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Direct modeling methodology and its applications in multiscale transport process

LIU Chang'?, XU Kun'*"*

(1. Department of Mathematics, The Hong Kong University of Science and Technology, Hong Kong, China ;
2. Shenzhen Research Institute, The Hong Kong University of Science and Technology s Shenzhen 518057, China)

Abstract: The direct modeling methodology provides a framework for multiscale modeling of
transport processes, based on which the unified gas kinetic scheme (UGKS), the discrete unified
kinetic scheme (DUGKS), and unified gas kinetic wave-particle (UGKWP) method have been
developed over the last decade. The methodology of direct modeling is to construct the numerical
governing equations on a discrete control volume by taking into account the contribution of both
particle transport and collision process. The two important ingredients of the direct modeling
methodology are the coupling evolution of the macroscopic quantities and microscopic distribution
function, and the utilization of the local evolution solution in the construction of numerical flux.

Based on the direct modeling methodology, we construct a continuous spectrum of governing
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equations in the whole flow regimes, which automatically recovers the collision-less Boltzmann

and Navier-Stokes equations in their corresponding limiting regimes. In this paper, we are going
to review the direct modeling methodology, the construction of schemes, and the multiscale and

unified preserving properties. We will also review the applications of the schemes in the transport

process of gas, plasma, photon, and disperse multiphase flow, and give an outlook of the future

developments.

Keywords: direct modeling method; unified gas kinetic scheme; plasma; disperse multi-phase

flow; photon transport
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Abstract; Wall-bounded turbulence at high Reynolds numbers is one of the most important
problems in engineering design and applications, and its high efficiency and high precision
simulation method has always been one of the most important research realms in turbulence
research. Constrained large eddy simulation (CLES) is one of the new simulation methods
proposed in recent years. Differently from the traditional hybrid RANS/LES method, the CLES
method performs a LES calculation in the whole field. In the inner region near the wall, it uses
the constrained subgrid-scale model, while in the outer region, it uses the traditional subgrid-
scale model. With nearly 10 years’ efforts, the CLES method has been verified in incompressible/
compressible attached wall-bounded flows and incompressible/compressible separated flow.
Further-more, it has also been successfully used to simulate the complex flows in the aviation
field. In this paper, the basic principle of the CLES method will first be reviewed, followed by
some discussions on the CLES implementations. Finally, some possible future research directions
on the CLES method are summarized.
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simulation; hybrid RANS-LES method; physical constraints
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A scale adaptive discrete unified gas kinetic scheme
and its application to compressible gas flows
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Abstract: A general discretization of Boltzmann-Shakhov model equation along the
characteristic line is obtained, where the time integration of collision term is handled as a
weighted average between the implicit and explicit part. Moreover, the value of weight factor
depends on the local Knudsen number, which represents the local flow regime and scale. With the
aid of this weight factor, a scale adaptive discrete unified gas kinetic scheme (SADUGKS) has
been developed as an improvement of the existing discrete unified gas kinetic scheme (DUGKS).
Some typical compressible flows in different flow regimes are numerically simulated to
demonstrate the validity and the property of scale adaption of SADUGKS. It turns out that the
present SADUGKS is a valid numerical method for multiscale flow problems.
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Discussions on two problems in applications of
high-order finite difference schemes

LIU Jun®, HAN Fang

(School of Aeronautics and Astronautics s Dalian University of Technology, Dalian 116024, China)

Abstract: One way to achieve high degree fidelity in the whole flow field is by developing
shock-fitting methods combined with high-order finite difference schemes. After all the
discontinuities in shock-embedded compressible fluid flow are assembled, the application of the
high-order finite difference schemes becomes the main problem which we need to consider. It has
been found that the finite difference schemes always make numerical errors under curvilinear
coordinate system due to the unfulfilled geometric conservation law. Moreover, we found that the
errors of high-order schemes are greater than that of first-order upwind scheme for uniform flow.
The reason given in this paper is that the stencils of high-order schemes involve more mesh points
than that of first-order scheme. The source-coupled algorithm based on discrete equivalence
equations proposed by the authors can eliminate the errors. Besides, the problem of normal
shock’s motion on uniform grid is also discussed in this paper. Because of the flux splitting, two
waves can be created after the moving normal shock. These two waves travel at two different
characteristic velocities, and can lead to numerical turbulence when the shock does not exactly
match to grid points. Since the shock-capture methods assume that shock is spatial continuous,
transition regions represented by the numerical solution leads to difficulties in the credibility
evaluation. Shock-fitting methods can avoid this problem.
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Abstract: The effect of dual synthetic jets actuator (DSJA) and jets parameters is studied on
the flow separation of cylindrical surface by a two-dimensional numerical simulation. The results
show that the characteristics of the simulated flow field are consistent with the theoretical and
actual distribution. When the working frequency of the actuator is equal to the characteristic
frequency of the wake vortices shedding with constant actuator amplitude, the control effect of
flow separation is the best. Keeping the actuator frequency as the characteristic frequency, the
momentum blending effect of the jet on the flow field is enhanced by increasing jet amplitude,
and the control effect is also enhanced. Finally, the control mechanism of the synthetic dual jet at
the front stagnation point and the back stagnation point of the cylinder is illustrated. The control
effect at front stagnetion mainly decreases the drag through the virtual aerodynamic shape formed
by the jet; the control at back stagnation point is realized mainly through the jet forming a low
pressure zone at the back edge of the cylinder to accelerate and promote the reattachment of the
separation vortex to decreases the drag.
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Case Jet position f/fo A/D,,
Case 0 / / /
Case 1 A+B 1 8.33
Case 2 A+B 0.5 8.33
Case 3 A+B 2 8.33
Case 4 A+B 1 5.33
Case 5 A+B 1 16.67
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Table 2 Drag of pressure and friction on cylindrical surface

Case D,/N Dys/N Total/N
Case 0 0.0202 0.0019 0.0221
Case 1 0.0153 0.0011 0.0164
Case 2 0.0172 0.0010 0.0173
Case 3 0.0186 0. 0008 0.0204
Case 4 0.0169 0.0012 0.0185
Case 5 0.0146 0.0010 0.0147

P LT S BOSUSS 3L 70 31 8 T B A ol [ A
VAN B . S AT R RE A R LA A
1 SR 30 X6 B 30 3 A 180 45 MR AR T i — A b X AS [] B
A [ A RIS 25 2 1R AU S B AN s L THT, AT D7)
AT A AR R T AR T . 3R 2 MBI St 4

RFW] BN TRy, AR 0 T
BE A ) 2 7R 58T 43 B 0 1 DXCBUE W — AR DXL
3 T )P R S0 A 36 Y 23 B DT /N 2 IR
o [ AR S 3 e A T 22 L T3 of 3k B 43 i ROR
T AR G R R TR B D g 58 3
PBARBE T KA 23 B AR 2 R AR SGE R BT
SPUR A R 5 i TR) AT AT A B D BEL 4 #iE o 2% vk BHL A

Accelerate
vortex reattach

vy v

v

Jet from B

(a) Jet at front stagnation point A

Vortex pair

Jet from A
(b) Jet at back stagnation point B
E11l SHRCFiEEREH TR IER

Fig.11 Control process at the stagnation point A and B



23

WS

IS AL A 1 KT I A 8 0 W 8l 2 (LT 5 259

R FRRIAE G IE S S . RS
JR& 3R i IOt Vi TR) A3 3R g 2 e RS 5 7 I, S Ot M
30X 2 80— B DX ST 16 &4 8% R ) (630 A 6 v, DA T
/I S 2 BEL 5 4 SR S 00 R O D B Y
S AN L5 8 168 I % R 00 2 AT DA RIDHE 2 7 1
TREIE B R B 23 11X 3 23 i R BE g B BN I Y
IR 5 SRS DR A AR T 10 JBE V1) AR AR A5 R
AT JFAS 1 3 BI04 [l B 3 25 7 3 — 2 19 1% B A
FH 25 W B A T L [ 00 1) 355 /1 — 26 TR D [ 5t 55
U R A T A R LR 8 I B AR P i A 0 i
Xof 2 I 23 e 2 W R

X T S AL R R ) 5 MR T S DR R e
A A3 AR BT X R A BE PRI A R Xk 58 U 47 il 2
B B 1 A o AR 7 R G T B RECRE AT T RE R AR
M 3 B A AN T N e 7 T . 2 [ E AR
Oy B AR A N 6 I M 14 DR 3R AR T A B R
FE o Bl IR R 8 O SR X U 3 1 B B 4B TR AR O 4
5if o AT LA SRR bR S 3t RS ARG R i Y DX SR L 48 R
B IR B T . BC(E AR UL A5 A R T [T 5 il A%
AR R S 168 J5E 5 A AR AR I A 4R R 7 Ak — R JE
P B 5 01 R ) 39 A 4 S R 5

3 4

SCEMFTE T A OSUS L 3L 2l 4 i R DL
Jil 5 T SRS 3L 2 0T (B R B8 U AL 3l 20 1 4 o S8R Y
SO 38 0 HE A% T 00 XN A X /N R B
o B I P ROR AR B S5E

(1) AR TR T B BIAESE 0 A5 BB
ULV A BEAT 3 B I Bl 4 AT LA S 0 i 2 T
TN T S 25 5 5 0 1A T ) F 0/ N JEE 452 L T 7 s 22
FHL 7.

(2) FEPRFFH A & th 105 370 I 0 A S A9 1S B0 T
P T SR AL AR B T R 3 R ) I 7 AR SR A B
VLG UL UL S 1) R A58 IO e - 2 S B ) O
ML

(3) PRAF I A H 1SR O3 R Sy R 3 163 4 ik AR
&, M TS O A i — A TR Y L B A IR
IR B it 1 B 42 R B ) B ot L 2 ) S8 U I 2l
I3 B WY ROR MU

(4) VILERTE T A OB I 12 1 150 A% S8 3t 3 30
S B LR F S B SN TRl i B R B AME
i J2 55 PO XY sl AR TR 9 2 R e e/ TS
J 2 BHL 7 2k 325 2 3 1 SR

%

=z

(1]

[2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

% X #:

REHMAN N M A, KUMAR A, SHUKLA R K. Influence of
hydrodynamic slip on convective transport in flow past a circular
cylinder[ J]. Theoretical and Computational Fluid Dynamics,
2017, 31(3): 251-280.

GAO DL, CHEN W L, LI H, et al. Flow around a circular
cylinder with slit[J]. Experimental Thermal and Fluid Science,
2017, 82 287-301.

JIANG H Y, CHENG L, AN H W. On numerical aspects of
simulating flow past a circular cylinder[]]. International Journal
for Numerical Methods in Fluids, 2017, 85(2) . 113-132.
LIUY G, FENG L H. Suppression of lift fluctuations on a
circular cylinder by inducing the symmetric vortex shedding
mode[ J]. Journal of Fluids and Structures, 2015, 54 743-759.
PASIOK R, STILGER-SZYDLO E. Sediment particles and
turbulent flow simulation around bridge piers[ J]. Archives of
Civil and Mechanical Engineering, 2010, 10(2): 67-79.
FE, LR AL, S5 RGO R ) i U 2 s IR A e
WA EE BT ] W HE= 4R, 2014, 63(4): 044701-15.
YINJ F, YOU Y X, LI W, et al. Numerical analysis for the
characteristics of flow control around a circular cylinder with a
turbulent boundary layer separation using the electromagnetic
force[ J]. Acta Physica Sinica, 2014, 63 (4): 044701-15. (in
Chinese)

TR, BORR, BRI AR v X TR P G (R SR
BISEBEFE LT ] R AEAR, 2016, 65(21): 232-247.

CHENG X X, ZHAO L, GE Y ]J. Field measurements on flow
past a circular cylinder in transcritical Reynolds number regime
[J]. Acta Physica Sinica, 2016, 65(21): 232-247. (in Chinese)
WP, B AR, W, S Bl AR 43 B U B R PR I Y S0
WrgE )], Z= 38 2244, 1999, 17(2) : 130-140.

DONG Y F, WEI Z L., XU C, et al. Experimental investigation
of control of a separated shear layer of a blunt circular cylinder
by means of an acoustic forcing[J]. Acta Aerodynamica Sinica.,
1999, 17(2): 130-140. (in Chinese)

BLEVINS R D. The effect of sound on vortex shedding from
cylinders[ J]. Journal of Fluid Mechanics, 1985, 161: 217.
KALRA C, ZAIDI S, ALDERMAN B, et al. Magnetically
driven surface discharges for shock-wave induced boundary-
layer separation control[[C]//45th AIAA Aerospace Sciences
Meeting and Exhibit, Reno, Nevada. Reston, Virigina: AIAA,
2007.

Mg, BRSO, AN, L ORI IRIE X AR IR BRI D] A
24, 2016, 37(6): 1763-1770.

YE N, CHENG K M., GU Y S, et al. Forebody asymmetric
vortex control with microblowing [ J ]. Acta Aeronautica et
Astronautica Sinica, 2016, 37(6): 1763-1770. (in Chinese)
BERNHARDT J E, WILLIAMS D R. Proportional control of
asymmetric forebody vortices [ ] ]. AIAA Journal, 1998, 36
(11): 2087-2093.

BIRE, FE . A U T AR B HAE i 3h B ) rbonz R Y
[J]. 238 . 2005, 35(2): 221-234.

LUO Z B, XIA Z X. Advances in synthetic jet technology and
applications in flow control[ J]. Advances in Mechanics, 2005,
35(2): 221-234. (in Chinese)

SMITH B L, GLEZER A. The formation and evolution of
synthetic jets[J]. Physics of Fluids, 1998, 10(9);: 2281-2297.

(THESE 267 )



W38k E2W = "5 @ h ¥ F IR Vol.38,No.2
2020 4F 04 f] ACTA AERODYNAMICA SINICA Apr. 2020

XEHRS. 0258-1825(2020)02-0260-08

@1m SHEEERNE/NEEAEMNESK

REW, X W AHR K B KFE

P EARE S HEARDFFEBE . dLaT 100074)

OO TR AT AR BN T R R SR R 0 A AR R G el A T A N B SR B D AR TR I
A ke /I 42 o P R IXUAIRD o PN TRAT N TR 0 L HORBIE Y AR AL b BB Bt DL A0 RlOR S B0 SR
ERBEE B it I8 5 IS 06 A R % Gl il Ak B8 77 2k 25 AT B O 2 0 L AF 2 B s T AR o A T B
LI IR 1043 e A A XU o B AR R ORI A 2R A TR 2 RS AR A TRAT 05 X 0 A T R I Sl g R A A
o XU BRR 25 R R e AR G TR T A I B0 8 3 LG B R O TR RAT AR MY AR GBI AR SR At

TR .
KR A AT S s/ NREE 0 s SRR W R R
FESES:V211.78 XERFRIRAD : A doi: 10.7638/kqdlxxb-2018.0089

Measurement technique for micro rolling moments

based on @1 m hypersonic wind tunnel

ZHAO Junbo, LIANG Bin" , FU Zengliang, ZHANG Xu, ZHANG Shiyu

(China Academy of Aerospace Aerodynamics, Beijing 100074, China)

Abstract: With the development of re-entry vehicle, accurately measuring the micro rolling

moments generated by ablation is increasingly required. In this paper, a low damping free-rolling

measurement technique based on gas bearing is presented. This technique which was applied to

@1 m hypersonic wind tunnel based on the innovation and improvement of corresponding work in

small-scale hypersonic wind tunnel. The micro rolling moments can be well deducted and analyzed

with

multiple test design and data processing method, including the traditional data processing

method and flight dynamics simulation technology. The related re-entry vehicle model tests were

conducted in @1 m hypersonic wind tunnel with series test conditions, especially at high angle of

attack and high Mach number. The reasonable and reliable test results show the robustness of the

proposed testing system, which can provide support for the related design work of re-entry

vehicle.

Keywords: re-entry vehicle; micro rolling moments; gas bearing system; measurement

technique
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Fig.4 Grating and original voltage signals
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Table 2 Measurement results of rolling moment of inertia

R T JC b ph A A e i A
I/(kg+ m?) 0.018 36 0.009 56 0.009 10

2 RGEIEMMERE TG

2.1 REFEE

MR DA AR (A 5T 245 SR 0L RN AT A AR ANE
B AN X R B T A58 o s G P N S X6 R EOR T R D
LB TR B AR AT AR A AR e /IR e 1 R B
B BN AR T VR TG VR RS Ak 3 /NS X BRIV e
JIHE T AR A B0 S N T B S S PR R R
Mo 8 R M AR AR VR B ds B s o O RE AR

I i—f — CupgsD %P —(Cyy + Asing)gsD =0

(1

Horr, P BRI, T TR G i s B, D AR
RUREBEAR 0 AR HEE g AR, s HBIR
JREBTIAR, Cop MR EE IR JE J1HE REL.C o NIRGH )
FEREA TR R D1 R W U B iR AR, ¢ S BIR
R E . RS SR R B A AR ) B A F
TR A B R R 45 SR Y S E

SRR LAl b R /N A A )
F15ATT AT 7 1% 5 R FH AT B0 L AN W 3k A 422 30 1 ity
2 B AT B IR« B 2R IR B B T A 3
WA AR R, PRGN RS BN O I M R S S
BREL3 ] —30 AR SUAR R . %8s ot B R FE AT
B HEURN A3 A 04 [R) B A B 0 6 2 SR AT AT S
UE WD 50 S H B 52 . R TR B 5ol i e ] A2 £ 1 5 SR
rh AR BT RUTIR X 56 ith Ze RN A A3 A O LR i 4 1
— B B SRR RS iR A
2.2 RERSGHERETM

TE R A% R 3 47 4 36 B Bt o XU 1T A A
T RT3 K, B TR VR i Bt 2y 0% S AT it 40 R B 8 fer B
Z5 /N 142 KR 56 A7 A B S X0 25 A R R i



= KB

264

pij

o5 38 4%

¥ i

e S 50 6 S B W B 3035 S 50 2% P 10 45
AR I R0 S {00 AL B
R 5 45 D 5 o R A 0 s
IS 1 2 TR AR BB 050 00 i
FRIRE

HTHE @1 m R A IR
R A 4 0 9L 4 520
e B 3 55 2% e 5 (R0 5 o A 3 13
JH R A A SR AR T R B B GRS A
TIORGOS 3 — 4 5 R S BRI %
B EE L 3 )% 05 2T B A R e
77 05 SRR B0, HUIR O EL4E 25 A T T I
S SRS K 0 3 % % A
2RI TV I R L U T 5 P
e

B 6 iR T LN E 16.2 kPa By 4, {7 2
7 4 8 o B T R S 3 WO 3
BB IR R . Sl B W T 3 s
T IR BEIS 2 (0 2 PR ) R R
B T HESUE AR DL B0 B S i
WA WARE 3.5 r/min Jy B 00 2% A 9 380K R R
P 6 7 S0 T R e 5 RIS
I BT 0 2 B B D 0 0 R
IO A B 0SSR B LA A
RSB GR EFE 31 i BE L et 1

ﬁm%ﬁﬁm@M%PﬁM%ﬁﬁm

(E,o + Asing ) gsD FHXT 8K, PR VR B i 0 &R Bk
SR A 75 b Te % w2 A2 1k b LU P X
PRI, H 5 o A TR ol T VR % BELJE 1 A JH 1 AR
BB N o 212 A0 B i D T — TR

5 W) TR B 1 0 R R BOF 4 (R B BELJE ) R KL

I=0.0074 kg-m?

1=0.0111 kg-m

7 [=0.0148kg-m

LA REAE) LLLL LARR) LR L ) AL Laas pan ]

1=0.0286 kg m*

/B 1=0.0500 kg m?
_

__Q‘—_‘?f L ] |

T AN E B/ (r-min)

0500 400 300 200 100 0
- E (- min )

6 HBEREBMMER
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Chemical nonequilibrium flow in nozzle of a supersonic combustor
direct-connected test bed with shock heating

ZHAT Xiaofei" " , ZHANG Kouli*, BAI Hanchen', LI Guozhi®
(1. Science and Technology on Scramjet Laboratory of China Aerodynamics Research and
Development Center s Mianyang 621000, China ;

2. Hypervelocity Aerodynamics Institute of China Aerodynamics Research and Development Center » Mianyang 621000, China)

Abstract: In order to carry out direct-connected tests of scramjet with flight Mach number 8
and 9, the shock tunnel named FD-14 of China Aerodynamics Research and Development Center
was reconstructed to be a supersonic combustor direct-connected test bed with shock heating.
Two nozzles were designed for the direct-connected test bed and their outlet Mach numbers are
3.5 and 4.5, which can simulate the combustor entrance conditions of scramjet with flight Mach
number 8 and 9, respectively. Using three different chemical reaction models of pure air
developed by Park, Gupta and Dunn/Kang, chemical nonequilibrium flows in Mach number 3.5
and 4.5 nozzles are studied by numerical simulation. Besides, differences between the three
chemical reaction models are compared and analyzed. Calculation results indicate that, in
contraction section of the two nozzles, dissociations of N, and O, are obvious, but in expansion
section of the two nozzles, recombinations of N and O are more remarkable. On the outlet planes
of Mach number 3.5 and 4.5 nozzles, mole fractions of NO are respectively 2.3% ~2.57% and
4. 8% ~6.0%, mole fractions of O are respectively 0.04% ~0.11% and 0.75% ~1.25% , and mole
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fractions of N are both nearly zero. In the expansion section of two nozzles, the flows are

freezing. Among three chemical reaction models, the dissociation degrees of O, and N, are

maximum by using Gupta chemical reaction model, which leads to the maximum mole fractions

of NO and O on nozzle outlet. However, distribution laws of each component are same in nozzles

and on outlet planes of nozzles acquired from three chemical reaction models.

Keywords: shock heating; direct-connected test bed; nozzle; chemical nonequilibrium flow;

dissociation
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Table 1 Flight conditions simulated by the

direct-connected test bed

Ma . Ma H/km
3.5 8.0 28~35
4.5 9.0 30~37

TR 3.5 FIIh A R 4.5 WA Ky o 4k R mE
. DR 3.5 BEE R 2 BT, B A D I A
AR K 45 mm X 45 mm 8 1F 716, Uk 4 B K
A5 mm, ¥ IRBE R EA N 219 mm, EEH & E R
5.2 mm, HBREL 4.5 BEE RIS BECY 1.5 mm, 4



= KB

270

paj

o5 38 4%

¥

SRBOKE Dy 149 mm, HR S5 RF 5 Bk £ 3.5 1
LA .

Contraction section . ) .
Expansion section

R
B2 Ma3s5BEREE (S :mm)
Fig.2 Sketch map of Mach 3.5 nozzle(Unit: mm)

AR IS 5 Ry S S B XU S R 32 A7 A5 O
HEA AT B I R A A MA IR G R
R AR 238 SRy 52 30 AR, X RAT S Bk 2 8 (X
N Ma3.5 BEED R 9 (KR Mad.5 W) B A4~ A4S ik
7 TR B3 IR ps (IR 5 KR
1 EEUE A D SO E M., RETTES.
AT E R 8 A9 TSRS B A RO g8 1 R 43 50 Sy
8 ms Ml 5 ms, P S5 5]8 5.9 MPa i 9.5 MPa,
PR PR 2 I e 3 U A5 1 0 S bR AT B oK
.50 2520 K Al 3380 K, g R K8 T &%
TR

p, /MPa
o

Ma=8
Ma=9

0 E I | I

15 20 25 30
x/mm

B3 ®TOHHSMIBMMRBRERGH ps EH#EK

Fig.3 Pressure curves of ps obtained from flight

0 5 10

Mach number 8 and 9 tests

2 HEEMTE

i F H i e A R AT SRR ECh 8 i 9,
IR A EGRAR 5 (2500 K LA ), BE45 A i 4l
23 S CTE R 7 AR 58 5 IR BL 55 5 B AR e 1 g i 3 v
PO AR a6 SR Sk 4l s 0 4 R B i S — R A
R 25 R 3 Bk 2 I 45 S 3O A 11 A S Al oy
R AR R T XA e = v ) BR b ik B SRk e

SO DR AT 0 BRI A v i Ak 2 AR A I Sl
FIRFSE I 8 B ARAF WU Hh O M A 4L & .

R4 9K F Park. Gupta.Dunn/Kang = Ff 4

25 S AR N B 2B X Ma 3.5 Fil Ma4.5 A4

WS A5 T ) b 2 R S i O Bh 1E AT B B 5 . TF AR
B SR FH A B84 A 25 L6 2, o T R po 43 B3R
REIRFI A E YN, Yo, Yo Yo 23 3l # A N, L O,
O.NO I it 2 53 80, % A 450 A 15T 5 £
CHEMKIN 3t 5K 45 A WEAE A H 1 N R -
i A E o o,

R2 Ma3.5 K Mad S BEENOHEEH
Table 2 Calculation conditions at Mach number 3.5

and Mach number 4.5 nozzle inlets

To/K po/MPa YN, Yo, Yo Yo
Ma3.5 2600 6.5 77.8%  19.7%  0.1%  2.4%
Ma4.5 3300 5.0 76.1% 17.9% 1.0%  5.0%

TFE R FLUENT JF50 34 7 2% 300 i A
TR AR e BAY . pl T3 I IR 11 A 3503t 6 e (1]
Sy A G, A I B (] P A RE T A 3 AR /0N R U
TIRC P M A5 1Y) [ BE 8 Oy S R RE IR 300 KD, H
T Ma3.5 Fl Ma4d.5 W4 ¥ W4, H BT 454
XFRR UL, T X WA 2 35 40 i AT 2 B {E A AU
RIRT . PR WA 00 31 550 I 38 R FH 485 40 D 4%, i 4 3
RE T 5 — 2 RO M 5 B 208 0.01mm., A T 8 i B b
BRADL U B0, 6 T A7 3T B 1A X S R 358 DX I 4 AT T Y
M INa . Ma3.5 BRI Ma 4.5 WEA I U 1) 16k 1] Y
W4 5 H 43 51k 320 X 110 K& 260 X110, Ma3.5 W
EHIRIAS IR 4 TR, Ma 4.5 B R R0 43 7 s 5
Ma 3.5 B2,

4 Ma3.5 BEEMNITENE
Fig.4 Calculation grid of Mach 3.5 nozzle

3 HEERRSH

TR AT R Ma 3.5 B A Ma 4.5 BEE A Y 5
B il B A5 A 253 R R Sy o A an L 5~ 181 11 i
N B 2 =0 1 E RN B MRS AR, y =0 AL
RN PO XK. T U 2 SR =Rl
25 Ak U Bl g A R R AR AR Y I R K iR
YA REAR — L W, B 5 K 6, A TR
Park J v RISR A5 1 11 55 4%

B 5 AT L . Ma 3.5 B4 A Mad.5 W45 4
U S BB A =0k WEAS I S AT, A
WS A T RE T S i AR R 400 R 6.3 mm
7.7 mm, 15 R BRI A2 I L

TR AR R N — N EERE, HE 6
AT 7 T A I 11 I 5 DX e T T A bR Xk
5 BT WS A O S BRE T 45 A 2 40 0 BE R oy RO AR AR R



23 BN - SO G P R e A

0.04 028 052 0.77 1.01 1.25 149 1.73 1.98 2.22 246 2.70 294 3.19 343
50

y/mm

0 50 100 150 200
x/mm

(a) Ma3.5 W%

0

0.01 0.33 0.65 097 1.29 1.62 1.94 226 2.58 290 3.22 3.54 3.87 4.19 4.51
50

=
£
=
0 0 50 100
x/mm
(b) Mad.5 W&
5 BIENDHESH
Fig.5 Mach number distribution of nozzle
(a) Ma3.5 W%
(b) Ma4.5 W%
6 BEABEWMESE
Fig.6 Distribution of static temperature along nozzle axis

JIZL B 7~ 11 75 s B T IX — A

FE A I AE A WAL 46 B L AT ARG L R AR
XTI N, A O, A9BSR 3, 2B N,
O, 1B IR 3 BUOAE W45 WL 457 BE AR G B8R (1 7 (181 8 Jir
7R 5 T AE WA 3 5K B, A0 B A IR AR, I e
N JEFF O J5 1 52 G 800 3, Xt & 307 w4
oK B N, FI O, 09 B JR 53 BOR L W4 Bo Tt 5 .

& 7~ 11 7T LLE L 7E A WA 5k B
AU U AR R L L B O 2 AR A B RN T A A R B

FLHE S A W 1 6 24 2 -
0.7984 f e
5 3
"E 0.?980: i
2 - Gupta
2 07976 ——— Dunn/Kang
® s
(=]
= 07972F
07968™"3"""50 100 150 200
x/mm
(a) Ma3.5 W4
0.778 ¢
0.776
=
S 0774
8
g 0.772
=}
L; 0.770 -
—— Par
= —_—
pta
b Dunn/Kang
0.766 0' % T
x/mm

(b) Mad.5 54§
7 N, BERHAHEHWEWMEDH

Fig.7 Distribution of N, mole fraction along nozzle axis
0.1785
., 01780 ——
b AN
Q Park
g 0.1775 Gupta
I ———— Dunn/Kang
& 0.1770F
L
=
Z 0.1765F
QiLze0 0 50 100 150 200
x/mm
(a) Ma3.5 Wi
0.164
0.162 Vi —=
é,
5 0.160F Park
g Gupta
é 0.158 ——— Dunn/Kang
B
2 0.156
[=]
=
0.154
01252250 100
x/mm
(b) Ma4.5 W8
8 O, ERABIEEBEMES T
Fig.8 Distribution of O, mole fraction along nozzle axis

B] 3 sl A A5 7E WSS DT 9K BEL N, L O, WNLOLNO %54
A5y W BE IR A B FE AR RN TR A AR AL, RIAE B8 I ik
Bt W sl SR R



272 = Kb

¥

o5 38 4%

AR AR RN IS T A L . 2 5 i kA Ak
SR L2574 NOLO JRF N JRF 5445, Xt
2053 S XH R be 2 T (R RRE/ a3 SRR Ak B 7 A R
BN O J5 1 47 76 23 X BR B A2 #F VE L T NO i
TR AR E L X R B IR . DRI AR A
B T4 1 B i 3E — 2B BIF 5T R 5 v I
R RAEE R L, RS RERY T Mad.5 B
XN CAT DAL 9 MR A, BB, WA O ER
1 B EN, F O, A B AR B T R, HE I R A Y
O T K NO S Ma3.5 B R . Ma 3.5 W
B Mad.5 B 1 TR O B B R 53 500 3 ok
0.04%~0.11%F10.75% ~1.25% (& 10 fr7R") . NO
TE WA A8 T 108 B R 43 K003 3 2R 2.3 % ~2.57 V6 Al
4.8%~6.0% (& 17 FE 18 ffn) . 5 [RIBf . N Jf
TAEWABUE O & RILT RE(E 9 i) .

10
42 8
% OF Park

Gupta

§ 4r ———— Dunn/Kang
2
E 2f
=
s of

) P il 1 ol Loy 1

0 50 100 150 200
x/mm
(a) Ma3.5 W%

12 ¢
".E
Z Park
o Gupta
=]
k= ——— Dunn/Kang
g
=1
L
=
E -

= : " L ol 1

0 50 100

x/mm
(b) Ma4.5 W%

B9 NEFERSEAREREN T
Fig.9 Distribution of N mole fraction along nozzle axis
Xf H Park,Gupta,Dunn/Kang =fpalizs S Ak
SR8l Sy TRl LU L 2R Gupta [ 07 A6 1Y
BN RO, B B A B e K (I 7 8 frs) s IR
FEAERY O R e NO 5 8 A e H At 94 Sz A5 28 i
R A 108 11 BR) . 7E Ma3.5 B H LR
1 Gupta BRI HRFH O J7 19 2 H Al A S
AR e 37.5 %08 175 %6, NO 5 dit L H AR T AN K2 i
RIS 8.7 %0 s HE Ma 4.5 W45 H 11, >R F Gupta £ 51}
SEARARE O B3 i FHAR P A SO A Y 7 19 06 2

78.6 %, NO & & L H AL WA S i AR A g 7 %08k 19.8%
B B SR 3, = A B2 AR Y 5A 3R A5 10 4% AN 4L 40 7
A PN 0 B M A 1 AR T ) 0 A R —

0.0020
o 0.0015 Park
“ A —— Gupta
g D = Dunn/Kang
$0.0010F \\
£ L\ —
© I
<0.0005
0 1 2 L L. 1 i L
0 50 100 150 200
x/mm
(a) Ma3.5 Wi4%
0.018
0.016
o [
S 0.014f
k) ]
£ 0.012f
£ r
2 0.010 Park
§ r Gupta
0.008F Dunn/Kang
0.006 0 50 100

(b) Ma4.5 W%

B10 ORFERSHLEHESHEST

Fig.10 Distribution of O mole fraction along nozzle axis

0.0255¢
0.0250 F
z
Z 0.0245F
g
.§ 0.0240
£ [ Park
o 0.0235F Gupta
§ Dunn/Kang
0.0230 /"'-—
0.0225™0"""56" 100 150 200
x/mm
(a) Ma3.5 Wi4&
0.066:-
0.064
o 0.062F \
£ 0.060f
£ 0.058f——
2 0.056f
i Park
o 0.054p oy ——— Gupta
E 0.052F \ ——— Dunn/Kang
0.050f
0:048 0 50 100

x/mm
(b) Ma4.5 W%

11 NOERSEIEHREMES

Fig.11 Distribution of NO mole fraction along nozzle axis



23

BN REE WO RO P U B =z AR B WA Y A2 AR S B i sl 273

P12 W5 O 1 NO BEE IR 20 B0 #i b y
=0 FoRBUE P B Ly =22.5 mm R
I BETH . BRI RLE L TR X T Ma 3.5 WA b
JE Ma 4.5 WU, NO ZEBTE I DGO NI & 2 5
MR ERR SR E AR K, T Ma3.5 B R,
NO 7E B 1 B2 N B AR O T R &
T L X Ma 4.5 BEAE I . NO 7B 11k A7
J2 NI TR A% T I R AL

0.0260
0.0255 /
Z 0.0250F
B
= 0.0245F
S
& 0.0240F —— Park
& Gupta
= 0.0235F Dunn/Kang
= —
0.0Bf——
L2 5 ap 15 40
y/mm
(a) Ma3.5 W4
0.062
0-060i
o U.O?S:-
£ 006~
S 0.054F
2 0.052F
g i S
£ 0.050F By
2 0048} e p
= 0.046F — Gupta
0.044F ———— Dunn/Kang
o | | IS S S N O T W [ 'Y
004203510 15 20
ymm

(b) Ma4.5 W%
B12 BEHOEHE NOERSHSH

Fig.12 Distribution of NO mole fraction at nozzle outlet

4 &5 8

R T IR RAT R 8 A 9 BB EK v R & S AL EL
I 5T R A B B 1Y FD-14 380 XU 2 it
BT WO G S R R HiE e . Wl
SRR AT SR 8 A 9 BRI ZS B A AR 5 e
[ 35128 8 ms A1 5 ms, VG498 5.9 MPa Fl
9.5 MPa, B0 34 2520 K F1 3380 K, il Bk A 1
RE T RIHIRE

* M Park.Gupta,Dunn/Kang = Ff &fi 25 S k2%
S Bl F7 AR 6 P A B O 5 5 WA P (e A
TR A 3.5 T 4.5) I Ak 2 AR S i 3tk
17 WEoE . THRSS SR SR W . A W4 i AR B Ok e T
T BEAR R, 5 BO7E 12 DX Sl 45 A 4 0 1Y B R 43 B0 Ak
AeH RN, 7 W AR B, N FL O, 1Y B i R0
L MEBE Y KB N R O 5 18 & 30 5

R, FEWUE YK B, 45 Ao B EE IR A B AR
S U B0 A 0 MR VR 5 U RRAE . SRR AR 3.5 A
HTh R 4.5 WEAE 10 NO EEIR IR 904 2. 3% ~
2.57T% M 4.8% ~6.0%, O J&E T BE IR 43 K05 % N
0.04% ~ 0.11% Ml 0.75% ~ 1.25%., X} F Park,
Gupta,Dunn/Kang = &4l 25 S b 2% W 8l J7 24 1 A
M5 R Gupta WAL, N, A1 O, [ 5 i 72 B
KL H R = AR NO K O JR P& o, 22 =
A BN ASE B B AR AT 1 4% A 2H 23 A WA N R B A
H T AR T Y o A R — 3 .

T2 KX AT SRR 10 K DA B R B R S
AT PRI, I % A R IS A i Ak 2= AR ST A I sl i AT
BAHT . AL, BT O G A R b & i K
5 AW A O BIRAR &, 0T DAt — 25 2% lEmAE N3
TR 7 2 T X A A ) A - 4 Bl T e sk
— LW

& % x #:

[1] LAURENCE S J, SCHRAMM ] M, KARL S, et al. An
experimental investigation of steady and unsteady combustion
phenomena in the HyShot II combustor: ATAA 2011-2310[R].
Reston: ATAA, 2011.

[2] KARL S, HANNEMANN K, MACK A, et al. CFD analysis of
the HyShot II scramjet experiments in the HEG shock tunnel:
ATAA 2008-2548[R]. Reston: AIAA, 2008.

[3] KINDLER M, LEMPKE M, BLACHA T, et al. Numerical
investigation of the HyShot supersonic combustion configuration,
ATAA 2008-5167[R]. Reston: AIAA, 2008.

[4] KANEKO M, MENSHOV I, NAKAMURA Y. Computation
of nozzle starting process with thermal and chemical
nonequilibrium in high-enthalpy shock tunnel: AIAA 2002-
0142[R]. Reston: AIAA. 2002.

[5] SCHRAMM ] M, KARL S, HANNEMANN K, et al. Ground
testing of the HyShot II scramjet configuration in HEG.: ATAA
2008-2547[R]. Reston: AIAA, 2008.

L6] JAYL, 207, WIS R, 5. 8 iy o I s B 0L K A il 2 s Ry A 7

X H AT ], b BOAT 28 AL K K % % i, 2017, 43(6): 1173-
1181.
ZHOU K, LI X D, HU Z M, et al. Comparative study of
thermal-chemical reaction models on simulation of hypervelocity
flow [ ] ]. Journal of Beijing University of Aeronautics and
Astronautics, 2017, 43(6): 1173-1181. (in Chinese)

L7 ¥4 WA, vk XU dnd 7 D00 vt 50 T s 00 A S A 2800 18 5501 43 BT
[DJ. dbat: s EBER W50, 2017.

[8] PARK C. JAFFE R L, PARTRIDGE H. Chemical-kinetic
parameters of hyperbolic earth entry [ ] ]. Journal of
Thermophysics and Heat Transfer, 2001, 15(1): 76-90.

[9] GUPTA RN, YOSJ, THOMPSON R A, et al. A review of
reaction rates and thermodynamic and transport properties for
an 11-species air model for chemical and thermal nonequilibrium
calculations to 30000 K[R]. NASA RP-1232, 1990.

[10] Dunn M G, Kang S W. Theoretical and experimental studies of
reentry plasmas[ R]. NASA CR-2232, 1973.



B h ¥ FE R Vol.38,No.2
RODYNAMICA SINICA Apr.,2020

$38E H2l
2020 4E 04 H AC

= Kt
=P

XEHE. 0258-1825(2020)02-0274-07

X LT B2 T 7K = XUBY 0 538 3 R

WEE, ke, BT, LR, BAH

(1. WL K% B TRk, MM 310058; 2. EMWITE B IARAHR, HiM 310007

O ARAR B B KT AR AR SR BT B IR AK Bl ) 2% (CFD) 5 % 22 45 HEB L i J5 HE 51 13 5143 10 X0
L 7K ST SRR i L A 43 A 495 AE 2R AT T F 9% 5 38 0o B R T B0 KU 86 30 T CFD RSB0 e 1t . AR 9X 8 0 . ik
IR RN L 1) 43 A R AT S L LU BRI LS 43 500 2 s X e R A R U X 5 2 A HE B B LL i T L B
L% [ B 1 /0 T4 s UL TRTEE Sy O B0 38R L i DKo B L 100 0 38 L e /0 5 0 L AR X T 0L ] BB TE 55 S 15 O 5
R 25 HEH LR BL R BT LU LU SR AR JE L 8 A5 L 6 7 S XU BRI, K S XL i b R BRI
=L >> 5 g A L E = 25 BN s REEE BT KU A X LD TRUK P XU L 9 5 e /D 5 LI iR CFD 3 545
S5 WA /50 VG 2 B L BB, v R OG F L A 5 b i B S LU B AR ST

KEEIE : CFD; K WG 5 ik L 5 1L Mo #5525 XL

hESHES:TU3L2 XERARIZAD : A doi: 10.7638/kqdlxxb-2018.0109

Speed-up effect of horizontal wind velocities on two adjacent hills
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Abstract: In order to study the horizontal wind speed-up effect on two adjacent hills,
computational fluid dynamics (CFD) simulation was employed and systematic analysis was made.
The speed-up ratios of the two hills in parallel, tandem, and staggered arrangement were
obtained and their distribution characteristics were investigated. The speed-up ratios of typical
cases obtained from the CFD simulations were compared with those obtained from the wind
tunnel tests in order to validate the present CFD simulation. Results show that, typical
characteristics of horizontal wind speed-up ratio on a hill are that the front part, hill crest and
rear part are the deceleration zone, the maximum acceleration position and the wake zone,
respectively. The speed-up ratios of the two adjacent hills in tandem arrangement increase with
the decrease of the hill distance and reach their maximum values when the hill distance is zero.
The speed-up ratios of the isolated hill are less than those of the two adjacent hills with arbitrary
hill distance, indicating that the isolated hill case is equivalent to the two hills with infinite hill
distance. For two adjacent hills in gapless staggered arrangement, the front hill has shielding
effect on the rear hill to some extend, and the existence of the rear hill slightly reduces the wind
velocity of the front hill. Therefore, the speed-up ratios of the front hill are bigger than those on
the rear hill and smaller than those on the isolated hill; however, the discrepancy between them
is insignificant. The speed-up ratios of the hills obtained by the CFD simulation are close to those
obtained from Australian and New Zealand Code, and the regulation in the Chinese Code
regarding the horizontal speed-up ratio is relatively conservative.
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Fig.5 Grid meshing of two hills in parallel arrangement
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Local scattering theory for transition prediction in boundary-layer flows

DONG Ming”

(Laboratory for High-Speed Aerodynamics, School of Mechanical Engineering » Tianjin University , Tianjin 300072, China)

Abstract; With the development of aerospace technology, higher and higher accuracy for
transition prediction is required in engineering. Because the traditional transition prediction
approaches based on smooth boundary layers do not satisfy the accuracy requirement when
surface imperfections, e.g. roughness, steps and gaps, are present, it is of practical importance
to develop a new model to predict transition with the impacts of surface imperfections being taken
into account. For natural-route transition triggered by the accumulation of the boundary-layer
normal modes, the transition onset may be affected through the local receptivity and linear-mode
local scattering regimes, therefore, a new transition-prediction model can be developed by adding
the quantitative impacts of the two regimes to the traditional e" transition-prediction approach. In
order to quantify these impacts, the author and his collaborators developed a generic theoretical
framework, the local scattering theory. Through combination of large-Reynolds-number
asymptotic and finite-Reynolds-number theories, this framework describes the two system
characteristic parameters, i.e. the local receptivity and transmission coefficients, which are used
to predict the variation of the transition onset influenced by the surface imperfections. The
present paper reviews the progress of the local scattering theory in the recent years, and
highlights the applications of the theory in the viscous and inviscid instability regimes in two-
dimensional laminar boundary layers.
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on transition and the neutral curve
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Stability analyses of leeward streamwise vortices for
a hypersonic yawed cone at 6 degree angle of attack
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(1. State Key Laboratory of Aerodynamics, Mianyang 621000, China;
2. Computational Aerodynamics Institute of China Aerodynamics Research and

Development Center, Mianyang 621000, China)

Abstract: The stability of leeward streamwise vortices over a Mach 6 yawed cone with 6 degree angle of attack is
investigated by using direct numerical simulation (DNS) and stability analyses including spatial BiGlobal and plane-
marching parabolized stability equations (PSE3D). It is found that a pair of strong streamwise vortices inducing low-
speed mushroom structure simultaneously emerge in the vicinity of the leeward plane. Theoretical results indicate
that both low-frequency sinuous modes and high-frequency varicose modes may play an important role in the
breakdown of the streamwise vortices.

Keywords: instability of streamwise vortices; hypersonic boundary layer flow; DNS;spatial BiGlobal method; PSE3D
method
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0 Introduction

Laminar-turbulent boundary layer transition is one of
key factors affecting vehicles that operate atsustained
hypersonic speeds. A cone at a certain angle of attack
(AoA) is frequently encountered in practice, and at the
same time is also one of the simplest flow configuration

to study the three-dimensional boundary layer transition.

x W FS EHI:2020-02-14; fEIT HH#A:2020-04-09

For a yawed cone, the pressure within the windward
plane is much higher than that within the leeward plane.
The resulting pressure gradient drives the fluid to move
away from the windward plane towards the leeward
plane, inducing strong cross flow in between and a pair
of counter-rotating streamwise vortices near the leeward
plane. The cross flow may support crossflow instabilities

which eventually lead to turbulence through secondary
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instabilities, as has been extensively investigated M.
On the other hand, although the transition within the
leeward plane has been experimentally measured under

B4 numerically documented™ and

various conditions
theoretically considered™™, the underlying mechanism
remains largely unclear.

Since the leeward transition is most likely caused by

the of the

corresponding transition mechanism may thus be similar

breakdown streamwise  vortices,
to other flow configurations with streamwise vortices
being dominant. A typical example is the centerline
transition of the HIFiRE-5 elliptic cone at zero AoA.
Similar to the yawed cone, spanwise pressure gradients
also cause cross flow over the elliptic cone surface and
induce a pair of streamwise vortices and a mushroom-
like low-speed streak around the center line. Since the
centerline flow structures exhibit prominent variations
in both the span and wall-normal directions, two-

or BiGlobal

should be utilized in order to adequately predict the

dimensional stability analysis analysis

stability characteristics along the center line. Choudhari
.-, without accounting for curvature effects, are
the
the
the

vicinity of the center line. Through spatial BiGlobal

et a
the first to perform BiGlobal calculations for
Their highlighted

necessity of considering spanwise variations in

centerline stability. results

analysis with the curvature effects being taken into
and  Theofilis"™* 1" the

coexistence of varicose and sinuous centerline modes

account, Paredes showed
whose wavenumbers and growth rates are nearly
coincident at a low unit Reynolds number (1.89 X 10°/m).

M analyzed a larger unit Reynolds

Later, Paredes et al.
number (1.015 X 10"/m) case for the same model,
and found that the varicose mode is more unstable. The
differences of these two cases are attributed to different
mode distributions that the centerline instabilities in the
latter case peak closer to the symmetry plane than those

in the former, and thus are more sensitive to the

Li et all'¥

symmetry characteristics. Recently,
demonstrated that varicose and sinuous modes both
possess two branches of instabilities, i.e., Y mode and
Z mode. Y mode,

identified by Paredes and his coworkers, locates at the

similar to the unstable modes

shoulder region of the mushroom structure, while Z

mode resides in the stem region, with lower phase

velocities, growth rates and frequencies than Y mode.
Choudhari et al.”"* considered the centerline instabilities
of the elliptic cone at a small AoA (—1.2°) under the
HIFiRES5b flight experiment condition at one instant
where a cold wall condition was prescribed. Their
PSE3D results showed that sinuous fluctuations can first
reach a peak N-factor of approximately 15 at the
transition location estimated from the flight data. Similar
centerline vortex structures also emerge in another flight

BoLT. The

experimentally measure

model, centerline instabilities were

d™*1% and numerically calculated

Their

results indicate the presence of low-frequency disturbances.

via the dynamic mode decomposition method"".

Nevertheless, detailed instability characteristics remain
to be solved through extensive stability analyses. Beside
the centerline structures on these three dimensional
boundary layers, Gortler vortices in a concave wall also
manifest as a pair of counter-rotating streamwise
vortices as well as low-speed mushroom structures. In
contrast to the centerline instabilities of the elliptic
cone, varicose and sinuous modes of Gortler vortices
exhibit quite different characteristics concerning with
growth rates, frequencies and mode shapes (see, e.g.,
recent works of Chen et al."*) and Li et al.l'*0).

In this paper, the boundary layer transition in the
vicinity of the leeward plane on a yawed cone at Mach 6
is studied with help of DNS and stability analyses for
the first time. The objective is to uncover the underlying
transition mechanism, and to make comparison with

other streamwise-vortices transitions.

1 Flow configuration and basic state

The model (Fig.1(a)) in the present study is a 7°
straight circular cone with a nose radius of 1 mm placed
at 6° angle of attack. The incoming flow conditions
correspond to a free-stream unit Reynolds number of
1.0X10"/m, Mach number of 6, static temperature of
79 K. Isothermal wall condition is utilized with the wall
Tw=300 K. The

simulation of boundary layer transition over the whole

temperature direct numerical
model was carried out using the OpenCFD developed by
Li et al.”®™. The simulation strategy consists of two
steps. First, the steady base flow of the entire cone is
computed using the finite-volume algorithm with a

second-order accurate scheme. In the second step, the
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calculated steady flow serves as initial and out-boundary
conditions for the transition simulation which is
performed for a smaller block (X €[50 mm,700 mm ])
without the nose part of cone. In the transition
simulation, the inviscid fluxes are computed by using a
seventh-order ~ weighted  essentially  nonoscillatory
(WENO) finite-difference scheme, while the viscous fluxes
are discretized using a sixth-order central difference
scheme. The time integration is performed using a third-
order Runge-Kutta scheme. Steady blowing and suction
{luctuations (wall-normal velocity varying in the range of
4+0.1% of streamwise velocity), randomly distributed
in the azimuthal and streamwise direction are forced in
the range of X € [90 mm, 100 mm | to trigger the

transition (see also Li et al.F’?).

Ma=6
Re,=10"m
T=79K

(a) Sketch of the cone model with the body oriented

coordinate and flow conditions

(b) Crossplane contours of streamwise velocity are shown
at axial locations from X =120 mm to 350 mm

with a step of approximately 16.4 mm

Fig.1 Model and time-averaged flow structure

B 1 ARG EN

A structured grid is used, with 3000 in the axial
direction, 1500 in the azimuthal direction, and 300 in
the surface normal direction, amounting to a total of
1. 35 billion grid points. The grid convergence has been
examined by comparing the base flow with a coarse grid
with 0.5 billion points and the discrepancy is negligible.

Figure 1(b) depicts the crossplane contours of time
averaged streamwise velocity at selected stations along

the cone length from the transition simulation. The

velocity contours clearly indicate a roll up of low-speed
fluid forming a huge mushroom structure in the vicinity
of the leeward symmetry plane, along with a series of
nearby cross vortices. The pair of vortex structures
within the sides of the mushroom cap appear to be lifted
up in the downstream due to the self induction of
vortices in parallel, resulting in a rapid growth of the

height of the mushroom structure.

2 Linear stability theory

2.1 Spatial BiGlobal method
We consider the stability characteristics in the cross-
section by decomposing the flow field in a body-oriented

coordinate system as follows
q(&7.0.0 = q(5.0) +q(.0)expliaé —iwt) + c.c.
@y
where g=(u,v, p,T,w), q the basic states, qA the
shape function of the disturbances. « represents the
streamwise wavenumber. w is the angular frequency
with the corresponding dimensional frequency f. After
substituting the above decompositions into the Navier-
Stokes equations, subtracting the basic states and
neglecting the non-parallel and nonlinear terms, one

obtains the eigenvalue problems as

0 1 y 1 o0 ]
( j ‘{a( j 1 o
_A() _Al aq 0 _AZ aq

for the spatial approach where « is to be solved with w
being given. Here, A,, A,, A, are linear operators.
The boundary conditions are

u=v=w=T=0, at n= 0,00 3

These linear operators are discretized using the fourth
order finite difference scheme in the 7 direction. Since
we only focus on the modes whose mode shapes
exclusively concentrate within the mushroom structure,
the eigenvalue problem is not sensitive to the spanwise
boundary conditions so that we can simply apply
periodic boundary conditions and use Fourier collocation
method in the @ direction. The eigenvalues are then
determined by using the Arnoldi’s method. Because of
the azimuthal symmetry of the basic state, the
disturbances within the mushroom structure can be
divided into symmetric (varicose) and antisymmetric
(sinuous) modes on the basis of the distribution of the
temperature perturbation. The sinuous modes are

associated with zero temperature fluctuations at the
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symmetry plane, whereas the varicose modes have zero
azimuthal temperature gradient fluctuations. Therefore,
we only need to consider one side of the symmetry plane.
The grid distribution and points number have been
adjusted to assure the convergence of the eigenvalues.
2.2 PSE3D method

In contrast to the local stability analysis introduced
PSE3D incorporate

initial conditions and

In the PSE3D formulation, the

above,
nonparallel effects.
disturbance is decomposed into a rapidly varying wave-

like part and a slowly varying shape function as follows
q(S s 96 9t) - (j(f o7 90) +qA(€ i 10)CXP(IJ adf —lwt) +C.C.
¢

€Y)
where L;(E »7,0) is assumed to vary slowly with & so
that 92(;\/982 1. Substituting (4) into the Navier-
Stokes equations, and neglecting nonlinear terms as
well as higher derivatives of q with respect to &,
yields linear PSE3D equations as

L —l—Maq 0 (5)
q FE:

where L and M are linear operators discretized by
the same schemes as used in BiGlobal. Equations
(5) are solved using backward Euler method with
the initial profiles provided by BiGlobal. To avoid
the ambiguity in the &-dependence between qA and « ,

the wavenumber at each station was updated as

new __ oldii N 871; T 97‘1/)\ - aA
ot e B B )i
(6)

where
EEUP*(\J\UF o |? 4+ |w|?) rdpdd  (7)
7

and the asterisk denotes the complex conjugate.
This iteration continued until the latest change was
less than 10°. Note that the curvature effects have
been included in the linear operators of both
BiGlobal and PSE3D.

3 Results and discussion

3.1 Theoretical results

Figures 2 and 3 show development of growth
rates from X =80 mm through X = 280 mm for
unstable varicose and sinuous modes, respectively.
It can be observed that leeward-plane instabilities

are continually enhanced before approximately X =

200 mm, and are gradually stabilized further
downstream. For the varicose modes, modes V1 and
V2 first appear; mode V1 remains to be mild, with the

peak frequency increasing from around 50 kHz to 120 kHz in

VI 4V2 V3 sV4 +V5 +V6|

30— 50 Ly
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Fig.2 Growth rate of unstable varicose modes at different flow
direction stations, and frequencies in the range of (0,400) kHz
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the downstream direction; after a rapid growth between
the first two slices, mode V2 becomes dominant except at
the fourth slice where mode V4 with higher frequencies is
most unstable; other modes possess moderate growth
rates, and thus may play a secondary role during the
transition process. The results for the sinuous modes

closely resemble those for the varicose modes. The most

(1819211 © wwhile the outer modes appear

for Gortler vortices
to be closely related to the “Y mode” of centerline
instability for the HIFIRE-5 elliptic cone °'* and other
modes than the stem mode for Gortler vortices. Since
inner modes lie closer to the symmetry plane of the

mushroom structure than the outer modes do, inner

70 * VI
prominent discrepancy is that the low-frequency modes, 60 Sy : xg
S1 and S6, appear to be always dominant. L " cooea, : xr;,

.. . . . S LT e
The similarity and difference between the varicose g Or 2 2 t; ®e _—
. . . = 30F *eof§0 R
and sinuous modes can be further illustrated by Fig.4 z s " - 8 °® . . b . 4 82
i . 220F e0e) & 8 o 83
which compares the growth rates and phase velocities, L ce & 8 o ‘S";‘
. . [~ i ] o
and by Fig.5 which compares the mode shapes at X = 0 i i y
. . 0 100 200 300 400
200 mm. Several observations can be made. First, each Hoduentyliiis
varicose-sinuous mode pair ( with the same mode (2) Growth rate
number, e. g. modes V1 and S1) bear a strong -

95

resemblance in phase velocities and mode shapes, while :xnl,

: - e, 3

the growth rates may differ greatly. Second, the modes 2 0.90 E: = 22 ; ; - = 88828 :Si

can be roughly divided into two groups according to z AsZaAsrr® eV5

.. 2 0.85+ #S1

phase velocities and mode shapes. Modes V1, V6, Sl 'T? N ASD

and S6 possess low phase velocities (0. 8) and reside é‘ 080F 4 223

[-™

almost exclusively in the stem region of the mushroom Taw L 085

structure. Therefore they are conveniently referred to n,?sn |[I}[] g(lm 3(‘;(] 400

inner modes. The other modes possess higher phase
velocities (2 0. 9) and mainly concentrate on the
shoulder region, hence can be referred to outer modes.
It is interesting to note that the inner modes look similar

to the “Z mode” of centerline instability for the HIFIRE-5
[12]

and the stem mode of secondary instability

elliptic cone

Frequency/kHz
(b) Phase velocity

Fig.4 Comparison of growth rate and phase velocity of unstable
varicose modes (filled symbols) and sinuous modes (unfilled
symbols) at X =180 mm
B4 X=180 mm ffL4b, W FRER (EOHFS)M
EAMRES(ZOHFS )RS EMMEEE S X

Zimm Zlimm Z/mm

~J

4

Zimm Z/mm “Zimm

Fig.5 Comparison of normalized mode shapes (temperature) for the unstable varicose modes V1~V6 (a~f) and sinuous modes S1~S6 (g~1)
at X =200 mm. The frequency is chosen to be the most unstable component of each mode. The temperature base flow is also displayed.
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modes are thus more sensitive to the symmetry than
outer modes. This explains why the inner modes exhibit
remarkable discrepancies in growth rates for each
varicose-sinuous mode pair, while the growth rates of
each varicose-sinuous outer modes nearly coincide.
Similar phenomenon has also been observed by
Choudhari et al. ™*1 in the HIFIiRE-5 model.

Figure 6 displays the normalized amplitude

distribution of the streamwise velocity gradient
components, |dU/dy| and [dU/9G|. It can be observed
that the instabilities all reside in the high-shear regions.
In particular, modes V1, V3, V4 and V6 appear to be
associated with the spanwise shear, while the other
modes seem to be related to the wall-normal shear. The

same holds for the sinuous modes.
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Fig.6 The normalized amplitude distribution of the streamwise
velocity gradients at X =200 mm
('The solid lines show the streamwise velocity contours)
6 WP—EHREEEHE, X=200 mm
(SRR TR EEEEEL)

At last, the spatial structures of the dominant varicose
and sinuous modes at X =120 mm and X =200 mm are
reconstructed in Fig.7. The relative positions of the outer
modes (a, ¢) and the inner modes (b, d) are clearly
shown. In the upstream, the dominant varicose mode
resides in the top of the mushroom structures, which is
similar to the typical varicose instability of Gortler
vortices (see e.g. Chen et al. ")), At the next slice,
both instabilities manifest as helical structures, as are
also observed in the HIFiRE-5 model?, the BoLT
model""?* and Gortler vortex flows™.

To characterize the axial evolution of the unstable
disturbances and establish a topological connection
between the mode shapes at different axial stations,
PSE3D are performed across a range of mode

frequencies. The amplitude evolutions shown in Fig.8(a)

clearly indicate that sinuous modes (solid lines) can

reach much higher N-factors than varicose modes
(dashed lines) do, of which the most amplified sinuous
component is 80 kHz while the most amplified varicose
components are 120 kHz originating from V2 and 260 kHz
from V4. Figures 8 (b, c¢) compares the amplitude
evolutions obtained by DNS, BiGlobal and PSE3D for the
most amplified varicose component 260 kHz and sinuous
component 80 kHz, respectively. Two observations can be
made. First, the theoretical results favorably agree with
the DNS results. The discrepancies in the beginning and
in the late stage are attributed to the transient behaviors
of DNS disturbances (i.e., consisting of multiple types
of fluctuations) and nonlinear effects of disturbances
(appearing first in the varicose mode), respectively.
Second, PSE3D and BiGlobal results are very close
except for the initial stage where the initial profiles
provided by BiGlobal will undergo a transient stage in
PSE3D.

The mode shape evolution of the dominant varicose

(260 kHz) and sinuous (80 kHz) modes are shown in

(a) V2, X=120 mm

(d) SI, X=200 mm

(c) V4, X=200 mm

Fig.7  Spatial structures illustrated by isosurfaces of normalized
temperature mode shape (£0.2) for mode V2, mode S1 at X =
120 mm, and of mode V4 and mode S1 at X =200 mm, together
with the base flow isosurface (1.87 T.)
(The streamwise scale is equal to two wavelengths of each mode)
E7 RESEEETHESTHLEN
(REREAWANEERERK)
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Fig.8 Disturbance amplitude evolution of a single frequency.

Comparison of amplitude evolutions from DNS, BiGlobal and

PSE3D have been made for two most amplified mode. Note that

the amplitude from DNS is obtained by the average of the (fast

Fourier transformation) amplitudes in certain frequency bands (250~
270 kHz and 70~90 kHz).
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Figs.9 (a-f) and (h-1), respectively. For the varicose
mode, the disturbances initially locate at the mushroom
cap, and gradually shift down to the shoulder region
with another small peak emerging in the inner side since
the slice of Fig.9(c). In contrast, the fluctuations of the
sinuous mode reside in the stem region in the upstream

region, and gradually spread outwards along with the

rolling of the fluid, inducing another peak in the cap.
3.2 Statistic results from DNS

In this subsection, the statistic results from DNS are
presented to highlight the transition process upon
comparison with the results from the stability analyses
above. Figure 10 displays the normalized r. m. s.
distribution at three streamwise slices. The spectra
obtained at the local r. m.s. peak positions are also
shown. In the upstream, the disturbances concentrate
on the top of the mushroom structure, which is
consistent with the predominance of mode V2 there (see
Fig. 7 Ca)). However, the corresponding spectrum
exhibits a peak frequency of approximately 600 kHz,
nearly three times higher than the dominant frequency
(around 200 kHz) of mode V2. Where such high-
frequency disturbances arise is unclear yet. At the next
slice, r.m.s. distribution forms new local maximums in
the shoulder and stem regions of the mushroom
structure, in addition to a weak one on the head. The
dominant disturbance frequencies for the head region are
in range of [ 160 kHz, 220 kHz], and move to a slight
higher frequency range for the shoulder region. The
spectra and the filtered r. m.s. distribution (in Fig. 11)
indicate that the disturbances at these two regions
consist of the outer modes, of which the disturbances at
the shoulder region likely evolve mode V4/S4 with the
disturbances in the head region being mainly contributed
by other outer modes. At the stem region, two peaks
appear in the spectrum, one similar to that at the
shoulder region, the other one lying in a much lower
frequency range, which indicates the coexistence of two
types of instabilities there. Comparison between the
filtered r.m.s. distribution (Fig.11(c)) with the mode
shapes from the PSE3D results indicates that the low-
frequency peak corresponds to mode Sl. For the last
slice, the r.m.s. has spread to the whole mushroom
structure. The spectrum at the shoulder region displays
a broad plateau for [0,200 kHz], while the spectrum at
the stem region shows a prominent peak at
approximately 90 kHz. The high-frequency disturbances
in the range of [ 200 kHz, 400 kHz] become relatively
insignificant compared to the spectra at the previous
one. This trend is consistent with the results of stability
analyses which predict that low-frequency instabilities

gradually take over in the downstream region.
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4 Conclusions

In this paper, sophisticated stability analyses (spatial
BiGlobal and PSE3D) and DNS are performed to reveal

the leeward-plane transition mechanisms on a

hypersonic yawed cone for the first time. The low-speed
mushroom structure induced by the leeward streamwise
vortices is shown to be susceptible to multiple unstable
modes. The unstable modes can be further classified as
outer modes and inner modes. Outer modes with higher
phase velocities and frequencies, reside in the shoulder
and head regions of the mushroom structure, whereas
inner modes being located at the stem region possess
lower phase velocities and frequencies. Both outer modes
and inner modes contain varicose and sinuous
components, The sinuous components dominate for
inner modes, while for outer modes the varicose
components are more unstable in the upstream but
gradually collapse with the sinuous components in the
downstream. Good agreement between the stability
analysis and DNS results are obtained, except that the
disturbances from DNS in the upstream region show
much higher frequencies than prediction.

Stability of leeward streamwise vortices is found to
bear a remarkable resemblance with instabilities of
streamwise vortices in other flow configurations Ce. g.
elliptic cone, the BoLLT model and Gértler vortex flows)
in the sense that varicose and sinuous instabilities
coexist, covering a wide unstable frequency range from

tens to hundreds of kHz.
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Linear stability analysis of hypersonic boundary layer on a flat-plate
with thermal-chemical non-equilibrium effects

CHEN Xianliang, FU Song”

(School of Aerospace Engineering s Tsinghua University s Beijing 100084, China)

Abstract: The research on hypersonic boundary layer transition is a recent focal point in
aerodynamics. For the so-called ‘natural transition”, where the level of environment disturbance
is low, stability analysis has been proved to be a helpful technique in studying evolution of
disturbances. On the other hand, temperatures in hypersonic boundary layer increase dramatically
with Mach number. Extremely high-temperature causes the so-called ‘real-gas effects’, or more
exactly, ‘thermal-chemical non-equilibrium effects’, which invalidates the calorically perfect gas
assumption, and inevitably influences the stability and transition process. The flow treated in this
paper is a hypersonic boundary layer on a flat-plate with thermal-chemical non-equilibrium
effects. Linear stability theory (LST) is applied to study the effects thermal-chemical process
take on modal instability. Meanwhile, the evolution and synchronization process between discrete
and continuous spectrum are explored. Results for the 2-D hypersonic boundary layer where the
2nd mode dominates are concluded as follows. Firstly, disturbances are more thermal-chemical
frozen than the basic flow. Secondly, the new term in the disturbance equation introduced by the
non-equilibrium source term has little effects on stability. The differences in stability behaviors
between non-equilibrium and calorically perfect gas mainly attribute to different basic flow
profiles. Thirdly, speed of sound is crucial to Mack modes. The different evaluation of the speed
of sound for thermal-chemical equilibrium flow is the answer to the unconventional trend that a
cooler and thinner boundary layer has lower 2nd-mode frequency.

Keywords: hypersonic flow; boundary layer transition; thermal-chemical non-equilibrium effects
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Sensitivity of wavepackets in subsonic coaxial jets
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(1. Department of Modern Mechanics, University of Science and Technology of China, Hefei 230027. China;
2. State Key Laboratory of Aerodynamics, China Aerodynamics Research and

Development Center, Mianyang 621000, China)

Abstract: Coaxial jets are widely applied in Aeronautics and Astronautics. However great limitation generally exists for
predicting wavepackets and noise by theoretical models based on linear mechanisms, and the effect of nonlinearity has
become a research hotspot recently. The effects of nonlinearity on wavepackets in subsonic coaxial jets with different velocity
ratios are studied by adding external harmonic forcing to linear Parabolized Stability Equations (PSE). The present work
focuses on investigating wavepacket model of coaxial jets due to the fact that there are two distinct shear layer modes. With
the mean flow of coaxial jets, the linear model of wavepackets based on PSE is constructed, while the sensitivity of total
disturbance energy with respect to external forcing is obtained by solving the adjoint PSE (APSE). The results show that
the sensitivity and flow response reach their maximum around the inner and outer critical layers, both of them turn out to
be sensitive to external forcing, while the mutual influence between two instability modes can be identified in the
downstream region. Finally, the optimal forcing for the outer mode is obtained using an APSE based optimization
methodology. giving rise to more rapid growth of wavepackets.

Keywords : coaxial jets; wavepackets; adjoint
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0 Introduction

The design of silent turbofan jet engine is an
important issue on civilian aircraft, which usually
comprises a low-speed cold bypass flow and the heated
high-speed core stream. The coaxial jet is capable of
raising the fuel efficiency and reducing the turbulent
mixing noise". In recent decades, much attention has
been paid to the experiments and numerical simulations
of flow developments and noise emission in turbulent

[2-5]

coaxial jets Moreover, from the perspective of

hydrodynamic stability, the evolutions of flow
perturbations in coaxial jets with different operating
conditions (e.g. different bypass ratios and temperature
ratios) have also been analyzed based on local linear
stability theory (LST)"*™, Near the nozzle exit, two
kinds of instability modes, namely, the ‘inner mode’
and ‘outer mode’, corresponding to the primary and
secondary shear layer, can be obtained by LLST, both of
which have a great influence on the initial flow
development, especially the evolution of large-scale flow
structures.

Since the pioneer study of Crow and Champagne'® ,
large-scale coherent structures in turbulent flows have
been studied extensively. Recently, great efforts have
been made to construct wavepacket models for far-field
noise prediction in order to mimic the noise radiated by

large-scale coherent structures in turbulent single-

[9-11] [12-14]

stream jets and coaxial jets Considering the
slow-varying and non-parallel effects of mean flow, a
wavepacket model based on Parabolized Stability
Equations (PSE)*) has been proven to be relatively

effective before the end of the potential core in turbulent

16-20] 21-23]

jets" and also in subsonic coaxial jets"

However, the limitations of wavepackets based on
linear-PSE model are also significant, which cause
underestimation of far-field sound pressure levels (SPL)
greatly in subsonic jets compared to the predictions of
large-eddy simulation (LES)™*2% As stated by Tissot

1.1, the nonlinearity might be the most important

et a
missing factor and should be considered in the modeling
framework. The effects of nonlinearity on wavepackets
and sound generation have gained more and more

[27-30]

attentions in recent years Semeraro et al."'*

discussed that the nature of nonlinearity might come

from nonlinear wave-wave interactions, or stochastic
turbulence interactions. The simplest weakly nonlinear
model considering the nonlinear interaction effect of two
instability modes was proposed by Sandham and
Salgado™?, which was tested numerically in the
subsonic transitional jet?*). It was found that the
nonlinear interactions could raise the acoustic efficiency
to a certain extent at low polar angles in the
downstream region, but such model is still far from the
real situation. Up to now, the nonlinear effects on
sound generation in subsonic jets are still ambiguous,
which are far more complicated in turbulent jets under
realistic operating conditions, since the ¢ real ’
nonlinearity is originated from full Navier-Stokes
equations. In a word, this subject is worthy of further
and deeper investigation,

The present work is inspired by the work of Tissot et
al.”*™, where an °external’ harmonic forcing term
interpreted as the effect of nonlinearity is added to the
linear model in the subsonic single-stream turbulent jet.
The largest sensitivity of wavepackets and flow
responses to this forcing are found to be located in the
vicinity of the critical layer, where the phase speed
equals to the mean-flow velocity at each streamwise
location. However, in the coaxial jets, where two
distinct shear layers accompanied by two critical layers
exist, we here mainly concern about the differences in
sensitivity and response of flow disturbances between
the coaxial jet and single-stream jet, and whether
interplay between two instability modes exists.

The rest of paper is organized as follows. In Sec.1,
the mean flow fields of coaxial jets with different
velocity ratios are obtained by solving Reynolds-
averaged Navier-Stokes (RANS) equations, and the
numerical methods of PSE and adjoint PSE are
introduced. The results and discussions of the local
linear stability analysis, linear wavepacket model based
on PSE and the sensitivity of wavepackets with respect

to external forcing are presented in Sec.2 and Sec. 3.

Finally, the summary of results is presented in Sec.4.

1 Problem formulation

1.1 Flow configuration
In this study, we obtain the turbulent mean flow

fields of subsonic coaxial jets with different velocity
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ratios by solving the RANS equations together with the
SST (Menter’ s Shear Stress Transport ) turbulence
model. A co-planar coaxial nozzle similar to Ref. [32] is
inserted into the computational domain (see Fig.1),
where the primary nozzle diameter is D, =0.1 m and
the secondary nozzle diameter is D=0.2 m. The RANS
computational domain is a cylinder with [ — 2. 7D,
30D ] in the streamwise direction and [0,12D] in the
radial direction, where the center of coaxial nozzle exit
is located at z=0 and »=0. An O-grid based structured
mesh with about 5 million nodes is adopted, with mesh
refinement near the jet exit ¥ =0 and around the two
shear layers at » =0.25D and » =0.5D. The detailed
conditions of two coaxial jets are listed in Table 1,
where U is the velocity, T is the temperature, Ma is
the Mach number and a is the sound speed. The
‘p’ and ‘s’ refer to the exit conditions at
The
Reynolds number corresponding to the primary nozzle

diameter Rep, = p,U,D,/u, is 2 X 10°, The velocity

subscripts

primary and secondary nozzle, respectively.

decay along the jet centerline has been validated by

rD

investigating the mean flow field of a heated coaxial jet
compared with Bogey et al. (2009). Details can be
found in the Appendix.

Figure 1 shows the mean axial velocity fields of two
coaxial jets considered. In general, three stages of jet
development can be identified, referred to as the initial
merging zone, intermediate zone and fully merged zone,
marked in Fig. 1, which are qualitatively similar to
previous work'*. As illustrated in Fig.1(a), the initial
merging zone starts from the nozzle exit and ends near
the end of outer potential core at about ¥ =4D where
the two shear layers begin to merge. The intermediate
zone, where most of jet mixing takes place, starts from
the end of outer potential core and extends to the point
where the outer shear layer reaches the jet axis at about
z = 13D. The fully merged zone is located just
downstream of the intermediate zone, where the flow
field becomes similar to the single-stream jet. We also
find that both the inner and outer potential core lengths
become shorter when the velocity ratio decreases, in

consistence with the results of Gloor et al.l'*,

r/D

(b) Case2

Fig.1 Mean axial velocity fields U, /U, in subsonic coaxial jets

1

Table 1 Parameters of two subsonic coaxial jets with

different velocity ratios for the mean flow computations

*1 EAFREEELEMNIFERMERERTTESHIIE
Case Ma,=U,/a, T,/T, Ma,=U,/a; u,/u,
Case 1 0.880 1.00 0.668 0.759
Case 2 0.880 1.00 0.440 0.500

1.2 Numerical approaches
1.2.1 Parabolized stability equations
The flow variables Q in cylindrical coordinates can be
decomposed into mean and disturbance parts,
0=gq+q

where the mean flow ¢ = ([5 U, LU, U DT represent

(D

density, radial, azimuthal and axial velocity components

P 75 32 [=) i 5 i B A i 7 () 38 P 3%

and temperature, which are directly obtained from

RANS simulations. The disturbances ¢ = (p’ suluy
', THT could be written as the product of a slow-
varying shape function and a fast-varying exponential
term using PSE assumptions:

q/(277969t) -

q(z,r)exp[i(jv a<s>d5+me—wz)] (2

<0
where a is the complex local streamwise wavenumber,
m is the azimuthal wavenumber, and w is the angular
frequency. By substituting the Eq.(1) and Eq.(2) into
Euler the

viscous terms and high-order nonlinear components, the

compressible equations, and neglecting
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disturbance equations could be written in compact

matrix forms as:

J J
Lg= 0, L=1iaM+M_—+N_—+A (©))

dz dr
where M, N and A are linear operators associated with
mean flow variables q . The detailed expression of M, N
and A can be found in the appendix of our previous
33]

work™. An additional constraint must be imposed to

keep the equations well-posed and ensure that q (z,7)

varies slowly in the axial direction'"’

R 9
J q" qrdr: 0 4)

0 %
where the superscript H denotes transpose conjugate,
and R is the maximum of the radial computational
domain. A downstream marching algorithm is employed
to solve the PSE iteratively. Following Andersson et
al.”®, a modified formulation of linear-PSE is utilized

to treat numerical instabilities™ .

J J
M’—q+(iaM+N—+qu:o )
dz Ir

d
where M’ = M + s(iaM + N e +A), and s is a
Ir

parameter to control the minimum step size in the
streamwise direction. The value of s is given as
1

o,

if dz > — 250

S = So»

(6)
s = (% — dzj /2+40.01, otherwise
a,

where dz=0.1D ,s,=0.1.
The boundary conditions of PSE in radial direction
are given as

m|= 0:u, = uy = 0,

do/dr = du./dr = dT/dr = 0
7
m|=1liu.=p= T= 0,

du, /dr = du,/dr= 0

1.2.2  Adjoint PSE and sensitivity
In this work, we investigate the influence of the
forcing on the spatial

external  harmonic

development of instability waves, so a spatial
integration form of flow disturbance is used in the
objective function in the adjoint procedures. Similar
to Ref. [ 34 ], the generalized total disturbance

energy is defined as the objective function and the

external forcing f\(z a)= f(z ,r)exp[i(Ji()a(S)dS) ]

for given (m,w) added to the right-hand side of linear
PSE is the control variable. Then, the continuous
adjoint PSE methods are derived and applied to
sensitivity analysis of wavepackets.

As a prerequisite, the innerproducts in the radial
direction and in the whole domain are defined as

follows:

R
{a,b), = J a"brdr

0

"z "R
(a.b)y = J ’J a"brdrdz (8
0

%0

where 2 = [ 2,, 2, ] X [0, R] is the computational
domain of PSE and APSE. The streamwise axis starts
from z, and ends by z;.

The local disturbance energy E. is defined as follows:
R
E.(2)= J Xq(z,r))"Xq(z,r)rdr 9
and we further define the cost function J as

J= J:,E:(z)dz 10)

0

and the exponential function X as
X () = exp[if @ (®)d] (1

An unconstrained Lagrangian function L, which
accounts for linear-PSE, the normalized condition and
the cost function, is introduced

~ ~ . 'R
L= R{] —ALq" XLq — fa *J /n”J q" (ﬂrdrdz}
0

20 Jz

(12)
where R represents the real part, n,q" are Lagrangian

multipliers, and q‘* has the wave-like form:

q =X"q" (13)

where X © = exp [i J; a’l (S)d{:] satisfies the equation
<

XX "= X(z,)= X, . All the derivatives of L except
the gradient with respect to the control parameters must
vanish., The gradients of L with respect to the
Lagrangian multipliers can recover to the original linear-
PSE and its normalized conditions. The gradient with
respect to the state vector ¢ is equal to zero, leading to
the APSE and its boundary conditions by integration by
parts. The gradient with respect to a leads to the
‘adjoint normalized condition”’ for iteratively solving the
adjoint wavenumber n and its boundary conditions. The

matrix form of APSE is written as:
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L q" = RHS(n,q) (14) is constructed, similar to Sinha et al.”?*. The local
where stability analysis is firstly carried out near the nozzle exit
- —iNH A —ieM) — 2\ in purpose of obtaining the instability characteristics of
r Iz both inner and outer modes in coaxial jets. Then, the
INH y L, 9 (15) two kinds of instability modes, normalized by the
Ir dz Ir disturbance energy in Eq. (9) at the position =z, , are
1 q In used as the initial conditions for solving the PSE to
= o, Hy % - H
RHS = xh {(n ) dz T (az X Jq} obtain the spatial development of instability waves.
(16) 2.1 Locally parallel analysis
Then. the adjoint normalized condition becomes Firstly, the local stability analysis is carried out for
E. R 9(q "M different Strouhal numbers St = fD, /U, at ¥ =z, near
R +x/j 2@ M) )= o an . '
E, o dz the nozzle exit where f = w/2% represents the

where E,=FE, (z=z,).
Finally, the sensitivity S with respect to k-th

component of the external forcing f is

S, = VL, = R ) (18)

The sub-domain 2 inside the RANS computational
domain is used to solve the PSE and APSE, where 2, is
0. 5D slightly downstream of the nozzle exit to remove
the influence of nozzle, 2, is 20D downstream of the
nozzle exit, and R is 10D away from the jet axis. The
equations are discretized by the first-order backward
difference scheme in z-direction with 196 grid points
and uniform grid spacing dx=0.1D, and the sixth-order

1 in r-direction with 300

compact difference scheme"*
stretched grid points, clustering near the nozzle-lip.
The radial boundary conditions of APSE can be also
derived together with the APSE,
o r=R
R{X,J ! {q " HNSqr}

~0

=0 a9,

dz}

r=0

An upstream marching algorithm is applied in solving

APSE iteratively, contrary to PSE, while the
streamwise terminal condition at =z, is

q (z;5r)=0, n(z;)=0 (20)

More details including discretization and the

validation of PSE and APSE codes can be found in our
previous work%,
2 Hydrodynamic stability and instability
waves
In order to characterize the behaviors of large-scale

coherent structures in the hydrodynamic region of

coaxial jets, the PSE-based linear instability wave model

frequency. Two meshes with 280 and 300 r-grid points
are adopted to show the convergence of eigenvalues.

the

wavenumber components of wavepackets are recognized

Generally, low-frequency and low-azimuthal-

to be associated with the major sound sources of
the the

axisymmetric mode m =0 is investigated. Gloor et al.*

turbulent jet noise, thus in following

have reported a representative frequency of St =0.4 in

the sound pressure spectrum at low polar angle in their
ThUSa the

axisymmetric mode m =0 and Sz =0.4 as an example.

isothermal coaxial jet. we also take
From the eigenvalue spectrum shown in Fig. 2, two
distinct unstable modes can be identified. The two
different modes are corresponding to the hydrodynamic
Kelvin-Helmholtz (K-H) modes of the two mixing
layers, where the definition of ‘inner mode’ refers to
the K-H mode at the primary mixing region, and the
‘outer mode’ refers to the K-H mode at the secondary
mixing region. At St =0.4, the local growth rate of the
outer mode is much higher than its counterpart of inner
mode, indicating that the outer mode dominates the
the
consistence with the conclusion of Kwan and Ko''#,

The of the

eigenvalues obtained by LST representing the local

local instability near nozzle exit, which is

Léon and Brazier™ . imaginary part
growth rate with respect to the Strouhal number is
presented in Fig.2(d). It is seen that the peak frequency
of growth rate is reduced when the velocity ratio
decreases. For St=0.4 and m =0, the growth rates in
the two cases are relatively high, so this frequency

component is appropriate for comparison between the

two cases.
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(d) Growth rates of outer modes of the two jets
with respect to different St for z =0.5D

Fig.2 Results of locally parallel stability analysis in coaxial jets at z, =0.5D
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2.2 Non-parallel analysis

In this section, we consider the slowly diverging base
flows obtained by RANS simulations and carry out non-
parallel analysis based on PSE. Starting from the
solutions of locally parallel analysis, the spatial
evolutions of instability waves for both inner and outer
modes in the whole domain are obtained by solving the
PSE with non-parallel effect. The near-field pressure
structures for inner and outer modes in Case 1 for St =
0.4 and m = 0, characterized by the iso-contours of
pressure disturbance, are shown in Fig.3 (a) and Fig.3 (b),
respectively. It shows that our present linear-PSE model
could capture the key characteristics of coherent
wavepackets for both inner and outer modes. The
pressure disturbance magnitudes increase at first, then
come to saturation and finally decay. Moreover, the
peak of pressure disturbance for outer mode occurs
earlier upstream with a larger amplitude compared with
the inner mode, suggesting that the outer mode plays a
dominant role in the upstream of the end of potential
core of secondary nozzle, also in agreement with locally
parallel analysis. However, it is worth mentioning that
the outer mode decays more rapidly after saturation,

because the two shear layers in the coaxial jet flow begin

to merge in the downstream of the outer potential core.

These results are also in reasonable agreement with that
of Sinha et al."*,

=,
0
-1
>
L 1 6 e
4
(a) Iso-surface of near field pressure perturbations
for inner mode in Case 1 with iso-contours -1 and 1
=,
0

6

(b) Iso-surface of near field pressure perturbations
for outer mode in Case 1 with iso-contours -4 and 4
Fig.3 Near field pressure wavepackets in coaxial jets
(St=0.4, m=0)
B3 RHSFEZENKE(St=04, m=0)
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Figure 4 compares the imaginar art of local aJ

B P simary p , of =B @D
streamwise wavenumber «; and the ¢ N-factor’, defined f

as imaginary part of —X in Eq.(11), representing the
spatial growth rate between the two cases for outer
modes. It shows that the rapid growth of instability
wave mainly occurs before 3D~4D to nozzle exit inside
the potential core in both cases. Moreover, as the

the of

corresponding to the neutrally stable axial location

velocity ratio decreases, peak N-factor
moves upstream to the nozzle exit, due to a shorter
length of the outer potential core in Case 2. The change
of neutrally stable axial location will affect the spatial

distribution of sensitivity and flow response.

'
(g ]
TTY T T T

(a) Case 1

—————
— ‘.\n'

7 SN I I S S A

2 4 6 8 10 12
z/D

(b) Case 2

Fig.4 Streamwise evolution of spatial growth rate of
wavepackets in coaxial jets (St =0.4 and m =0,
The circle denotes the peak position of N-factor)

4 FEHSREETEEKENTEEL
(St=04,m=0,EBRT N BFHEELE)

3 Sensitivity analysis and optimization

3.1 Sensitivity analysis to external forcing

In this section, in order to determine the effects of
nonlinearities on wavepackets in present subsonic coaxial
jets, the sensitivity of disturbance energy with respect
to the external forcing is obtained by the solution of
adjoint PSE. Here, we firstly focus on the sensitivity
around the homogenous situation (f=0), in which the
infinitesimal forcing is defined as Jf obtained by the

definition of sensitivity

The relaxation coefficient 8 is set to 107 °. The jet
flow mainly evolves along the streamwise direction,
the
namely the sensitivity forcing f, with the vector form of
f,=0f=1(0,0,0,f,,00T, added to the right-hand side
of linear-PSE as Eq. (22). Here, f, is the axial
momentum component of the external forcing,

Lg= f, 22

It is worth mentioning that f, is real-valued according

therefore we investigate infinitesimal forcing,

to the definition of sensitivity in Eq. (18).

The corresponding flow response can be defined in a
similar way. For instance, ¢q° is the solution of
homogeneous linear-PSE, and ¢’/ is the solution of
inhomogeneous forced-PSE defined by Eq. (22). Then,
the flow response can be defined as the difference of the
above two states, i.e. 0¢ =q’ —q°. Note that these two
equations are solved starting from the same inflow
conditions. The axial velocity disturbance component of
0q is utilized correspondingly to show the flow response.

The sensitivity results of forcing f, and flow response
0q are presented in Fig.5 and Fig.6 for St =0.4 and m =
0 in both jets. In the theory of shear-flow stability,
critical layers arise as a singularity of the linearized
Euler equations in frequency-wavenumber space, where
the phase velocity of instability wave is equal to the local
fluid velocity. Since a local streamwise wavenumber of
the flow perturbations is defined by PSE, we can
determine the critical-layer position at each streamwise
location. In present coaxial flows, there are two distinct
K-H modes, which means there are two critical layers
as well. In Fig.5 and Fig.6, we plot the outer and inner
critical layers as solid and dashed lines on the = —r
map, respectively. It is found that there are some
similarities in the sensitivity results between our present
coaxial jets and the results of Tissot et al.”®"! in their
single-stream jet. The most striking feature is that the
peak values of both forcing and flow response of inner or
outer mode are mainly distributed around its own
critical layer. This is related to the inherent nature of
critical layer. According to the inviscid stability theory,
from Rayleigh’ s stability equation and its adjoint
formulation, the adjoint solution could reach infinity

around the critical layer, giving rise to such a region
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1.1 In

with high sensitivity, as discussed by Tissot et a
addition, for both inner and outer modes, the spatial
distributions of forcing and flow response show tilted
structures of perturbations characterized by the shear in
the downstream region, which is related to the Orr

[29]

mechanisms™*~. The details about the wavepackets in

connection with Orr mechanisms can also refer to the

1.0
| -
0.8 -0.008 0 0.008
S
(a) External forcing f, for outer mode
1.0
; [ -
0.8F -1.2 0 1.2
0.6F : 8
S F N\
0.4F
02F 5 @
075 4 8
z/D

(c) Real part of axial velocity disturbance
as flow response for outer mode

recent work of Schmidt et al.l*””,

One aim of present work is to study the mutual
influence of the inner and outer shear layers based on
the forcing and flow response, which is the major
difference between the coaxial jet and single-stream jet.
Based on the sensitivity results, it is shown that the

forcing f, of inner/outer mode is mainly located in the

0.4

1.0
| -
0.8 -0.008 0 0.008
2
PO S T S [T T TN [ T S 1
a 2 4 6 8
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(b) External forcing . for inner mode
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(d) Real part of axial velocity disturbance
as flow response for inner mode

Fig.5 Spatial distribution of sensitivity forcing and flow response for inner and outer modes in Case 1

(St=0.4, m=0, Solid line: outer critical layer; dashed line: inner critical layer)
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Fig.6  Spatial distribution of sensitivity forcing and flow response for inner and outer modes in Case 2

(St=0.4, m=0, Solid line: outer critical layer; dashed line: inner critical layer)
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vicinity of its own critical layer, which has little effect in In order to show the effects of forcing more clearly, we
the region near the other critical layer, as seen in Figs.5(a, present the radial distribution of real part of axial
b). Along the critical layers, the highest values of velocity forcing and flow response for inner and outer
sensitivity are mainly located near the nozzle exit which modes of Case 1 at three different positions 2 =2D ,3D

decay in the downstream region, due to the fact that the and 5D in Fig.7 and Fig.8, respectively. From Fig.7(a),

growth rates of instability waves are higher in the at x = 2D, for the outer mode, there is a secondary
upstream near the nozzle as illustrated in Fig.4. peak close to the inner critical layer which is almost
However, from the flow response dq, some mutual identical to that of the primary peak around the outer
influences of the inner and outer shear layers can be critical layer. At x=3D and 5D, the secondary peak is
clearly identified. As shown in Figs. 5 (c, d), relatively weak compared to the primary peak when the
it is seen that both the forcing of inner or outer mode axial position moves downstream, as shown in Fig.7(b,
has some influence on flow responses near the critical ¢). On the other hand, from Fig.8, for the inner mode,
layer of the other mode. For the outer mode, we find the absolute value of flow response near the outer
that the flow response reaches its peak near the neutral critical layer is even greater than that near the inner
stability axial position. Moreover, the peak location of critical layer before the end of the outer potential core
flow response in the radial direction in general matches (e.g. 2 =2D or x=3D), implying that nonlinearities
with the critical layer location before the neutral stability near the inner critical layer in this region can contribute
axial position. However, after this axial location, it is considerably to instabilities near the outer shear layer.
clearly found that the forcing of inner mode has a certain Moreover, it is interestingly found that in downstream
influence on the flow response with a secondary peak region where the two shear layers begin to merge, the
around the outer critical layer, as shown in Fig.5 (d. flow response magnitudes of inner mode near the jet axis
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Fig.7 Comparison of sensitivity forcing and flow response at different streamwise locations for outer mode in Case 1
(St=0.4, m=0. Solid line represents the axial position of outer critical layer and dashed line for inner critical layer)
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Fig.8 Comparison of sensitivity forcing and flow response at different streamwise locations for inner mode in Case 1
(St=0.4, m=0. Solid line represents the axial position of outer critical layer and dashed line for inner critical layer)
B8 Hf 1 MBS B 6 uh 1o b &5 =k 1 HRD A 3 Wi A 3 b
(St=04, m=0. ILERRIEFREHNREOLE, EERRNERENREAMLE)



23

ZHANG Xingchen et al: Sensitivity of wavepackets in subsonic coaxial jets 335

increase rapidly, as illustrated in Fig.5 (d) and Fig.6 (d). In
other words, in the downstream core region close to the
jet axis, the inner mode plays an increasingly important
role. It is worth mentioning that such a kind of
response pattern is to some extent similar to that of the
single-stream jet"?".

In addition, comparing Fig.5 and Fig.6, we find that
the axial location of maximum flow response moves
upstream when the velocity ratio is smaller, which
seems to be consistent with the PSE results for the
change of neutral stability axial position shown in Fig.4.
Accordingly, the effect of forcing of outer mode
becomes weaker in Case 2 because of its lower velocity
and shorter length of potential core to the secondary
nozzle. More importantly, in both cases, the outer
modes have larger amplitudes of flow response than the
inner modes, indicating that the outer modes are not
only dominant in the evolution of instability waves but
also more sensitive to the external forcing. In a word,
the nonlinearity plays a more significant role around the
inner and outer critical layers, especially for the outer
mode inside the outer potential core near the nozzle exit.
3.2 Optimal forcing

In this section, we are committed to searching
optimal volumetric forcing with a specific amplitude
using an APSE-based optimization algorithm, in order
to achieve wavepackets with higher disturbance kinetic
energy with the same relaxation parameter § in building
the nonlinear wavepacket model. In practice, the
stochastic forcing magnitudes in real turbulent jets are
relatively small. From the perspective of the formulation
of Eq. (22), the nonlinear terms in PSE are in fact
some form of higher-order flow disturbances acting as
Reynolds stresses. The entire magnitude of such
external forcing must be restricted in order to prevent
the fast growth of disturbance energy, otherwise it may
cause the excessive magnitudes of flow disturbances, or
even invalid solutions. Following Ref.[ 36], the integral
of k-th component of external forcing in the whole

domain (k=1,2,...,5) is
Ep — J f/,d.Q (23)
0

Therefore, in convenience, we keep the value of ¢,
constant as a constraint for optimization procedures. The

target of optimization is to achieve the maximum of

disturbance energy over the full computational domain,
i. e. to obtain the most energetic wavepacket in the
hydrodynamic region.

Firstly, the direct and adjoint PSE are solved
iteratively until convergence with the same e, as the
sensitivity analysis. The optimal forcing is computed as

following procedures

(’}J )
nt+1) (n) ) | ~ Y
=0T [afj (24)

Since the downstream evolution of wavepackets is
only build the

wavepacket model for outer modes including optimal

dominated by outer mode, we
forcing. Similarly, the axial momentum component of
optimal forcing is adopted, then the optimal forcing f .
is added to the right-hand side of linear PSE for
obtaining the nonlinear wavepackets.

Next, we take the component of St =0.4 and m =0
in Case 1 as an example. Fig. 9 shows the spatial
distribution of optimal volumetric forcing and axial
velocity disturbance as the flow response compared with
the results of sensitivity analysis. The outer and inner
critical layers are also shown. It is clear that the shape of
optimal forcing is quite similar to that of sensitivity
results. The region of maximum forcing magnitude is
also located in vicinity of the outer critical layer.
However, there are some differences that the optimal
forcing is more widely distributed, especially at 2 =>4D
downstream of the outer potential core. Additionally,
Figs.9 (¢, d) show the axial velocity disturbances as the
flow responses. We find the results of flow response
remain qualitatively the same, except the minor
difference occurring downstream of the outer potential
core. In short, the optimization procedures mainly
change the distribution of forcing and flow response in
the downstream region to some extent.

Furthermore, the influence of the nonlinear intensity
on wavepackets is investigated by increasing the value of
B to 10°*,

disturbance energy compared with the linear-PSE model

The corresponding objective function of

is presented in Fig.10 for different 8. The amplification
of local disturbance energy increases greatly when
adding the optimal forcing to the linear-PSE model,
while their peak axial locations remain the same. The
peak value of E. can reach twice the results of linear

model as =10 °, and the local disturbance energy is
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amplified more as forcing magnitude increases. In a

word, these results indicate that the intensity and
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(c) Real part of axial velocity disturbance distribution
with sensitivity forcing, reproduction of Fig.5(c)

spatial distribution of f, interpreted as nonlinearity,

play a vital role in shaping wavepackets.
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Fig.9 Comparison of sensitivity forcing and optimal forcing and their flow response for outer mode in Case 1

(St=0.4, m=0, Solid line: outer critical layer; dashed line: inner critical layer)
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Fig.10 Comparison of streamwise evolution of local disturbance energy with different wavepacket models
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4 Conclusion

To summarize, we have attempted to investigate the
sensitivity and flow response to the small external
forcing added to the linear-PSE model in subsonic
coaxial jets. Nonlinearity is considered based on the
adjoint PSE

algorithm. The effects of nonlinearity on modelling

linear modeling framework, using
wavepackets are analyzed systematically in subsonic
coaxial jets with different velocity ratios.

In coaxial jets, two kinds of distinct shear layer

modes exist and affect the near-field wavepackets,
which leads to differences in sensitivity and flow
response between coaxial and single-stream jets. The
sensitivity and flow response for outer or inner modes
reach their maximum around their own critical layers,
which are extremely sensitive to external forcing,
similar to prior results of single-stream jets. The mutual
influences between two instability modes are mainly
identified in the downstream region from flow
responses. It is found that the outer modes dominate the

evolution of instability waves until the end of the outer
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potential core, which is more important for building
wavepacket model for coaxial jets.

In addition, the forced-PSE wavepacket models based
on optimal forcing for the outer mode is also obtained

using an APSE-based optimization algorithm. In

general, the spatial distribution of optimal forcing

shows some similar trends to sensitivity results, while
the major differences appear in the downstream region.
In purpose of building nonlinear wavepacket model, to
apply forcing f based on APSE-based optimization
methodology in the linear-PSE framework seems to be a
promising and efficient way, at a negligible computational
cost.

In a nutshell, from a reduced-order-modeling per-
spective, such a modelling framework might have some
insight in building wavepacket acoustic models based on
the database obtained by numerical simulations, with an

appropriate consideration of nonlinearity.
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APPENDIX A
The RANS solution is validated by investigating the

axial velocity along the jet centerline for a heated coaxial
jet with U, /U, =0.759 and T,/T,=0.37, the same as
Bogey et al. (2009, As mentioned, the inner potential
core length calculated by LES is generally shorter
than that obtained by experiments or RANS solutions

due to different incoming boundary layers.

Despite the difference in potential core length, similar
to Ref.[4], the velocity decay instead, is compared in
Fig.11. Here the RANS solution is shifted axially by —
3D for the comparison.

The velocity decays obtained by our RANS solution
and LES results in Ref.[ 4 ] show similar trend along the

axial direction.

RANS
LES by Bogey

04 =

] 10
z/D

Fig.A1 Comparison of mean axial velocity U, /U, with respect
to the streamwise location z/D in a heated coaxial jet
Al EHASFRPERRREEEU./U,
BEiRE AL E z/D KEM XL
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Experimental study on bubble competition of shock-accelerated saw-tooth interface

ZHAI Zhigang. GUO Xu, SI Ting"
(Department of Modern Mechanics » University of Science and Technology of China, Hefei 230027, China)

Abstract: The flow instability development of a shock-accelerated saw-tooth interface has
been studied in shock tube experiments, and the effect of initial vertex angle on the bubble
competition is highlighted. The soap film technique is adopted to generate the initial saw-tooth
gaseous interface, and the post-shock flow is captured by a high-speed video camera combined
with the schlieren photography. The results show that at the very early stages, the large and
small bubbles develop independently, implying that the bubble competition does not work
initially. As the time goes by, the bubble competition plays an important role, and behaves
differently for the saw-tooth interface with different vertex angles. As the vertex angle reduces,
more baroclinic vorticity is deposited with the interface developing more quickly, and the bubble
competition occurs earlier and becomes more significant. The bubble competition promotes the
large bubble growth, whereas it inhibits the small bubble growth. Relatively, the bubble
competition has a more prominent effect on the small bubble growth. Moreover. the bubble
competition will distort the spike head, which will affect the total interface amplitude growth.
The bubble front difference seems to experience two linear stages before it enters nonlinear stage.
The growth rate in the second linear stage is smaller than that in the first linear stage, indicating
that the nonlinearity exerts a significant effect to the flow in the second stage. Specifically, the
nonlinearity plays a more significant effect on the large bubble growth. The bubble front
difference cannot collapse in dimensionless form, which means the vertex angle has a great
influence on the saw-tooth interface development.

Keywords: shock-tube experiment; flow instability; interface development; bubble

competition; high-speed schlieren photography
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Application of NPLS technique in the researches
on hypersonic boundary layer transition

YI Shihe™ , LIU Xiaolin, LU Xiaoge, NIU Haibo, XU Xiwang

(College of Aerospace Science and Engineering » National University of Defense Technology , Changsha 410073, China)

Abstract: Nano-tracer-based Planar Laser Scattering (NPLS) is a flow visualization technique

developed by the authors. The NPLS technique is characterized with high spatial-temporal

resolution and high signal-to-noise ratio under supersonic conditions. Flow visualization

researches on complex flow phenomena such as the supersonic mixing layer, the supersonic flat

boundary layer, the supersonic flow over compression-corner and the shock wave/boundary layer

inter

action have been carried out based on the NPLS. In recent years, the NPLS has been further

applied to hypersonic boundary layer transition research. This paper mainly introduces the

application of the NPLS technique in the visualization of boundary layer in the nozzle of

hypersonic quiet wind tunnel, hypersonic conical boundary layer transition and delta wing

boundary layer transition. The NPLS results under hypersonic conditions are in good agreement

with

the results obtained by high frequency sensors and temperature sensitive paint. This

agreement indicates that the NPLS technique has a good application prospect in hypersonic

boundary layer transition research.
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Progress in key scientific problems of hypersonic bounary-layer transition prediction:

receptivity, evolution of disturbances and transition criterion

SU Caihong”

(Laboratory for high-speed aerodynamics, School of Mechanical Engineering , Tianjin University, Tianjin 300072, China)

Abstract: With the development of hypersonic flight technology in the near space, accurate
prediction of the transition location of hypersonic boundary layers is highly desired. Due to the
difficulty of implementing hypersonic experiments, there is no enough experimental data to
realize a semi-empirical method of transition prediction for high-speed flight vehicles as reliably as
their low-speed counterparts. For that purpose, the physical process of transition needs to be
understood more thoroughly, and based on which. a reasonable transition prediction method can
be established. So far, for hypersonic boundary layers, the main uncertainties of transition
prediction come from the first stage and the last stage of the transition respectively, i.e. the
receptivity and the criterion of transition. This paper presents the recent progress and the
problems remained in these two aspects, including the specific path in receptivity of a blunt cone
boundary layer and the physical mechanism involved in transition induced by cross flow. For the
stage of evolutions of disturbances, the integral strategy in applying e" method to the three-
dimensional boundary layer, and the intermodal exchange between the first mode and second
mode encountered in hypersonic boundary layers are discussed. In conclusion, the problems and
challenges are summarized for the improvement of transition prediction method based on linear
stability theory.
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Abstract: Flow stability and transition is a hot and difficult topic in the study of hypersonic
flow. Recently, great progresses have been made in its theoretical basic research, but there are
still obvious deficiencies in engineering application. Main progresses in engineering application
research on hypersonic flow stability and transition in recent years are reviewed. The engineering
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The future of hypersonic flow stability and transition in engineering application is prospected.
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Fig.6  Transition prediction of blunt cone with zero angle of

attack and its comparison with wind tunnel test
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attack and its comparison with ballistic target test
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Overview on progress of supersonic turbulent boundary layer
on curved surfaces
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Abstract; The characteristics of the supersonic turbulent boundary layer subjected to the
streamwise curved wall surface is an important scientific issue in fluid mechanics. To know clearly
its laws is of great significance for improving the design level of hypersonic vehicles. Research on
this issue in the international community has continued for more than 50 years. In recent years,
with the improvement of experimental measurement and numerical simulation capabilities,
breakthrough progress has been made in the influence mechanism of streamwise curvature rate.
This paper systematically summarizes the evolution mechanism of supersonic turbulent boundary
layer subjected to convex curved wall and concave curved wall, introduces the influence law of
key impact factors such as flow direction curvature, pressure gradient and volume expansion/
compression. The characteristics and causes of turbulence attenuation of convex supersonic wall
boundary layer, as well as the characteristics and causes of Gortler instability and backpressure
gradient enhanced turbulence fluctuation in the concave supersonic wall boundary layer, is
summarized. Finally, the developing trend is summarized, and suggestions are made for the next
step of research on the curved wall supersonic turbulent boundary layer.

Keywords: supersonic; streamwise curvature; convex; concave; pressure gradient; turbulent
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