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Developing disruptive technology for hypersonics

» Hypersonics
» Fight within planetary atmosphere at Mach > 5
» Challenges for fluid models and numerical methods

» Multiscale and multiphysics problem
» Calibration and validation of computational models

VKI Drag-on low density plasma facility

Air Breathing Electric Propulsion concept for Very Low [Jorge, Parodi, LeQuang, M., RGD32 2022]

Earth Orbit observation
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‘Aerothermochemistry” coined by von Karman in 1950's

“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 von Karman, 1958

» Some open problems
» Fluid models for thermo-chemical nonequilibrium
» High-order methods for hypersonic flows
» Efficient solvers for 3D plasma sheath

Jet Boundary Transmitted shocks
Barrel shock
] 1

Expansion Fan Normal shock

[Capriati, Turchi, Congedo, M., 9th EUCASS 2022]

Under-expanded air jet over catalytic probe in VKI Plasmatron
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Fluid models beyond Navier-Stokes. . .

» Kinetic theory allows us to

» Describe plasmas in the rarefied regime
» Derive asymptotic fluid solutions

ozl st Shock wave N,

lonisation / dissociation
Ablation
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[Bariselli, Boccelli, Dias, Hubin, M., Astronomy & Astrophysics 2020]

Meteors can be detected by scattering of electromagnetic waves by
electrons in rarefied trail
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Outline

Simulation of plasma sheath

Reactive collision operator

Calibration of models
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Outline

Simulation of plasma sheath
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Dimensional analysis for plasmas [Petit, Darrozes 1975]

» 2 kinetic temporal scales based on common mean-free-path /°
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» 1 macroscopic temporal scale based on macroscopic length L°
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» Hall parameter governed by magnetic field strength b
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Nondimensional form and scaling of Boltzmann eq.

» Electrons: e

1 : 1 1
8té + *Ce‘ax'g + ﬂiqece/\B'aCe’g + 7qu'Bceé = He
€ eKn € eKn

» Heavy particles: /1 € H

€ : , 1
e e BOf  LEDE = 0

Otf + €j-Oxf +

P> Multiscale assympotic analysis with entangled parabolic and
hyperbolic scalings [Graille, M., Massot 2009]

e=Kn and [, =¢el""

» Electrons: low Mach number regime
[Bardos, Golse, Levermore, 1991]

» Heavy particles: compressible gas dynamics regime
[Goudon, Jabin, Vasseur, 2005]
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Electron heavy-particle collision dynamics
» The collision operators read
343 — 8ee(’gaé)+ Z gej(’ga_fi-)
JjeH
gi :égie(ﬁaé)_‘_ Zgu(faf)a ireH
JjeH
» Momentum conservation in terms of the peculiar velocities

£ & &€

¢ = C+ C+s eC — Co|w i€eH
' mi+e2 " mie2 m; + &2 =G olw,
2
& emj mj
c. = + : i— s J eC — C|lw
¢ mi+e2 " mite2 T Tmte? =G~ Gl
» Heavy-particle reference frame
C.=cc—cvy, C,-:c,-fvh, ieH
c/-c

» Relative velocity after collision of direction w = s‘zc'_,i_c'il
» Where s = +1 for Jje, i € H, or s = —1 for J.;, i € H
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Expansion of crossed collision operators
» Introducing the relative velocity vector v, = %
crossed collision operator Jj., i € H, is defined as
3ie(7l€) é) = /0’,’5<“}’e|2,UJ' Te ) |5Ci - cel[f(c,l)é (Cel) - f(cl)é(ce)] dw dCe

[vel

the

Theorem 1 (Degond, Lucquin 1996, Graille, M., Massot 2009)
die» 1 € H, can be expanded in the form:

Jie(£, £)(C) = cdio (£, £)(C) + Ti (£, £)(C) + T (£, £)(C) + O(*) \

» The crossed collision operator J.;, i € H, is defined as

Bl £) = [ 0w (MEZEE we) |G~ =G [£(CHF(C)) — £(CI(C)]dwdC

mj+e2

Theorem 2 (Degond, Lucquin 1996, Graille, M., Massot 2009)
die» 1 € H, can be expanded in the form:

8ei(£., £)(C.) = 8%(£, £)(C.) + =05 (£. £)(C.) + =202 (£, F)(C.)
+e33% (€, F)(C.) + O(*)
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Multiscale Chapman-Enskog method: summary

[Graille, M., Massot 2009]

_ 0 242 3
Enskog expansion {f_ _ foé(l(:—li——‘;;()b:—i_(’)g(%))’ + O(,'Ee)H
Order Time Heavy particles Electrons
g2 te - Eq. for 0
Thermalization (T,)
g1 t,? Eq. for fio, ieH Eq. for ¢,
Thermalization (T,) Electron momentum relation
g0 t0 Eq. for ¢;, i € H Eq. for ¢f3)
Euler egs. Zero-order drift-diffusion egs.
5 t9/e  Navier-Stokes egs. 1°t-order drift-diffusion egs.

» Sound scaling derived from dimensional analysis
» Rigorous multicomponent diffusion (Kolesnikov effect)

» Laws of thermodynamics are satisfied
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Multifluid scaling of Boltzmann eq.
» Kinetic equation for species / € S

Ocf + €i-Oxf + £1-0c,f = > J5(F,£)+ 3,,(f,f)+C’
J#i

» Fluid equations are decoupled for each species
» Example: isothermal ion - electron mixture in neutral bath

Otne + Ox (neue) = nev'
denj + Oy (nju;) = nev®
Nee
Ot (neue) + Ox <neU +pe> - ; O0x@ — NelUeVen
Me Me
nje
Or (nju;) + Ok <n,u + B ) = ——0x¢— njuivip,
I

» Coupling to Poisson’s eq.

e(ne — n;)

€o

R =
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Comparison multifluid / multicomponent diffusion models

» Binary diffusion model

8tne + ax (ne Ve) ney’z
Oeni +0x (niVi) = nev™
» Diffusion velocity: Vi = _%axnk — 1kOx
» Binary diffusion coefficient: Dy = 7:3;:
> i ility: — Gk
Species mobility: i = 1=
0 — MF
L75 —
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Simulation of 1D plasma sheath at 1000 Pa between 2 walls
[Gangemi, Alvarez Laguna, Hillewaert, M., 9th EUCASS 2022]
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Multifluid simulation of electrostatic probe measurement in
collisionless plasma

Normalized potential
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Simulation of 1D plasma sheath with difference of potential

[Berger, VKI RM report 2022]
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Outline

Reactive collision operator

14 /30



Reactive collision operator
» Chemical reactions
Z X; = Z X, reRr
ieFr keBr

» Reactive collision operator C; = > - C/(f)
» Partial collision operator [Giovangigli 1998]

kHBﬁk

r eBr r

¢ = I/,-f,/<ka 15 —sz-)WB,Hdchdck
JEFT

keBr JEFT JEF keBr

I
_V,.t;/<ka .:Hfﬁf - Hg)wB,Hdcj I1 dex.
3

keBr jeFr JEFr  keBr

ieS, reRrR

with statistical weight 4 = h%/(a;m?) of species i in phase space
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Example: Ny + N =N+ N + N

2

ex= | (fN(C)fN(n)fN(u) f

N2

2
—3/(fN(cN)fN( )fN(n) Ox

— fN(CN)fN2 (5)) WI{?I;I,N(CN7 Ev C? m, U)dc d"] dv dE

(u)fo‘,(s))WﬁS’,N(CN,&cmwd'/ d¢dndé

2

N ) (0 )WY (e &G )G e

2

How to write the reactive collision operator by means of
differential cross-sections?
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3-body collision
B. V. Alexeev, A. Chikhaoui, and |. T. Grushin, Application of the generalized Chapman-Enskog method to
the transport-coefficient calculation in a reacting gas mixture, Phys. Rev. E 49(4), 2809-2825 (1994)

» Consider the 3-body collision
X1+ Xy = X3+ Xy + X5

» To reuse the binary collision formalism, the 3-body collision is
decomposed into 2 steps:

1. Activation
Xi+Xo =X, +X3

P> Activated complex: X, with my = m
» Third-body: X2 = X3 with mx = m3

2. Dissociation (ionization)
Xy = Xy + X5

with my + ms = my
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Relative motion w.r.t. center of mass

» Activation: X + Xy = X, + X3
Jacobi variables: {cl - Go + :Vigu and {C* - Go+ ﬁg“
c2c =Go— M 812 cz =Go-— 83
> Mass M = mi + mo
» Center of mass velocity Go = (mic1 + mac2)/M
> Relative velocity g, = c1 — ¢
> Relative velocity g,; = ¢« — ¢3

» Dissociation: X, = X4 + X5
— ms — m3 ms
Jacobi variables: {24 = ir m e go N N & ir m; 54
5 =Cx— 7 8a5= 6ot 38,3 1 8us
» Mass m, = my + ms
» Center of mass velocity ¢, = (macs + mscs)/m,
> Relative velocity g,; = ¢4 — cs
> Relative velocity g,; = r’:—i‘m + Z—fc;, —C3
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Energy conservation
> Activation:

L1+ Er+Lmlcal?+E = 1m,|c >+ EtLmsles/*+Es
» Dissociation:
3melcl? + E. = smalcaf® + Eq + 3ms|cs|” + Es
» 3-body collision:
smile1?+3m|eaf® = gmsles|? + Fmalea|* + 3 ms|es| + AE

with AE=E+E+E—E — E

= After some algebra

u12g122 = /L*3g33 + /1,45gf5 +2AE

> 2 = T
m, m
> ez =
mym
> s = 4*5
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Differential cross-section for 3-body collision
» Change of variables
Wi desdesdes derder = g1o dots” derdes
with differential cross-section expressed alternatively as
0%‘5 g*23dg*3 dmdn

2
16, 2 (/*126’1227—2AE)3/
= T
3 %3

345
doisy’ =

» Parametrization: 033° = 033°(g12, &3, M, N)

> Relative velocity before collision: g12 = |g15]

> Relative velocity after collision: gu3 = |g,3]

> Solid angle of relative velocity g,5: m = g,5/|g,3|

> Solid angle of relative velocity gs: M = g45/|8 5]
» Domain

> m ncS?

> g2 €]0,00]

2 2AE
. ge]oﬁ{

. —1/2 1/2
since g2s = fias~ (11128% — 20E — 11.38%)
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Belgian RAdio Meteor Stations (BRAMS) network

free electrons

7 transitter river ?
GOAL' Signal

power d d
. . epends on
correlate radio signal - free electrons

to meteoroid size

[Lamy et al., Meteoroids Conference Proceedings, NASA/CP-2011-216469 (2011) 351]
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Thermo-chemical reactor following the streamlines
1) BASELINE SIMULATION

-

Initial conditions
4) REFINED RESULTS

2) EXTRACT STREAMLINES

Veloaty
Densnty
3) LAGRANGIAN REACTOR

7< <= -;

[Boccelli, Bariselli, Dias, Magin, Plasma Sources Science and Technology 28 (2019) 065002]

m]

=

Qe
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Lagrangian reactor: models for mass and energy
conservation
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Lagrangian reactor with diffusion (Maxwell's transfer egs.)

S

» Baseline simulation provides: velocity v*, density p*, and
enthalpy variation AH*

» Lagrangian formulation: steady problem, ambipolar diffusion

d wi — Ox-(piVi) .
Ly = @2V e
45" v 'e
d AH*

E(H) As
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Conditions for the baseline SPARTA DSMC simulation

>
>
>
>
>

Velocity: 32 km/s
Altitude: 80 and 100

Size: 1 mm diameter

Surface temperature: 2000 K
Ablated vapor mixture used in DSMC: Si, Sit, SiO, SiO,, Mg,

km

Mg™, MgO Fe, Fe™, FeO Na, Na™, NaO

Oxide Mass %  Oxide  Mass %
SiO, 34.0 CaO 1.89
MgO 24.2 Na,O 1.1
FeO 36.3 K;O 0.1
Al,O3 2.5 TiO, 0.01
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Evolution of the electrons in the trail (Lagrangian solver)

Metal vapor number density 80 vs. 100 km

30
Faster diffusion at 100 km 100 km

g
2
E
g
£

e 478 0 100 200 300 400 500 600 700 800 900 1000

axial position [m]

2
wp = M€ > 49 MHz
€oMe
At 80 km the

overdense region
reaches 50 m in length
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Evolution of the electrons in the trail (Lagrangian solver)

Faster diffusion at 100 km

r.m“m& secemit Y
nee?
wp = <> 49 MHz
€pine
At 80 km the

overdense region
reaches 50 m in length

Metal vapor number density 80 vs. 100 km
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Outline

Calibration of models
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US3D CFD solver for hypersonic flows (U Minnessota)
» 3D Finite-Volume discretization
» Modified Steger-Warming numerical scheme with MUSCL
reconstruction
» Data Parallel Line Relaxation (DPLR) to obtain rapid
convergence to steady-state

N\
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M 052545
0.25
x [m]
Left: computational domain I) exit of plasma torch, ) sonic nozzle
surface, Ill) expansion chamber and IV) probe. Right: zoom on

numerical grid adapted with the shock to avoid carbuncle
[Capriati, Turchi, Congedo, M., 9th EUCASS 2022]

27/30



Multifidelity surrogate model based on hierarchical Kriging
Tag cells  Ax|[m] h; tepy [min]
| 172224  5E-7 ~ 1600
Il 43056  1E-6 ~ 200

1
2
" 10764 2E-6 4 ~ 30
v 2691 4E-6 8 ~ 4

o A
2200 2250 2300 2350 2400 2450 2500 2550 2600 2650 3 35 4 4.5 5 5.5
P [Pa q [W/m? 10°

Probabilistic density functions for stagnation pressure and heat flux
[Capriati, Turchi, Congedo, M., 9th EUCASS 2022]
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Stochastic calibration of carbon nitridation model from
plasma wind tunnel experiments

Nitridation Probability

Nitridation Probability
10° 10° T ot
~esncia
v —— Parketal [I v —— Parkeal [I
M d m af = E4 m
10 10
Suzuki et al. [2] Suzuki etal. [2]
107 102,
Helber et al. [3]
10° 10 109
v
107 v 107 - -
0 500 1000 1500 2000 2500 3000 0 0 500 1000 1500 2000 2500 3000
Temperature, K Temperature, K
%102 .
Bayesian inference 1t Integration of all available
methodology measurements from Helber et al.
- —T,
10 CN a
2000 200 2100 2600 2800 = Ae: (—)
T [k w AT,

[del Val, Lemaitre, Congedo, M., under review 2022]
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Conclusion

» Hypersonics is a multiscale and multiphysics problem

» Kinetic theory is a powerful tool to derive sound fluid models
for plasmas

» Well identified mathematical structure of the conservation
eqs. allows for development of numerical schemes

» Don't forget to calibrate and validate your computational
models!
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Total cross-section for isotropic 3-body collision

» Assume isotropic deflection angles for arising particles

p12g1272AE
345
/d 345 / Hx3 / / 01o g*3dg*3 dmdn
SZ SQ 16 2 /,1,12g12—2AE 3/2
%3
u12g1272AE

345

— 2 / dm dn 3 g*23dg*3
s? S? 0 (

1
§W2 p128%5—20E 3/2
%3

0%15 1 [1 3 } V e
= 47r47r 38 Hs
1 38%3]0
D p2gh—2AE \ 32
Hx3
345
= 012

» The total cross-section is 39°
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