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Study on thesupersonic mixing layer growth in confined space
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( Northwestern Polytechnical University), Xi’an, 710072, China)

Abstract; The supersonic mixing layer formed by a planar thin hydrogen jet at 2.3 Ma and a 2.0 Ma surrounding
airflow in a scramjet engine model is studied in order to investigate the growth characteristics with consideration of
shocks. Flow field structure and features of the supersonic mixing layer are achieved by using large eddy simulation
method with the OpenFOAM software. Reasonable agreements are obtained between calculation and experiment in
terms of flow field structure and component distribution. The component concentration, the thickness, the
compressibility effect and the total pressure loss are analyzed. Results show that four developing regions can be
observed for the growth of the mixing layer. The expansion-fan/shock-wave pattern at the injector exit makes the
convective mach number decrease dramatically, leading to a reduction in compressibility effects and a contribution
to the development of the mixing layer. The interaction of shock/mixing layer results in local amplification of
turbulence and gain of vorticity, which is beneficial to the supersonic mixing. However, the increasement in total
pressure loss is unavoidable in the presence of shocks because they can bring performance losses of the scramjet.
Thus a tradeoff between the enhanced mixing efficiency and the decreased total pressure recovery should be
considered in the scramjet optimization design.
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Fig.5 Mixing layer thickness distribution along the channel

v, 0 1 000 2 000
-300 2200

6 xFEEELRE

Fig.6  Contour of x-velocity

B 7 45 T i bl o i e B RAE ()% R 45
¥, 8 45 T i A N B IR i A A, S T E
REE FLUG (U0 x=223 mm) , I T R4 16 0 2
TR AR WA BTk, 5 0 R B A S50 4538
A % 23 SR T HE A PR B4 R ARk S 3 b T L9
P RS A SR 398 A B 25 oAk B D)2 b R AR
KT e S iz 2, 15 ST R LG 45, S5 P RS
T BT 1A B S s i AR A SO 5 R Y Z
SRS BT V12 K-H AR E M, S8 KR 1 i
TR AR RIS 45, IR G2 PRI A5 1
5 I RRE)Z L NI S 2 S
BRI VE A TR A 2R K EURE R
T ZAE RV B2 0 AR B 32 B0 R
SR A TZ AN AR S 060 B L [R5 e B
BN T R KR O B A s TR A E N
A1 AR S 500 B 2 BTl /D | 2 R o A
KHAESERE RN S BRA R, R/
AT AR XSRS R 0 R AR E RS B3 R
I RS T MR A i R W R AT, 13X 5 SCRk[ 15 ]
FOULI R A — B AR A K K Z )5 IR G R &0t
T KR AR KX TR A2 0 AR K R
1 HRE B TRE bk E IR A R R S,

200 300
2x10° 4x10"
grad(p) ' ‘

Ix10° 5x107
B7 EEGERE

Fig.7 Contour of pressure gradient

200 300
2x10* 4x10*

- IR
0 5x10°*

vorticity

8 RENSHEE
Fig.8 Contour of vorticity
HRAESCHR 15 B9 20 M 32 T o0 & R S =S
SORTAXTIR Ma> 11 5330 B8 6 7T R4 400 L
B IRA R N % g S eI
B R AR SR, NI 5 Fha DL Y, 4
IRE R IX PRS2 Y A O AR A B LR G2 (H
2o AR R B S TR A SR ST Rl gk R AR
HAE R IX RS R A AR B T X



.76 - WOk B T M ok % 2% R

49 %

— G189 10 254 T R R s A Y S
IR T 73 A1 2 1 SO i i AR B L 2. 3Ma
MR B AR BE %, 55 2.0Ma 1Y% SRR IHEAT 5
1R, B9 AT LUt 78 SCARCR S 1 T 75 3 1 [
DK, AR TR 23 SRR R BE A A 3l 1) T U Y
J JRE | M7 TR AR [ DX D/ | I AT A e S T
Ak ST O T EA T Bl 54, TR XN S B LA
it 7 LB R SRR L.

"

T —

1 2
| 1] | 1
Ma_average NN Snmmmmns i
0

23
9 MU DHYZE

Fig.9 Time-averaged contour of Ma number

250 500 750
| | 1011111 |
o average NEEERD Cummmnl
0

1x10°

10 HPHUEERRE
Fig.10 Time-averaged contour of sound speed

R A 2 Ly

¥
c= e

LRI A 3 ¢ 1 R/ BEARER T AR AT 4
PER N S B 75 GO DAY AT s 4 1 el
B/ NEL 10 Ha] DUE S 5 25 3Ok R
R E)ZEMBIR WA O X HARXT T2 S
SFPIA A8 7 A TR, ARG T 28 SR T 7 B A
i X RWTE T2 MR A SRR A 45 1 &
AT AR TR AR AT R ROV, B 11 45 i
TOSCHR 3 A XA R Me F1 Slessor 2511 4R
AR IR A2 AT R AR RO B S EL e WS I8 J7 1] 1)
G3AR.Me T ITe 195 L5350 -

‘ v, -0, ‘

c b
c, tc,

e = max(fy, = 1/e) | U, - U .
S U R AR s ARy AL
G WAL 11 5T LR 5, AR + = 175 mm
b FSEHR (Ma=2.3) 52550k i (Ma =2.0) 1%F
L ARELZ R 1.3, Slessor B2 3.75, i B W R
75 S BV MU TR 2 T2 PP AR LA 138 T
FRAPE 2 R AR PO B BEJR | A T4 B0 Slessor
SR B, 2490 2 K (< 2 e W 0.3,
WEZ1H 77% Ic [y 0.4, FEIE 2l 88% , X #3261

TRA TR AT AR RO 35 AR, TR A2 A A R R
KRR A E T 3 P4 T LA, T
VRIE D" SR A SRR St I M 0 3%, It 77 1 i 75
PRIETT 18], 52 2 T8 LA AL AP 1B =t B I 1Y
B RAR T LI, eI T i 2 I AP R
AT R A BRI 1 5 1) 55 B T ) — 25, SRR
i 14 10X Ao 2 I T/ B 45 A 2 e AR R ) T T 4
RO R MR RE Bl Iy I ITTRAC AR TR 2 9 A R R P X
T U o 0T I A R 13 )2 A A RO R B NI
AFE, RS A WA AL, 32 BR2S B AR A= Y
XL S R RO 32 B 2% 2R A5 AR S T 1) 2 (] e R
46 Xk U S bk RO AN BE 4 R IR SR AR
Rk

40

— Mc
--1lc

] = T
175 200 225 250 275 300

x/mm
11 Mc f Ic iBREM D

Fig.11 Mec and Ilc distributions along the channel

it SR 0, AR A2 PR A ) N Y I8 R A A —
J7 T RERE FEARIR & )2 0 o) e i 1, AR 13 IR &
JERVER AR, 55 —J7 WU K-H AN FEE P &
Je iR AR i O 5 BRAR W 4 5 AR AR
F R AR — 2P, T SR R AB R, 42
PR SRR (HL I i 8 T 1 52 2 e AR 45 4 A T Gk
Bt 25 EREA WL S0 K% | FEAR & shAIL i HE Ak
fiE. AT BT 0= 175 mm ALY BE A S % K 12
LT R AR AU E I [ Y 23 A £k

Pl %

0 | ! 1 I ]
175 200 225 250 275 300

x/mm
12 iERER EHEERK S &
Fig.12  Total pressure loss distribution along the channel
M 12 wa] U H i 36 R 7 1) g 46 2 A
W R, R i, PR B AR, S R BRAY B




5510 1]

BUREDE, 4 . 52 RS () PO P R 1 2 2R KRR <77 -

R CSNSVIR PN NPt 47 i e =y el [ L i
P14 5 JB LA B I % 1) W A A% 4 | e i S i/ s
SRR TR T8 TEIR G R A KB B,
SRR AT 9% . PN I AE S B (4 A s L s it ad e
Hh T O B v TR S AR AN G R A R A R
PATER A IE LB BT

3 4

1) 32 BR 25 18] AR 5 2% B 0 O 5 b R 32 2 7%
U2 ZR B AR B2 W) 14 25 8] R R, SRR S I FE2 4 M2
e/ PR A AR 23 T U S AU AR S Dok ]
FEARRO, IR R G R AR KR R A2
el B S e i AR A KX

2) PR SR B SR A JE AN TR ) 2 B
JE L[]S0 2 W 22 18] ) RH LA ol T 9
ARV, AEAE FH S BT 5 2 B0 5 2 Ak ), (5
TEAE AT, S 2= o AR T AL, 204 109 09 4, fie
PR EZ AR,

3) 2 BR A5 6] N 1Y 52 2% 3R A A TE A 0t i i 4B
i, R RIR A RCRDT A BRI E A, R 251
BRI BRI 7E LR A shpl i i 7 rh e 2
XHHATERE IR, LBt

5% ik

[1] KUMAR A, BUSHNELL D H, HUSSAINI M Y. Mixing
augmentation techniques for hypervelocity scramjets[ J]. Journal of
Propulsion and Power, 1989, 5(5). 514-522.DOI; 10.2514/3.
23184.

[2] ikiE. RBCC #R%be = it it 1 25 WA e b HAREALRIAT R [ D]. 9%
PEdL Tk R, 2010.

[3] PAPAMOSCHOU D, ROSHKO A.The compressible turbulent shear
layer: an experimental study [ J]. Journal of Fluid Mechanics,
1988, 197 453-477. DOI.10.1017/50022112088003325.

[4] FUREBY C, CHAPUIS M, FEDINA E, et al. CFD analysis of the
HyShot Il scramjet combustor [ ] ]. Proceeding of the Combustion
Institute, 2011, 33(2): 2399-2405.DOI: 10.1016/]. proci.2010.
07.055.

[5] GUTMARK E J, SCHADOW K C, YU K H. Mixing enhancement in
supersonic free shear flows[ J]. Annual Review of Fluid Mechanics,

1995, 27. 375-417.D01:10.1146/annurev.{1.27.010195.002111.

[6] LI Qibing, FU Song. Numerical simulation of high-speed planar
mixing layer[ J]. Computers & Fluids, 2003, 32(10) :1357-1377.
DOI:10.1016/30045-7930(02)00104-4.

[7] SANDHAM N D, REYNOLDS W C. Three-dimensional simulations of
large eddies in the compressible mixing layer [ J ]. Journal of Fluid
Mechanics, 1991, 224, 133-158.DOI:10.1017/S0022112091001684.

[8] VREMAN A W, SANDHAM N D, LUO K H. Compressible mixing
layer growth rate and turbulence characteristics[ J]. Journal of Fluid
Mechanics, 1996, 320 ( 1). 235 - 258. DOI. 10. 1017/
50022112096007525.

[9] MARBLE F E, HENDRICKS G J, ZUKOSKI E E. Progress toward
shock enhancement of supersonic combustion process| C]//AIAA/
SAE/ASME/ASEE 23rd Joint Propulsion Conference. San Diego,
California: AIAA, 1987: 932-950.DOI. 10.2514/6.1987-1880.

[10]JLU P J, WU K C. On the shock wave enhancement of confined
supersonic mixing flows [ J ]. Physics of Fluids A, 1991, 3(12).
3046-3062.DOI:10.1063/1.857849.

[11]HUH H, DRISCOLL J F. Shock-wave-enhancement of the mixing
and the stability limits of supersonic hydrogen-air jet flames[ J].
PSymposium ( International) on Combustion, 1996, 26(2) : 2933-
2939.D0I:10.1016/50082-0784(96) 80135-4.

[12]ZHANG Yunlong, WANG Bing, ZHANG Huigiang, et al. Mixing
enhancement of compressible planar mixing layer impinged by
oblique shock waves[ J]. Journal of Propulsion and Power, 2015,
31(1): 156-169.DOI; 10.2514/1.B35423.

[13] GERLINGER P, BRUGGEMANN D. Numerical investigation of
hydrogen strut injections into supersonic airflows [ J]. Journal of
Propulsion and Power, 2000, 16(1):. 22-28.DOI. 10.2514/2.
5559.

[1415RIEMT, FEAETR, VFABE. T i K s (A 00 Y 1 18 0 v
[M]. dbnt; R R, 2008.

[15] E4RE, PN, 7 S A VAL 3l | R 0 9 15 SR A A
[M]. dbst: B id, 2013.

[16]MENON S, YEUNG P K, KIM W W. Effect of subgrid models on
the compuled interscale energy transfer in isotropic turbulence[ J].
Computers & Fluids, 1996, 25(2): 165~ 180.DOI; 10. 1016/
0045-7930(95)00036-4.

[17]KIM J H, YOON Y, JEUNG I S. Numerical study of mixing
enhancement by shock waves in model scramjet engine[ J]. AIAA
Journal, 2003, 41(6) . 1074-1080.DOI; 10.2514/2.2047.

[ 18]SLESSOR M D, ZHUANG M, DIMOTAKIS P E. Turbulent shear-
layer mixing: growth-rate compressibility scaling [ J]. Journal of
Fluid Mechanics, 2000, 414 (1). 35 - 45. DOI. 10. 1017/
50022112099006977.

(HiE 7k <o)



