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® (p=1 atm)[']
N ) ’ Table 1 Temperature ranges of thermochemical reaction
° o process for air (p=1 atm)'
’ Temperature range/K Thermochemical reaction process
. <800 Calorically perfect gas
800-2 500 Vibration excitation
2 500-4 000 O, begins to dissociate
’ ’ 4 000-9 000 N, begins to dissociate;
’ 0, almost completely dissociated
N =9 000 N, almost completely dissociated;

ionization begins
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Fig. 1 Steady shock reflections
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Fig. 2 Comparison of two gas models

2 N 3 (Ma, =7)
Table 2 Comparison of parameters behind normal shock for three gas models of calorically perfect gas, vibration excitation

and thermochemical reaction (Ma, =7)

Gas model T,/K p2/atm Ma,
Calorically perfect gas 2 366 5.70 0. 397
Vibration excitation 2114 (—10.7%) 5.89 (3.3%) 0.379 (—4.5%)
Thermochemical reaction 2090 (—11.7%) 5.91 (3.7%) 0.375 (—5.5%)
2 (107,
s . , Kawamura Saitol?*

o ’
’ o b

. von Neumann o
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Table 3 Comparison of theoretical and CFD solutions for oblique shock relation with vibration excitation (T, =226 K,
Ma, =10)
Tx V2 Ma,
Method
0=20° 0=30° 0=40° 0=20° 0=30° 0=40° 0=20° 0=30° 0=40°
Theory 4. 36 7.41 11. 07 21.69 43.82 71. 80 4. 44 3.05 2.02
CFD 4.36 7.41 11.07 21.69 43. 82 71. 80 1. 44 3.05 2.02
37. 36°
2.2
4
, T,=226 K, Ma, =10,
4 s ,
3 T,=226 K, Ma,=10 30° (CFD) 2 , 2
Fig. 3 Pressure contours of a 30° wedge at T, =226 K, . s
Ma, =10 (CFD) o s
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Fig. 4 Comparison of shock polars Fig.5 Flow field of blunt body with large angle of attack
4 T,=226 K, Ma, =10
Table 4 Oblique shock relations at T, =226 K, Ma, =10
Gas model 2 T o021 B /(%) us1 Ma,
Perfect 45.09 8. 48 5.31 38.52 0.791 2.72
Weak shock wave  Vibration 43. 84 7.41 5.91 37. 36 0. 801 3.05
Difference/ % —2.77 —12.61 11. 30 —3.01 1. 30 12.13
Perfect 114. 39 20. 04 5.71 82.29 0.219 0.49
Strong shock wave Vibration 119. 60 17.17 6.97 84.06 0.176 0. 44
Difference/ % 4.55 —14. 32 22.06 2.15 —19.63 —10. 20
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5 T,=226 K, Ma, =10, 6=30°

Table 5 Shock relations of regular reflection at T, =226 K, Ma, =10, §=30°

Gas model D31 T3 031 Bos /(D) us Mas
Perfect 261. 33 16. 21 16.12 56. 34 0.489 1.22
Vibration 253.70 12.70 19.97 48. 50 0.533 1.63
Difference/ % —2.92 —21.65 23.88 —13.92 9.00 33.61
o 4
5 s s
—2.77% —2.92%,
>
1.30% 9.00% .,
N N s
o s s
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g von Neumann
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’ 6 Fig. 8 Shock polar analysis of Mach reflection
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6 T,=226 K, Ma, =10, 6=40°
Table 6 Shock relations of Mach reflection at T, =226 K, Ma, =10, §=40°

Gas model 05/ (%) b3 uz1 uq Auzg 031 on Apssa Tn Ta ATz
Perfect 8.25 114. 00 0.532 0.226 0. 306 7.45 5. 71 1.74 15. 31 19.97 —4. 66
Vibration 10. 25 119.63 0.572 0.230 0. 342 9.61 6.97 2.64 12. 48 17.17 —4.69
Difference/ %  24.24 4.93 7.52 1.77 11.76 28.98 22.02 51.81 —18. 48 —14.02 0. 64
4
, 0
2 s
0 On
; 0 von Neumann
0[ ’ .
0 <<0<0y .
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R 7
8 s
’ 9
Fig. 9 Transition criterion between regular reflection and
0 9 2 Mach reflection
) 7 9 9 7 T,=226 K, Ma, =10
o T, =226 K,
Table 7 Critical transition angles between regular
Ma, =10, reflection and Mach reflection at T, =
, 226 K, Ma, =10
Ma,=~2.2 ) ) Gas model 01 /(" 0 /"
R . Perfect 19.52 30.91
2 01 \0Ll . Vibration 19. 95 33. 87
Difference/ % 2.20 9.59
. von Neumann
s o
7 , Ma, =10 ,
von Neumann 0, 0.5°
. 2.20% ; Gy »
, 3%,
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Effects of vibration excitation on shock reflections

PENG Jun'?, ZHANG Zijian"? , ZHOU Kai'2, HU Zongmin'?' * , JIANG Zonglin'*2

1. State Key Laboratory of High-temperature Gas Dynamics , Institute of Mechanics , Chinese Academy of Sciences ,
Beijing 100190, China
2. School of Engineering Science , University of Chinese Academy of Sciences . Beijing 100049 , China

Abstract: Steady shock reflections include regular reflection and Mach reflection, which can transit to each other under critical
conditions. High-temperature gas effect is inevitable in hypersonic shock reflections. As temperature increases. the vibration
excitation of air molecules comes first. Theoretical analysis and quantitative calculation are conducted to study the effects of
vibration excitation on shock reflections and the transitions between regular reflection and Mach refection. A thermodynamic
model for air with vibration excitation is presented and then compared with the calorically perfect gas model. The influences
of vibration excitation on shock relations, on the flow fields in regular reflection and Mach reflection, and on the transition cri-
teria between them are analyzed. The results show that vibration excitation may enlarge the overall profile of the shock polar
as compared with the shock polar in the calorically perfect gas. In addition, the difference in the overall polar profiles is am-
plified significantly for the reflected shock. and may alter the reflection configuration. Regarding the shock reflection transi-
tion criteria, vibration excitation may cause increases of both transition angles, i.e., the detachment criterion and von Neu-

mann criterion, and the increment of the former is much larger than the latter.

Keywords: shock reflection; vibration excitation; Mach reflection; transition criterion; hypersonic flow

Received: 2016-12-15; Revised: 2017-01-04; Accepted: 2017-02-24; Published online: 2017-03-23 17:50
URL: www. cnki. net/kcms/detail/11.1929.V.20170323. 1750.008. html

Foundation items: National Natural Science Foundation of China (11672308, 11532014)

% Corresponding author. E-mail: huzm@ imech. ac. cn

121055-11



