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Abstract  Shock-shock interference flow flied prediction is one of the most challenging problems in supersonic flow
and even hypersonic flow. In particular, type IV shock interference has attracted more and more attention due to the
extremely high thermal loads it generates in the vicinity of stagnation point. In this paper, we analyze meticulously the
effect of high temperature gas effects on the geometric structure of the shock interference and the flow field parameters,
especially of the type IV shock interference, based on the calorimetric perfect gas model and the thermal perfect gas
model considering only vibration excitation, respectively, by numerically solving the viscous two-dimensional

compressible Navier-Stokes equations for the cylindrical-induced bow shock wave and oblique shock wave interference
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problems. With the increase of free stream Mach number, the effect of high-temperature gas is gradually significant. And
then, based on a new genetic algorithm with generalized separability (multi-level block building algorithm), mathematical
models that can predict the characteristic geometric structures such as the location of the triple wave point and the
geometry of the supersonic jet in the type IV interference under different gas models are presented to obtain a quantitative
assessment of the effect of high temperature gas effects on the transition criterion for the type of interference for thermal
protection work. The comparison results of the radical interference structure and wall pressure and wall heat flux
distribution for multiple sets of critical conditions on the transition criterion surface show that the interference types and
flow field structures under different gas models differ significantly, and the obtained quantitative prediction model has
certain reference value for the prediction of aerodynamic thermal environment in practical engineering applications. In

the end, multiple sets of critical working conditions on the transition criterion surfaces are used to prove it, revealing the

engineering significance of the criteria.

Key words

flow, aerodynamic heating

518§

T IS 5 R T A S a2 R P T B e e
T Bl e PR I e i D AT Aok, Yl = Y
PO SR B S N 4 52 . RE O A A5 1) T
DRI S A TS A T 4R i A
WO AEBOL S Z TP R R )AL, Numata 550
I Y ok B0 45 = dE ROV IR, AT TR
S8 BRI bW = 4 IS 45 4 1) JE B R AL B
Molder™ $& H T = 4B 55 ik R, o T NI
LU T BV SR ALER. ST =Y ) U R
PE, <o TA) AR AN K A — e A8 koL LT i
8 112U (geometrical shock dynamics, GSD) L1 %}
T AR A5 BRI SR R 1T M S8 3] ) W 45 )
FHAT MR . 5T GSD J7 IR g Ry = 4k i i
PR ARS8 A P Vs AR AR AIE 1R AR [l 282 e 100,

TP T4 ) 8, Edney ™ DL 4~ 1] 3] 41
53 1) 75 TR S R R A ) R0 Ay S 23 i A A
R, B RN 5 3 T (AR B AN R, K
TP 0 6 25, Horh, TV B0 T4 KA A X
7 A SR A v B T, 7 AR B R P A
307 230 52 2R (1) %3F . Keyes F1 Hains [ 7]
FH#HHeH: < 2 2UR1 Prandtl-Meyer ¢ 5 20K SR ff Ui
Wi 8) 2 BT T . ) VAl A AR HGd %5 Holden
SEUSHRD Glass!S! 8 L HUER RTS8 J7 . Rl FAsg
B W IS IV RBEE TR T XIS 7T, A
SEHVBEM L ). AR 20 A L. Sanderson SEL16-17]
WEFET 55 TV BP0 7= A2 I AT R 8 5 ok 4
HAROC R, Kolly™ J J& T 256 28 SOk At IR BE [

shock-shock interference, high temperature gas effect, multilevel block building algorithm, hypersonic

J IR 9% 2. Holden 1 Kolly 25V IR, 7E K-
LR PRI A5 T, 56 TV R TP sh vl fig
fEAEE W R SIS . ZhongO) B{EARH), T 55 TV 2534
WA Pm AR F R, 4 REWAEE F RGNS Z
BYUIE R TR 5 TR B R 5 R .

5 IV B P ) LA 46 e £ 52 09T,
Hph—ANHESHOS PP MR &, LTS T
KT E AR & AT . BUERSER Tk B8 kK
Je pl A 1221 iAok, A2 AR IR Mo Ak e 2
AU AR RS 235 M T BT T,
PO TP DL AR 2R 28 6 JC BRR R, AT D HL
FEARH T I AR TV RSO i 1) LA B
AR, Peng Z5261 FUMLAS 2% S 745 T TV B0
TR BB OB AR B A ) BRI A
M HE— AL TV BRI 1 LR TR 32
P T 2% A, 33 T R A SR E 5 K A B A () K /N
AL

e AR R A v 7R T B ) 2 1) B E
. e A R T s A ARG B, LB RE
T AR N R, T 350 QAT 252 10 PR 2T 1 i )
Fhisr. il RS B IRBN UK, A R LR
PR FIHRSE — RINVE IR, I, SRR 5
PSSR BEAN AL, A R AT B
RE 1) 52 ) SR A < it AR A N 1270 2 sl L S 4
RN, K A28 3 ok RO o AT RN B AT 5
T IRBNECR T YRRV 1Bl B I R S i R
A SR R T S AN RAT SR EAN R R AT A A
T, il AR AT A BB I AR T AR



3286 i 2

£ 2021 4% 53 &

U A g A 0) S I BB AR AL R I T v iR AR K
AR HE S AR AT AR TR IR AL . Sk PR 4B R 4532
IIAT T B RARNIN RAT AR R A B A
SRR RE . A 1 R3S B ORI, AU
SRR PRI i 1 N T 2 PR 5

A EFEE BRI AR JE R GE AR
M4 (calorically perfect gas, CPG) L% &P B R
I GE A TARRLTY (thermally perfect gas, TPG). 437l
2 PR SR BRI TID 2, TV BRI TVa 7R
TIHRIS G RS SHEEX R, JF H.
M 2 RRIRBS, 45 T AR R i =
WAL E VS R TSR, JF 4 R T
SIS TR e A A ) U S AR B HE LA T, 8 T v
PRGNS JLART G5 ALY e AR E WU 5 i &5 ] I, A
306 CPG Al TPG RSN (R HARHEN T REREAT T H0IE.

1 BERENNSEFEILE

SOV SRR R A RAA B, JE TR et B
ZR %S (Harten-Lax-van Leer contact, HLLC), 1ii i
By TVD H X H 55038 i 5 AS 5 1 0
HLLC #% =X 5 8% Y1 Ay 1b A7l S2 9cape, 25 flke ) By AR5 7
B, WV, BRARFEIL, 125 0 AR B[R, K
F Minmod Pi il 6 8% A7 R i) 1) B ) 1) 25 (4R35
N [r) SR FH R SR AP A TR S5 T 5

ARSI RE T WS IR PRI E. B 1 02 MAS ook
PEIGUE 45 3, BFFURIN grid 2 FI grid 3 (1) BE [ FA R
JE 30340 )L — 3, (H2 grid 1 RH 42 2B 111 e
JIRIIR AR, S5z ARSIV B ) 100 35 5% FH R s
grid 2 (500 x 476) FEAT VFA. FLARMIME AT a0 1
7~ B s, AR SCE A FR A e Tt
LAY BE UK T po FNEE FUHRGL Qg XS BETHI ) p FiEE
[HIFA O AT L EAA1L.

5457 [A]JH ( symbolic regression ) #& —FHf ik [
[V 53 A7, e 48 2R 2 e ak 2 [B) AR B e 0 5 45
S8 AR AR ISR ([ I 25 S MR A MERD Tt ). A5
[l R — Pl B 2 2] Ok, kTR, HA A
TET AT LAAS FH A S 560 1) 20 R sl A5 ke Ay AR 4
RGN T A,

FF 5 (RS2 AR AN A T 28 B (1 R U 7 9%, AR SR
[V 7532 TS g e B S Ay, AL i 24,
T A% 5[] ) D03 4 T S 360 A 1, NSt v 41 8 L
B X A S5 ARG WA T B A LR, £F5 [m1A

numerical result (grid1)
numerical result (grid2)
8 L numerical result (grid3)
experiment data

-60 —40 -20 0 20 40 60
/(%)
(2) A I WA S T S T TG B 4 s 7 45 2R
(a) Numerical simulation results of dimensionless
wall pressure under different grids

10 F numerical result (grid1)
numerical result (grid2)
numerical result (grid3)
experiment data

8t

Q/Q,

-60 —40 -20 0 20 40 60
/(%)

(b) ANTEIRRRE T B E TSR0 EE [ G B 0 it 25 2
(b) Numerical simulation results of non-dimensional
heat flow on the wall under different grids

Bl P& JC RS UE

Fig. 1 Grid independence verification
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Table 1 Grid details
Grid N, X N, Surface cell thickness/m  Grid stretching ratio
grid 1 200 x 336 1x107 13
grid2 500 x 476 1x10°° 1.2
grid3 600 x 696 1x10°° 1.3
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Fig.2 Modeling process of BBP algorithm according to Eq. (1)
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Table 2 Free stream parameter settings of

numerical simulations

Variables Value
diameter of cylinder D /m 0.12
mach number of the free stream Ma 6,7,8,9,10
temperature of the free stream 7o /K 200
pressure of the free stream po,/Pa 428

shock angle of the free stream g /(°) 15,16,17, -+ ,22,23,24
wall temperature Ty /K 288

unit Reynolds number of free stream N, /m™! 2.54 x 107
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Fig. 5 Comparison of shock wave interference flow field structure of
different gas models, CPG and TPG, with the same
flow conditions, Ma, j, Ir
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Fig. 6 The pressure pole curve diagrams of each area of the IV shock
interference flow field under the CPG model and the TPG model in the
free flow conditions: p,, = 428 Pa; T,, =200 K; Ma =38, 9; f=18°
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Fig. 7 Variation curve of state parameters in some areas of type IV shock interference with changes in incoming flow conditions
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Table 3 Parameter combination lists of calorimetric complete

gas calculation example (5 x 10 x 5=250)

Case Ma g Ir
case 1 6 15 0.3
case 2 6 15 0.4
case 3 6 15 0.5
case 4 6 15 0.6
case 5 6 15 0.7
case 6 6 16 0.3
case 51 7 15 0.3
case 250 10 24 0.7
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Fig. 8 Flow field structure of the CPG model under different shock
angle f, Ma=9, 10; Ir=0.3



12 A I T 2 SR PR A T TR T

3291

1) 1t Ze ARG AR IR S SR BRI A R, Ir 2 Sl 5T
0.3,0.4,0.5,0.6 F1 0.7 T¥L F 1 S fE S (E Lk, KT
P I 2 5 1 2= 2 /s w1 9 R = =
Ll &6 B n] L, N [ 1000 ) = 98 AUk K A L 9% £ AL
A A Mgk b, RIPLER 2 51 45 1A H MBB 892
FRAFI =3 1 AR A SORUEEL T 5 45 R & A3 50T

[ 3, CPG FRL A TPG B T 1) = i1 B 1Ak

LTI/

Ma=7,/=22°

Ma =8, f=20°

Ma = 10, f = 19°

9 ML ST BRI =0 0 A AEbRfr i 5 HUE 25 Rt L 45 R
Fig. 9 Comparison of the triple-wave point 4 coordinate position
obtained by machine learning and the numerical result
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