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Fig. 1. Variation of (a) viscosity coefficients and (b) frozen
thermal conductivity with temperature under different pres-

sures.
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Fig. 2. Variation of (a) viscosity coefficients and (b) thermal conductivity with temperature under different pressures.
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A
keq:eXp (70+A1+A2 an+A3Z+A4Z2)7 (93‘)

Z = 10000/T. (9b)
UG FRE Ag—A, BTk [16] 25 1. Park A5 s
GRS BHNE 1 .

1 Park BRIy Sy 2 K S I R

Table 1.  Some chemical reaction equations and re-
action rate coefficients of the Park model.

FERi A/(cm*mol s!) B E,/K

0, + Ny >0+ 0 +N, 2102 15 59500
0y + 0,0 +0+ 0, 2107 15 59500
O+ N-O+O0O+N 1x10% -1.5 59500
0,4+ NO - O+ 0+ NO 2x10%! -1.5 59500
0, +0<<0+0+0 1x10% -1.5 59500
Ny + Ny N+ N+ N, 7x10% 1.6 113200
Ny + 0y > N+ N+ 0, 7x102 1.6 113200
Ngy+ NN+ N+ N 3x10% -1.6 113200
N; + NO & N + N + NO 7x10% -1.6 113200
Ny+ O N+N+O 3x10% -1.6 113200
NO+N, &N+ O+ Ny 5x10% 0 75500
NO + Oy & N + O + O, 5x10% 0 75500

NO+NoN+O+N 1.1x10%7 0 75500
NO + NO < N+ O + NO 5x10% 0 75500
NO+OeN+O+0 0 75500

Ny 4+ O« NO+ N 6.4x1017 -1.9 38400

NO+ O« 0O+ N 8.4x1012 0 19450

1.1x10"7

3.1.2 Gupta xR EEA
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23 A S A 2 5 R AR A T A 1 RS 2 ) A .
AR SR FH 4 v 1 25 A0 A A AR R s SR R
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Table 2.  Some chemical reaction equations and re-

action rate coefficients of the Gupta model.

A =N A/(ecm3molts?) g E/K

0,4+ N e 20 + N 3.6x10% “1 59400
0, + NO « 20 + NO 3.6x10 “1 59400
0, + Ny & 20 + N, 7.2x10' “1 59400
0, +0 20+ 0 9%10Y “1 59400
0y + 0y <> 20 + O, 3.24%10Y “1 59400
Ny+0 e 2N+ 0 1.92x10'7 0.5 113100
N, + NO < 2N + NO 1.92x107  -0.5 113100
Ny + 0y > 2N + O, 1.92x10'7 0.5 113100
N, + N 2N + N 415%x102  -1.5 113100
Ny + Ny o 2N + N, 47x10 0.5 113100
NO+ 0, N+0+0, 397102  -1.5 75600
NO+ Ny o N+O+N, 397x10®  -15 75600
NO + 0 & N + 20 7.8%10% ~1.5 75600
NO + N o 2N + O 78x10® 15 75600
NO+NO N+ O0+NO  7.8x10% ~1.5 75600
N, + O & N + NO 6.75%10' 0 37500
O+ NO & N + 0, 3.18%10° 1 19700

N*. OB M A B F. B A 58 1
Ny (X'SF) M0, (XP5; ) 20 e T 68 MRS
5 AT MRSIERRE M RER G, T RGEMA T o
T RHE TR FHRS R IRSIRER). i1
PRZ 7, N JEFF O J5F-43 S 1 46 A 40
AN RO ASRER I N, OB NI % & H A
TS, B L TOR RE G YR 56 b
HESFARMFEBE (National Institute of Standards
and Technology of the United States, NIST) %k
TEPEMZHL. 35 3 e Tz IR Y 248 1
ST REZ N HL T2 T TR 2R S RER S AL

v M S AR A A R A 2R e R A T e R L
TRl SR 2, TR DL R OB R
HOKL B4 5 R B IR SR i TR o TR B i
B TEORIRT e R RO SR T
KSR 1R] Y REFE RS | 7 HERL 1 HL A SS90 SO K
SRR EY A VB SUN NSRBI N 3 &L
SRR B R v Ol 8 A o 3l
WLBE T, 354, T K v 1 #4232 P 1
WHRE T, SCHC. JE T 40 ECF i B, 3905 B R
i Boltzmann 43 fii . Guldberg-Waage - fif % %
L Saha Jr R ARG, M T 52 4x10* AV IE
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3 ARSI AL ST SRR
Table 3. The components and energy levels considered in the collision radiation model.
TR 45y [i[EE3
N, XIS (v = 0067), A3S | B3I, W3A,, B3y, |, /'Sy | alll,, wlA,, G3A,, C3I, , E3%f
HF 0, X35, (v=0-46), alAg, BITF | clxy | A%A,, ASSS B3Y, , fin)
NO X2, a*ll, A23+, B2II, b=~ , C2II, D2+, B?A, E25+, F2A
Ny X2EF A%, B2RY, 4ty D21, €25
STET oF X210, a1, , A2, b*3g
NO* Xlx+, 835+, b3, W3A, b3s—, A/lSt, WIA, Al
N 1% 2p 2p ... (46 levels)
¥
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Fig. 3. High-temperature air CR model particle-reaction relationship diagram.
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PO AT (z = 0) B AN IESE S, Sfid,
IR A I A SR AL S LR BRAE O R ) B
MRZH Rankine-Hugoniot ¢ & i . A X HEAS[H]
FEATOT Bl RO gl At i 28 5, RS0k
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8
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Fig. 4. One-dimensional shock wave post-computation

domain.
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Fig. 5. Evolution of post-shock temperature obtained by
the different models under the condition of H = 40 km,
Ma = 15.
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Fig. 6. Evolution of post-shock chemical components ob-

tained by the different models under the condition of H =
40 km, Ma = 15.
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Fig. 7. Evolution of post-shock temperature obtained by the
different models under the condition of H = 60 km, Ma =
30.
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Fig. 8. Evolution of post-shock chemical components ob-

tained by the different models under the condition of H =
60 km, Ma = 30.
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B (radiative transfer equation, RTE), K&t
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GEITR. AR FH IR 4 11 35 DA T BRIE AL
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Table 4. Transition processes considered in the radi-

ation transport model.
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Fig. 9. Spherical cap model used for solving the radiation

transport equation and its spatial discretization.
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Fig. 10. Evolution of post-shock radiation coefficients at 5 cm behind the shock wave obtained by the different models under the

condition of H = 40 km, Ma = 15.
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Fig. 11. Evolution of post-shock radiation coefficients at 5 cm behind the shock wave obtained by the different models under the

condition of H = 60 km, Ma = 30.
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Fig. 12. Radiation intensity distribution at 5 cm downstream of the shock wave obtained by different models under different conditions.
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Fig. 13. Post-shock radiative flux obtained by different models under different conditions.
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SPECIAL TOPIC — Non-equilibrium transport and active control strategy in
low-temperature plasmas

Influence of air thermochemical models on high-enthalpy
nonequilibrium flows and radiative characteristics”
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1) (School of Astronautics, Beihang University, Beijing 102206, China)
2) (State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics,
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Abstract

With the continuous increase in flight velocity and the expansion of operational airspace for high-speed
vehicles, the aerodynamic heating environment they encounter has become increasingly complex. The
surrounding flow field generally exhibits pronounced thermochemical nonequilibrium characteristics, which place
higher demands on the accuracy and reliability of the fundamental thermochemical and transport data used in
numerical simulations.

This study focuses on the thermochemical nonequilibrium phenomena within the shock layer during
atmospheric reentry and high-speed cruise of high-speed vehicles. Starting from a comparative analysis of
multicomponent transport property calculation methods, the effects of different chemical reaction models on the
thermochemical kinetic evolution and radiative characteristics in the post-shock region are systematically
investigated. Two representative flight conditions—high-altitude/high-Mach and low-altitude/low-Mach
regimes—are considered. A comparative analysis is conducted among the Collisional-Radiative (CR) model, the
Park model, and the Gupta model with respect to their predictions in the post-shock region.

The results show that under high-enthalpy and strongly nonequilibrium conditions, significant discrepancies
exist among different models in predicting the number density evolution of major neutral species (Ny, Oy, NO,
N, O) and ionized species (NJ, O0f , NO*, N*, O*, and free electrons). Specifically, the CR model predicts
relatively delayed molecular dissociation and atomic ionization processes, whereas the Park and Gupta models
yield significantly faster dissociation and ionization rates. These differences mainly arise from the distinct
treatments of vibrational energy levels and assumptions regarding nonequilibrium energy distributions in each
model.

On this basis, a radiative transfer model is further developed. The line-by-line (LBL) method is employed
to calculate radiative coefficients across the spectral range from vacuum ultraviolet to infrared, accounting for
bound-bound, bound-free, and free-free radiative transitions in both atomic and molecular systems. The results
indicate that, under high-altitude and high-Mach conditions, substantial differences exist in the predicted post-
shock radiative heat flux among different chemical reaction models. The selection of the chemical reaction
model therefore plays a critical role in accurately predicting both the chemical composition and radiative
characteristics within the shock layer.

Keywords: high-speed vehicles, non-equilibrium effects, chemical reaction models, radiative transport
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