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€ Meteorites in China

» Jilin meteorites: 1976.3.8, 3000 meteorites of total 2 ton mass have been recovered ,
one of the meteorites weighed as much as 1770kg.

» Shangri-La, Yunnan: 2017.10.4 , many videos recorded.

» Xishuangbanna, Yunnan: 2018.6.1 , many videos recorded.

» Song Yuan, JiLin : 2019.10.11, many videos recorded.

NO.1 meteor in Jilin meteorite event, Shangri-La Yunnan, 2017.10.4
1976.3.8
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1) Earth impact by asteroids
7 Velocity : ~20km/s(11.7-73km/s)
7 Size : 0.1m-10km
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y 3) Strong shock wave around meteoroid
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4) Fragmentation and airburst :,/:‘,0;:
\
at altitude of 40-15km e

:\, / 6) Global hazard : climate,
living things

2) Luminous and visible at altitude of 100-80km

Local hazard : ‘
overpressure, heat radiation, -

. : meteor crater, earthquake, tsunami
Earth surface

( land and sea)

1. Background

aerodynamic forces and trajectory
during ultra-high velocity entry
aerodynamic heating during ultra-
high velocity entry

ablation and thermal response of
asteroid structure

physical characteristics of asteroid

entry process

Earth entry issues in planetary defense
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2. Numerical method and physical-chemical model

€ Could the numerical methods and physical-chemical models purposed for

reentry vehicles be used in asteroid entry problems?

@ Chelyabinsk: Main body B Chelyabinsk: Fragment F1  —Stardust BET
o
Reentry vehicle Asteroids E ™
Size <6m up to several km ) Stardust
Shape regular, smooth irregular, unsmooth
£ o )
X O
Surface TPS Materials Depending on the type (S, M, X) '7%?
Materials C/H/O/N/Si 0/s/si/Fe/Mg/Ca/Na/Al 2
£ .
<9 Chelyabinsk e
Interior
iti i °
ST few defect cracks, cavities, voids i
o
Entry = e
speed 7.5~13 10~70
(km/s) o
Peak 1| e +t—Frrrerreree
temperatur <20000K ~50000K 0 2 4 6 8 1 1 16 18 20
e Velocity/km.s!

Comparison between the reentry vehicle and asteroid
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€ As the primary flow regime of asteroid’s entry is continuum-near continuum,

the CFD methods might be applicable for asteroid entry calculation;

€ However, the physical-chemical models relevant to high temperature gas

effects of traditional CFD should be confirmed and improved.

F:P?e!ya'abin?kl T”"g"‘Ska Post-shock temperature (p,,,, = 30 bar)
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£ 8 Due to specific heat
4 53
40 x ] s
[ 1 Due to second stage ionization
ﬁ e -
20 § g _ L 2nd stage ionization onset
1st stage ionization onset
o T T T
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0.1 0.32 1 3.16 10 316 100 PO
meteoroid radius(m) Sholtymna
Flow regime of asteroid entry The effect of Air chemical model on post-shock temperature[1]

Ref 1: D.Prabhu.et.al. AIAA SCiTech 2016. Thermophysics Issues Relevant to High-Speed Earth Entry of Large Asteroids
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Thermodynamic properties of ultra-high-temperature gas

€ Thermodynamics properties of ultra-high-temperature gas are sensitive to the
number of electronic states, high-lying level energies and cut-off criteria.

€ Thermodynamics properties database valid up to 50,000 K should be constructed

With the successive
4 excited states

for both air species and ablation products.
20 4 T T T T T T T T
rrrrrp T T 1T T T T v v T i N
L C I L7
f/e\ N AE=20em L _ _Eg;/ With the successive
f - AE=0em 3p /. _ . —979excited states
15 + II| , .1'\:\ C e s AE = 1000 cm—l | / \ -\._____ Ecci; -
| \ - -& - - Gordon & McBride o) ‘e i (dy— ]
@ ---®--B e -z —
" By onne ~ i 1 With the successive
o ' Q™ 1 16 excited states
[ [ L 0 [ L 1 L 1 L L 1 L
30000 40000 0 1 2 3 4 5
T7(10°K)

0 i L 1 L L L L i
0 10000 20000
T.K

The influence of electronic states on the Cp value of CNE!

The influence of cut-off criteria on the Cp value of C[&
Ref 2: Capitelli.et.al. ESA STR246. Tables of internal partition functions and thermodynamic properties of high-temperature Mars-atmosphere species from 50K to 50000K

Ref 3: Z. Qin .et.al. JQSRT 210 (2018) 1-18 . High-temperature partition functions, specific heats and spectral radiative properties of diatomic molecules

with an improved calculation of energy levels



(c 2. Numerical method and physical-chemical model

CARDC
China Aerodynamics R&D Center,  HEZESIIAF S AR

Transport properties of ultra-high-temperature gas

€ Based on the Chapman-Enskog method, the collision cross section are needed for transport
properties computation.
€ high accuracy database of collision cross section up to 50,000 K are needed for both air

species and ablation products.

Table 2 Viscosity collision integral £222 (A2) as a function of temperature for neutral-neutral and electron-neutral interactions in air

T.K
Interaction 300 500 600 1000 2000 4000 5000 6000 8000 10,000 15,000 20,000 |Acc.%| Ref.
Na—N> 1372 —— 1180 1094 982 870 —— 808 758 732  — 10 9
No—O> 1123 —— 836 735 647 621 — 542 494 20 5 .
No—NO 1344 1187 1144 1048 932 804 761 727 674 633 562 — 25 24 The estimated accuracy
No—N 1121 — o068 881 776 673 — 618 574 536 @ — 10 3 - ;
Na—O 899 — 72 s91 522  sol — 43 395 — 20 5 of collision cross section
No—Ar 1197 1050 —— 928 838 753 725 702 663 632 573 20 5 data [4
0,-0, 1262 1106 1065 972 870 770 738 712 673 642 580 20 24
0,-NO 1293 1132 1090 994 889 780 745 717 673 639 580 @ — 25 24
0,-N 879 847 768 663 567 538 514 478 451 104 — 25 16
0,-0 1013 —— 861 778 671 567 — 513 478 450 @ — 10 3
O,—Ar 1233 1082 —— 957 854 748 714 687 644  6.12 554 20 5
NO-NO 1325 1158 1115 1016 907 791 753 721 673 636 572 20 24
NO-N Z7 965 926 820 707 504 560 533 491 460 106 — 25 16
NO-0 — 879 847 766 664 569 540 517 482 455 408  —— 25 16
NO-Ar 1303 1133 1089 990 885 779 744 715 671 637 577 25 24
N-N 911 794 —— 672 582 498 470 448 414 388 343 311 5 15
N-O 008 815 —— 709 606 514 488 467 434 407 356 321 5 15
N—Ar — 931 896 803 684 575 542 517 477 447 395 20 16
0-0 046 822 —— 676 558 467 441 420 388 364 321 201 5 15
O-Ar 111 1013 —— 887 769 660 626 600 559 5028 474 437 20 s
ArAr 1288 1112 —— 966 860 757 723 696 653 620 5.60 517 5 24
e N, 7 l4a6  —— 207 296 388 4090 415 404 385 341 312 25 28
-0, 130 173 210 218 223 229 231 232 231 20 28
eNO = se4 452 405 373 337 318 292 275 35 28
N . 568 371 352 34 330 320 295 258 35 39, 40
0 082 105 134 144 152 165 173 185 1.90 30 27
e—Ar - 017 030 079 105 131 181 225 307 348 15 26
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Chemical kinetics of ultra-high-temperature gas

2. Numerical method and physical-chemical model

€ Chemical kinetics models for vehicle entry should not be used directly for asteroid entry.

€4 New chemical kinetics such as multiple stage ionization. photochemical kinetics and

chemical kinetics for asteroid ablation products should be developed.

(5]

Table 1: Photochemical processes applied in the present study.

» Chemical kinetics for multiple stage ionization

# Process Spectral Range Data Source
1 N Photodissociation: No + hv «» 2N 9.8 eV < hv Stanley and Carlson™
2 05 Photodissociation: Qs + hr + 20 71eV < hv MnatsakanyanjL
N +e<= N +e+e 3 Ny Photoionization: N + hv +3 NJ +e~  124eV<hs  Romanov et al.”’
4 Q2 Photoionization: Oz 4+ hv & OF +e” 9.7eV < hr Romanov et al. ™
5 N Photoionization: N+ he <+ Nt 4+ e™ 124 eV < he TOPbase™”
O"’ +e o O++ +e+e 6 O Photoionization: O+he e OF e~ 9.7 eV < hy TOPbase™
Table 2: Chemical kinetics for meteor ablation products.
i Reaction Apgy ny Dy Ref.
> PhOtOChem Ical kl netICS 1 Site S5t +e +e 25e+34 382 9. 46e+4 Based on N rate’’
2 Fe+e = Fet e e 25e+34  -3.82 017e+4 Based on N rate’’
3 Mg+e + Mgt +e +e  25e+34 382 8.8Te+4 Based on N rate’’
4 Si+NO<+ SO+ N 32e+13 0.0 1775.0 Mick et al.”*
5 Si4+02+Si0+0 21e+15 -0.53 16.83 Le Picard et al. ™
6 SO+M=Si+04M 40e+14 00  956e+4 Estimate
7 S0 4+M&SO+04M 40e+14 00  956e+4 Estimate
: : - : 8 Fe+ 02+ F0+0 13e+14 0.0 1.02e+4 Akhmadov et al. "
» Chemical kinetics for ablation products o Mg+ On s MgO + O 51et10 00 00 Hodgion and Mackie®
100 SO+0+ 5+ 0s 24e4+07 151  253e+3 Lu et al.*
\ 11 SO2 + 5+ SO + S0 48e+14 00  108e+4 Murakami"’
12 02+ 50+ 50240 23e+12 00  3.70e+3 Garland ™
13 Al+ 02+ AI0+0 20e+13 0.0 0.0 Cohen and Westberg ™~
14 Al + 502 ++ SO + AlO 96e+13 0.0  200e+3  Fontijn and Felder”
15 Al+e <At e +e 25e+19 0.82  6.04e+4 Based on N rate’’
16 NaO + O 4+ Na + 02 22e+14 0.0 0.0 Plane and Husain"’
17 MNa + e ++ Na©t 4+ e + e 25e+19 -0.82 5.96e+4 Based on N rate
18 Ca+ 03+ Ca0+0 2.5e+14 0 7.25e+3 Kashireninov et al.”
17 Ca+e+rCat +e +e 2.5e+19 -0.82 7.0%+4 Based on N rate’

Ref 5: Johnston.et.al. AIAA 2017-4533. Impact of Coupled Radiation and Ablation on the Aerothermodynamics of Meteor Entries

Hypervelocity Aerodynamics Institute &!
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Internal degree relaxation model of ultra-high-temperature gas

€ Park’s two-temperature model (Ttr-Tve) , Multi-temperature model (Tt-Tr-Tvi-Tel) ,

State-To-State model.

€ model parameter such as vibrational relaxation time need to be validated at ultra-

high-temperature. Tx 103 )
2 50 20 8 4 2
10- T T T T
Experiment
O CO-CO, Millikan & White (1963) LCoyc02 | €O-CO
510—3 ™ ¢ €0-0, Center (1873) .
8 ¥ 09-0, Kiefer & Lutz (1967) ol
£ Uil €Oy-COg, Camac (1964) ;
2104 - W8 Nz-0, Eckstrom (1973) oy N
E Il NO-NO, Wray (1962)
® 0N
E s Theo g NEo
H —— Present model y Co-C
2 £ G20
= 3 N
Sios - N \\&\\\;\\o\ c
A 7557
[}
2
Tor «
o
a
-
oL C0-0 no-N ]
No-N CO-N :g'_g
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10—9 1 1 L L T ! 1 1 1 1
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Fig. 2 Comparison between the measured vibrational relaxation[6
times”*51=53 and the present model for carbon-containing species. ]

Ref 6: Chul, Park.et.al. JTHT 8(1),1994. Review of chemical-kinetic problems of future NASA missions. Il - Mars entries.
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Radiation model of ultra-high-temperature gas

@®Radiation computation: line-by-line method, e.g. NEQAIR,
€ Radiation database: TOPbase . HITEMP. Radiation band of asteroid ablation
products should be developed.

Table 3: Summary of molecular band modeling for meteor ablation products[5]

Specie  Transition  Spectral Range (eV) Data Source
SiO A-X 4.54-5.79 Franck-Condon factors and energy levels from Geier et al.,” and band
oscillator strength from Park and Arnold.™
Si0 E-X 5.74-7.55 Franck-Condon factors and band oscillator strength taken from Naidu et al.*
and Drira,”* and energy levels from Lagerquist.”
FeO Orange 1.68-2.38 Oscillator strengths and energy levels taken from Michels.™
MgO B-A 1.72-2.45 Oscillator strengths and energy levels taken from Daily’” and Bell et al.**
MgO D-A 1.72-2.45 Oscillator strengths and energy levels taken from Naulin et al.”™” and Bell et al.*®
MgO B-X 2.38-2.60 Oscillator strengths and energy levels taken from Daily’” and Bell et al.™
Ca0 A-X 1.1-2.0 Oscillator strengths and energy levels taken from Doherty™ and Liszt."™
Ca0 B-X 2.6-37 Oscillator strengths and energy levels taken from Pasternack™ and Liszt.™
Ca0 Orange 1.7-22 Oscillator strengths and energy levels taken from Pasternack™ and Liszt.™
Ca0 Green 1.7-2.2 Oscillator strengths and energy levels taken from Pasternack,™ Liszt,”
and Baldwin.”
SO A-X 3.8-5.0 Franck-Condon factors and band oscillator strength taken from Borin™ and energy
levels from Rosen.™
AlO B-X 2.2-3.0 Oscillator strengths and energy levels taken from Borovicka.™

Ref 5: Johnston.et.al. AIAA 2017-4533. Impact of Coupled Radiation and Ablation on the Aerothermodynamics of Meteor Entries

Hypervelocity Aerodynamics Institute &!
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O AHENS

« The CFD code AHENS , developed at our institute for aerothermal
environment simulation, solves the NS equations on structured
grids.

0 Numerical Method

« The finite-volume method is used to discretize the governing
equations.

 Hybrid Steger-Warming and Godunov flux scheme with second-order
spatial accuracy.

 LU-SGS implicit algorithm for time step iteration.

« MPI based parallelism.

Hypervelocity Aerodynamics Institute &!
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O High-temperature Gas Model

« 1T/ 2T /3T Multi-species gas mixture model.
* Finite-rate chemistry model.
 Polynomial fitting method for thermodynamic properties.

« Gupta’'s model with collision cross section data  for transport
coefficients.

e Modified Fick’s model for mass diffusion.

Jupe = =DV =Y, 3 —pDVYs  Jo=—— 3 ql,
r#e € ade

It ensures that the sum of mass fluxes is zero.

Hypervelocity Aerodynamics Institute &!
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O Boundary condition

 Freestream inflow, extrapolation outflow, symmetry.

« RCS jet boundary condition, stagnation boundary condition.
 Unslip or slip boundary condition.

« Isothermal wall or radiative equilibrium wall condition.
 Quasi steady ablation with finite-rate surface chemistry .

« Catalytic wall conditon: non-catalytic , super-catalytic, specified
catalytic coefficients.

Hypervelocity Aerodynamics Institute &!
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[0 Radiation model

 Non-Boltzmann models for diatomic molecules and atomic
species electronic state populations

 Lineinformation and cross-sections following the work of
Johnston."”

Molec.  Transition Name Spectral
Range (eV)
N,  BTL-A'Y,” 1 (1"posttive)  02-25
Ny  CIL-BIL, 2 (2%positive)  27-47
Ny /%7 -X'T,” Caroll-Yoshino 11.5-14.0
N> oTL-X'E,”  Worley-Tenkins  11.5-14.0
N,  bIl,-X'T,” Birge-HopfieldI 7.0-13.1
N»  b'E,-X'T” Birge-HopfieldII  7.6-14.0

N> 0TI -X'T,” Worley 10.4-14.0
Ny”  BE-XT 17 (1%-negative) 12-46
NO  BIL-XTL £ (beta) 21-69
NO  A'Y -XTI, ¥ (gamma) 32-75
NO  CTL-XTIL & (delta) 37-76
NO DTT-XTL & (epsilon) 34-80

NO  B?A-XTI,  f (beta-prime) 39-84
NO E'Y -XTI, 7 (gcamma-prime) 4.6-89
0, B%,-X°%° Schumann-Runge 26-70

molecular band systems

Ref 7: Johnston. Nonequilibrium shock-layer radiative heating for Earth and Titan entry[D].PhD Thesis.

Hypervelocity Aerodynamics Institute &!
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[0 Radiation Transfer
« Radiative Transfer Equation:

dl, (s, Q)

s J,(8)—x,(s)1,(s,)
S

« Tangent Slab approximation:
Ab‘i

& /Ray

: z
: 7

i

L

Vw4

([i+1) (i}

—(V - Graa); = — (aqﬂ)! - (qmdﬁsf_ ‘fmd)
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O Loosely coupled approach

P e e e e e e e e e e e e .

' .
Radiation Properties Heatflux

Radiation
transport

~
-

State Spectrum
population calculation

_____________ L

Flowfield

-—— - - —— -

Radiation
Source

= = == —— - (R —

_________________________________

Coupled simulation of flow and radiation
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[ Stardust vehicle reentry

€ The radiation-flow coupling effect is relatively small to the flowfield of
the reentry vehicle.

59.77 11136.7 super-catalytic
Ma T /K
34 12000
33 rad-coupled 13888
rad-coupled 28 9000
26 8000
24 7000
22 6000
___________________ _ 20 5000
18 4000
16 3000
14 2000
d led 5 1000
rad-uncoupie 1o rad-uncoupled 500
e B S REEAR -0 R A
2
R

Comparison of the predicted flow properties
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[ Stardust Capsule reentry

€ The convective is the dominated mechanism of aerodynamic heating for
reentry vehicles, un-coupled radiation simulation can be adopted.

0. /kWm™
W
10000 —
Qcon rad-coupled
Qrad rad-coupled
8000 N\ e e

] AJE B R R 5 58 A R T
6000

4000

2000

1 | '
0.25
x/m

Comparison of the predicted heat flux
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[ Asteroid entry

® Coupled and uncoupled radiation simulations are carried out for typical asteroid
entry condition to investigate the influence mechanism radiation-flow coupling on
aerodynamic heating.

* A 13 species (N2,02,N,0,NO,NO+,N2+,N+,N++,02+,0O+,0++,e-) ionized air model
is incorporated. [€]

H(km) Voo(km/s) | Wall conditon

15. 20 super-catalytic

2 50 15. 20 super-catalytic 50
3 50 15. 20 super-catalytic 100
4 50 15. 20 super-catalytic 140

Ref 8: Johnston.et.al. Aerothermodynamic Characteristics of 16-22 km/s Earth Entry[R]. AIAA 2015-3110, 2015.
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OAsteroid entry

€ Radiation-flow coupling effect plays a significant role in flow structure of
asteroid entry.

€ Compared with uncoupled case, the temperature and thickness of shock
layer are much smaller.

=
B
N
B

20

20

- - T /K
B B 25000
15 15 24000
B B 23000
i i 22000
- Ma B 21000
10F 60 10 |- 20000
B 55 i 19000
B 52 = 18000
i - 17000
S5 ji o 16000
i 40 - rad-uncoupled 15000
B 26 B 14000
0 3 ok 0 B - - 13000
B o8 - 12000
i 34 B _ 11000
- 2 B rad-coupled 10000
-5 16 5 9000
B 12 - 8000
i g B 7000
- 4 B 6000
-10 - 0 -10 |- 5000
i B 4000
B i 3000
[ - 2000
15 15} 1000

B B 0
-20 b b b L L :\ o b v b b b b b
-20

105 0 S 0 15 20 25 XS? 10 5 0 5 10 15 20 25 30

m X/m

D=20m,V=20km/s
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OAsteroid entry

€ \With the increase of entry velocity, the coupling effects on flowfield is
enhanced, and the variations of shock standoff distance and peak
temperature are enlarged.

T/K
V15km/s-coupled
25000 — —_———- V15km/s-uncoupled
i V20km/s-coupled
¥ e V20km/s-uncoupled

20000

15000

10000

5000

Flow temperature along stagnation line(D=50m)
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OAsteroid entry

€ The radiative cooling and thin shock layer are the physical mechanism
that radiation-flow coupling will ease aero-heating.

-2
0. /kWm 0 /KWm”
10° ‘Z ———— Qcon rad-uncoupled
E 10° g ————— Qrad rad-uncoupled
- —— Qcon rad-uncoupled g total rad od
- ———— Qrad rad-uncoupled - - g° a rad-uncoluze
A ——— Qtotal rad-uncoupled - ¢on rad-coup'e
10 F 7 — — — - Qrad rad-coupled
E — === Qcon rad-coupled 10 F o Qtotal rad led
= ———- Qrad rad-coupled s otal rad-couple
B ———-- Qtotal rad-coupled B
10° = 10° b
5 . § -~
B .. i ~
5 i 5 Bl
10 §_ R 10 = S
- \"\_ = \\
i \'-..____ - \\
10 §= ___________________ 10° ’
10°F : 10°
- \\ E
B ~ -
102 L L L L I L L L I L L L L I 2
30 60 93 0%
D=20m,V=20km/s D50m,V=20km/s

Heatflux along surface
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CAsteroid entry

€ There are obvious differences of heating character between asteroid
entry and hypersonic vehicle reentry:

« The radiative heating is dominant for asteroid entry and the convective
heating is negligible.

 Total heat flux at stagnation point increases with diameter.

-2
Q,, /kWm
10" = —s—— V15km/s-Qtotal
B —-—¢—-- V15km/s-Qconv
B —a— V20km/s-Qtotal
- —-—¢—-=- V20km/s-Qconv
10° = -ty LI —_ a
i e a
"
10°
-———
ol S L
= * —*
ENE - i - — . _
B T %
103 L L L I L L L I | L I L L | I L L L I L L L I
20 40 60 80 100 120 140
D /m

Stagnation point Heatflux
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(1) Hypervelocity aerothermodynamics plays an important role in the
analysis of asteroid impacting the Earth.
1) Earth impact by asteroids

7 Velocity : ~20km/s(11.7-73km/s)
7 Size : 0.1m-10km

0\ & aerodynamic forces and trajectory
2) Luminous and visible at altitude of 100-80km durlng UItra_hlgh VGIOClty entry
s - h**“mmhquhkm ¢ aerodynamic heating during ultra-
il —
B 3) Strong shock wave around meteoroid ) h|gh Velocity entry
( ¢ ablation and thermal response of
—— T T T T e~ 50Kk asteroid structure
- - / " ~ 2 ~
) Tespnesmdiss salis: 33’.-;;/\/\/\ ¢ physical characteristics of asteroid
. i v
at altitude of 40-15km A
Y / 6) Global hazard : climate, entry process
living things
Local hazard : ‘ \

overpressure, heat radiation,

. : meteor crater, earthquake, tsunami
Earth surface

( land and sea)
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(2) In order to investigate the aerothermodynamic problems in asteroid entry to
Earth, the high temperature gas models, such as thermo-chemical models and

radiation data, need to be extend to greater than 20000K.

(3) Since there are strong coupling effects among flow-field, radiation and ablation
in Earth entry problem of asteroid, both the coupling mechanism and numerical

methods are needed to be further explored.

Ablation products mix
with shock-heated gas
in the wake and emit
radiation, producing
observed light curves

Shock layer
radiation out
and sSpectra to the )
surroundings
{on-going

work)

Massive ablation
aporization
duces thick
fablation

products

The coupling between asteroid entry flow, radiation and ablation ["]

Ref 9: Eric Stern.et.al. Entry Modeling for Asteroid Thredt Assessment
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Thanks for your attention

Hypervelocity Aerodynamics Institute of China Aerodynamics Research

and Development Center

Hypervelocity Aerodynamics Institute &\



	幻灯片编号 1
	幻灯片编号 2
	幻灯片编号 3
	幻灯片编号 4
	幻灯片编号 5
	幻灯片编号 6
	幻灯片编号 7
	幻灯片编号 8
	幻灯片编号 9
	幻灯片编号 10
	幻灯片编号 11
	幻灯片编号 12
	幻灯片编号 13
	幻灯片编号 14
	幻灯片编号 15
	幻灯片编号 16
	幻灯片编号 17
	幻灯片编号 18
	幻灯片编号 19
	幻灯片编号 20
	幻灯片编号 21
	幻灯片编号 22
	幻灯片编号 23
	幻灯片编号 24
	幻灯片编号 25
	幻灯片编号 26
	幻灯片编号 27
	幻灯片编号 28
	幻灯片编号 29
	幻灯片编号 30
	幻灯片编号 31
	幻灯片编号 32

