g‘?

Multi-Physics Magnetohydrodynamics
and Radiation Gas Dynamic Numerical Simulation Models

for Aerospace Applications

Sergey T. Surzhikov
Institute for Problems in Mechanics Russian Academy of Sciences
Radiative Gas Dynamics Laboratory

05.07.2009 ASTRONUM - 2009 1



Multi-Physics MHD/RadGD Numerical Simulation Models s ey

)

’I'AII

Outline

General Definitions of Radiative Gas Dynamics (RadGD)
Simplification of RadGD governing equations

Examples of the RadGD problems

Radiation Heat Transfer theory

Spectral optical properties of gases and plasmas

RadGD for aerospace applications: Numerical simulation results
Modern challenging problems of RGD

On-going efforts
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PAH

RadGD/MHD: Interaction modes

* Quantum and relativistic interaction
« Strong RGD interaction
 Weak RGD interaction

* No RGD mteraction/Quantum description of elementary
radiative processes

« No RGD interaction/Phenomenology of radiative processes
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RadGD/MHD: Governing equations

7
é"[Z+dlvpV
ﬁgtv—i_dw[ ,OV V] —grad(p-l—luLO[JxB]+FT

2 2 2
i pe+pV + B +dz’v oV e+V—+£+p—”"+
ot 2 2y, 2 p p

= div(/lgradT)—ird + A p(g-V)+(J-E)

1
rotE——a—B divD=p, divB =0 —vrotB=J
ot Ko

J+PH[J><B]:GQ(E+[V><B]+Lgmdpe]
en,
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The Boltzmann equation for the photon gas:
the Radiation Heat Transfer equation

lﬁJ(SQt) ﬁJ(SQt ‘Jsﬂt
c
=J" (s,1) ~‘ p(s;Q',Q;v’,v)Jv, (5,9Q,¢)dQ' dV'
47[ v'=0 Q'=4r

1s the spectral absorption coefficient
1s the spectral scattering coefficient

p (S Q' Qv V) is the phase function for scattering

The general characteristics of the radiation heat transfer theory:

J, (5,9,1)

J (s,t)

05.07.2009

is the spectral intensity of a radiation field

is the spectral intensity of a medium emissivity
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General characteristics of the
Radiation Heat Transfer (RHT) theory

1
U, = - I J, (S ,Q)dQ is the spectral energy density
4r

W, = I J, (S,Q)QdQ is the spectral radiation flux
47

: . . e . This is the heat source
O, raa =diVW, is the spectral radiation flux divergence due to RHT

Ay gogn = (WV -n) = j J, (S,ﬂ)(ﬂ -n)dQ is the spectral hemispherical flux

4

.

Corresponding integral (total) characteristics:

Uit = TUV do Wi = vadv Qradn = TqRad,v,ndV
0 0 0
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Scale of the Electromagnetic Waves

AM FM Microwaves

104 108 10%2 1g~R 1040 102%
| | | | | | | 1 | | | | | | Frequency (HZ)
- ' - - U|tra_
Radio waves Infrared : X-rays Gamma rays
violet
| | | I | | | | 1 | | | 1 | | | | | | | Wavelength (m)
104 1 1074 10°8 10712 10716
<< >
The “Heat Radiation” Region
4 x 104 7.9 x 1014 Frequency (Hz)

Red Violet

Visible light
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Energy scales of
radiation/medium
interaction.

Significant physical fact
is:
wavelength of the “heat
radiation” is compatible
with typical size of
atomic and molecular

particles

05.07.2009

lonization disrupts an atom
and makes it a chemically

The changes that are produced
by non-lonizing radiation leave
the atom or molecule intact. It
will then tend to settle back to
its lowest energy or “ground"
state in microseconds or lass,
leaving no permanent changes |
in the molecule. Particularly the | S2=
effects below room temperature
thermal energy will tend to be
quickly erased by the thermal

active ion. It may disrupt

the molecule in which the
atom resides, and that could
damage some process that
depends upon tha intagrity
of this molecule.

agitation of the molecules.

Molecular rotation and
torsion results in heating.

Room temperature
thermal energy 0.04 eV

D.0001 eV
Microwaves ( ? Photon energies much
TN VY less than the thermal

o energy of a molecule.
T Radio frequencies Alternating polarization
- of molecules can
* 5§ % contribute to heating.
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Simplification of the MHD/RadGD governing )
equations
i’i +divpV =a,_, p= R—Ang

apV

+div|(pV) -V |=—-grad(p+ p"“)——NW<B|+F +F* + %
> [(pV) -V ]=—grad(p+ p™) ﬂ><]  +E - gp
2 2 2 Rad
< pe+pV %UM +div| pV e+V—+£%p =
ot 2 Ho 2 p/Pp\p

= div(/lgma’T)+divWRad + A + ATRad +p(g-V)+( )

12J,(s,,t) JJ,(s,Q,t)
; > + > +[/<V (s)+o, (S)]JV (5,9,t)=

=J" (s,1) +—0 j j (5;9Q,2v,v)J, (5,Q,t)dQ dv'

v'=0 Q'=4r
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RadGD: Governing equations

R
ﬁ—p+divpV p= —OpT
ot
ﬁgtv+dzv[ (pV) V] —gmd p+pR"d +F. gp

2
2 e { +_+£+} .
ot P :
_a’zv(ﬂgraa’T +dz p(g-V)

;SQt +|:K‘ ]J SQt)
I () =0, (s) [ [ p(s:9,@,v)J, (5,92,1)dav’
47[ v'=0 Q'=4r

05.07.2009 ASTRONUM - 2009 10



Multi-Physics MHD/RadGD Numerical Simulation Models i Ty
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General Physics: Simplest estimations
The Planck function, W/(ster*cm**2*mcm)
10° i
Radiative energy ol N —— e |
T R
) RN T=14000 K
Y emm | T |
O o PV LA A | B TR AP

—| pe+ +div| pV| e+ —+—+ = wp e
ot 2 2 p p AN

=div(AgradT )+ divW, , + A + A" + p(g-V) whif

Wave-length, micron

U, = O s T,K |Ug,, erg/lem’| U,
c
10 000 ~2 10! ~10°
§=5.67-10° ——5

cm”-s-K* 100 000 ~2 105 ~1012

erg/cm’
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General Physics: Simplest estimations

Radiative pressure
gV ..
7'{‘ dZV[(pV) V:l = —grad(p @FT @gp

pt= lU _ li T4 T, K pR, erg/cm’
3 3 1000 2107
- 5 67.10° erg 10 000 ~10!
°= cem® -s-K* 100 000 ~10°

The normal conditions: p=10% erg/cm?
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General Physics: Simplest estimations

Gas/Plasma heating

2 2
7 pe+'0V +div| pV e+V—+£ =
ot 2 yo 600

2
:a’iv(ﬂgma’T)+di 4.p(gV) o).

V. ~10" cm/s I 200

p. ~107° erg/cm’ § o

POOVS 10" [erg;cm _erg } 200
cm s cm-S [

Wx

9.80E-01
8.76E-01
T73E-01
6.69E-01
5.65E-01
462E-01
358E-01
255E-01
151E-01
4.73E-02
-5 B4E-02
-1 B0E-01

T

1.30E+04
1.19E+04
1T.08E+04
9.73E+03
8.64E+03
T155E+02
6.45E+03
5.36E+03
427E+03
2.18E+03
2.09E+03
1.00E+03

-400

W, ~o6T*

L I | | L I L L
400 600
X, cm

L I L
800 1000

_ i | L L I L L
8004 200
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S
RadGD: Last sitmplifications
aJ, (s,9,1)
+|:K‘V (s)+o, (S)]JV (5,9,t)=
j q: QL Qv v, (5,Q,1)dD dV'
v'=0 Q'=4r
c=3-10" cm/s>>V_~10" cm/s
p <<p v

: i Incident Photon
Assumption of the coherent scattering: ——— “» @

05.07.2009 ASTRONUM - 2009 14




Multi-Physics MHD/RadGD Numerical Simulation Models s ey

RadGD: Governing equations
p Ry
+divpV =0 p=—>-HmpT
Ot P M
apV
+d V) -V |=-grad(p)+F, +
- +div[(pV) -V]=-grad(p)+F, +gp

2 2
i ,oe+'0V +div| pV e+V—+£ =
ot 2 2 p
= div(AgradT )+ divW,,, + A .+ p(g-V)
ﬁJV(S,Q,t)

os
= I (5840, (s) | p(s:2,@v)J, (5,Q,1)d

47 -

+ &, (s)+0,(s)]J, (5,2,1) =
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MHD/RadGD: Governing equations
ﬁp RO
+div pV =0 p=—->pT

or P M
apV -|—le|: pV V] —grad( )_L[JXB]+F,+g,O+,OeE
ot My

2 2 2
2 ,0€+'0V + B +div| pV e+V—+£+& —

= div(AgradT )+ divW,,, + A .+ p(g-V)+(J-E)

oJ, (S,Q,t)
os

I (5840, (5) | p(s:92,@v)J, (5,Q,1)d

47 -

+[Kv (s)+o, (S)}JV (5,9Q,t) =
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Examples of RadGD problems

Outer Space
World of the Sun and Planets
Planetary atmospheres
Natural phenomena
Physical phenomena
Aerospace applications

05.07.2009 ASTRONUM - 2009
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Examples of RadGD problems

":‘:’:E:"‘ MNeutran ““-'1 -

Recycling Star ~—

Outer Space:
e (Quantum and relativistic interaction
* Strong RadGD interaction
« Huge energies
« Strong RadGD interaction
« Relativistic radiative gas dynamics

05.07.2009 ASTRONUM - 2009
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Examples of RadGD problems

Physical phenomena : Nuclear explosions
* Strong RGD interaction
* Huge energy

05.07.2009 ASTRONUM - 2009
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Examples of RadGD problems

World of the Sun and Planets :
* Huge energies
* Strong RGD interaction
« Strong MHD/RGD interaction

05.07.2009 ASTRONUM - 2009
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Examples of RadGD problems

Physics of comets and asteroids
* Strong RGD interaction
* Hypersonic flows

05.07.2009 ASTRONUM - 2009 21
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Examples of RadGD problems

Planetary atmospheres :
« Strong RGD interaction (!!!)
* Essentially subsonic gasdynamics

Solar Radiation

Cloud
Emissions

Solar
Reflected Absorbed

05.07.2009 ASTRONUM - 2009 22
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Theoretical basis and general definitions:
Radiation Heat Transfer equation

05.07.2009 ASTRONUM - 2009 23
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o
‘ Radiative Gas
Dynami —
ML Radiation Heat Transfer
A
Gas Dynamics Physical kinetics Chemical Physics Radiative Model I
\ A
Optical model: Radiation Transfer
Absorption coefficients, emission coefficients, Model
scattering coefficients and scattering indicatrix
T x 7Yy /Yy
Cross-sections of the elementary Methods for
radiative processes solving RHT
vy problems
Quantum mechanics and | Thermodynamics and Statistical Physics
quantum chemistry
05.07.2009 ASTRONUM - 2009 24
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D
The Radiation Heat Transfer (RHT) equation:
8Jw(s,f2) . . . o . R
= +x,J, (S,Q) +o,J, (S,Q) =J, (S)+Eipw (S,Q — Q)-Jw (Q )dQ
J, (s, fl) is the spectral intensity
Ko (S ) 1s the spectral absorption coefficient

s) 1s the spectral scattering coefficient

D, (s, Q — f)) is the phase function for scattering

Two significant simplifications of the RHT

equation: J.(8)=xK,J,, [T(S)]
1) The Local Thermodynamic Equilibrium (LTE) where J [T( S)] s the

Planck intensity

2) Non-scattering medium o, (s)=0

05.07.2009 ASTRONUM - 2009 25
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LTE: Radiative energy balance

o0 o0
(_’ - W) = 472j Ka)‘]b Y do — cj K, Uw d | is the integral (total) heat source in

0 ’ 0 the energy conservation equation due
to radiative processes

_ 1s the Planck-mean
[Jp.ede absorption coefficient

~ IKw Jb,a) dw

Kp

ij,a) do=21% , 0=5.67x 10712 % is the Stefan-Boltzmann constant
a cm”K

. s F Watt

( -W)=4K‘ ol —chwadw 3

0

cm
integral emission \ integral absorption

05.07.2009 ASTRONUM - 2009 26
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®
Basis of the RHT theory: Summary

1. The spectral and integral emissivities are described by the following formulas
(only for the LTE approximation !)

Watt tt
O =dx, 6T, Wa

Qem,/l =47k, Jb,ﬂ ) 3 3
L - cm

2. The spectral and integral emissivity are determined by the spectral absorption
coefficient, which is determined in one’s turn as the following function:

% %

k,=k|34 ¢, T,p or K, =K|3A 5T, Ps X5y Xy
@
& J L J

3. The full Radiation Heat Transfer equation must be solved for the following cases :
r, =202
05.07.2009 ASTRONUM - 2009 27
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Theoretical basis and general definitions:
Methods of the Radiation Heat Transfer Theory

05.07.2009 ASTRONUM - 2009 28
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Radiative Gas |,\

Dynamics

Radiation Heat Transfer

A

Gas Dynamics

Physical kinetics

Chemical Physics

N

Optical model:
Absorption coefficients, emission coefﬁcie{ts,

scattering coefficients and scattering indicat

|

x

radiative

Cross-sections of the elementary

Pprocesses

A

Radiative Model I

Radiation Transfer
Model

=

Methods for
solving RHT
problems

Quantum mechanics and
quantum chemistry

| Thermodynamics and Statistical Physics |

05.07.2009
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RHT methods for solving RadGD problems: The Spherical Harmonics method

500

400

300

200

100 &

X, cm
o=

-100

-200

-300

-400

-500

230

05.07.2009

300
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RHT methods for solving RadGD problems: The Discrete Ordinates method (DOM)

Yo
oo 52

o4 J(r,. )

DAy

z, 17
- L
Y&
Zyy Z
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RHT methods for solving RadGD problems: The Ray-tracing method

05.07.2009 ASTRONUM - 2009
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RHT methods for solving RadGD problems: The Monte-Carlo methods

Flow direction

Poccwitckan Akapemua Hayx
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&

<
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RHT methods for solving RadGD problems: The plane layer approach

iﬂé)Jv_+ﬂJVi:JemV+
ox ’

% [ (w0, (u) aw

7.45E+03
7.24E+03
7.03E+03
6.82E+03
6.61E+03
6.41E+03
6.20E+03
5.99E+03
5.78E+03
5.57E+03
5.36E+03
5.15E+03
4.94E+03
4.73E+03
4.53E+03
4.32E+03
4.11E+03
3.90E+03
3.69E+03
3.48E+03
3.27E+03
3.06E+03
2.85E+03
2.65E+03
244403
2.23E+03
2.02E+03
181E+03
1.60E+03
1.39E+03
1.18E+03
9.74E+02
7.65E+02
5.56E+02
3.47E+02

500
S, =K,J by

em,v
Boundary conditions are:

x=0,J,"(x=0,u)= rd, (x=0,u)+¢,J,,(x=0,T,)

x=H, JV_(sz,,u)zo. 100}

0 100 200 300 400 500 600 700 800 900 1000
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Regular Monte-Carlo algorithms of imitative simulation:

* Quasi-random numbers generation

« Calculation of angular variables of isotropic
and non-isotropic unit vector

« Random estimation of initial coordinates of
each photon group

« Photon group trajectory parameters prediction
in non-uniform medium

* Photon group free path simulation

* Random estimation of collision processes of
photon groups with particles of medium

« Random estimation of absorption and
scattering

* Random events registration at imitating
simulation of photon group trajectories

* Prediction of spectral emissivity

» Prediction of other characteristics of ragiation
heat transfer (spectral heat fluxes, spectral
density of radiation energy, total
characteristics, etc.)

 Estimation of random errors

05.07.2009 ASTRONUM - 2009 35
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Local Estimation Monte-Carlo imitative algorithms

* Quasi-random numbers generation

» Calculation of angular variables of isotropic
and non-isotropic unit vector

 Random estimation of initial coordinates of
each photon group

e Photon group trajectory parameters
prediction in non-uniform medium

« Photon group free path simulation

« Random estimation of collision processes of
photon groups with particles of medium

« Random estimation of absorption and
scattering

* Spectral directional emissivity estimation
at EACH random event

» Prediction of spectral emissivity

» Prediction of other characteristics of
ragiation heat transfer (spectral heat fluxes,
spectral density of radiation energy, total
characteristics, etc.)

 Estimation of random errors

05.07.2009 ASTRONUM - 2009 36
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RHT theory methods: Summary

1. The Spherical Harmonics method can be used for determination divWy,,

2. The plane layer approach is very effective method for strong radiative-
gasdynamic interaction problems (1D)

3. The Discreet Ordinates method can be used for solving 2D and 3D line-
by-line problems of RHT

4. The Ray-Tracing method can be used for solving RHT problems in 2D and
3D geometries together with Random Models of Atomic and Molecular lines

5. The Monte-Carlo method 1s most universal one for solving RHT problems

05.07.2009 ASTRONUM - 2009 37
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Theoretical basis and general definitions
Spectral optical models

05.07.2009 ASTRONUM - 2009 38
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o
‘ Radiative Gas |,\
Dynamics Radiation Heat Transfer
A
Gas Dynamics Physical kinetics Chemical Physics Radiative Model I
\ A
Optical model: Radiation Transfer
Absorption coefficients, emission coefficients, Model
scattering coefficients and scattering indicatrix
x 7Yy /Yy
Cross-sections of the elementary Methods for
radiative processes solving RHT
—— problems
Quantum mechanics and hermodynamics and Statistical Physics
quantum chemistry
05.07.2009 ASTRONUM - 2009 39
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Numerical simulation models for prediction of spectral optical properties

ASTEROID i1s the computer code which 1s intended for prediction of spectral
optical properties of heated gases and plasmas with the use of quasi-classical and
quantum ab-initio approaches

ASTEROID can be incorporated into CFD/RadGD/MHD codes with the purpose of

the “on-line” prediction of spectral optical properties inside RadGD coupled
numerical simulation procedures

ASTEROID: H, He, C, N, O, Ar, Fe, Sy, ...;
Air, H,, H,+He, CO,+N,+Ar+0O,, Air+H,0O, Air+Ar, Air+CO,+H,0, Air+Si0, , ...

ASTEROID: T<100 —-20 000 — 120 000 K , P< 1000 atm

ASTEROID: Non-equilibrium chemical compositions, LTE, Non-LTE conditions

05.07.2009 ASTRONUM - 2009 40



Multi-Physics MHD/RadGD Numerical Simulation Models

Examples of calculations with

the use of ASTEROID code

» Spectral (line-by-line) and
group absorption coefficient of
CO,(97%)- N,(3%)
at T=7333 K, p=1 atm

» Line-by-line calculation:

3-10% spectral points

05.07.2009

10°

Absorption coefficient, 1/cm

Poccwitckan Akapemua Hayx
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PAH

E T=7333.K

- P=0.100E+01 atm

- Ro= 0.295E-01 kg/m*

- C  0.18035E+00
10° N  0.21310E-01

g O  0.57738E+00

] AR  0.65706E-02

i E-  0.24917E-02

1 02  0.14170E-03

10° N2  0.22505E-03

s C2  0.20518E-03

5 NO  0.16980E-03

s CO2  0.15116E-04
10° CN  0.25641E-03

i CO  0.20841E+00

- C+  0.22225E-02

- N+  0.50692E-05

B O+  0.12498E-03
10t AR+  0.58908E-06

N 02+  0.57009E-06

] N2+  0.16344E-07

N NO+  0.14129E-04
102 CO+  0.11151E-03
i |

B ]
10'4 | | | | | I | | | | | | | I

10° 10°* 10°
Wavenumber, 1/cm
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ASTEROID: Spectral absorption coefficients of air at different temperatures

Absorption coefficient, 1/cm Absorption coefficient, 1/cm
T= 5000, K T=16000. K
P= 1.000 atm 2 P=1000 atm
Re=.05711 kgim Ro=.00778 kalm
N 02404 N 24308
y 33467 0 08887
10° F E- 00004 E- 33603
NO 02108 NO 00000
N2 81748 NZ 00000
07 00264 0z 00000
N+ 00000 NE 27464
i, h: s
'+ K
A0 NO+ 00001
| R R R
TR T T IS TS S— 50000 100000 150000
50000 100000 150000 Wavenumber, 1/cm
Wavenumber, 1/cm
Spectral absorption coefficient of low-temperature air plasma Spectral absorption coefficient of low-temperature air plasma
at =1 atm and 7' =5000 K atp=1atm and I'=15000 K
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ASTEROID: Group absorption coefficients of air at different temperatures

Group absorption coefficient, 1/cm
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A

Theoretical basis and general definitions
Physical-chemical kinetics
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‘ Radiative Gas
Dynamics

Radiation Heat Transfer

Gas Dynamics

N

Chemical Physics

N

Physical kinetics
N
\ _—v

Optical model:
Absorption coefficients, emission coefficients,
scattering coefficients and scattering indicatrix

Cross-sections of the elementary
radiative processes

A

A

A

Radiative Model

A

Radiation Transfer

Model

A

Methods for
solving RHT
problems

Quantum mechanics
quantum chemistry

Thermodynamics and Statistical Physics
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LTE and non-LTE processes in atomic and molecular plasma

. dn(v) 4 ([ m ¥ mv’ )
General conditions for LTE = exp| — v dy

n Nz

2T

n g AE g E—F E -
—k=—"eXp(— "’j nk=nz—"exp(—l "j szgkeXp(—l

n, g T
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Quasi-Thermodynamic Models

Some non-equilibrium processes for molecular and atomic plasma

mo| | | o2
[ — $ | ] l
v — — %
— J —YYY ‘
A .
]A-IIB ‘ hV 4E
A
| hv
| B> ——— 1
. P
4 B LA A A M
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Quasi-Thermodynamic Models

The Local Thermodynamic The Coronal model
Equilibrium model

Radiation Collisions Radiation Collisions
——&3 =
[ N
A lé
. [ )
x )
.Y a
I hv
A_' AN
A
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Absorption coefficient, 1/cm
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Absorption coefficient, 1/cm
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Theoretical basis and general definitions
Radiative Gas Dynamics
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Radiative Gas
Dynamics

Radiation Heat Transfer

A

A

Gas Dynamics

Physical kinetics

Chemical Physics

N

Radiative Model

A

Optical model:
Absorption coefficients, emission coefficients,
scattering coefficients and scattering indicatrix

Radiation Transfer

Model

T

x

Cross-sections of the elementary
radiative processes

A

A

Methods for
solving RHT
problems

quantum chemistry

Quantum mechanics and

Thermodynamics and Statistical Physics
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Schematic representation of general elements of RadGD codes @;ﬂi
with strong radiative gasdynamic interaction

Ragliation Heat Transfer (RHT) | | Chemical Kinetics
T
y 4
Strongly Coupled
Radiation - Gas Dynamics I— Databases y 4
RadGD
- ASTEROID Databases

Spe&ral Optical Properties |

v

‘ Physical Kinetics ‘

|

Thermodynamic and transport
properties
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RadGD/MHD: The “classical” multi-physics problems
for aerospace applications

« Shock wave structure

* Plumes and nozzles

» Hypersonic boundary layer
 Internal and external plasmadynamics
« Entry and re-entry problems

* Structure of shock layer

« Explosions (Non-stationary RadGD)

« High energy beams (laser, ions, electrons) interaction
with matter
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» 3D MHD interaction of PPT plasma plume
with ambient ionosphere

0.=2.0-10" ke/m’, p.=4.49-10" Ila

B,=5-10"T, a,., =30°

I/; = _60 K.M/C, 19me = 300 THPT = 6 ILIS, T:vimulation = 70 /’IS
V,=-25«kelc, p, = 2.0-107 ke /M,
P, =201la, R, =0.03nm

05.07.2009 ASTRONUM - 2009 56

Generation of the electric field



Poccwitckan Akapemua Hayx

Multi-Physics MHD/RadGD Numerical Simulation Models "THAR
3D MHD interaction of PPT plasma plume with ambient ionosphere s;b

Z
Y Y
P P
1262.92 1262.92
1226.83 1226.83
1190.75 1190.75
1154.67 1154.67
111858 111858
[ 10825 10825
[ 1046.42 1046.42
[ 1010.33 1010.33
| 974.25 974.25
| 938.167 938.167
—{ 902,083 902.083
—| 866 866
| 829.917 829.917
| 793833 793.833
= 757.75 751.75
= 721667 721667
[ 685583 685.583
[ 6495 649.5
[ 613.417 613.417
[ 577.333 577.333
[ 54125 54125
[ 505.167 505.167
[ 469.083 469.083
[ 433 433
[ 396.917 396.917
[ 360.833 360,833
= 32475 324.75
[ 288.667 288,667
252,583 252583
2165 2165
180.417 180.417
144.333 144333
108.25 108.25
72.1667 721667
36.0833 36.0833
z
/Jj\ /JU\Y
Y
P
° 1262.92
1262.92 1226.83
1226.83 1190.75
1190.75 1154.67
1154.67 111858
111858 10825
10825 1046.42
1046.42 1010.33
1010.33 974.25
974.25 938.167
938.167 902.083
902.083 866
866 829,917
829.917 793833
793.833 751.75
757.75 721667
721667 [ 685583
685.583 6495
6495 [ 613417
613.417 [ 577.333
577.333 54125
541.25 [ 505.167
505.167 [ 469.083
469.083 1 433
433 396.917
396,917 360.833
360.833 324.75
324.75 288.667
288.667 252.583
252.583 2165
2165 180.417
180.417 144333
144333 108.25
10825 72,1667
72.1667 36.0833
36.0833
36.0833

05.07.2009 ASTRONUM - 2009



Poccwitckan Akapemua Hayx

Multi-Physics MHD/RadGD Numerical Simulation Models s .

A

Laser supported waves

Laser Beam: CW CO2-laser (10.6 micron)
P~5 kW

Laser Beam: CW CO2-laser (10.6 micron)

Laser Plasma

Gas Flow

Laser Plasma

U~ 1-10 m/s
Laser Beam
<]—
<
Laser Plasma propagation: U=U(W,p,gas....)
Laser beam #4 Gas fl Laser impulse
- Gas flow as oW duration t>1-5

ms

—»
—

I aser supported plasma Laser beam Laser Supported Wave
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A

RadGD of laser supported waves: gas dvnamic instabilities

1218.488
123.726
1036.334
955,738
881.411

*Chemical reactions

q—
41

o oo
|
*Navier-Stockes equations e o e
. © o
*Model of turbulent mixture o =l
" . . o
*The 11™ species composition o e

812,863
749.647

*Multi-group radiation model
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Aerophysics:

computer code NERAT (Non-Equilibrium Radiative Aero-Thermodynamics)
« NERAT-2D - two dimensional plane and axially symmetric
 NERAT-3D — three dimensional
e  Structured multi-block grids
e Laminar and turbulent regimes
* Physical-chemical kinetics
» Radiation heat transfer + Spectral optical properties gASTEROID code)
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Multi-block/multi-grid technology
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Exomars
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3D-NERAT: Exomars
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12.000
10.6814
3.388
5.303
7.344
456
5.745
5.082
4485
3978
3.51B
3.110
27581
2433
2182
1.903
1.883
1489
1.317
1.185
1.030
0811
0.808
0713
0.631
0.588
0483
0436
0.386
0.341
0.302
0.267
0.236
0.208
0.185
0.163
0.145
0.128
0113
0.100

05.07.2009

ASTRONUM - 2009

Poccuiickan Aragemna Hayw
VIHCTMTYT MpoGnem MexaHuKki PAH

3D-NERAT: MSRO

65



Multi-Physics MHD/RadGD Numerical Simulation Models s ey

&)

RadGD/MHD multi-physics : On-going efforts

Creation of radiative/kinetic models for description of non-equilibrium processes
n hot gases and plasmas

Creation of spectral optical models for LTE and non-LTE conditions

Creation of 2D and 3D CFD/RadGD/RHT models for strong radiative-
gasdynamic interaction (space vehicles, ground test facilities, laser/matter
interaction, astrophysics, etc.)

The use of the CFD/RadGD/RHT models for development of aerospace sciences
CFD/RadGD/RHT models verification

05.07.2009 ASTRONUM - 2009 66



Multi-Physics MHD/RadGD Numerical Simulation Models i Ty

A

RadGD/MHD computational physics: On-going efforts

o . y ™

Kandinsky “Composition X” (1939)
>

Malevich Black Square and Red
Square 1915
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