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Abstract: High-temperature airflow interacts with the surface materials of aircraft through multiple physical
and chemical processes, significantly altering the aircraft's surface morphology. This affects the evolution of flow
structures as well as the aerodynamic and thermal characteristics of the surface. Accurate prediction of the
ablation process during re-entry is crucial for designing thermal protection systems. However, existing studies on
aerodynamic ablation primarily focus on flow fields under fixed wall temperature conditions, neglecting the
impacts of complex chemical reactions and differences in wall material properties on heating and ablation

morphology. This study employs the direct simulation Monte Carlo (DSMC) method, coupled with the wall
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energy conservation equation, and utilizes the open-source program SPARTA to analyze the aerodynamic

heating process during high-speed flight. Taking a cylindrical model as an example, this study establishes

separate control equations for wall heating and material ablation. By integrating gas-gas and gas-solid chemical

reactions, the new ablation model is used to analyze aerodynamic ablation mechanisms of different wall

materials. The results indicate that the proposed ablation model enhances the accuracy of internal energy

sampling of particles post-shock and replicates existing erosion morphologies from literature. This method offers

theoretical basis and data support for understanding complex thermochemical non-equilibrium phenomena under

variable wall temperatures.

Keywords: high-speed flow; non-equilibrium flow; aerodynamic ablation; rarefied gas dynamics;

computational fluid dynamics
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Table 1 Simulation parameters of 2D cylinder case
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Table 2 Reaction rate parameters of 19 chemical reactions

B1]

s P2 HERIRE, /107197 A b WALBEE, /10719]

1 0, +N—-0+0+N 8.197 1.1x10710 -1.0 8.197
2 0, +NO - 0+0+NO 8.197 1.1x10710 1.0 8.197
3 0,+N; 5 0+0+N, 8.197 1.3x10°10 1.0 8.197
4 0;+0;, > 0+0+0; 8.197 5.33%x1071 -1.0 8.197
5 0,+0—-0+0+0 8.197 1.5%10710 -1.05 8.197
6 N;+0->N+N+O 15.67 40x10712 -0.54 15.67
7 Ny +0; 5 N+N+0, 15.67 1.5%107! -0.68 15.67
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16 NO+0O—- 0, +N 2.719 23%x1071 0.50 2.719
17 N2+0 - NO+N 5.175 0.8x 10716 0 5.175
18 0;+N->NO+0O -2.719 4.0x10715 -0.39 0.2
19 NO+N—->N;+0 -5.175 5.0x 10716 -0.35 0.2
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Fig. 6 Comparison of temperature profiles along the stagnation
streamline under chemical non-equilibrium conditions between
default SPARTA and reference[31]
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Fig.7 Comparison of temperature profiles along the stagnation
streamline under chemical non-equilibrium conditions between
modified SPARTA and reference[31]

A5 5 SCHREE SRAT — € 10 22 BEABLEE LA 1 AL
B 1E )5 9 SPARTA R Fp B % 724 5 B 2% A 1 ks 4
A ADUT BE T Ah AR 7 1 N BE SRR I BE J1, W LR AL
e o 1] 85 SV 1A B T A 2 A T A )

2 BEHEER

BN — AN S 2 B A A RN R S A
[ R 5 I FE o RSO SRR T is T AR K
Iy e i R F AR e Tk E R ORE, I T B T AR A 2 (1



X

TE AR 25 R AR ) FEON TRAT 43 A0 G AL SN A IR P SR 5 T 7

UL B BEAT A
21 SERFALHEETHR

FE FRL V30 AT Jo8 T A 7 S, A R B i R A
4 BE B ok 1B UM 23 7 ANBE T [A] A R . AR b —
TR A S AR AT B R K 70 H s E 30 KL i e
RE A58 Pt B SR VSIS, AR 201 R H S ok T
FA 1 e 3l R AR 2 RE = BN B s — A 5
J€o I, BBEHLHIT, Mg s TR
7o MR BE T B AT R M 2 WL Z A2 .
Uk, 20 oy M U I 5 I B A 0 T AR A B
FEVCE BN TRAT S BT 47 R eI, SRS sh
BE T P A4 S AR B THT PAY 10 A A 0 ) 2 B 1 E 2
SFAE K R A=A FEH P, ARYE L5 14T,
KA T BN A Gaero N 12 B 45 UK 73 T 1 1 B RE Ui
G~ T BN REUE grow ARSI BET quiv » 1EBEIRILRE T, B
TR TSN TR, eI BE TR T R grag T8
BA BRI, 5 RGN e R
Gabsord P 2 ¢ BE T WA, AT A 45 BE 1 UL b A
8 W7 o

Gaero= Gt Grot G i

Model surface

1 Gabsorb

B8 EEBITHEEEEZBITRE
Fig. 8 Energy transfer process of wall surface

B2, R 25 R i % 3 T 2 LA RHRR 1 )58 Tt
B, S T ik vHE Wl T o8 Tk R 1) o A RH AR P AR A
B SR RLAS B 1R 58 T 1 e DA KPS R TR 0] oK
e i s Yo A ) PR 35 B TR R AE T A £ AOK 848
NSRRI BN INAAE Y o BRI, AR SCHT 25 RS KU
Frfig B AL L RE WSR2 RS TR R THT 10 AL RS A Ak X
Joe et i A B B R DA RS A B AL 5 IR genem
ik 9 PR .
22 HiER— BEEHARHE

AL VA 153 12 0 B T A 1 s 3 B2 O R o e
Jos b el R 7 k17 B T T AT T K T B B O 2
T RE 5 S 1E 7 R RSB By A ST AR TR . AE
55— Wi BL DR VAL 191 2 fik B T, B I kR JRE A A T v, BE
T 8 130 AR I 46 o el 2 AT T I [ AR R RS 8
/I TR e 8 SRR NS 3] A A 98 A AR AR AT T AR S AR
L[] PR AR B LA U S R0 IR THE, 7E B

Gaero™ QT ro i

Graa I Gchem
l G absord

B9 ZEHMEHHINERBITHEEEETRE

Fig. 9 Energy transfer process of wall surface considering
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Table 3 Wall material properties of 2D cylinder case™!
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BETF R H E Cpmaterial )/ (kg - m™) 1800
BETHIAA R 2 ( Ty ) /K 1000
BETIAT R LE R (Cy ) /(T kg™t - K™D 510
BETAA R CGmateria )/ (MT -kg™1)) 36.95
2 i@ 0.80
AT R B Csp) 0.85
ES I ONES (YD) 1
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Table 4 Gas-solid reaction settings for C/C composite
133]

materials
index Gas-solid Reaction Equilibrium constant
1 C(s) = C(g) K1 =pc,
2 2C(s) = Ca(g) K3 = pc,
3 3C(s) = C3(g) K3 = pcy
1
4 2C+ ENZ — ;N Ku = (pen/pvy)'?
1
5 C+ §N2 —CN Ks = (pen/pny)'?
6 C+0—CO Ke = pco/po
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Fig. 10 Comparison of results based on the proposed ablation
model, default SPARTA”" and those reported in the
reference[25]
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Table S Simulation parameters of 2D blunt sphere case™™
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Fig. 11 Comparison of simulation and experimental results of
ball cone ablation morphology
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