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Drag reduction performance of hemispherical body

with porous opposing jets
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Abstract; Drag reduction performance of a hemispherical body with equal area porous
opposing jets was numerically studied using the two-equation shear stress transfer (SST) k-
w turbulence model. Based on the presupposition of equal total jet area, the porous opposing
jets were applied around the stationary point of the hemispherical body. By changing the to-
tal pressure ratio and number of the jets, the effects of each parameter on the drag reduction
were analyzed and the interactions of the porous opposing jets were also discussed. The nu-
merical results showed that opposing jet could reduce the drag of the hemispherical body ef-
fectively. With the'increase of the total pressure ratio of the jets, the recirculation zone was
enlarged and thus the drag reduction performance was improved. Moreover, the drag reduc-
tion performance was first improved and then dropped as the number of jets increased. In
this study, two opposing jets obtained the best drag reduction performance with the highest

percentage of the drag coefficient reduction as 29% due to the interaction of two opposing
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jets. The porous opposing jets demonstrated the possibility of achieving good drag reduction

performance.
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drag reduction; supersonic; porous opposing jets; hemispherical body;

two-equation SST (shear stress transfer) k- turbulence model
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body surface under different P

30N X I, AUt 1 iZ & AT LA L A EE G
LA 30 15 S U RE A% 1T AR R R Sk A
AT B T T AN [ S 3 FL RSO 2 3R Sk A BE T T g 43
A PR R T L2 B A 0L 114 78 s > R Sk A BE T 1) [ )
B P RS N 2 8

H 28 S 0 A AN ] P F BE T I g 23 A )



%10

BB 7SS - 2 Rk M 22 AL i S 3L Y sl BEL A BE 2181

2R R AR AL 3 BROUUFL 308 i) B39 97 k47 2 — 20 1Y
T, B 7 gy Z= 0 mm A E GG
FIRUFL 36 1) 55 3 5 T ) = LR £k 8T . ey P T
s B F R U 28 3 B A T ) S . G 1] B
IR IR B T DX B A A BE TR GE A AR
FLR A BE o T 396 1i S5 30 5 T 8 D S R
o 95 I v s DX Gz R T o 7 XUAL B S A B T
IR [l 9 DX b R L B A L T B o A
(0 T 2 37+ BE T F) + 387 B AT » 301 1) S5 3L X 47

Ztl—kX

J£71/Pa
= 119500
~ 95600
= 71700
47800
23900
0

(a) JCHIL

(¢) P=0.5

(d) P=0.6

K7 T il FOSLAL G ] S 7E AR W) PR
Z=0mm Y )2 &
Fig. 7 Pressure contours.on Z=0mm plane of
no jet and double opposing jets under

different P

B s 2 i B DX e AR /S DR b R A 22 i
WLy 53 A 5 DG AR A& T A — B

K8 JEn 1AL [ B AE A PR Y=0
mn SRS 2 B iy AT B TR R T
PIALIE 2R 1 T3 Te) R ) ) bt B B 7 0 T [ 91X
HEE Z=0 mm R/ P B el R e BE T
JE T e AP RS 0 T 8 e T DX b B A
WAL _E WA AR A E R S . BEE P
BT+ 55 T8 U Ot AR B 800 SR 30 X A6 1) ) 52 0
S50, o o P S R 14 9 R % 5 o BE TR ) —
A B AR L DB FELBE ) BE— 2P 4 v

£ b T 305 S 30 ok 4 T D o R
TE 555 0 AL B 3 B BTG TR (8137 X+ BE A 2800k /) S BHL
[SiEPSYINEAN R NNt &) 4 TR NN PN 2
FL i) S 97T I 3 DX A S 3R 5 M A FH XK
X B THT 14 i B 7V PR sl BHL 1 BE B

(a) P=0.4



2182 it o= 3 1 ¥ i %35 %
200r - _ﬁlﬁﬁ o
e N
[————N=3 /) \
L I
150 I =4 I/ \ ;‘ \\
R A

= N\ T

< fr \ \! VA

= - 4 \\

Swf AW N

H \ Iy )

p \alla s 4
L 7o N
50 J di ~. - 4
L 4 \ H N\
A , AN
/ N
P2l |‘n \\;\
-'fl PR SNE N N T WT SNT T [N TN TN T T N TN W T S [T TN T ST T N O N 1 |1|
-90 -60 -30 0 30 60 90
0/(°)

(¢) P=0.6

B8 WALH MG MIEARF P T Y=0mm #H K
&1 =
Fig. 8 Pressure contours-on Y=0mm plane of double

opposing jets under different P

3.2 SHmFLE N xR e 14 Ak B & m
PREFEE I P=0.4 5728, 73 B A [6) 5 3 L
B N X305 1) S5 U D BEL 1 B 1 5 e LA R 22 £L 3 1]
SHR AR RE . 9T P=0.4 T ARG
WALEC T W BE Z=0mm £} 2% | § BE [ JE F) 4
Aii o ANIETH AT LU Y XUAL 3 1) S5 9 1) BE 1T
AR FOE W AE AL 2928 60 kPa, By T BUALAE 0°Fff
UTAT — Be/IN A B o 12 Ak 2 A U s 4 e ) B A 3T
P AR A — A Ty /R W o BRL AL 396 [ 0 5
V0L 305 i) S 9L 149 s W {4 00T L 35 B 2 125 kP
{ELBAFL 90 1] SRS 9AE A0 AR WA IO B AR . S
XL 306 1] S5 30 2 A8+ O L3t 1] S 0 A O° B T [ A
FAE— DRI /NRIE . = AL b b 7 R AR
XEFR S HE I g g At 5 B i S A A XS AR A BE
T P s 7 WA (L s b B TR ) T g D T B TG TR
JIWEAE 2 170 kPa Tii b BE T [ ) W (AL 2904 115

B9 R N FAReR KRR H 1Y & ) 504 (P=0. 4)
Fig. 9 Pressure distributions on the hemispherical

body surface under different N (P=0.4)

kPa, OB I AT 55 3t =2 18] 114 18] BT o A7 A — A~
TR 255 13 L BE TR R 3 73 A3 Bl 2 L K 3
AR BRI Wl e 38 R B 0L 308 1) 3 7 Y T
T35 A fe ik

104tk 1 AN [A] S5 9 AL T i BE i Ik =
P o S Ui AL AN ] A K LB JLART 23 A 36 il 1 B
107 s 73 50 AT 9 AR TR] o BFL 390 1] S5 370 X6 R T 194 9k
DI 5 B A U AL o D B B ERAR . LA IR AL
O H I s S A 4 5 W 2 i 3 UK BE I s
D7 VN AN SE: - by N {IE VLN [T Wl AP 1
Aiv o PG AR 8 BT ) B RE AT ROk s T g3 AL 5
FEK - J7 1) b 3 g s DX, BUAL 38 1) 5 3 7E K P
D2 O o 575 WA SN =B I W o 25 7 e € 8 E <
S DX 3R B g P DX i ) Ak T AR 408 AL 2R Y
e B2k b = R R R S = AR
I = L 308 1) S5 7 1 S 20 S 90 AL ) — D0 RE A 280k
F 3 o AL AR 45 FL DAY DX SR 4 BE 0 2 R B
A5 L e S 3 A AL P FL 38 1) SRR A e T X
IR ARTEARAR W LIS £ i T B F 0 2 b A R R
DX F9 3% 0 B2 0B J7 R 0 B I Lt rn] S 3 0 A 48

J&J1/Pa
119500
95600
71700
47800
23900

(a) N=1



5 10 34

BB 7SS - 2 Rk M 22 AL i S 3L Y sl BEL A BE 2183

JEJ1/Pa

91000
72900
54600
36400

18200

(b) N=2

JE71/Pa
165000
= 132000

99000
66000
33000

0

() N=3

XT:'—vZ

F71/Pa
8145000
= 116000
87000

B 58000
29000
0

(d) N=4

K10 AI N BRI E ) = 8

Fig. 10 Pressure contours on the hemispherical

body surface .under different N

fLEM BT RE I N R, LA Bk, 2L b
T KT R 405 FL 3 £ ) A R ) A i i o TR B
WAL 3% 2 07 1) b 1) 52 M 55

1145 T OB L e SALECN 8928 1k 5%
FIHPFH L e B XANR .

Cyy — Cy
e= 2 "N 100%

do

A Coo FRTCH I 26 14 T BB R B Con R
SR N=1,2,3,4 W E L R B H R % &
KBS 2 Bk Sk PR BE T A9 B T VA 11 ]
DA B WUAL 396 16 5547 4 ik BEL B 7 45 5% » Dok L EE 24

35
30F
25F

20 F

&l%

15F
10 |

St

I R N I U A N

Fig. 11 Drag reduction coefficient under different N

Ry 2906 o ERLAL 3 ) S A U BELAR 1 YR 2 U BHL L 24
R 1806 —FL55 U L 398y 59 3t 1) ik BHL 14 B B2 30
U RH L 2928 13 25

K12 4580 Z=0mm [6] #180 F 8 )53 A
P | bRy o [ TN S B R S IS I 1 e
SR I S R AR 5 55 ok A B A S D8 TR
I 25 P R L HE B RETET . PR R ) 2 TR BULAL
T i) SRS LT UKD AR B B L B L 3 ) S O A R
1o Hy A SEAR R T AT BRLFL 3 ] S O 5 AL 3
)5 3T 76 O A R AR T IR R R K R . X
AL T B 38 7 38 SR IR A T S U LA
T S 3 AH L5 A A5 BEKSE A ER Ol T B G b 4
R THT o B A AR /N B T g . T = L R DY L 3 )
SRPURLAE 10 A £ N T DB AR 0N S YA P R A R T
Z (A A 7 1 B = LR O L 36 ) B i =2
(] F A LS A AR 55 5 K el ol T B RE T 1Y g
KRRV ok BHLBE ) 3 B AR . 78 0 3t L 1) LA
A3 A b RUFL 3 1] S 3 FL AR K R 22 1] )
BN E S R 5K BN LR BE A A




2184 it = &

%35 &

(d) N=4

K12 Rl N TR Z=0mm #1 E I 531 = K
R 3 A5 T
Fig. 12 Pressure contours on Z=0mm plane and

isosurfaces of sound speed under different N

SO 14 194 R L 3 M K A R I K 9
o T =LA DY L [r) S 97 FL AR AR /0N T 45 £ L ]
EL DN TR N R RN 2 S S SR N AN TR R Y

I ey A I X S O R S 46 S 194 M2 K D AR
ANREAH LS 1L B 55 T TR B A AR HLOA
HT O 3L ARG 114 75 3 S5 I A 7 A 08 S 2 T 1 N M
B« R WA 1% 7 1) b T 48 ) 2 A BE TG T BT
P X BE T ) BEL T 360

Li BRI . Z AL R Z R A =R
RO SR AUT S BEA S LR N RSO S
U 14 Dk BEL 1 RE 515 38 R 5 i/ o AR SR S i AL KK
N BN S L ) B R o S ALY 2 AR
/N o S5 UL ) P R A 25 A M) T 4 v s BEL P RE  (HL
24N S st FL ) A S L A R AR B A
UL 22 ) B 52 W i 55 ik BEL 1R BB BT T B

4 & it

A SO P TR AR 22 L3 [ S AT T
BUAEBRLS T TR R L P [ 5 3 AL 4
N Wi ek B B RE 75 2 LR 2598

D) 2 L3 [i) 3 3 2 — A R i BHL 7 3% L fig
AR BRI BT L B R PR s BE R A
22 LW S O ) AR T [T 98 DX R 3 8B I S . g
AP I ORMTHEOR S BRCK AR BE T T SR P Y
$E R sl /) o A5 ik BEL A B 34 55

2SI T AR A& AR R L N A SR AL N
X BEL R BE ™ A — S SR A S O LB RO
i PEL 1 i S B 3 R el /) 114 s s RUAL 306 1) S
Ui HUAT 5 B 4 Dl BEL 4 A 0B L 5 3K 2904
U S S T BT o 22 AL 390 1) SR I AR RS B L 3 fr) S
U AT BE L A S 4 Y s BEL 4 BB - 1EL 5 AL L i £L AR A
Lo 5L 1A B A58 DR 3% 0 22 L3 1) S 30 0k FHL A 6
M E ik — 2

Z & UMk -

O Al IR R otk 58 24 vl 306 o] M U AL 370 A58 25 43 B B i L 4%
WEoELI]. F15 24 2006, 38(4) :438-445.
HE Kun, CHEN Jiangiang, DONG Weizhong. Penetration
mode and drag reduction research in hypersonic flow using
a counter-flow jet[J]. Chinese Journal of Theoretical and
Applied Mechanics,2006,38(4) :438-445. (in Chinese)
L2 g . B 7 i R e e R LT . Jb 5t
23 i R K 24, 2008,34(1) ;9-12.
TIAN Ting,YAN Chao. Numerical simulation on opposing
jet in hypersonic flow[ J]. Journal of Beijing University of
Aeronautics and Astronautics,2008,34(1) :9-12. (in Chinese)
(3] E¢.Femh, MRk, 5. 8 P o 590 1i) 165 30 194 sk REL ik A [T .
HEDEH AR ,2010,31(3) :261-264.
WANG Xing, PEI Xi, CHEN Zhimin, et al. Supersonic

with counter-flowing jets on drag and heat transfer reduc-



5 10 34

BB 7SS - 2 Rk M 22 AL i S 3L Y sl BEL A BE

2185

[4]

[5]

[6]

(7]

[8]

[9]

[10]

[11]

tion[ J]. Journal of Propulsion Technology,2010,31(3):
261-264. (in Chinese)

JRI BB, 20 S0, TR A L A R S A 1 IS R R BEL 114
BOE AT SELT . T T %% 4k, 2012, 29(2) : 159-163.
ZHOU Chaoying,JI Wenying,ZHANG Xingwei,et al. Nu-
merical investigation on counter-flow jet drag reduction of
abluff body in supersonic flow[ J]. Chinese Journal of Ap-
plied Mechanics,2012,29(2) :159-163. (in Chinese)

JRB S, 20 30, TR A L A BR Sk A 08 [h) IBE U v BHL Ay A5 fE
BDRFFE[]]. TR 1% .2013,30(1) :441-447.

ZHOU Chaoying,JI Wenying,ZHANG Xingwei,et al. Nu-
merical investigation on counter-flow jet dragreduction of a
spherical body[ ]J]. Engineering Mechanics, 2013, 30 (1) :
441-447, (in Chinese)

LI Shibin, WANG Zhenguo, BAROKOS G N, et al. Re-
search on the drag reduction performance induced by the
counterflowing jet for waverider with variable blunt radii
[J]. Acta Astronautica,2016,127.:120-130.

WARREN C H E. An experimental investigation of the
effect of ejecting a coolant gas at the nose of a bluff body
[J1. Journal of Fluid Mechanics,1960,8(3) :400-417.
FINLEY P J. The flow of a jet from a body opposing a su-
personic free stream[ ] ]. Journal of Fluid Mechanics, 1966,
26(2):337-368.

FORMIN V M, MASLOV A A,MALMUTH N D,et al.
Influence of a counter-flow plasma jet on supersonic blunt-
body pressures[ J ]. ATAA Journal,2002+40(6):1170-1177.
VENUKUMAR B, JAGADEESH G, REDDY K P ].
Counterflow drag reduction by supersonic jet for a blunt
body in hypersonic flow[]]. Physics of Fluids, 2006, 18
(11):81041-81044.

GERDROODBARY M B,IMANI M,GANJI D D, Investi-
gation of film cooling on nose cone'by a forward facing ar-
ray of mictro-jetsin hypersonicflow[ ] ] International Com-

munications in Heat 'and Mass Transfer,2015,64:42-49.

[12]

[13]

[14]

[15]

[16]

[17]

18]

(19]

[20]

LI Shibin, HUANG Wei, WANG Zhenguo, et al. Drag and
heat reduction mechanism of the porous opposing jet for vari-
able blunt hypersonic vehicles [R]. ASME Paper GT2018-
75151,2018.

SRIRAM R, JAGADEESH G. Film cooling at hypersonic
Mach numbers using forward facing array of micro-jets
[J]. International Journal of Heat and Mass Transfer ,2009,52
(15/16) :3654-3664.

LI Shibin, WANG Zhenguo, HUANG Wei, et al. Analysis
of flowfield characteristics for equal polygon opposing jet
on different freeflow conditions[ J]. Acta Astronautica,
2017,133:50-62.

BARZEGAR G M,AMINI Y.GANJI D D,et al. The flow
feature of transyerse hydrogen jet in presence of micro air
jets in supersonic flow[ J ], Advances in Space Research,
2017,5945) :1330-1340.

ANAZADEHSAYED A,BARZEGAR G M, AMINI Y, et
al. Mixing augmentation of transverse hydrogen jet by in-
jection of micro air jets in supersonic crossflow[]]. Acta
Astronautica,2017,137:403-414.

HASSANVAND- A, BARZEGAR G M, FALLAH K, et al.
Effect of dual micro fuel jets on mixing performance of hydro-
gen in cavity flameholder at supersonic flow[ ]J]. International
Journal of Hydrogen Energy,2018,43(20) :9829-9837.
MORADI R, MAHYARI A, BARZEGAR G M, et al.
Shape effect of cavity flameholder on mixing zone of hy-
drogen jet at supersonic flow[ ] ]. International Journal of
Hydrogen Energy,2018,43(33):16364-16372.
BARZEGAR G M, MOKHTARI M, FALLAH K, et al.
The influence of micro air jets on mixing augmentation of
transverse hydrogen jet in supersonic flow[ ]J]. International
Journal of Hydrogen Energy,2016,41(47) :22497-22508.
HAYASHI K, ASO S. Effect of pressure on aerodynamic
heating reduction due to opposing jet [ R]. AIAA-2003-
4041,2003.

(h#. TR A





