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Abstract

When the aircraft flies at hypersonic velocity, the intense compression of gas and the viscous block
make the temperature rise sharply, which results in “thermal barrier” problem. The chemical
non-equilibrium effect becomes one of the key issues in the research of hypersonic aerodynamics
as the non-equilibrium effect in hypersonic flow has a great influence on the aerodynamic.
Non-equilibrium effect and “real gas effect” are briefly introduced in this thesis. The developments
chemical non-equilibrium effects in numerical simulation of aerodynamic heating were reviewed,
including chemical non-equilibrium effect, “real gas effect”, chemical reaction model, the first grid
spacing. The shock wave standoff distance is numerically simulated by chemical non-equilibrium
flow passing a sphere and the relationship between the shock wave standoff distance with Mach
number is analyzed, this law needs to be verified by subsequent tests. Finally, it is pointed out that
the effect of turbulence on chemical non-equilibrium effect and the effect of radiation on numeri-
cal simulation of aerodynamic heating are worthy of attention.
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Figure 1. Hypersonic flow passing blunt body
B 1. SilmEARE

B 2 57— N RAE N2 AR A B A B R BV . s SB SR B2 800 K I, 4: T
B E B IR, 20 SRR R P2 A R s ik 3 2500 K 24 B, O, TFR B AR £ 4000 K
TR, Oy EARBMTA, KLl O JEFRIERAFAE, [, Ny PGB MiEEIAF]IKZ 9000 K
FEARE, Ny BEARSEARSE, FI, O 7R N EFIFMAEE, MM S s ik, BESK
HEEAE O, O N. N°L file. B4h, ERFE 4000~6000 K 2 A2 r=4 /& NO, I HIH P Es
NO &Z 5HERMIER NOMHEF. SRR R 24 L ISy s R B35 o, Bk
WG FE SRR AL, T SR 1 25 T R B I AT 4 b T B S AR RIS R A R
{0 RN SE (S S VA

DOI: 10.12677/1)JM.2018.74015 128 VAEZT T


https://doi.org/10.12677/IJM.2018.74015

kb 5

A
e 3 N—>N:+e'
w 0—0"+e
> 9000K x_ Nﬂ‘[ﬁf-%é%ﬂ,
BB R AR
E N;—2N
$<
" 4000K ——F NI 4R ES A 5
0, /L5 2B R
02_’20
- 2500K ——F O, T IR
KRB
- 800K BB
0K Yy

Figure 2. Temperature ranges of vibrational excitation, dissociation, and ionization for air at 1 atm pressure
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Table 1. Chemical reaction and reaction rate coefficient of Gupta model
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1 O, +I =20+] 3.61E18 59,400 -1 3.01E15 0 -0.5
2 N,+I, =2N+1, 1.92E17 113,100 -0.5 1.09E16 0 -1.5
3 N,+N=2N+N 4.15E22 113,100 -1.5 2.32E21 0 -1.5
4 NO+I, &= N+O+], 3.97E20 75,600 -1.5 1.01E20 0 -1.5
5 NO+O0<=0,+N 3.18E9 19,700 1 9.63E11 3600 0.5
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Figure 3. Numerical simulation results of Pan Sha [28]
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Figure 4. Comparison of the cloud pictures between chemical non-equilibrium flow (up) and calorically perfect gas (down).
(a) Pressure (left); (b) Temperature (middle); (c) Velocity (right)
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Figure 5. Properties variations of flowfield along the stagnation line
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Figure 7. Comparison of the cloud pictures between chemical non-equilibrium flow (up) and chemical equilibrium flow
(down). (a) Pressure (left); (b) Temperature (middle); (c) Velocity (right)
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Figure 8. Properties variations of flowfield along the stagnation line
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Table 2. Detail of free stream conditions for RAM CII calculation
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P (Pa) 19.85 4.764
T (K) 254 216
T, (K) 1500 1500
Re, 19,500 6280
Kn, 12E-3 4.1E-3
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Figure 9. Mass fraction evolution along the stagnation line. (a) Mach 23.9 (left); (b) Mach 25.9 (right) [37]
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Figure 11. Comparison of temperature along the stagnation line for 5 and 7 species model
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Table 3. Results of stagnation heat flux by Grid 1~9
% 3.Grid 1~9 FEHRER

B s Recen An/R, Qu/(KW/m?)
Grid 1 14.7 1.0E-3 6363
Grid 2 7.3 5.0E—4 8965
Grid 3 5.1 3.5E—4 10,798
Grid 4 2.9 2.0E—4 14,886
Grid 5 1.5 1.0E—4 20,576
Grid 6 1.0 7.0E-5 22,491
Grid 7 0.7 5.0E-5 23,479
Grid 8 0.5 34E-5 23,685
Grid 9 0.25 1.7E -5 23,825
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Figure 18. Stagnation heat flux
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Figure 19. Enlarged drawing of temperature distribution near the wall surface along the stagnation line
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Figure 22. Photos of the detached shock wave in Nonaka’s experiment [62]
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Figure 23. With the Mach number increasing, the comparison of standoff distance calculated by chemical non-equilibrium
flow and chemical equilibrium flow at different altitude
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