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Numerical analysis of attack angle effects on 3D supersonic turbulent flow
around blunt body along with opposite jet injection
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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this study, the effects of attack angle in opposing jet injection through supersonic blunt bodies on
Received 28 November 2016 drag reduction and distribution of surface temperature is studied through developing a three dimensional
Accepted 23 February 2017 multi-block code. Inviscid terms are calculated by AUSM scheme. The viscous terms are obtained by

Available Online 03 April 2017 central difference method and using 4-stage Runge-Kutta algorithm, integral time is computed. Shear

stress transport model is used to simulate the effects of turbulence. The effects of pressure ratio and

Keywords:

Opposite Jet properties of flow field have been verified and validated with experimental and numerical results of
Supersonic Turbulent Flow other researchers which is an indicator of method accuracy. The results show that the sonic jet injection
Blunt Body is able to significantly reduce drag noise by changing the shape of the bow shock and it also prevents a

Numerical Simulation

! sharp increase in the surface temperature by covering the body. Increasing the total pressure ratio
Drag Reduction

improved the performance of jet in both drag reduction and distribution of surface temperature.
However, due to the sharp increase in retro propulsion of jet there is a limitation in increasing the ratio
of total pressure. In addition, the increase of pressure ratio will reduce the friction coefficient. Angle of
attack of the free stream reduces the efficiency of the jet injection. Although, in this situation the result
can be improved to some extent by matching the jet and free stream.
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Fig. 1 Schematic of the flow field around the hemispherical cone with
counter flow jet

Ae cr 3,5 b aS e adles SLbI bz plass 5| ( Silen 1SS
S G 45 Wl Gl (2,28 @l e 5 (5390 lagsjluand ploxl
@z Aly e ol Jul g5 pals cel wlg oo Al ©j50 4
00,8 acles

Ol 2 ol oz & e 5 )Lad e 1 gy 4 Wil i
L a5 sloe olis o iy ol gl axxsls p acles 5l &)l Jnl & 5
3 atles @l JSl F5 ol gl 4 co U5 les cas il
Sl by a4 o U5 jled cos Sl lasl en b o LzalS
Sealzdgpl Gl S 1l 5 1) coa U5 sles 5 (29,5 50 JiU Sk
@S g 839 Syge & Dgenl 5 Dee Gele slaglhz o adles
O HLad Cons Ol yoss aS ol i e cwy o ol @l 05T o)
L1971 s )ls o)) Jsl &5 b piie plo @ cos 1) 56

5 657 ol Vol Jo b el «Siiul g lolel by e 4o
JEsl &5 p 1) co By Wb k=0 ojlubial (Sxasl Joo 5 sslanal
B3,y cglite sla sl b glaatles by el g &)l
iodes 4 Job b 4l slael J3b b golo! 5l solanad wols o olis gl
2100 sl dacdls plo a Cons | &ylye JES1E 5 g b liee o y%eS
[12

2015 Jlo yo ol )Ken § Sbxb lawgs ol plxl (goae aslllas ;o
by gilmd om aw Ol S o Ly (22l b cr 5
oy 5Ll o oy (9308 Sijge 4 atil slasel J3b S 6 15
ol Tg, 5 b ok g sl oL o il g, 90 5l ool b g,
Gl 1y e g, ol ) Kes 5 bbb (e een o [13] wi
oy k— 0 SST Kuaal Jao l eoliwl 5 s00e (gjlwacd b Luy
ols oo Hlis Ll s ol 1,3 asdllas 850 (gom dw Sgossile b ,>
6):.:_:2{[4[3wl)olé‘ol)‘]gli).?l;;&.]léusm.?ii;m)sbd.g&?&)}{af
Gy acles 5 oojly g lad Gl il oo olml SlaS Sl Ko 0 a5
[14] sos zals lalasde B lpee

GouaSh Sl L oae oS o dnwy bools mmgh o
Sye 55l g oSk gl SVl gom 4w 5 oS > o Sshoss

L AUSM
2 Roe scheme

3 oolads 17 0995 1396 s 3 (jurde Suille Swise

1] e

0558 aieS L b el sud pbmil (6 ks o2 i) e o
S Dpan Gl ode Gl wdiy ez oy ol b
Sloy 20 (Jle lsie 0508 0old 0T ln 1) Soml Gl b
Godgaos &y |y 0y (saliwy oy Wilgs so 4SSl 5y 0gdle (( Saliyog !
g Cgw Brae Grall cel il edi (Gl 0y90 gl ) Ll 900
Gl Bk 00 e ol i o) Stilidey el gile osle
Aoy gragl 5 slabi>de LB b Wl s (Sealognl GileS
[2] sl asls oy

Olwe 08 Dgo Gedle (pSe sracles I eolaiul P 4
40y S5 e ol 0 ST Sed S b ogdipe crge Ol
0392 (Sealipog ] (tale 3 g Lad Gl (ol ele (S5 zse 0l &l
A enlple wlosel sgg 4 Sed Cuwsiml Ol davly 4 a5
St s bz ol e L plgt oS Sl ooy Llly o ba 3
oty 5 Sy ol 2alS | SLeS Sed zge yad cadles 4 o s,
4 9 a8lod oS abali 51 5B Co 8y 5l eolitul e (nl )3 pgmye
W cor G5 3l (Seled 1SS aib e o] bz b b 50
Qe o lis Dgo Bgdle 3T by 0 ) e S adles |

3 oolil oS 55y LS (s g3z Byilg) (gl slagiagyy 5o
ol pelie 4 el bz b b g Llion & 90 4 ) cr &)
ooly 1960 Jlo 5o s o Jlo aix 3] ols sloniy plunl o Ly
3 oslinal b edgilisl QT slentny gy phate @ | (o Sliios
Sl plwl (9,5 slasles Sl it 9 (ES 2 Djge 4 S B
Olz & oS Wog poale 5 39k leoasS ST wead B,5 slaylS
s (3,5 a5 ol lis g9 Oladss .85 co 3543 5.8 Flo L (sl
HB b 5 op salys ol Jil 5 2l a5 b, el
35 ol @l (o 3l o (59 el Bl Ly 205 55 (ol el
moad dbml (98 gabladi 5 (LU gl Ol S salanly 4 Yleis] a5
Cowl a8l dguge ales mhw 5 oles g jlid Ol a8 (ol s
Gdle ol g < o o2 sl iale)] g ol ool b JLus [4]
2y Oolite slazle o 55,5 gatles Kol ) cx )5 b woge
Sl g5 Slagios mls ol 13 b)) 0y5e e Sl Sglite slaosludl
o Hled o5 4l LSis 5 Jol ol 4 co 358 alawly 4 a5 ol
Cdly)s 55 el osde sl il LEaIS 03y slay g9y cables ssl>
cshol bz a4 T S95 plKim 4 C bl 5l calizes S50 g0 oS
5] 3,18 5924

sskie 4 1y goue gladdlae LSen g (pegd i el GlaJle o
9y 2 S sled g S gl gle v (Sl Jlad DIl ()
plsl o ol 2R L Ol ) JSO i g S VU ol
Qlg go 0 3,5 oSG A5 Al eole plad (gaass cpl o sl
slayelly 4 bgd a5 wles sl 1, bz Gl 5l (oo slajbSlo
6l s )ls S cr sz 5 331 ol

1, slos ynS Slids 2006 5 2003 sla Jlo s o Sos 5 5Ll
SVolae Jo 5l ool b lagl .asols bl il cr (3,55 diesj 0
L k=0 olulinl (S2asl Jao 5515 5 oS g 250 (55570 0,5

356



Vbled 9 Silxb Hixe

illke (33955 0lred Ay &3 Aled ygelrn s3mawm aabT g0 Bgdle Ylird 2 adea dsgly il il 53 3e LT

2up\ 0vy 2
F _ _ i 6
T = 2nS ( 3 )6xk 3Pk ©

sldse ong @il Glagilodas 2158 6) abyly o5 ny5T
abalyy Geios ol o (18] ssbise S B0 sz li edizmn
Sb SVolas ,3 oS0 alex wodumy Lins azis] Jow o ) ool
R R Y

Pl s 9o ggome 1S syt o S e 05 (D) alal,
@Az b oS oog Cul sue Sy o wlal; o wloe Sy il
O Jaie g E¥Mseasl 755 b azas] i 65,0 dolae j0 6,05 18
Dg alg> glate
Htot = Hiam T OUT )
STl slaghyr jsa> 5 bz Olae 095 D90 Goile & azsi L
Sibge pU IS a pll Gl e cope (Sialy Vb L
ol 0] sy o Sl alaly 5l oslinl b oly] gl oo g cps
l15]

Ly 3lotianS 5 s3lo dng 09 5l ol Dlnposs [16] o o
- dan (1) alayl)y o el 00,5 &) ol (goae oS arwgs jo ) (598
Lol Ol 035 Sgo Gsile & 4y b alnl> by le
4) ol (g 0uisS dgaoms ol o 4y gl ok 53—l ctwdVl g, 5l eolasul
R N N i S S R N B e
ESTOPEIR SN ECY SR NI SRR
S Joll Djpe 4 Volee sgan JSO davly 4 i3y slealex
Jo sSen Gal5H slite & 3 anir (slopys dmslone ol s gl
P2 R 35 e ) (07 $ S Ol b g Slakall e 90 4 g0
Yolee Sloj slapy (giludinnS Syl wbndy Sgo (S
el o oolitl ez 45 e BoS-l g re 09 5 @S>

cazasl goday gl Joe jelaie 4k — @ SST gldoles g Jow
90 a5 00g L 0 Jow G ey i Jal Juw el ouls 48 5 1SS
ol bl s Ly s il k— @ o¥oles aly o] Jas! alsbes
a5) S 5 po Sl oolainl b gz g0 cul i Jaw ol o a8 aglas
b w0l (Wilioe 0ae 9 jlgn; Sae (23y2 (55 E5 5 (o 99>
Iy o bl k—e b o laibisl k=0 b Jas 1 Sy colps 5l g polie
IMoansl &5 Jal doles 4y oo, (s alax (pizren ailed Lo
5o wadl Joe opl B ol oo el Olyass cpl ol 00 009380 039
b Al (el LB slagealy (ol laplaee 5l s pamy oS
obolT b by bl Jo yo 1) Jow YL cds [1847] xxy
el (gt 9 Ol Gl Jowe Sl (omlie (eSS (558 (s55L88
093l ilosls ()05 0)lend Soo5 g slea nj 50 ol 3, 5l Jae
b deslin 5o Jow ol @il corgl gy o ond plil ool il 5
Ul38l G ge wolans milss 5l oolatul pae 35 g slaolas 9o slo Jow plu
oS amd e i [19] gz pe ol ol bl a8 Joo ol 0 TS
co slapkyr Oyl JUl 0 cwesd s aasl Jow ol 5l eslicl
Gl 5 Jow > 5 Lo sbdoe plo b alis o cillre
S5l calrd b et R (g Sl Sl Flnd el bl YL
oIl el (o g Sl (Al o k= 8) Koo Jue @ k- 0) Joe
[20] et aes sl Joo ool Guns (ol ,Sed 1 5 55lubl

357

Joe g g0ae o ol b 5l paiste (5950 ol cllin cpl jo ol 48,5
95 Sl Jao 6,50 b e 5 el 00 o)l aliee 5L, g5l
4 Gl oals asllas gel> ok 4 oagny SU38 k— @ SST (slafoles
ol 00 Aol 39290 (g00s

Sls slay ool Bbym 4 co U5 led cons @l Sl Gudos ol o
ol gwyp sl G aw by SOy ‘C)" sbo mje 5 adles
9 LS““"*’? Sl Y e kg'zja...: le.iao_\i_\gf )| G)L';_é) s ool
S Ths oz | gl slod @5 5 s IS sl e 0 O 1B
sy Ol bz Ol o an U e el SOl Gk
el 05,5 o |y @llre G 33,3 L adles p ales aygly Sl 51 gone
Soe b2 Glee 559700 ) Jo alanly 4 iy 30 sla g
Slodg alas aygly alaz 51 5okl O3l gilwand 4 08

s (995 9 o > DY Blxe -2
Sl S, Wodlgsds i gl 1, Ly c¥sles JISl U5 o(1) ala,
18] ams o ()Lt algn; (6508 bamgio L a2aB] 0S5
3[de+§ (ﬁc—ﬁd)ds=f5dﬂ @
at n an n
ibee JAS gl saiaoplii s g 55 e plp 0 3g8 ahal) o
5009 0 J 7S om0 W (Sloj Dl yess Sl 398 alolas 5l 25w ol
§ JrS gl SILW piie (5gaisd 9 (o256 (55900 slo)li o9 (i
p> S e 5 |y detiz oy Q Walee Ceul) Caon bl oo o Lt
2l @) alaly o 2l sleadlie JolA W tie a0 ol 18
15]
W = [p, pu, pv, pw, pE, pk, pe] ™ @
(3) kulg, b sy 4 Q) deir g (Fy) Lidn o(Fp) olmul> sloales
[15] wilowss ols oLes B) 5 4)

( pu pv pw \
i puz +p puv puw i
l puv pvi+p pvw |
Fo = { puw pow pw? +p }
i pEu+pu pEv +pv pEw +pw i
| puk pvk pwk |
l PUW pYW W ) @
0 0 0
Txx Tay Txz
Tyx Tyy Tyz
Tax Tzy T2z
F_d> = UT vay WTy,
ok ok ok
Htot E Htot ay ﬂtota
Jw w Jw
Htot ax Htot @ Htot Bz )
0
0
R 0
Q= 0
S — B*pwk
L C‘:"—TpTFS—ﬁpw2+2(1—f1)pZ‘°zz—zg—Z’ ®

aas] cVolee [0 Lt deix sloadlie wod o odnlie a5 45 s
G5 lawsgie 5l o 48) (T7) 0,56 iy 25 «(5) alal, o ailaaS jalls

3 ooladds (17 0993 1396 s ,a (e Suilke wdiie



Vbled 9 Silxb Hixe

illke i ($3055 0l red 4y &3 Aled Ygelin s3mawm aabT g0 Bgdle Ylird s adea Asgly il il S e juluT

\mmu}mll“

I
%m}}uu gl

i
|
M

|
;

Fig. 3 Grid of hemispherical cone
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