28 A6 1) 52 i AR /DS 5
TR B R I AEAS 6] 9 AL B AR AL R A2 AL A 2,
TE 0. 5 Fl 1. S A E B N B2 N R ) 40 A AN 3
5] o X AN RIAH AL B HE 3 43 A Al LK B W AR 2
AR Y B K I ¥ 8 A7 T Fe o B 28 Sk 38 IE R
J5» I B Kl U R TS o s ) iR R /)N 5 FE 0. S AV
(e R AL B ) B o i AR R R BT X %
A He B 2 ) AR 1 55 A AN B I

31

(a) Om

(c) 1.0n
& 5 WEGT RS NI R T 4010 = B G  kPa)

Fig.5 Pressure distribution in the injector (unit:kPa)

TEE AN » B HIAL N 0. 5 Al 1. S it
FE 3o A = e 6 i . WALV . -
G NI TR P CE N D) A (R ok
FEQL RS AL 0. Sm i 32 57 1 00 9 52 Wi » B 4]
P A ) A T g 5 S PR ) e DR g IR W A
T L R S o T A T P P RS Sk R OE R O R
JI R R T X AT RE R BE T 12 Sl R A B AR
FHBUE 52 10 (9 45 28

TE 0. S AR s AL P 8 100 3% die K » 3 AT 1Y
8 WA T o I PN s ) e R e iy T L T L
S+ 52 BE Tz 3l R R 9 R0 L Sk IR R J7 B A

(d) 1.5n

FE 7 b F A5 i B 5 T 12 20 0 A T
A 0 1 WKL B X B ) 0 O
AR/ . 6L B9 VALY U 1 R e 13 3 5 e e
SIS . FE ) K L T B 1 R (e e
AERR U B . A8 1 S 1 P o B e R I B
Fh 325 30 B TSR 1 9 0 1 S O B
AR B 325 30 0 R T 35 199 3L — K B 35
SIVHR P R FE A FH 722 2 190 FE o K b L
02 X B B 14 19 0 9 K
2.3 BRSSO AR R AR 1

% 25 S U 55 P 199 FE A Bk 5h R e T B AL



LR

AR TG Y5 < 22 S5 I IS 48 Y S o D o 1819

Pressure/kPa 26.60 27.88 29.15 30.43 31.70 32.98

32.13

(02
&,
Dk

Yy
N
J

—31.70

27.88

O3

28300

’\/r -— — \ ">/ N T _—
o W . /»%"\ W\

30.85

(a) 0.57

29.15

(b) 151

P06 BRI A B s 23 Al 2 1] Bz - kPa)

Fig. 6 Pressure distribution in the obturated cavity (unit:kPa)

38T . LA 3kHz (1 Sl 4 2 R 461, 22 5 W B
A R 7 0 s T e sl e v an i 7 s . B,
Py i F EEE G, Py 0 F R P& S IET
Ji s Py A7 FWEFLA FUFT G ot s Py A7 F 1R J
SOE . MWETR R LUE B, Py s 0 R ) 4R I B
K Py SE S RIE I /N Py APy R 7 4R i AR 22
AK Py RGN 2. 65kPa, Py, Py #1 Py (4R
A3 9 B KHEWE Y 13 %8,55 Y0 1 44 % . X Tz
SRR S TEWE AL A TS T8 B O A s T A AL A
Whah WAL IR E A — 2 A

36

] " Coordinate
ip —a= P (0,0, -7)mm
34r ! —o— P, (0,0, 6.5)mm
—a— P (0,0, 14.5)mm
st 25 | =P 1 105mn;
== P, I
S 30} P, I erinaas sl
E: 0-0-0-0-0-0-g-0-o-o-0-0-0-0 %
28 %ﬁ‘xz_j:xxxx 1
26 =

On 0.5n 1.0m 157 2.0m
Displacement phase

Bl 7 WERE S A R LB ksl
Fig. 7 Pressure fluctuation at different positions

in the injector

B 8 45 Hh 1 W 45 7 s r SR A TR B R R
kst s k. I Rl DU S g A R
Cm) KSR IE 24 0. 49 g/s5 th F1 I 5t 4% 0 29 0. 25
g/s. YR 2E 5 0] HE -5 WA AR A AT HRT
A KB AR A HARZY ) 10 mm, 1Y R B AR
297 4. 8 mm, AT RSTEOR GRLBH AN N IR
Ik st B B 51k i A B R kS . TR
(1 S B A 2% 5 P B8 R AH DG TR U A Bk 3l

A BRE AT A2 20 /2, 4055 28 T A0
A It TR 8 A Y P 3 € 0. 5 At
R B /IMEIRE I W3 25 AT B
) RN S B

91.6
914}
_o12f
Sotof
=08}
90.6 |

90.4 % .
On 0.57 1.0m 1.5% 2.0m

Displacement phase

~0-g-g-p-o0-f
—=— Inlet mass flow
—a— Outllet mass ﬂO\.N

B8 AT AR A LR T8 3 & ik 3l
Fig. 8 Mass flow rate fluctuation at inlet and outlet

of the injector

2.4 WERFLBHIE BY I 5 A0 R Bk B 4
W L. FF 30 174 F 3 R R B Jbk 3 T DAAE A i g 2
THT % & T B0 B e sl ™)K 6 V0T ) A AR
FEAE R RS . T T R B S 7 2R ) O 5% I R R
FATT W5 55 285 PN 1) 13 B 0 ] DA 34 Ky
p=p+p =p— p.sin@rfr) (7)
K pop" 43 Ry T 7 B0 AN Bk Eh (8 . o
e 3 A AS R) AR 57 B %) 1% i i AR A SR (7)) IR A7
)5 1%
b= by — <Pow+2Pmn> (%)
K poxs Prooes brse 535 7y e M B & 4L T O,

1. O #0 1. 57 AHAV B B9 BEES R 7 .
KO BT fE 3kHz S B R T



1820 oz

= @ 7 o

LRV

AT T LA H O A AR 0 A 9
i . B LA L LA B )
g R R 7 I S TI= AN L S P SR S =
FIYRE 2 1465 Pa, i1 A X 38k 1 FE S IR MR 20 0 B K
PRI 7276 o P rpom LA A TR T iR i 1K AT
A8 592 7 & 1) TR 3 Wk 2 78 1 e A Ry O i ik 2 53
BERK B A G .

32 T3 WK Sl A bk Sl 04 52 gL 0 Y
LA RIS — 2 W K SRR AN 10 R
rh L AN RIS L A I AT 2 B 25 S R AT 0. 1m/
s LB A P AR X BT AL TR KB 6 5
T 10# A 11 £ Mg LAY 5 4R I A KL Bk
PRI 40, 0158 m/s; (i Fil I KIHIWN 15 4% ,13%

Pressure
amplitude/Pa

K9 LA O SF _L iY IR ) IR I 3 A

Fig. 9 Pressure amplitude on the plane of nozzle inlet

0018
£ 0016} —
<. 0,014 L -/ \—-/'\'\,
00Rt——F
2 4 6 8 10 12 14 16
Nozzle No.
(a)
MO TR 2.9 6,9
—e—4#(9,9)  ——5#(-9,3) ——6#(-3,3)
560 o 743,3) = 8#(9,3)  —-—9#(-9,-3)

—a—10#(=3, -3) —+— 11#(3,-3) —=12#(9,-3)
5.55 F——13#(=9, -9) —— 14#(-3, -9) =~ 15#(3,-9)
—x-16#(9, -9)

ul(m/s)

5.40 &

On

Displacement phase

()
P10 mEfL T E Y R UK B e

Fig. 10 Velocity fluctuation at nozzle outlets

FIL6 2 W 7L g 411 11 45 0 2 /1« B /N R O K
0. 0124 m /s, % 3 J 4% W 5 77 T B 200 4k b 30U
e

&= 9

A o, v A3 H) R TR AR I | 5 E R R - 2
HE

FES () AR TS B A5 B mE L Y &
Y9k 2.3X107°~2.9X107°, & 0] [l F £MEH 7
TR ) A6 B e AN [ WS AL Y & AP AE 25 S s
A RRAR —5, K| 11 2 — D HAL g T
YERHE B ST e B d LA . MK
Ha] LUA S 78 T IR [ 07 5 v [ L 1 S 3 %
TET U A A8 K - 240 Sk 1. 86.dl 5 TH 0 W5 L 1Y) S5 7% 5 T
W MR/ /N 1. 14d 36 45 A5 31 1 A8
e 55 0 BT 45— 2L

iy
_»3
_»2

AT 22 5ok O IS i P S [ 1 LAY S5 J AR 2

Fig. 11  Jet shape of different nozzles in the

SNBS

multi-nozzle injector

3. 4

1) 22 55k Ui W68 55 4% A3 19 s ) i ek I 9% Dl 90
3 IR 4 DR BT 0L 3 6 45 SR Y A Al A —
B BAE W) 5 B

2) 225U WS A R DA R N Y T D bk s
VEAFTE 5 28 5 o ST A 19 1 ) ik 8 3= 252 e
1132 Bl 5 PR R W) 35 TR AT = A2 B R W AN K A 5
717 5 DA I P BE T 32 3l 45 P A0 5 T A X I )
k2l BT B o3 A AT AN 2 B AR R

3) TE Z U W A% P d R AR W A T
il 5 R T3 B il OB T ) A R 5 A
TESZ W AE F T 3 i bk 3 A I bk 3h A 22 24
0. 5w AAAL 5 B T WESHE g5 A 1 RSF R VR BN, A
PR AL 2 I M R T HE R R R

4) WAL A B E L TR ) PR 0 G s Y
JEARG 52 ) oo 8 5 A1 5 AN [) 58 L A 3 T — S5k
U o 2R T B8 4 W A7 A — R PR 22 5 5 10X S AR 2
PR T BRI



5 8 1]

WRING &S5 - 2 55 U IO i 14 1 oL SRl e A

1821

S % 3k :

(1]

2]

[7]

[9]

[10]

3RS ML W) 4 T K 8 A T B < B R ML
JU5T: [ BEAEHOR W R . 2007 :314-316.

FEHF AN I L AT A L A5 ) v P R o TR A A R 2
A BT BT 5E L) ], i 5 7556.,2002,24(2) :125-129.

DU Qing.SUN Qingchi, FU Xiaomei, et al. The study of
improvement of liquid fuel atomization by using piezoelec-
tric ceramics| J]. Piezoelectrics and Acoustooptics,2002,24
(2):125-129. (in Chinese)

MUNTZ E P, ORME M, FARNHAM T, et al. Liquid
droplet generation[ R]. NASA-CR-182246,1989.

ORME M, MUNTZ E P. New technique for producing
highly uniform droplet streams over an extended range of
disturbance wavenumbers[ ] ]. Review of Scientific Instru-
ments, 1987,58(2) :279-284.

LEFEBVRE A H. Atomization and sprays [ M]. New
York: Emisphere Publishing Corporation,1989:37-48.
WEIERSTALL U,DOAK R B,SPENCE J C,et al. Drop-
let streams for serial crystallography of proteins[]J]. Ex-
periments in Fluids,2008,44(5) :675-689.

TSUYOSHI T,TAKUYA K,HARUNORI N, et al. Ther-
mal design of liquid droplet radiator for space solar-power
system[ ] ]. Journal of Spacecraft and Rockets, 2005, 42
(3):493-499.

BOUSFIELD D W,STOCKEL L H, NANIVADEKAR C
K. The breakup of viscous jets with large velocity modula-
tions[ ] ]. Journal of Fluid Mechanics, 1990, 218 (9):601-
618.

HILBING J H, HEISTER S D. Droplet size control in liquid
jet breakup[ J]. Physics of Fluids,1996,8(6):1574-1581.
BRENN G, LACKERMEIER U. Drop formation from a vi-

[11]

[12]

[13]

[14]

[15]

[16]

(171

(18]

brating orifice generator driven by modulated electrical sig-
nals[ J]. Physics of Fluid,1997,9(12) :3658-3669.

CHEN Y S,HUANG Y L,KUO C H. Investigation of de-
sign parameters for droplet generators driven by piezoelec-
tric actuators[ ] ]. International Journal of Mechanical Sci-
ences,2007,49(6) :733-740.

JEIRE 5, TR E. A S Sl 5 R X O S R —
FER I T [T ], HULAR L& 2% 4. 2013,49(8) : 178-185.
ZHOU Shigui, XI Juntong. Simulation and experiment
study on piezoelectric actuated diaphragm-driven microdro-
plet jetting[J]. Journal of Mechanical Engineering, 2013,
49(8):178-185. (in Chinese)

RN, SR B EE . S LR AR S ¥ (M. .7
AL I R AL 2 2006:43-61.

POLING B E,PRAUSNITZ J] M, O'CONNELL J P. The
properties of gases and liquids[ M. 5th ed. New York:
McGraw-Hill Companies,2001:104-106.

U = PR B Ul PP OSSN e 2 [/ L S & S I W R V) o
[MI. b Al Toll s Rkt 2002 :544-613.
FAL R X, B VL OB A R B K gl &R R 4 B
[J0. MRS 2012,26(11) :153-156.

WANG Sheliang, LIU Min, FAN Yujiang. Analysis on charac-
teristics of new type piezoelectric ceramic actuators[ J]. Materi-
als Review,2012,26(11) :153-156. (in Chinese)

FRI M RT3 Y L A AR LML B AT MR
2 AL 2001 :168-180.

2R Y4750 0 W S o R 0 e A AR S AR LD 7Y
22 VAL Tl K2 . 2006.

LI Li. Theoretical modeling and numerical simulation of uni-
form droplet spray process[ D]. Xi'an: Northwestern Poly-

technical University,2006. (in Chinese)

(bR A





