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von Karman Institute for Fluid Dynamics

“With the advent of jet propulsion, it became necessary to broaden the field of
aerodynamics to include problems which before were treated mostly by physical

chemists. ..”

Theodore Karman, 1958

“Aerothermochemistry” was coined by von Kiarman in the 1950s to denote this

multidisciplinary field of study shown to be pertinent to the then emerging aerospace era
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Introduction Motivation

Motivation: new challenges for aerospace science

@ Design of spacecraft heat shields
o Modeling of the convective and radiative heat fluxes for:

@ Robotic missions aiming at bringing back samples to Earth
@ Manned exploration program to the Moon and Mars

Intermediate eXperimental Vehicle of ESA Ballute aerocapture concept of NASA

@ Hypersonic cruise vehicles

e Modeling of flows from continuum to rarefied conditions
for the next generation of air breathing hypersonic vehicles
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Introduction Motivation

Motivation: new challenges for aerospace science

@ Electric propulsion
o Today, 20% of active satellites operate with EP systems

STO-VKI Lecture Series (2015-16) Electric Propulsion Systems: from recent research developments to

industrial space applications

EP system for ESA’s gravity mission GOCE ~20,000 space debris > 10cm

@ Space debris

e Space debris, a threat for satellite and space systems and for mankind
when undestroyed debris impact the Earth

STO-VKI Lecture Series (June 2015) Space Debris, In Orbit Demonstration, Debris Mitigation

Thierry Magin (VKI) Plasma models 14-17 October 2014 7 /58



Introduction Motivation

Engineering design in hypersonics

@ Two quantities of interest relevant to
rocket scientists
e Heat flux
o Shear stress to the vehicle surface

= Complex multiscale problem

o Chemical nonequilibrium (gas)

@ Dissociation, ionization, ...
@ Internal energy excitation

e Thermal nonequilibrium
@ Translational and internal energy
relaxation
Radiation
Gas / surface interaction

@ Surface catalysis
@ Ablation

Blast capsule flow simulation

VKI COOLFLUID platform

and MUTATION library

o Rarefied gas effects

e Turbulence (transition)
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Introduction Objective

Physico-chemical models for atmospheric entry plasmas

Earth atmosphere: S = {N3,02,NO,N,O,NO+* ,N* OF,e™,...}

of

- v D
,_/‘// ‘..
//f/ \. O\ o=
¥ ®
®
Fluid dynamics Kinetic theory
pi(x,t), i €S, v(x,t), E(x,t) fi(x,ci,t) , i €S

@ Fluid dynamical description
o Gas modeled as a continuum in terms of macroscopic variables
e e.g. Navier-Stokes egs., Boltzmann moment systems
@ Kinetic description
o Gas particles of species i € S follow a velocity distribution f; in the
phase space (x,c;)
e e.g. Boltzmann eq.

= Constraint: descriptions with consistent physico-chemical models
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Introduction Objective

From microscopic to macroscopic quantities

sox10”

@ Mass density of species i € S:
p,-(x, t) = f fm; dc;

1= 2% 10-m
20x1077

= Mixture mass density:
e P .
T 30x107 ———- 1= 1x10m p(x, t) = ZJ'GS pi(x,t)
=) x=3x 10*m
= 2| ———-1=9x10-*m

5 20x10 ] | i ity:
g BTN @ Hydrodynamic velocity:
& !

e i—3wm?
A=2x107m

p(x, thv(x, t) = 3 ;cs [ mjc; dc;

Lox10"
Level 1
00 e i @ Total energy (point 1particIeZS):
Bo o T T E(xt) = Yes [ Fimilgl do
Velocity distribution function for 1D Ar Thermal (tran_slatlonal) fe_nlergy: )
shockwave (Mach 3.38) at different p(x, t)e(x, t) = Zjes f i Emj|cj —v|* dc;

positions x € [—1cm, +1cm)]
[Munafo et al. 2013]
= Suitable asymptotic solutions can be derived by means of the

Chapman-Enskog perturbative solution method
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Introduction Objective

Objective of this presentation

“Engineers use knowledge primarily to design, produce, and operate artifacts. .. Scientists,
by contrast, use knowledge primarily to generate more knowledge.”

Walter Vincenti

= Enrich mathematical models by adding more physics

= Derive mathematical structure and fix ad-hoc terms found in
engineering models

= Integrate quantum chemistry databases
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Kinetic data
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© Kinetic data

Thierry Magin (VKI) Plasma models 14-17 October 2014 11 / 58



Kinetic data

Transport collision integrals

= Closure of the transport fluxes at a microscopic scale
e The transport properties are expressed in terms of collision integrals

y 2(1+1) 7 —EN et A0
& (1) = [on(ir) £
i () (s +1)! [2/+1—(—1)’] (ke T)**2 ) ke T d

o They represent an average over all possible relative energies of the
relevant cross section

Q) (E) = 27r/ 1—cos x) b db,
0

“Boltzmann impression”, Losa, Luzern 2004
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Kinetic data

Deflection angle

N

<
=
7 Dynamics of an elastic binary collision
o o Effective potential
T T T b2
o203 ¢6(Evb’r):90(r)+Er7
Effective Lennard-Jones potential @ Deflection angle

X(Eb)—ﬂ—be W
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Kinetic data

Neutral-neutral interactions: sewing method for potentials
[M., Degrez, Sokolova 2004]

N; ]
= o = 40 N
ER R
05— ] S
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Potentials models for the Oy — Oy QMY collision integral for the
— Tang-Toennies, —— Born-Mayer, CO45 — COg interaction:
and —— (m,6) —— (m,6) potential,
(experimental data of Brunetti) —— Born-Mayer potential,

and > combined result
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Kinetic data

lon-neutral interactions

@ Elastic collisions: Qg;’s)
o Born-Mayer potential: ¢(r) = g exp (—ar)
e with parameters recovered from atom-atom model

@ Resonant charge-transfer: _Sel_és), se{1,2,3}
For | odd interaction where atom and ions are parent and child

‘ e O—-0OF
W (elease) [Stallcop, Partridge, Levin]
O ‘ o C_(C+

,,,,, W (no release)

[Duman and Smirnov|
o Qexc = (7.071 —0.34851n E)?
° Qﬁels) =2 Qexc

QLs) — \/<Q§,1’5))2 n (O%s)y
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Kinetic data

lon-neutral interactions
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Kinetic data

Charge-charge interactions

\ @ Shielded Coulomb
8000 potential [Mason et al]
1 \ and [Devoto]:

O\ ()= 00 oo (1)
] \\\

[V

2000

S| @ Debye length
1 &%
05000 7500 10000 12500 15000 A — EOkB Te /
T K] P\ 2nq?
e

Q1Y) for LTE carbon dioxide at 1 atm:
—— attractive interaction and — repulsive
interaction
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Kinetic data

Conditions on the kinetic data

@ Well-posedness of the transport properties is established provided that
some conditions are met by the kinetic data

@ For instance, the electrical conductivity and thermal conductivity
reads in the first and second Laguerre-Sonine approximations,

respectively
2

_ i(xeqe) 1
° 0e(l) = 5 k2T, N
2

° )\3(2) = X—i

Proposition (M. and Degrez, 2004)

Let C_?,-(el’l), (_Q,-(el’z), (_?,-(61’3), i € H and QSEF) be positive coefficients such

that 5@1-(61’2) — 4(_\)1-(:’3) < 25(:),.(61’1)/12, and assume that x; >0, i € S.
Then the scalars N0 and ALl are positive
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Kinetic data

Mutation—++ library [Scoggins and M. 2014]

MUTATION++: MUIticomponent Transport And Thermodynamic
properties / chemistry for IONized gases written in C++

Mutation**
Mixture

Kinetics

MultT
Rate Laws

‘Thermo-
dynamic
Databases ‘Transport Ersces
P Finite-rate Jacobian
Chemistry

NASA
Polynomials

Colligion

Algorithms e
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Kinetic data

MUTATION++: library for high enthalpy and plasma flows

@ Quantities relevant to engineering design for hypersonic flows
o Heat flux & shear stress to the surface of a vehicle
e Their prediction strongly relies on completeness and accuracy of the
numerical methods & physico-chemical models

@ Why a library for physico-chemical models?
e Implementation common to several CFD codes
o Nonequilibrium models, not satisfactory today, are regularly improved
e Basic data are constantly updated
(Chemical rate coefficients, spectroscopic constants, transport cross-sections,. . .)

o Constraints for the library implementation
e High accuracy of the physical models
o Laws of thermodynamics must be satisfied
o Validation based on experimental data
o Low computational cost
e User-friendly interface
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Kinetic data

Electron transport coefficients

@ Electron conduction current density: J = n.qeV
= 0B+
B i

o, [Sm’]
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Atomic ionization reactions

Outline

© Atomic ionization reactions
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Atomic ionization reactions

UTIAS shock-tube experiments [Glass and Liu, 1978]

(Mach=15.9, p=5.14 Torr, T=293.6 K, a=0.14)

ne [10%2 m™

Mass density and electron number density
[Kapper and Cambier, 2011]
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Atomic ionization reactions

Boltzmann equation with reactive collisions

@ Assumptions
o Plasma spatially uniform, at rest, no external forces
o Composed of electrons, neutral particles, and ions: S = {e,n,i}
o lonization mechanism: reaction r

n+i=it+e+i, 1€8S

Maxwellian regime for reactive collisions (chemistry characteristic times
larger than the mean free times)
e Boltzmann collision operator

o Boltzmann eq.! : Opf* = 7% (,* *) +Cr(f*), i€S
JES

o Reactive collision operator for particle i: CF = €F* 4+ €F* + €I~

!Dimensional quantities are denoted by the superscript *
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Atomic ionization reactions

Reactive collision operator [Giovangigli 1998]

@ e.g., e-impact ionization reaction r

n+e=1i+e+e
@ For electrons

exr(r) = [ (rets Pt - e )i aepdcrer et
n

—2 / (fi*fe*fé %f £ - f,:q)W;?* deidefdey de;
n

€

with the statistical weight 3* = [hp/(a;m?)]3, ac = 2,3y = ai = 1
e For ions

* Dk
e (F) = — / <fi*fe‘;f$ %fe _ qq)w;ze*dc;dcgdcgdcg
n
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Atomic ionization reactions

Scaling parameter based on electron / heavy-particle mass ratio:

0
m

e = (nTg)l/2 <1
b
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Atomic ionization reactions

Dynamics of the reactive collisions

[Graille, M., Massot, CTR SP 2008]

@ e-impact ionization
n+e=1i+¢e+¢

lcal® = |ei? + O(e)
|csl® = |eel® + |es]* + 248 + O(e),

with the ionization energy AE = Uf + miuf - mnu,ﬁ

(e,€) (i €)

@ Heavy-particle impact ionization
n+i=i+é+1, ieH (n, %)
\ (e,c})
1 2 1 /2 .
3Mmilgn|” — 2088 = smi|gy|~ + O(e), ieH
|g,h9|2 = 0(5) (i, ¢}) (i.cr)
= the electron pulled from the neutral particle is cold
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Atomic ionization reactions

Euler conservation equations (order £71)

o Mass

depe = w2

dipi = m,-wf-), ieH
o Energy

de(pee)) ~AE) — A& wE°
de(prey) = AEY + A& wi® — AE wi°

o Chemical loss rate controlling energy [Panesi et. al, JTHT 23 (2009) 236]
e Standard derivation [appleton & Bray] does not account for mass disparity
@ Using the property w® = w{o = —w r € R, the mixture mass and
energy are conserved, i.e.,

dip=0,  de(pe’ +pUF) =0
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Atomic ionization reactions

Two temperature Saha law

@ e-impact ionization
n+e=1i+e+e

K1) = (2) QT ew(-T)

@ Heavy-particle impact ionization

nt+i=i+ée+1

KTy, T,) = (n’:’—;)waj(n)exp(—%), ieH

[M., Graille, Massot, CTR ARB 2009]
[Massot, Graille, M., RGD 2010]
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Atomic ionization reactions

Law of mass action for plasmas

@ e-impact ionization
nte=1i+e+¢
K =% (T), KD =%B(T)

@ Heavy-particle impact ionization

nt+i=i+e+1

K= KE(Ty), K2 =%K(Ty, T)KL(Ty), i€H

[Graille, M., Massot, CTR SP 2008]
[M., Graille, Massot, CTR ARB 2009]
[Massot, Graille, M., RGD 2010]
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Atomic ionization reactions

Thermo-chemical dynamics and chemical quasi-equilibrium

@ The species Gibbs free energy is
defined as
pigi = ni T; l“(ioTTT.)) +pUf, i€s
@ Modified Gibbs free energy for thermal
pi non-equilibrium

pi&} = pigi + (% - 1)piu"F’ hIE€3
J

= The 2nd law of thermodynamics is satisfied
dt(pS) = rY‘th + ZjES ’T‘éjha Tth > 07 Tcgh > Oa J €S

@ The full thermodynamic equilibrium state of the system under well-defined and natural
constraints is studied by following Giovangigli and Massot (M3AS 1998)

@ The system asymptotically converges toward a unique thermal and chemical equilibrium
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Internal energy excitation in molecular gases

Outline

@ Internal energy excitation in molecular gases
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Internal energy excitation in molecular gases

Motivation: developing high-fidelity nonequilibrium models

= Understanding thermo-chemical nonequilibrium effects is important
e For an accurate prediction of the radiative heat flux for reentries at

v>10km/s (Moon and Mars returns)
e For a correct interpretation of experimental measurements

o In flight
@ In ground wind-tunnels

E

gL =- Standard nonequilibrium models for
sl eermowme hypersonic flows were mainly _

: |l developed in the 1980's (correlation
Fo M

N : based)

3 " \ ixpsmmsm . Lo

2 A ;. D e e.g. dissociation model of Park

£ . "\ L o Multitemperature model:

. NN T:TraTv:Te: ele

AN

o ERL DTS o Average temperature /T T, for
B fictitious Arrhenius rate coefficient

Calculated and measured intensity No(1+4) system

Thierry Magin (VKI) Plasma models 14-17 October 2014 31 /58



Internal energy excitation in molecular gases

Microscopic approach to derive macroscopic
nonequilibrium models...

o e.g. NASA ARC database for
nitrogen chemistry:

@ 9390 (v,J) rovibrational energy
levels for No
e 50 x 10° reaction mechanism for
N3 + N system
@ No(v,]) + N—=N+N+N
o Na(v,J) » N+N
o No(v,J)+ N« No(v',J)+N

o Pa PErS AIAA 2008-1208, 2008-1209, 2009-1569, N3 Potential Energy Surface

2010-4517, RTO-VKI LS 2008 NASA Ames Research Center
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Internal energy excitation in molecular gases

Detailed chemical mechanism coupled with a flow solver

@ Full master eq. of conservation of mass for the 9390 rovibrational
energy levels i = (v, J) for No, and for N atoms coupled with egs. of
conservation of momentum and total energy

pi piu My, wi
d | pn _|_i pnu | | Mywn
dt | pu dx | p? +p| 0

pE puH 0

... but computationally too expensive for 3D CFD applications

= reduction of the chemical mechanism by lumping the energy levels i:
@ e.g. vibrational state-to-state models (AIAA 2009-3837, 2010-4335)

d d
apv + & (pvu) = MNsz

@ The energy levels are lumped for each v assuming a rotational energy population
following a Maxwell-Boltzmann distribution at T
[Guy, Bourdon, Perrin, 2013]
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Internal energy excitation in molecular gases

Coarse—grain Model [M., Panesi, Bourdon, Jaffe, 2011]

@ Novel lumping scheme obtained by sorting the levels by energy and
grouping in a bin all levels with similar energies

16 1 | 1 | 1 | 1 | 1

14 -

12 —

)
|
\

1
T

1
T

Energy [eV]
oo
|
\

6 — —
4 L
2 — —
O T ‘ T ‘ T ‘ T ‘ T
0 2000 4000 6000 8000 10000
Index [ -]
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Internal energy excitation in molecular gases

Coarse—grain Model [M., Panesi, Bourdon, Jaffe, 2011]

@ Novel lumping scheme obtained by sorting the levels by energy and
grouping in a bin all levels with similar energies
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Internal energy excitation in molecular gases

Coarse—grain Model [M., Panesi, Bourdon, Jaffe, 2011]

@ Novel lumping scheme obtained by sorting the levels by energy and
grouping in a bin all levels with similar energies
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Internal energy excitation in molecular gases

Simulation of internal energy excitation and dissociation

processes behind a strong shockwave in Ny flow

@ The post-shock conditions are obtained from the Rankine-Hugoniot
jump relations
@ The 1D Euler eqgs. for collisional model comprises

e Mass conservation eqs. for N
e Mass conservation egs. for the 9390 rovibrational levels of Ny
e Momentum conservation eq.
e Total energy conservation eq.

@ Free stream (1), post-shock (2), and LTE (3) conditions

1 2 3
T [K] 300 62,546 11,351
p [Pa] 13 10,792 13,363
u [km/s] 10 2,51 0.72
XN 0.028  0.028 1
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Internal energy excitation in molecular gases

Temperature and composition profiles

[Panesi, Munafo, M., Jaffe 2013]

Temperatures T, T, (v =1), Tine (v=10,J

10)

70000
T full CR: no pred.
60000 =7~ i ! K—=<
T full CR \\
— i T Cint
ﬁ 50000 T vibrational CR _ 0.8 ‘\
o T - \
5 40000 @ \ —— N, full CR : no predis.
E 5064 | 2
= -—=N
a = \
2.30000 g — N, full CR
g = -=N
5 o 0.4 —— N, vibrational CR
= 20000 3
/ =
10000/ | 027
! /l
0 N T T T 0 . . . .
2.0x10° 4.()><1(.)'6 6.0x10° 8.0x10° 10x10° 20x10° 40x10°  60x10°  80x10°  10x10°
Time [s] Time [s]

Free stream: T; =300 K, p; = 13 Pa, u; = 10 km/s, xn1 ~ 2.8%, 1075 s +» 2.5 cm

= Thermalization and dissociation occur after a larger distance for the

full collisional model
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Internal energy excitation in molecular gases

Rovibrational energy population of Ny

n(v,J) in function of E(v,J) at t = 2.6 x 107 % (7mm)
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A rotational temperature T,(v) is introduced for each vibrational energy level v:

J J _AE(v
S0 oy, aE(, ) S gy8E (v, Dexw (RESD)
Jm 1x(v - JITI x(v —
72 n(v, ) S0 gy e (SR

= The assumption of equilibrium between the rotational and

translational modes is questionable...
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Internal energy excitation in molecular gases

Coarse graining model for 3D CFD applications

@ Coarse-graining model: lumping the energy levels into bins as a
function of their global energy

70000

60000

50000 —

——— FullCR

1
1

1

\

!
40000 1
1

1

30000
1
\

Temperature [K]

20000

100004  TTTTTTTTT

0

T T T T
0 2x10° 4x10° 6x10° 8x10°
Time [s]
Without predissociation reactions

10x10°

Free stream: T; = 300 K, p; = 13 Pa, u; = 10 km/s, xn1 ~ 2.8%, 1075 s +» 2.5 cm

= The uniform distribution allows to describe accurately the internal

energy relaxation and dissociation processes for ~20 bins
[Munafo, Panesi, Jaffe, M. 2014]
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Internal energy excitation in molecular gases

Internal energy excitation in molecular gases

Wang-Chang-Uhlenbeck quasi-classical description

@ The gas is composed of identical particles with internal degrees of
freedom

@ The particles may have only certain discrete internal energy levels
@ These levels are labelled with an index i, with the set of indices |

® Quantity E/ stands for the energy of level i € |, and a;, its
degeneracy?

“Dimensional quantities are denoted by the superscript *

(i,))= (")), ij.ijel (%))

@ (i,j) and (7)) are ordered pairs of energy levels

"
@ with the net internal energy E,.'J.J* =E +E —E - Er
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Internal energy excitation in molecular gases

Collision zoology according to Ferziger and Kaper

o Elastic collisions
(1,)) =(.4), iJj€El
= Both kinetic and internal energies are conserved: E,-'J.-,j/* =0
@ Inelastic collisions
(i.7) = (")), i, el (i) #(i.))
o General case: E,-'J'-,j/* #0
e Resonant collisions: E,.'J'./j'* =0

o eg. exchange collision: (i,j) = (j,i), i,j€I, i#]j

o
. . . *
e Quasi-resonant collisions: Eé-J ~0
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Internal energy excitation in molecular gases

Boltzmann equation

@ The temporal evolution of £*(t*,x*, c¥) is governed by
Op % + €7 Ox £ = J7(F), i€l

with the partial collision operators
i . a;jaj i
a7 £ = [ (frfr o — 06 ) Wy desdegde;

ij A ajna;
@ Development of a deterministic Boltzmann solver

o [Bobylev and Rjasanov (1997,1999), Pareschi and Russo (2000),
Gamba and Tharkabhushanam (2009,2010)]
o [Munafo, Haack, Gamba, M., 2013]

e Difficulty: multi-species gas and inelastic collisions
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Internal energy excitation in molecular gases

Statistical description

5
1.8
4 <
16 £ 4
m’— 07 (")m
£ o R
é"m— © 31 — x=-2x10"m
<+ o
S 1.2 S 2
®o S
Q14 o
] w1
~
=
0.84
T T T T T T T 0 — 1 T T T T T 1
-0.02 -0.01 0 0.01 0.02 21000 -500 0 500 1000 1500 2000
x [m] ¢, [m/s]

Density Velocity distribution function
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Internal energy excitation in molecular gases

Relaxation towards equilibrium of a multi-energy level gas

@ Translational and internal degrees of freedom initially in equilibrium
at their own temperature
o p=1lkg/m3 T =1000K, T = 100K
o 5 levels, Anderson cross-section model
@ Unbroken lines: Spectral Boltzmann Solver [Munafo, Haack, Gamba, M.,
2013], symbols: DSMC [Torres, M. 2013]
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Internal energy excitation in molecular gases

Flow across a normal shockwave for multi-energy level gas

@ Free stream conditions
0 poo = 107%*kg/m3, T, = 300K, voo = 954m/s
o 2 levels, Anderson cross-section model
@ Unbroken lines: Spectral Boltzmann Solver [Munafo, Haack, Gamba,
M., 2013], symbols: DSMC [Torres, M. 2013]
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Translational thermal nonequilibrium in plasmas

Outline

© Translational thermal nonequilibrium in plasmas
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Translational thermal nonequilibrium in plasmas Scaling of the Boltzmann equation for plasmas

Translational thermal nonequilibrium and electromagnetic

field influence in multicomponent plasma flows

@ Plasma composed of electrons (index ¢), and heavy particles, atoms
and molecules, neutral or ionized (set of indices H); the full mixture
of species is denoted by the set S = {¢} UH

@ Scaling parameter: ¢ = (mg/mg)1/2 <1

@ Classical mechanics description provided that

ke T0Y1/2
(nﬂ)l/a > try : ) and kBT <c

@ Binary charged |nteract|0ns with screening of the Coulomb potential
A~ 37 chye > 1
© Reference electrical and thermal energies of the system are of the same order
q°E°L® ~ kpT?
@ Magnetic fieldoinﬂfluence determined by the Hall parameter magnitude b
B 0 1-b

e =-"gt.=¢ (b<0,b=0, b=1)
@ Continuum descrlptlon for compressible flows: O(My) > ¢
Kn M() ~ e
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Translational thermal nonequilibrium in plasmas Dimensional analysis

Dimensional analysis of the Boltzmann eq. [Petit, Darrozes 1975]

@ 2 thermal speeds

oo Jel® o flel® oo me
m; my my

@ 2 kinetic temporal scales

/° /° t0 1
0 0 e : 0
t = y t = = W]th I =
¢V b Vé) 5 n%g0

@ 1 macroscopic temporal scale
0 0 0 |0 0

p_ L _LOPVy 1,1 14

VO PVOVO T Kn My e
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Translational thermal nonequilibrium in plasmas Dimensional analysis

Change of variable: heavy-particle velocity frame [M3AS 2009]

@ The peculiar velocities are given by the relations

C=c.— EM;]V(), C=c;— Mbvh, i€eH

= The heavy-particle diffusion flux vanishes
> [ megag o
JjeH

@ The choice of the heavy-particle velocity frame vy is natural for
plasmas. In this frame:

e Heavy particles thermalize
o All particles diffuse
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Translational thermal nonequilibrium in plasmas Dimensional analysis

Boltzmann equation: nondimensional form and scaling

@ Electrons: ¢
—b

MyKn
+ (0 — =My T2)-9c £ — (9c, £C):0xvy = zirsde

Ot de [(Ce—i—thvh)/\B]-ace@

,,\1/,h (C. + eMpvy)-Oxf +

@ Heavy particles: i € H

2 b
(9tf + M (C + M[]Vh) 8 f + M Kn ‘m; [(C + thh)/\B] 6C'f
i W) e - (6o it

= The multiscale analysis (¢, Kn, [3;) occurs at three levels

@ in the kinetic egs.
e in the crossed collision operators
e in the collisional invariants
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Translational thermal nonequilibrium in plasmas Dimensional analysis

Boltzmann equation: nondimensional form and scaling

@ Collision operators:
Hezgee(éaé)'i‘ dej(éaﬁ)
JjeH
di=28i(f. £)+ X 35(f.f), ieH
JjeH

@ Jee and Jjj, i,j € H, are dealt with as usual
@ J.i and Jj., i € H, depend on =

Theorem (Degond, Lucquin 1996, Graille, M., Massot 2009)

The crossed collision operators can be expanded in the form:

Jei(f,£) = %%, £)(ce) + 2d5(£, F)(ce) + 2292 (£, F)(ce)
+235(£, £)(C) + O(Y)
Jie(£,£) = cdi(f,£)(ci) + °02%(F. £)(ci) + E2F2(F, £)(C) + O(e*)

where i € H

v
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Translational thermal nonequilibrium in plasmas Chapman-Enskog method

Generalized Chapman-Enskog method [Graille, M., Massot 2009]

Kn = l\/li = £ o= 21 +ch + 52QAS£2)) +O(?)
b - N
f o= OQ+ed)+0(?), ieH
Order Time Heavy particles Electrons
g2 te - Eq. for @0
Thermalization (T,)

g1 t,? Eq. for f,-O, ieH Eq. for ¢,

Thermalization (T) Electron momentum relation
el t0 Eq. for ¢;, i € H Eq. for ¢§2)

Euler egs. Zero-order drift-diffusion egs.
€ 2 Navier-Stokes egs. 15t-order drift-diffusion egs.

3
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Translational thermal nonequilibrium in plasmas Chapman-Enskog method

Collisional invariants

@ Electron and heavy-particle linearized collision operators
Fe(6e) == [ (6 + e — 6 — 4 ) G — Calocar dudCes

_J.EZH n; /Oej (‘QPv“"I%TI) |Ce| (¢ (|Ce|w) — ¢e (Ce))dw

Fy(0) =~ [ £ (¢+ )~ ¢ = &) |G - GloydwdClicn
jeH

@ Collisional invariants

o= 1 Bo= (midn), gy IEM
# o= e W= (mG) gy ver23)
s = (mca),,

@ Properties
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Translational thermal nonequilibrium in plasmas Chapman-Enskog method

Electron momentum relation

@ The projection of the Boltzmann eq. at order e~! on the collisional
invariants ¢/, I € {1,2}, is trivial

@ Momentum is not included in the electron collisional invariants since

(Fe(de). G # 0

o At order e71, the zero-order momentum transferred from electrons to
heavy particles reads

~ 1 neq.
0.(£0 -0 _ _ HeHe
Jze;«gej(é ¢e7§ )vcv»e Mb Oxpe Mh E

o A 1%torder electron momentum is also derived at order £°
[M., Graille, Massot, AIAA 2008]

[M., Graille, Massot, NASA/TM-214578 2008]
[Graille, M., Massot, M3AS 2009]
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Translational thermal nonequilibrium in plasmas Conservation equations

1°t order drift-diffusion and Navier-Stokes egs.

15t and 2" order transport fluxes for the electrons

Otpe+Ox-(pevy) = _M%Jax‘[Pe (V+eV?)]

De(pe ec)+0x-(pe eevy ) +pe Ox-vi — iy O (420 )+ - (ke +202) B +00=My k vy AB
+AE+eAE!}
@ 1° order transport fluxes for the heavy particles

Otpi+Ox (P:Vb) - 8X (p,\/) ieH

at(/)hvh)+8x-(/)hvh®vh+#pﬂ) = 7W3x-nh+#an+(5bo|o+5b1|)/\B
b b b

Bt (pn €n )+Ox-(py ey vy )+ppy Bx-vi —EH;J:vah—Miharqh-i-MLthE’—kAEg-i-eAEé
o with 1 order energy exchange terms
AE;+AE! = 0
AE; = Y mVF,
=
e and average electron force actmg on the heavy particles

= [QP(CP) CIC 2. dC., ieH
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Translational thermal nonequilibrium in plasmas Conservation equations

Kolesnikov effect [Graille, M., Massot 2008]

@ The second-order electron diffusion velocity and heat flux are also
proportional to the heavy-particle diffusion velocities

@ We refer to this coupling phenomenon as the Kolesnikov effect (1974)

@ The heavy-particle diffusion velocities

V=-> Dd —008,InTy, i€cH
_ jeH
are proportional to
o The diffusion driving forces d; = Bxp, MR — "’M" F,
Py
o The heavy-particle temperature gradlent (Soret efFect)

o The average electron force F, contributes to the diffusion driving

force d,
e The average electron force acting on the heavy particles is expressed in
terms of the electron driving force and temperature gradient

— _ P . _ _Pe_ ¢
F, = m,\;hae,de nm;hx,.axmn

Ie
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Translational thermal nonequilibrium in plasmas Conservation equations

LTE computation of the VKI Plasmatron facility
(p=10 000 Pa, P=120 kW, m=8 g/s) [M. and Degrez 2004]

Temperature field [K]

c0o0oss I L\ L L L

==

— | &
ceeoen UWfF v

Streamlines
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Translational thermal nonequilibrium in plasmas Conservation equations

Modified Grad-Zhdanov egs. for multicomponent plasmas

Mass diffusion equations [Martin, Torrilhon, M. 2010]

op ,
axi_nequ :__an jes
J€EH

D(piwl) o ovy, 1 on®  Opj
K ] K ; S = K ] _ IiEr
i T Gl w’8x5)+Mb( "ox. " ox, 9

i (F,§)miCld iFo, i€H

I\/IKn;/EJJ )m;CdC; + hKn,e i€

@ with the average electron force acting on the heavy particle i € H
LI h g
FS :—7|:wr77— e 7,_5/[’5']
© Te Spe Te( Te 17’)

= Momentum conservation
D 1 ony’ 9]
Py Vh vl <K h L ) =0
Dt Mh OXs Ox,
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Conclusion

Outline

@ Conclusion
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Conclusion

Final thoughts

@ Plasmadynamical models based on multiscale CE method
e Scaling derived from a dimensional analysis of the Boltzmann eq.
e Collisional invariants identified in the kernel of collision operators
e Macroscopic conservation eqgs. follow from Fredholm's alternative
o Laws of thermodynamics and law of mass action are satisfied
o Well-posedness of the transport properties is established, provided that
some conditions on the kinetic data are met
@ Advantages compared to conventional models for plasma flows
e Mathematical structure of the conservation equations well identified
o Rigorous derivation of a set of macroscopic equations where hyperbolic
and parabolic scalings are entangled [Bardos, Golse, Levermore 1991]
e The mathematical structure of the transport matrices is readily used to
build transport algorithms (direct linear solver / convergent iterative
Krylov projection methods) [Erm and Giovangigh 1994, M. and Degrez 2004]
o Future work
e CE for dissociation of molecular gases and radiation
o New application: radar detection of meteors
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