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Abstract The prediction technology of hypersonic aero-heating is one of the key technologies for the development of high-
speed vehicles. Developing a fast method of prediction for the hypersonic thermal environment is of great significance to the
design of thermal protection system (TPS) and aerodynamic optimization. In order to obtain the heat flux distribution on the
surface of hypersonic vehicles quickly and to shorten the vehicle design cycle, a fast prediction method for the aerothermal
environment of the bi-curvature leading edge of hypersonic vehicles is proposed based on the multi-level block building
(MBB) algorithm. MBB algorithm is characterized by generalized separable which can fast model strong nonlinear data. First,
numerical simulations are conducted to obtain the database composed of the aero-heating data of the bi-curvature leading
edges of the vehicles in the training set. Based on the MBB algorithm, an explicit expression for predicting the distributions of
heat flux is given. Results of statistical analysis show that the deviation between the predicted value and the sample value is
less than 2%, indicating that the formula proposed in this paper has a high prediction accuracy. Further, an extrapolation of
the formula is performed to verify its applicability for different geometric shapes. At the stage of thermal design and
aerodynamic optimization of the bi-curvature leading edge configuration, the formulation proposed in this paper enables
accurate and rapid prediction of the aerodynamic thermal environment.

Key words hypersonic flow; aerodynamic heating; multi-level block building algorithm; fast prediction method; heat
transfer rate of stagnation point; bi-curvature leading edge
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Fig. 2 Comparison of distributions of heat flux on the surface of cone obtained by present code and the reference experiment [3°]
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Fig. 4 Aerodynamic loads calculated by various grids
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Table 1 Settings of parameters for numerical simulation

2 LN

Ma 6, 7, 8, 9, 10
r/mm 2

R/mm 2, 4, 6, ..., 18, 20
Ro 1, 2,3, ..., 9 10

RAT AR MM SR ZM JLAIMEZE DRSS, fENLE M REY, SANEZEAN Ma.
Ro. sing, ASCIEHUPTHE (B 3(0)F 0 FIBIEEA 02202 q/qrer WL BN R, Qrer AH FIK
WA R RN ¢ BRI B HE R () 5 SR . DL I REAE LS 1500 R4 H¥E, @il
5x10 = 50 HEWHIEE T HRE . E2 2 ah@sikd, &AM nEs o7 UL mwKE 5, )
HNHEA, CLRANEA, WEMA E B MR RSt i, DL Rtk SNER
R RZHITA, LRSS . 8K REE WA R R Z S R, A AR
H S A R(1-R?), HH RZAFLERE.

22 BRSHHIVFIEI AN

BT UL E 50 S5 A HUE T 5 45 R AT B XU 2 AT G o A T A R 2 Bros . IR A
ARHESE T LA R2 SRR . 8%, R TR RIERSPEAR R/ EEE, & X
HNIENVASFEJ7 Al SSR 5 M B 2 J5 fil SST (K ELfE, R2=SSR/SST. Z{ENT 0~1 Z[8], 0 KIRFTEENFT
&, 1L RREEMNG. U@L 0.8 MRS MILAIEH CEB mt, £ 2 5IH 2 PA 0 &
FEIPANFEN, RMEMH 0.99, KM S5IIGERN RIAIE M RBL . W B, TEHRRR
HEATEE X NKR, RIEXNZEME K. EREIE RIS T BAR M B R BUX A B
HYHEZ NHERREN, HeEEaHy L 5HEINERER. BT RERR RSN 1 ST E
i RIS AT o dr, B

/g, =0.803735-0.0371633In(Ma) - 0.128599R " +

(6)

0.398309R " — 0.645404(sin 6)°
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# 2 MBBHEEHG AR
Table 2 Formula of distributions of heat transfer rate obtained by MBB machine learning

P /Cret R?
0.803735 - 0.0371633 In(Ma) — 0.128599R * + 0.398309R " — 0.645404(sin % 0.99348017

2 0782952 0.0140274Ma — 0.12864R.” +0.398357R " — 0.645377(sin 6)’ 0.99309438

3 0.743498 - 0.0264489Ma + 0.324038R, . 0.0125343R§ ~ 0.641078(sin )’ 0.99206282

4 0.706337 — 0.00466915Ma + 0.324044R, §+ 0.0125325R§ — 0.641065(sin 6)’ 0.99174652
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SR IE R X PR TR A B R RS
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Fig. 5 Distributions of heat transfer rate at different Mach numbers and geometries
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0.645404(sin H)’
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THEH T 2 GRS I SR B 1 I Z2 (538 0 error. B 6 25 T AR H Ma . AS[H LT AME R i 2
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A, EAFEBUTINET, Bt ZE Ko AEEAR — 2. dEgihas Rara, % - F2EN 0.67%,
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0.025
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zEzEs
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Fig. 6 Error distribution of sample database data
24 RARSHELXREE r (IME
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Table 3 Settings of Parameters for new cases in Section 2.4

B4 &
Ma 6, 7, 8 9, 10
r/mm 3,4
Ro 5

7 9 LA B i 5 R SR (0 BB U S A RS R AT IO AR 5 2T A SRE AR EL ], SEERARER I
AR A (7D BMKER, BoaARBE SR . WTBER, M+ r=3mm, 4mm {EL, HE
RS RSB MmA RS ARG #E—PRATR 0, B 8 i G 5 X 0y #7047 A 50
(7) 2%z, LRSI, BUEBEMES RERAAMET AN, UUAR L 7 515 211 2 s
BRI U AN T B AL X T ARSCENLAS 22 ST B BUR . BN afarer X0 R TSR 5E R
PRE 5208 v AERSLBIAE A 5 PR 2 L, XA s b Bt R T LA RUEE ¢ iS22 Horh
U AN S LLBI AR AL, S RO AR S 5 A i B A A AL, AT G B8 20 At B A AR B
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