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Unsteady cavitating flow of liquid hydrogen
around the ogive body

WANG Yongkang, ZHANG Mindi, CHEN Tairan, HUANG Biao

(School of Mechnical Engineering,
Beijing Institute of Technology, Beijing 100081, China)

Abstract: In order to investigate the unsteady cavitating flow characteristics of the cryo-
genic fluids in the aircraft engine, Zwart cavitation model and large eddy simulation (LES)
turbulence model were used to simulate the unsteady cavitating flow of liquid hydrogen
around an ogive body. The results showed that compared with the experiments, the unstead-
y cavitating flow of liquid hydrogen around the ogive body could be accurately simulated by
the numerical calculation model. The cavitation evolution process was divided into three sta-
ges: the growth of attached cavity, the development of large-scale cavity and the develop-
ment of small-scale cavity. The analysis of flow field showed that the re-retrant jet was the
main cause of the cavitation shedding and instability. Besides, the interaction between cavita-
tion and vorticity was also analyzed. The vortex streching, vortex dilation and baroclinic
torque terms were contributed to cavitation structures of leading and trailing parts of cavity,
inside the cavity and at the interface between the cavity with mainstream and head of the re-

retrant flow, respectively.

Key words: liquid hydrogen; ogive body; unsteady cavitation;

vortex; large eddy simulation (LES)

W #E H H5 :2017-02-21
BELWH :FKH KBRS (51479002)
TEE B A FARBE1993—), B 8L/, B ENFMRIEZS LB . E-mail: 17326992704@163. com

SRR Tk FE TR BN BRAS SR 55 W AL B8 I i R i 0 2s AR i T sh AR LT . Wit 28 ) 71 2 ik . 2018, 33(8) : 1845-1854. WANG
Yongkang,ZHANG Mindi, CHEN Tairan,et al. Unsteady cavitating flow of liquid hydrogen around the ogive body[]].
Journal of Aerospace Power,2018,33(8):1845-1854,



1846 i o= 3

AN S ¢ EHRRE

YR AR PN 1 Ry S e e A1 B A R AR R
G N0 € o T R 7 N 7 e T T
FRAEZE SR AR 25 70, X R R BR A A AR
AT ILPE S T A E 2 W s BLAR < i I
ZAH UL AHAS SR RAE R AR R R R . A A0 gk A
T KA AL AR ) Bl 7K 025 & S AL 58 52 N
HEE 28 55 AR LA L 5 0028 R K 2 A~ Tl 45
BCTHT G A9 A% 0 O SEBOR R R BAR G . S kg™
AEZS IR A T R AR S R 23 g R K T LA Y A
FROE M3, T BV &5 19 9% 55 IR & 4 SR e e =X
TR LA 5 25 v A g ik v 8 23R 55 28 e TG 9
SEAH TR #8282 S 30t e 2L L 1 B KR HEME T
PR KA Ak Bl N X AN )2 A8 )
PRI FF A 077 22 W A NE R — Fh k(IR BRORL
TEEZ R IMB 2RI OR A ZE R A7 L T HoA
PRBHE AR KA, SR AL 25 & s BIL I A 25 1%
& RAFE R NHLN T TAER W 2 &b, W
A AR B H S Aad R A 1k B 2 A% SR 0
W 2 2590 0T B X & ST B8 Y 52 ) LK,
P2l W A A2 A, 0 SR R B0 A2 koRT RE S 3
16 H AR B PERE R T DL B A S R A
J57 23 A U Bl B A S B 0 R B v A R X i
e 2s R BN BRI BRORE 25 Ak It 2l Y T 7R SE PR )
A S

Hur, AR Z 2 E0 5 T A [FRIR A4 7Y
AR B . TE S 0 - 1973 4F , Hord X AN ] 7K
K [ e A 1) YR SRR R S A B R PR R AT T
LIRS, K AL 2 A X IR AT AR 1~ 2 K 1 1
B IFHEME AR —AEAETY . Cervone %
Fi NACAO0015 7K 3 78 75 1 #14 K (1) 23 18 45 38 ) F
17 —RINM T, BT T 25 70K BE AR b i F A
RSN FR E M I B3 R AN o 32 A I
AR A 5B AR 5 R B 3 Y . Yoshida 5T T
=R SR R A R A AR SRR R R R
R 200 2 52 ) 25 K BE B S8 AR I 2
V] £ 20 3ty 225 A 1) 28 B A ™ J 2 ) T 3RO 2800
MR . Giorgl 48 % I8 T T AR R T 22 5%
% 25 Ak I Bl R 5 L A B TR R KRR
ZACAEAE T A S5 4 , IF B 2S 7R BIR 19 L iR &
PV R I A5 5 3003 N [R) T 6 il K A AR AR
S PR P LA R AR A . R Hord X
AL R R 0 25 A Bl R R AT T S BRE 5L AR
BT A AR L (H 2 32 S0 A5 A BR A
A 564 IR A AR S AT SRR T LA
WA BB Ty A X H i — DT

TERAE T35 . Zho B T 48 — 4k ogive
[ R 2 NN e | P g e I U R S R G N
8 6 5 A5 2 43 531 A« S 0 T i A X A 4 e %
. Fruman #1725 M 3800 i #% 50k
U AL A B 23 AR R FAE T  3X Fh O 125 JR BR A L B
B, HAEN T Rk i sh . ATk A ax A
Tt T SC e A rp kR B RNV ) R114 &S 4k
T R B S 0 R B AR — B . Desh-
pande 55 & J& T —Fh e A IR A5 Ak i 3 R
255 R F — ol e 4 ) 0 2 =X SR YRR X
oK RE B R T TR E S NACAG6 K11
A B A5 R R - A K S WA B
Hozs 7R X sl N B FTIC 95 126 A it 8 AH (7] 19 2
B AR RERG B 0 25 0 O A I AN,
Hosangadi #il Ahuja 5| F§ T Merkle 1% % #5151 5
R ADL YR 0 T L S8 Hiydrofoil 7K 38 /9 23 AL i 30
5 % 30 25 AR5 T8 1) e D0 2 50 L A AR I 1A 22
IR B AN 5 A IR Y A8 I 1 AL
AR IE A A I By o B 45 R B AL X
Sl ) X8 1 AT S R A kR T X Bk
A 23 Ak B It 5 I 3G 5 1 I 5 1R X U A% A
SR I A BRI U R I A B
Rayleigh-Plesset (R-P) J;7 & 1, — 4> A 43 4% 1] [A]
TR HT 7 Bk R S B 3, K T — LR [
TN 2 W sh h R . BB ET
Singhal 2z fE A, 73 | 3H 58 T e AR &y 293
K1 373 K I % 1T 671 22 50, JF Rt 25 A A Y
FITTREZE RIEAT T Ho 8, 25 S e B et s A A A
MR R 5w & B . BRARC AR
220 B R VBUE Ty i 08 1 WA TR S5 AR
(NIEAWIE GVNE S S R (EPSP O R
[l e AR 4 I 5 23 1 U 3 a R AR IE 0 R P v R AT
WEIE A BER A S3 AT  TE i R TR 52 B ) 88 AR
WHZ AR KR E L.

H BT 6B 0 25 4k T 3h 1 BOIE 1 55 v R
)2 3L T 55 75 S ¥ 19 Reynolds-averaged Navier-
Stokes equations (RANS) AR, 5] U £ 97 4 28 4%
WUl ke JFRUE Fbw . Transition SST H1 Transition
Fekel-co VO it 30 5 289 ) T 000 3 A S Ak T Bl B
Pk BARUE ko 5558 YA AT H R
RANS #5 A1 o 1) JE i Z 14 i i 3 58 1 AE 103 5K
itk o 2 W ABE AN = B AR U 37 v E A B O i R
F9 3L 3l RS BOM T3 3 v i U b RS O R T
Do DA AN 68 V0 5000 2 7 308 B2 [ 53 ¥k ) TS i
T 52 o) 555 30 T 2 77 2E 25 WO B 2 B 1 E B R L il



5 8 1)

AN B A 21 23 4k 3t 3 Y /N ROBE 253, A TR 1)
SR AT B AH R AR TR 53 B A5 1 I R
I I 4 P ) BT )2 T 2 o JE R g g0 . (R
KRB, (LES) 38 2 2o 38 76 K0 RUBE (9 M A% 2R N
KA N-S J7 72 ok A% 82 8 53 B /0 ROBE Jii
. R e T bR vE RANS £ 81 7E Ab 3 22 5 3 i
FUBE Je 5 19 3l 3 T sl &5 48 0 ol e, 50O i A5 UL fE
% A5 250 T A A DL A B I R R DA R E T
ia g, DA SC LR A R BF 5T % 5 R Rl %K
£ ANSYS CFX, % H] Zwart 25 {L 5 5 A1 LES i
TR RL JF ARG AR T AR BB A UL 58 B 1A 1 U
AR E W A A 3D 43 s AU B iy v AL R
PRI AR E W 25 A0 sh e .
1 E\EHRIFERBERZE
L1 #EFAFEMRRER

A3 i FH B i A B Ol LES i I B B
LES i i A B A4f e 38 FBM (filter based model) ¢
RANS 45 Jiii Ji 452 70 T A8 A 20 Hh B 00 38 4 11 AIF 28
W R RO IR

TE SR it 2l 18 TR 5 155 3 v AT 7 A
fbesE Sy B AR TR 0 3 RE 3 F0 1 Y. Bk 3% 4k
Bt FBE & ~F 1H R W F PR .
o, I pu;) 5

@Y
Jat dx;
I (onlt;) Jrr7(‘omu,.14j) . dp oy 2
It Ix; dx;  Jx;
9 J 9
a*t[pmu;]TLij[(memJFf»uj]* Jx,
aT
[Km ijJFu;O'U }— ham (3
. du; | du; 2 Jdu,
i _/*““<9x,. Tox 3 axkﬁ”) o

o o TR T SRR S o A u Ry T
Kigop WL T IR . p NEE . E=h—p+
(u)?/2.h=c+p/o WSE . c WILAE .« W T
Fom NI AR IR L, AT, T AR m 2R
BEWRG Y Z R R E T

Om = 0v@y T 0101 (5

P = pee e (6)

Kb o ARG T s vl SRR AR, 48

Favre 3 6 77 B i A 2 X (5) F =X (6) 45 3
LES '™ )5 2

I om)

dt Ix;

.
1+ 2entt) _ )

K A < Y 8 [ A AR S A R U B e 1847
J ((Oml;]) a(pm;lil;j) ap 9;'” at;
+ =— = -
at dx; dx;  dx;  Ix,
(8
- Ju; | Ju; 2 Ju,
Gy = pm (axj Ix; 3 axkﬁ’]> (9

L over-bar XIS it B, o, WA FIE S . &
XH

Ty, = pm(ult; —uu;) (10)

i B A% 5~ Hs 3 1 L 3 8 OR RUBE 3t 3 19 it
B S, A

Tij — %‘L’Mﬁg - Zplg,‘j (11)

A o F S F 09 TR /E LES WALE™Y
BRI 0 LS5 7€ XN

. (8585)°*
po = pli —==—r —a
(8;8,)°% + (8585
g — L u, (7';]'
Si=5 (ng + 55 (13)
1 2 —2 1 —y
u, (14)

gfj - ax/

L. = min(Kd ,C,V'*)
Kp LW FREMBARKE.K A K2
B, d Sk B RE T B O PR RS, VO T B TR,
WALE %%t C,2h 0.5,
1.2 FiRE

AR Zwart 25 AL BRI 0 R
JI 7R

P> by
L 3@ (2 p—p\T
ot — £, v
m Cient D, <3 o ) (15)
<< by
3ol —@)p. /2 — p\?
m =— Cuoa s P (*‘L p)z
Db 3 Pl
(16)

K e BT HRTRS 20, Dy R 25 i H AR
po FEHAFZE R p IR ST Coosi s Coraa
HEELE RN ZE R FH o0 F oy 53 500 S WA AT ASUAR Y
W AP, B S EIBUE N : g =
5X107*, D, =2 um, M F Hosangadi #l Ahu-
jal ' B DL R 2 fR s K TR A A A T ) R I 2 R L
JE AR T AR B AIKL F LAZ BUE T B Cue AN
Coroa 47N 10 5 B Cyois =5, Cprog =0. 001,

1.3 JU4Ar X 3 R P 4& il 43

AN E 1 iR .5 Hord ™ 5286



1848 i o= 3

T JLAR A A R A — B TR T A T A
A WA, [ 7 A ) Sk 358 IX s R C 80 465 o £k I 4%
153 o SR T LLER G 1l DG e o 62 A S 358 i T AR OF:
HEAT s ab B v ~1(y" = puy/p, Horp
o RV FE o o, Sy BE THD JBE 4550 85, y Sy BE THD ) 25
— 2 PUAR AU FEES L e S B I R D 5 0] A AR B O B
KRR E C=U. X At. At=L./200U.. , H
U g AN EREE Ac g Be Bf )54 Loy [l 5% i
Sk BB X KB L oR A5 C=0. Amm, [R5 5 B 500
Bk 6 T3 12 T3 20 T, O 58 IE A% TG 6k L
M TR IAE 0.7 Lh Lo B 2 Ky [l 2 4% S 348 X 35 9
MR 5o TR SR TR EE E L ) R i
R BETH B H T Hord 245, 50E AARME A 63. 9
m/s fll 246 kPa, i ¥5 2= L E o NITE AKX 6. =
[P.—P,(T.)]/€0.50U%) (Hh p. R 0 JE
150y (T g 2 1R BE T B9 MR 28 S o0 N WK
R U AR ED 5 6. =0. 38,
TESR AR S 1T W0 46 45 40 A9 380 8 X 5 45

S AR K 31X B A DL JE s Ak SR I B 5 4
TAE N W AW Bh BRI 1 DUE 3 45 RAE N
IE AR S s .

Wall
Inlet— ~ <+Outlet
Symmetry axis Ogive (no slip wall)
Bl 1 LRI K B ki &
Fig. 1 Geometry model and boundary conditions

used in the CFD computations

AR AR B R R i

P2 [ e Sk 38 X T A a3

Fig. 2 Grid in the head of the ogive body

1.4 Mg T XMW IE

T ERGE AR BO T 25 B R AE Ut T
O AT W FEAT A% TC O M 56 TIE 38 S G I [ A
A BE TH] ) ok B0 TIE A% JE G ANl 3 i . X
Lb P v 45 2 il 2 5 SE B0 25 R 25 SR R L 12 T Y
W A% T 20 J7 A I A A5 H B4 R 7 i 4650 - A ] T
TE 6 7 RS BT 15 21 (9 He 7 it 2 D00 RS 56 A 1% 22

7o %33 %
400
350
300+
&
S 250t
2 .
S 200+ s -
& —— Numerical (0.6x10%)
150 F —a— Numerical (1.2x10%)
—+— Numerical (2.0=10°%)
100+ [ = Experient
10 20 30 40 50 60 70
x/mm

[l 3 AN [) o A% 5 A T A R BE T ) 0 A
Fig. 3 Comparisons of pressure distributions along the

ogive wall under different mesh

B AR YR S 400 b e I 12 7 0 A% BE AT
.
LS #HETEFERIE

Hord ™ i 256 i $2 1) 7t T80 (5 AR 30—
FO T WAL ML R AR 2 F S s 2 OB,
O35 R 23 R A R R I R B ) s OB A
WE 4C) Py, 5 226 By 0 5B T3R5 319 25 0T
A ME 4 PR, HE 4G 5K 4 X
R BUETE RS R S SO S S S AR —
B HE AR T b A7 2 25 B W R IR E R AR
[ A 3% TR IR A BT 2 o £ fL T Y R
FFIE

(a) SEHE LY

(b) FffitH
K4 S MBUETT R = OB

Fig. 4 Comparison between the experimental and

numerical cavity shape



5 8 1)

R BE A WA G I Al s A A U Bl 1849

P 5 B HG [ P A BE TR 4 R 4% g A B
i Xt H 5 ) HIE 5 (h) al S B 5 45 3 1
KOs 5 S50 B B AR W) 5 RO T S AR DX
i T3 A B 2R AL B Coea M Croa FYBUE &
HAG, LA R Cie =5 M Cproa =
0.001, Z5& &l 4 A5 4% B AT A AR SR AT
BB T 57 V5 BE 8 A S AR AU R S 8 I B A 1 23
AL Bl [ 2 B« 28 A 32 B 0 A A ] A i 2% R
AT AR A O O I 7R P R A G A
T B2 72 20 [ S s Al DX 3 8 A B A 5
AR A

21.8
21.6F
2141
2121
210
208 -
206 1
204
20.2I

Temperature/K

—a— Numerical
= Experient

0 20 30 40 50 60
x/mm

(a) i1

400

350
300

250 -

Pressure/kPa

200 ¢

150 + "
—a— Numerical

L] .
= Experient

100 - W

10 20 30 40 50 60 70
x/mm

(b) £
B 5 S B S5 Bl vk o B He R
Fig. 5 Comparison between the experimental and

numerical data

2 FHR5WiE

2.1 REEFEE=NRIBELTTRE

23 A EE A Y S e O3 AT 0 T TR R I e A
SE B BN A 2 A R AR R R L DY AR SE
b 7S S AR HE AT TG A 40 Ak Ak 3R B 5T A5 Ak 4
Ko BIESE L R B HCRY TC B AN S T AR AL /A
CAy Sy 23 7T AR A0RE A AR B 7 X o T Ak R
OYFETN S A N TG AR AE 48 TR B ] A5 £k 17

AR HEAT 17 R L I 8, T A5 0% B0 i b £ 5T
e 6 RKWLA AR RAEL) N 318 Hz, 1]
PRI T 00T WA SR AR A 2= AL 9 3. 1 ms,

300 [™318Hz

200}

Amplitude

100'

500 1000 1500 2000
Frequency/Hz

6 Toht gz om AR Ay /A BRI AR

Fig. 6 Fourier transform of cavity area A; /A,

Kl 7Ca)ly t=0~0.07s N JGHE 4425 7 i FR
A/A RS B T O BT — A S8
PR G B 40 2 A A /AL AR AR i R O AR O
A /A BB EICT 9 MU MER Z L [ 8 A
T 9 A2 AR R B 20 A = TR R
W S AL Bl Y Al 5 I AR L A PR AR AR O3
1) 1 Sk 5 1

(%(90‘1(04) T Ve lppy,) = S“q + 2 Gy, —my,)
p=1

(17)
K poq WEBUETHE PR 5 o0 530 O %5 B L 7
B sm,, vmy, 530N p MIB g AT g FHE] p FHAY R
AR . A5G R AT, 23 o AR K R VR A
P B A R A L OF HL R T RO ] R A
TR AR R A /A AR L K %S 7l
A AT R 1A R P A Ty Kk R O R R B
AL R 3 BB BbE = SRAERK BB (1) VKRR
BE A i R o B CID) A/ ROBE 28 i % J B B
(Do # o A LTI GREF 2], T il A7 1k
JA39 . 3 A~ B Be 0 I 8] B 43 3 A] R Ky 1o ~ 10 +
29% Tty +29% T~t, +75%T #M ¢, +75% T~
to+10020 T, & 7 (b) bR B T 45 4> B ] B (21 8
A .

M8 Al g0, 23 XA M TE 3 A B Br B A A T
MIRE L. TEREE 25 AR B B o P2 RS B A
Jei B0 U5 14 25 Y32 3 1) T A% Bl L I8 K A TR A 1R
S AR X 5 ™ AR TR BE AR /N B 2 O I I A R
R A ] 2 A B T A i 3 B5F (] P 1 S L B 2 25 X
AW 1) T U A JRe . IR BE A AE AN WG L B 4, +



1850 i o= 3

AN S ¢

% 33 &

1.4

1.2}
1.0F r
.08

-

=06

0.4F

One typical cycle
0.2}

0 0.01 0.02 003 004 005 006
Time/s
(@) TRHERZS AL/,

AJA,

0.8

10

Wm0 1 KRES L R
e | RkEE L WRRRE g
G L Lo f
0 1/3 23 I

=

(b) IR 2 7T LA/,

K7 Jemda s CE R A /A BERHRE] Y AE AL

Fig. 7 Time evolution of cavity area A, /A.

2906 W20, B 36 28 XK EE LA B Ay /A IR B ek
{8 5 78 R 28 90 R R By Bt 5 20 + 4206 T i 2
BT 2 ORI s Z 5 I 28 114 25 7O R R
JE 25 LA I W )R Ui s Bl AE /N R

R BB ot +75% T W Z0 58 (4 Bt 2 28 7T B
HB, 7 05 A RE T A 2R AR KL AR 1o 90 T
B2, 28 UK BE IR B KAE AN b 72 RUBE LB 3R 1
W BCENE 22, B £, 98U T W2, 25 BT 24 i 1
PR 43 o E B ALHE < BE 35 75 [0l e (R BE THD b 1) 11 o 25
FCHNZ T ) R i Az 2h i /N RO 25 30 AT 1 oK g 45
AR I =" e DO R T 2 A LI N R K s
PEZSCHE, T & — PR 0 3 B BOl A
Gl L AR AR 2 S A B B A T AR
2. 1.1 BfE KRB

MG 2R K B B, A2 A R T N
JI5E % 114 225 Y32 T B ) A AR BE TET 1) N RS B L O
A JE BB v e R 0t K, i 2% 1) B A R S B T R
I A M R RER . BB 9 b H17TU% T~
to T 2904T Z 18] [] e (4 BE TET (4 J g 43 A5 w] %0, 48
B o 2 o COR iy (5L B« A T8 75 T 1 ik 1Y) Jey 38 s e IX
B2 B 2 R P S AR R T e R X
(AN W VE T 76 28 0K i 057 B 7 A2 1 B 1) S99 B
I e A T A )2 KA T TR A o A LK AR 4
W AR A DX ELASWT K O [l 2 A B 1 328 ¥
lia) [ 5 A R G i 0 L T 10 g M T B2 v S X 38
R E SR
201, 2 RBEZS ik e B B

FE R RUBE 25 30 K i B B L B 3 25 /R B AR
TRAFAAS B IR 2 7T i 52 IR B 04 Bk 3l o A2 754
HORR e mH BT KRS W% . i

1,+13%T

1+42%T

T

1+86%T

1 +63%T

1,+90%T

1,+98%T

== - |

? 0 0.06 0.12 0.18 225 031 037 043 049 0.55 0.62 0.68 0.74 0.80
B8 1A Ja 41 P AR T B B

Fig. 8 Vapor volume fraction ina T



R BE A WA G I Al s A A U Bl 1851

5 8 1)
0 —=— {+17% cycles  —v (;+26% cycles
—— 1,+20% cycles =+ 1,;+29% cycles
—— 1 +23% cycles
& 300F Pressure increased gradually
‘;5_, at the end _l_)_l‘_l_|l_i'.‘._(.:a‘\"il}’
£ 200t
100
20 30 40 50 60
x/mm

&9 Bh 2 2 oA K B B ] A A BE T ) 4 AT
Fig.9 Pressure distribution along the ogive wall in the

growth of attached cavity

Vapor velocity/(m/s) Vapor volume fraction

———
0 114.4 2289 0 0.12 0.23 0.35 0.46

Cavity boundary
-| Re-entrant flow |

B10 B2 1) S X sk

Fig. 10 Re-entrant flow region

N TR a8 oA KRB B 4 7 OR i e A T
SR 1) S B A ] B AR TR 04 S 16 S [ [
RS E hid f b, S 5 R BRI B
YER, 25 N BB H B T AN &l 11 J 7 A JE 10 45 4
(R i SAH R B 80 5 1B 8 A TR)D o il 25 70l A
faE . HAEREA RIZU Ik s AR .

S 1) S 2 T S BT R R 45 4 A 1
T B L 25 M LUE . R ) S 3R AN B g [l
WA G R R R 12 W +33% T~1,+39%
T Z[] [ A4 BE 18T He g 43 A T AT, B2 1) 5 3 Sk 35
B R DRI, B I S I S 8 0 3 ] A A 2
Jei » R 25 235 R i P VR JBE A /0N S T i B O 4K A28 O
B P T AR T S E T BT R R
2590 0 i v o V& B 2052 R 6, AL 7 (b)) B R
I8 V% 1) 22 025 T ol — A e % 45 4 i 2 9 32 ¥ o)
TERS Bh K IR ES R IR 13 R (B R
RTS8 M) ) o 12 i it 4% ¥ %o [m] % 1A
T 2% 3t 5 10 5 i AR K, 5 380 T 2 A i % 3 A AR
e — BB () R 23 72 24 B 19 B 25 280 25 9, TR R S
AR /N ROBE 73 0 45 FE KOE W B VR F T B 4

. == .‘---:ﬂ;____‘_ﬂ‘-_’j_"“.__;‘?—.;"f' ——
A —— T

Vapor velocity/(m/s)

[

0 572 1144 171.7 2289

Pl LT i S R R AR T AR R i 45 A

Fig. 11 Vortex structure produced by the

interaction between re-entrant and cavity

Head of re-entrant (high {148 =
pressure region) 138 %

128 5

118 5

108 =

] W 1
= —

1.+36%T &

S

1,+39%7

15 20 25 30 35
x/mm

B 12 2, +33% T~y +39 % T B % [7 5% (4 8% T /& J
Fig. 12 Pressure distribution along the ogive wall in

to+33% T~t,+39%T

Vapor velocity/(m/s)

T S|
0 57.2 1144 171.7 2289

B 13 28 B vk J5 T2 G T i 45 44

Fig. 13 Vortex structure after cavity shedding

Lo Bt [R) R 8 18] T 90 7% 3l I 12 i 15t KL BTE ¢
i 202 5 B 20 CAn &l 7 (b) Bz ) o 6 1 40 48 0T Y
A JAAFAE AR B2 o
2.1.3 /NREZ AR R B

H T 8 AR 7 /N RUE 23 9 K FE B B » R RUJEE
230K B B I i) TR 25 3 AT 3 W 1) S i A
2y I A B i R T 35 BOCLE (o] 5 i S 23 A
BE 28 R A L O 20 U o [ (A RE TR .l TR 14
TR RORURE 28 9 AT 1 A0 3l DX )
JEE A 2 i 22 AR AR 00 R S ) Ji A TR A Y 1
FIZE SR 2 B sl il T HE 3 2= X A K
BRI Z Ao fh 14 SCRT AT, i ) KRB 25 1 A
g 1AM DX R T A B B i A 18] T U7 RS 8l .
TEH 7= A 1 BB 25 5 ORI ES B 9 19 R JE 25 3 22 1)
A BRI 006 JEE 2% 0 B 2 410 i R 3 s X



1852 i o= 3

no iR 533 %

9 A= T L B B i B 3 23 oy ROBE LB 5 1 By
B/h—2,

2 B BN RUE 25 0 5t 7 04 Ji DR AT 8% 2 B2 1) i
it B 1 SEAE HT L 10 TE 8 45 1) [a] A AR T % Ik
AR /N, I 15 Al %0,88. 8% T~¢, +93.6%
T Z 6] 75 BN 2 28 7Y 2R i MR 9K A7 76 78 T 1 5 1Y)
Je 8 v Fe DX 233 R i [ A 25 77 A R 1) S5 3 S O
PLIZ B B /N RUBE 25 96 58 I 10 It RIS 8K 2 2 1ol 5
(AN BT VE T S /0 25 9 B 7% B 22090y o A0 7(b)
JIT7R o JBE 5 1 25 U0 23 T JE T8 45 A8 34 34 1) I U S
Bl BT 0 23 WA A TR ER A A BT LR

I

la/ 4 ‘ g

o - ' el
( - Temperature/K

204 206 209 211
(a) IREE

214 216

Pressure/kPa

220 280 340 400
by IEH

100 160

B 14 2o 9004 T I 20 i ik B 0 23 43 A7
Fig. 14 Distributions of temperature and pressure

in¢, +90%T

—— [ +92% cycles

—=— ( +88.8% cycles )
—r— 1,+93.6% cycles

400 —— 1 +90.4% cycles

Pressure increased gradually
at the end of the cavity

L
=
=

Pressure/kPa

(o]

=

=
T

100
20

x/mm

B 15 2, +88.8% T~1t,+93. 6% T [al % (A BE It £ 5
Fig. 15 Pressure distribution along the ogive wall in
to+88. 8% T~1,+93.6%T

VR I B o3 e R AR S B AR L i EL R TR Y
i i3 25 AR 52 /N I LA OK [ 5 A i % 3 4 Y 5 T AR
AN SO — JE 3T B A 2 R IR LT B R
t, W2 ZJm  TCRA S AL AL A A TR
30
2.2 EEERBERESHDN

23 P I S JR i V% B Bl A SR 2R i i iz Bl . oA
R T8 A S A B 22 ELAE TR TR B T
R AR Ty A e Oy

Do _ (o vV —wv.v)+
Dt
Von XV )
o 2P o) Vo (18)
‘Om

X o WIREE RV EJERE. 0. ARG
W p FNHETT o, Hl o N R A 2 s Deo/
Dr Sy Y AR 1 B T 208 3R S5 5 A Y 5 1 I
A i T AP BT SR P T PR A R 7 A Y 5 5 2 TR
T 10 477 7K T 7% A 4 L ERL S R B R i A 4 A
TR A e A T TR A Y R 5 5F 3 3R R L
T 7 A D DAL D 2 0 T g B R R R R R 5 A
Ja — IR s B A B PR BB o T R TR AT
SERAR /N o] DL 2200

LA 1~9 i 20 19 <ORE A B 23 55 T 19
(LINSEUIN AR QU IFE RS iV e e e R S
o HIIEL 16 T B 2 7 ORUIE i 45 4 22 1) A5
Si A4 22 AR B e Bl A S 0 RCRY A R A S I AR
Ko RIS Ml S 7 AR i T B — AR B R BILH
TE 23 5 R T 9 A T U0 v 30 47 0 it 25 I
T 164 16 ek 3 R PR AR 0T AR T LR 0
D] Sy O B DR 2R 3k B R A UL I T 4 M T L
WS Bl o R P B O EH B

TR 23 R J i T v o T 47 5 30T e i fif 1<
AR A AR AR T AL AR . 28 7N R i 2
T T IR IUAR OC < e U HE A A5 N B I b O
[e] g A B TR ) (o] e 4K 8 3 gl o B T AR R
W A A 25 N AR TR i PR AR SR L L BT e
S5 Bk Y K IR BE 3 1P AR R A, 250X
FIRY I i R A iy AL GE P 5 i iR AT G <
TRAL R AN 1) SR A A s R A S HARE L
A 50K S T2 T 0Ty 3 Ao
(ELAHTE AR o TR U A B 1) S 3R 1) 7 1) A S
523 7B AR FR o R T IR -3 2l i 2 7
Syt A T BT G 1) R S 4 38 S 1) S 3 30 I A o
gy o S R S AT BT IE 1) e Y T . (R S
IR 2 B T A e i T R T L R IUAT OG- Ak



5 8 1)

FR A A S R AR

TE W 25 A B Bl R 1853

SRR R

-

1,+13%T

1+29%T

1+42%T

1,+63%T

»

= = . -
= h " ll

: | '

3 & W

o )

o L

2

1+75%T

1,+86%T

(,790%T

1,+98%T

i i {5

AL

g G R R

111
ARARAAEAD

]

Vorticity/10° 52
[

-3.5 -1.9-027 1.3 3.0

P16 A AR Kl A T 5K 0 AR T A A 0

Fig. 16 Predicted vapor volume fraction, vortex streching term, vortex dilation term

and baroclinic torque term

FEAE B R B4 T 3 A B8 A0 %5 2 B B8« W50 At I 1 4 100
R AL JF B g S b 7 A T IE L B
T i 5k 58 14 JE T o DAT 0HG A L R 0T A A 2
TS 5 BT S Sk B2 — A~ S X I TR L%
A A A B T g B TR 0 35 2 B 2 ORI
T /R

JUAEAE 23 7 R 3 A v i it Tk U0 1
g T F) 52 M) B A T X = A S O A TR AL
B A T AR e Ao S S0 R AR L R ) A s A
M.

3 & i

AR 30 F B LA T TS B R R TR AR U
X R GR [0] e PR  AE E  2s A U s ek AT T BT
I8, EERBI LR LSS .

D) FESEBEA IR 63.9m/s, 254 B R 0. 38
BT T WA S8 I e iR ) 25 AR R 3. Tms, 28
A AZ i R O Ry 3 BB 20 ) k< B A AR
K Be 1) R 25 9 & e B Be CILD F/N R
25 R R By B CID) o X 17 A 15 8] B 43 591 A A
to~to+29% Tty +29% T~t, +75% T\ t, +75%
T~t,+100%T,

2) B[} S 3 7 AR R T S O COR i Sy R R X
B AES FE A EAE SRR T e A5 1
RS 7K Bl Y WA DX Gy e X0 i 23 36 DL
[F] RO It %

3) RGRRE T 254k 5 HE i 45 A Z 18] (19 A B
YERT . 45 S 36 B - 97 5 J00 0T J5e R 14 52 i) e K, 7F &5
7T it R A i A T B Y5 T @ 108 A T, 7E 25 XN
BRI I TR R K I A S A8 ST AL R ) S



1854

1%

e %33 %

AL S W T AL
Sk

(1]

[2]

[3]

[4]

[5]

[6]

L9]

[10]

[11]

[12]

[13]

BATCHELOR G K. An introduction to fluid dynamics
[M]. New York:Cambridge University Press,1967.
WAk A5 A6 s il JE B R ML B i e R A i
J AL, 1991.

TSUJIMOTO Y, YOSHIDA Y, HASHIMATO T, et al.
Observations of oscillating cavitation of an inducer[ ] ].
Journal of Fluids Engineering,1997,119(4) .775-781.
MATSUYAMA K, OHIGASHI H,ITO T,et al. H-] A
rocket engine development[ ] ]. Core Mitsubishi Juko Giho,
2002,39(2) :8-11.

BAKIR F,REY R,GERBER A G. Numerical and experi-
mental investigations of the cavitating behavior of an in-
ducer[ J ]. International Journal of Rotating Machinery,
2004,10(1) :15-25.

ok, B, IR AE. S i 3R = A R E s B
FREEM B BUE 4 AT LT ). K 3 s % W 58 5 #E &, 2010, 25
(2):217-223.

JI Bin, LUO Xianwu, PENG Xiaoxing, et al. Numerical
analysis for three dimensional unsteady cavitation shedding
structure over a twisted hydrofoil[ J]. Journal of Hydrody-
namics,2010,25(2) :217-223. (in Chinese)

HORD J. Cavitation in liquid cryogens: I venturi[ R].
NASA CR-2054,1972.

HORD J. Cavitation in liquid cryogens: [l ogive [ R ].
NASA CR-2242,1973.

CERVONE A, BRAMANTI C, RAPPOSELLI E, et al.
Thermal cavitation experiments on a NACA0015 hydrofoil
[J]. Journal of Fluids Engineering,2006,128(2):326-331.
YOSHIDA Y, KIKUTA K., HASEGAWA S, et al. Ther-
modynamic effect on a cavitating inducer in liquid nitrogen
[J]. Journal of Fluids Engineering,2007,129(3) :273-278.
GIORGI M G D,BELLO D, FICARELLA A. Analysis of
thermal effects in a cavitating orifice using rayleigh equa-
tion and experiments[ J ]. Journal of Engineering for Gas
Turbines and Power,2010,132(9) :128-132.

ZHU Jiakai, ZHAO Dongfang, XU Lu, et al. Interactions
ofvortices, thermal effects and cavitation in liquid hydrogen
cavitating flows[J ]. Internation Journal of Hydrogen En-
ergy,2015,41(1):614-631.

FRUMAN D H. Estimation of thermal effects in cavitation

of thermosensible liquids[J]. International Journal of Heat

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

and Mass Transfer,1999,42(17) :3195-3204.
DESHPANDE M, FENG J, MERKLE C L. Numerical
modeling of the thermodynamic effects of cavitation[]].
Journal of Fluids Engineering,1997,119(2) :420-427.
HOSANGADI A, AHUJA V. Numerical study of cavitati-
on in cryogenic fluids [J]. Journal of Fluids Engineer,
2005,127(2) :267-281.

CAI Jun, HUAT Xiulan, LI Xunfeng. Dynamic behaviors of
cavitation bubble for the steady cavitating flow[ J]. Journal
of Thermal Science,2009,18(4) :338-344.

CAI Jun, LI Xunfeng, LIU Bin, et al. Effect of cavitating
flow on forced convective heat transfer:a modeling study
[J7]. Chinese Science Bulletin,2014,59(14) :1580-1590.
ik, B Ak, R AR AR B R SN 1 R K & A
BT, WK% . 2010,50(2) : 262-265.

JI Bin, LUO Xianwu, WU Yulin, et al. Cavitating flow sim-
ulation for high temperature water based on thermody-
namic effects[J]. Journal of Tsinghua University (Science
and Technology) ,2010,50(2) :262-265. (in Chinese)

AEIR AR X, B2 7, 45 it A 28 X A 1 A 25 A il gl A
A5 o3 7 L 1. o [ B2 B k% %4 4, 2016, 33
(2):213-217.

CUI Zhendong, LIU Bin,CAI Jun,et al. Analysis of simu-
lation results for cavitating flows in micro-channels using
different turbulence models[ J]. Journal of University of
Chinese Academy of Sciences, 2016, 33 (2):213-217. (in
Chinese)

R, E G H A AT S B T AR 5 K 3 B BE 3 A
[D]. db gt db 5 3 T K24, 2012,

HUANG Biao. Physical numerical investigation of un-
steady cavitation flows[ D]. Beijing Institute of Tecnology .
2012. (in Chinese)

J1 Bin, LUO Xianwu, PENG Xiaoxing, et al. Three-dimen-
sional large eddy simulation and vorticity analysis of un-
steady cavitation flow around a twisted hydrofoil[]J]. Jour-
nal of Hydrofoil,2013,25(4):510-519.

NICOUD F, DUCROS F. Subgrid scale stress modelling
based on the square of the velocity gradient tensor[]].
Flow Turbul Combust,1999,62(3):183-200.

KUBOTA A,KATO H,YAMAGUCHI H. A new model-
ing of cavitating flows:a numerical study of unsteady cavi-
tation on a hydrofoil section[J]. Journal of Fluid Mechan-

ics,1992,240(1) :59-56.

(3.t )





