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Transport Coefficients in Weak Magnetic Fields (0)

e Monatomic/Polyatomic/Reactive
Chapman and Cowling (1939), Hischfelder, Curtiss, and Bifgb4)
Waldmann (1958), Devoto (1966), Ferziger and Kaper (1972)
Wang-Chang Uhlenbeck (1964), De Boer (1951)
Waldmann and Trubenbacher (1962), Monchick, Yun, and M&s863)

Ludwig and Heil (1960), Nagnibeda and Kustova (1983), Geldh1993),
Alexeev, Chikhaoui, and Grushin (1994)

Zhdanov (2002), Magin and Degrez (2004)
Giovangigli (1991), Ern and Giovangigli (1994), Garcia Mai{2007)
Nagnibeda and Kustova (2009),
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Transport Coefficients in Weak Magnetic Fields (1)

e Kinetic theory
Mixtures
lonized gases
Polyatomic gases
Reactive gases

e Semiclassical Boltzmann equations
1
Oufx + eV fi + b Ve, fro = EjlmLéaRk, kes,
bk:g—l—zk(E—i—ck/\B) S:{l,...,n}

e Chapman-Enskog expansion

\_
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Transport Coefficients in Weak Magnetic Fields (2)

e Transport fluxes
IT = — (Vo) —n(Vv+ (Vo) — 2(V-)l),

Vi = —ZDkldl—QkagT, kES,

les
Q=Y pYeVi = AVT —pY_ Opdy,
keS keS
e Diffusion driving forces
dp = YPE PR (g BY,

p p




-

Transport Coefficients in Weak Magnetic Fields (3)

e Alternative formulation

Vi=—> Duld+xVlegT), [€S,
leS

Q= phiYaVi = AVT +p > xiVs,
keS keS
e Transport linear systems
Integral equations with constraints (linearized Boltzmjan
Galerkin variational procedure (Standard and Reducecdespac
Linear systems with constraints
Natural symmetric singular formalism
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Isotropic Transport Linear Systems (1)

e Form of the linear systems

Regular case Ga =,
) Ga = 57
Singular case
(a,G) = 0,
Transport coefficient p=(a, ")

e Symmetric formalism

Calculation of the symmetric systems/ Comparison with Mocic, Yun and Mason
GMM =G -C®¢G (upto scaling factors)

Reduced basis coefficients
Variational framework for\ andy
Mathematical structure of the linear systems and Iteratigerithms




-

Isotropic Transport Linear Systems (2)

e System to be solved
{ Ga =8, G € R,
{

a,G) =0, o, 3,G € R¥,
p={a )
e Mathematical structure
(G is symmetric positive semi-definite N (G) = RN,
N(G)® G+ =R¥,
| 8 € R(G),

N\

e The sparse transport matrix db(G)
db(G) is composed of diagonal of blocs 6fand is easily invertible
2db(G) — G anddb(G) are symmetric positive definite far > 3,
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Isotropic Transport Linear Systems (3)

e Direct method with a symmetric formulation
Ga = 3, G=G+G®g,
e Generalized conjugate gradient
Conjugate gradient algorithm for singular matrices,
e Stationary iterative methods
G=M-W, M=dbG)+dago,...,0,),
T =M1W, P=ProjG+,N(G))=I-NG/N,G),
T is convergentp(T) = 1, o(PT) < 1, and

a= Y (PTYPM'P'3 p=( ) (PTYPM 'P'Bp).

0<j<oo 0<j<oo

Important pointM + W = 2db(G) — G + 2diagoy, ..., 0,) is positive definite,

\_
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First Order Diffusion Coefficients

e First order transport linear systems

{AD = Q,
Dy =0,

XX
A=) Doy

e Asymptotic expansion

A
A=M-—W, M:dlag<1 T
— 11 — In

Q:H_y@)u?
y=(Y1,...,Y,),, u=(1,...,1)t eR"

Apr = —

P:Qt:H—U(X)y,

XX
kl

kleS, k#l

Y

Ann ) T = MW,

D= > (PT)YPM~'P'
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Transport Coefficients in Strong Magnetic Fields (0)

e Monatomic/Polyatomic/Reactive
Chapman and Cowling (1939),
Braginsky (1958)(1965),
Kanenko (1960),
Ferziger and Kaper (1972),
Kanenko and Yamao (1980),
Bruno, Capitelli and Dangola (2003),
Giovangigli and Graille (2003),
Bruno, Catalfamo, Laricchiuta, Giordano, and Capitel0{8)
Bruno, Laricchiuta, Capitelli, and Catalfamo (2007)
Giovangigli and Graille (2009)
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Transport Coefficients in Strong Magnetic Fields (1)

e Kinetic theory
Mixtures
lonized gases
Polyatomic gases
Reactive gases

e Semiclassical Boltzmann equations
~ 1 1 N
Oufx + eV [ + b Ve, fr + E(Ck —v)ANB-V, fr = ~ Ik + "Ry,

Ek:g+zk(E+vAB)

e Chapman-Enskog expansion

kesS,
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Transport Coefficients in Strong Magnetic Fields (2)

e Rotation matrix R®

0 —-Bs B
B = B/|B|, RP=| B 0 -B
—By, Bi 0

e Viscous tensor
IT=—xV-vl—yS—n(RPS~SRP)—;(~R°S RP + (SB, B) B2B)

— 14(SBRB + BeBS — 2(SB, B) BeB) — 1; (BB S R® — R® S BeB),

S=(Vv+ Vo) - 2(V-0v)1,
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Transport Coefficients in Strong Magnetic Fields (3)

e Orthogonal vectors associated withX € R3

Xlh=Bx)B, Xt=x-XI X°=BAX,

e Diffusion velocities and heat flux

_ Il L gL
Vi=-) (D;dj+ Djdj + D;d7)
JES
— (0)(Vlog T)! + 6 (V1og T)* + 67 (V 10g T)®),
Q=- (X” (vl £ (V) + X®(VT)®)

_ pZ@yd” +o0tdt + Q?dQ) +Y hipYiVi,

1€S 1€S
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Transport Coefficients in Strong Magnetic Fields (4)

e Alternative formulation

Vi = =Y Dl(dl+ ) (VigT)
JeS
—X:DL dL—i—Xj (VlegT)* —|—X?(V10gT)®)
JeS
—ZDQ d®—|—xj VlogT) —X?(VlogT)L),
JeS
Q = —(AvD) AVt +22(VT)®)
+pZ(XyV” + Vi + PV + thpYV
1€S 1€S
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Anisotropic Transport Linear Systems (1)

e Form of the complex linear systems (properly restructured)

Regular case (G+iG")a = p,
G+iG)a= p,
Singular case { (GHiG)a=F
(a,G) = 0,

Transport coefficient p={a, )

e Polyatomic/Reactive
New symmetry properties
New definition and variational framework farandy
Reduced basis coefficients and simplified tensor expansion
Mathematical structure of the linear systems and lteratigerithms
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Anisotropic Transport Linear Systems (2)

e System to be solved

(G+iG"a =g, G,G € R¥v,
<Oz,g> =0, OzE(Cw, 57g€Rw7
n={a, )

e Mathematical structure

[ G asinthe isotropic case
G’ = QD'P whereD’ isdiagonal Q =1- GaN/{(G,N)
P=1-N®G/(G,N), N(G+iG") =CN
N(G+iG") @ G+ =Cv,

| B € R(G+iG)

N\
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Anisotropic Transport Linear Systems (3)

e Direct method with a symmetric formulation (complex Choleski)

Ga = 8, G=G+G0G+iG
e Generalized conjugate gradient
Orthogonal residuals algorithm for singular matrices

e Stationary iterative methods
G+iG'=M-W, M =db(G)+dagoy,...,o0,)+iG,
T=M"'W, P=I-N&G/N,G),
T is convergentp(T) = 1, o(PT) < o(PT) < 1, and
a= Y (PTYPM'P'3 pu=() (PTYPM'P'3p).

0<j<o0 0<j<o0

Easy inversion o/ = db(G) + diag oy, ...,0,) +iG’

\_
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First Order Magnetized Diffusion Coefficients

e First order magnetized transport linear systems

{(AHA')(DLHD@):Q, @=I-y®u, P=I-uy
(D+ 4+iD®)y =0, y=1,..., V)t u=(1,...,1)t €¢R",

:Qd|a§K,U177Mn) P7 Mz:anZB/p7 7:687

e Asymptotic expansion

A+iA =M —W, M:diag( Au Ann

1-Y7  '1-Y,

) +iA T=M'W,
D +iD® = Y (PT)YPM 'P
0<y<0

e Complex Stefan-Maxwell equations
(A+IA)VE —iVO) =d' —id® —y ) (di —idy),

€S

\_
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Transport Coefficients in a Two-Temperature Plasma (0)

e Thermodynamic Nonequilibrium : State to State or Multi-Tem perature Models
Bruno and Capitelli (1990-2009), Chikhaoui (1999),
Kustova and Nagnibeda (1990-2009),

e Two-Temperature Plasma : Monatomic/Strong electric or magetic fields
Braginsky (1958), Ferziger and Kaper (1972),
Braginsky (1965), Chemielsky and Ferziger (1966)
Daybelge (1970), Kolesnikov (1974),
Petit and Darrozes (1975), Mason and Daniel (1988),
Zhdanov (2002), Graille, Magin, and Massot (2009)
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Transport Coefficients in a Two-Temperature Plasma (1)

e Kinetic theory
Mixtures S =HUe
lonized gases
Strong magnetic field

Nonequilibrium e ~ Kn ~ /me/my

e Multiscale Boltzmann equations

1 1
atfk+ck'vfk+bk'vckfk — E( E jkj+zjek>, kEH,
JEH

1 1

~ 1 1
O, fo + Ece-er + —be- Ve fo + 6—2(0e —vp) ANB-V,_fo= = (Z Jej + jee),

JEH

€

b, =g+ z,(E + ¢ A\ B) be = g + z.(E + vy A\ B)
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Transport Coefficients in a Two-Temperature Plasma (2)

e Multiscale Chapman-Enskog

Expansion of collision and streaming operators

Expansion of collision invariants

The reference velocity isy,

e Multiscale steps

Order

Heavy particles

Thermalization af},
Euler equations

Navier-Stokes equations

Electrons

Thermalization af,,
Zeroth order momentum
O(eY) Drift diffusion equations

O(et) Drift diffusion equations
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Transport Coefficients in a Two-Temperature Plasma (3)

e Heavy species transport fluxes

Hh = — /ih(V“Uh)]I — Nh (V’Uh + (V’Uh)t — %(V-’Uh)]l),

Vi = — ZDkldl — 0,V log T}, keH,
leH

Q=Y phViVi =\ VT, —p Y Ordy,
keH keH

e Diffusion driving forces

\Y% z 1 =
dp = Pk _ Pk k(E+vh/\B)——er,
Ph Ph Ph
F,
e = o d] - ofd — ald? XL VI - 3L VTS - G VTE,
(&

ke H,

ke H,
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Transport Coefficients in a Two-Temperature Plasma (4)

e Electron transport fluxes
V.=—Dl dl — DLd: - D d®

ee e ee e

—0/(VlogT,)l — 6 (Vlog Te) " — 05 (V log To.)®
N (ald!! + altd?t + ald?),

e e 1 e
1€H

Q.= (VL) = (VT = \(VT.)®
— pe(0ld! +0-d} +00dP)
—pe Y (00.d2 + 0Ld2 + 022d2%) + pehe V..
1€H

e Diffusion driving forces

Vpe  peZe (
Pe Pe

d., = E—I—Uh/\B), d2:—’n7gv@', 1 € H,
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Nonequilibrium Transport Linear Systems

e Heavy species transport linear systems
Identical to the isotropic systems withreplaced byH
No polarisation effects
Coupling with electrons through modified diffusion drivifayces

e Electrons transport linear systems
Small systems similar to the regular anisotropic case
Second order expansion of the transport fluxes

e Equilibrium T, = T,
The fluxes can be recovered from the equilibrium theory
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High Temperature Air (0)

e High temperature air
Eleven species NO, NO N O NJ O NOT N* Of E
Thermodynamics from Gupta, Yos, Thomson and Lee (NASA 1990)
Collision integrals from Wright, Bose, Palmer, and LevinAA 2005)

XN2 = X02 = XNQ = XN = XO = 02(1 — 1055‘)

XN;T = XO; = XNO"‘ == XN+ == XO+ = T, Xe == 533,
Variable0 < z < 0.1 and variableB
Pressure = 0.1 atm and TemperatufE = T}, = 10000K

e Numerical tests
Diffusion velocities, Viscosities, Thermal conductieisi
Diffusion matrices, Electrical Conductivities

\_
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High Temperature Air (1)

e Viscosity ratios as function of the Electron Hall parameter

_ 1,1)
r=10"%  f, = 3eB/16p.0;

Viscosity ratios

m ~2.31107*Kg mis!

0.02 : : : :
// ___________
/
/
/
/
/;\
0.00 = \\ —=
\ X",
Y
\
AN
\ ————— —
_0_02 | | ! 1
1073 1071 101 103

Electron Hall parameter

10°
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High Temperature Air (2)

e Thermal conductivity ratios as function of the Electron Hall parameter
r=10"%2 f. =3eB/16p.00;" Al =0.646 W m~1K~!

1-2 T T IIIIII| T T IIIIII| T T IIIIII| T T IIIIII| T T IIIIII| T mrrrrm
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L1 L1 wul L 1 REET] Lo
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High Temperature Air (3)

e Electrical conductivity ratios as function of the Electron Hall parameter
Be = 3eB/16p 0" ol = 2601 AV-Im-!

x =102

Electrical conductivities ratios

1.0

0.5}

0.0
103

102

1071 100 101 102 103
Electron Hall parameter
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High Temperature Air (4)

e Nitrogen/Electron diffusion coefficients as function of «
0 S i S 0.1 B=0 1)1\]21\]2 DNN DN"‘N"‘ Dee

1010 T T T T T T

108 1 -

108} ~. .

Diffusion coefficents
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High Temperature Air (5)

e Thermal conductivities A\, A™m°n  )euk and \lel gs functions of §
0<6<1 B=0 X,=(1-0)Xr+06X"% keS

0.8 I I I I I I I I I

0.4f i

021 |

Thermal conductivities

| | | |
O'%.O 0.2 04 0.6 0.8 1.0
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Numerical Tests (0)

e Approximated collision integrals
Physical constants are transformed into numerical paenset
Mathematical structure still holds for approximated syse

e Computational costs
Size ofthe systems ~rn, r=1,2,3,4,5
Systems evaluatio®(w?) = O(n?)
Direct method GaussU w3/3 Choleski LL! w?/6
Iterative method®) (w?)

Empirical method®)(w) but no rigorous approximations @(w) cost

e Truncation of convergent series
Truncation of iterative methods &0~ accuracy
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Numerical Tests (1)

e Mixtures
Gas mixtures associated with, ldnd CH, combustion chemistry
H,; chemistry, n =9 CH,4 chemistry, n =16

e Number of nodes
m = 2500 nodes for a 50*50 grid

e Mixtures
Mixture 1 H, mixture, equimolar
Mixture 2 Hy mixture, Xy =ecfork ¢ {Hy,O02,No}, X =1/3— 2efor
k € {Hy,O5,N5}
Mixture 3 CH, mixture, equimolar
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Numerical Tests (2)

e Shear viscosity (Conjugate gradient methods)

Mixture 1 Mixture 2 Mixture 3

4.00E-4 6.50E-5 1.71E-3
1.18E-7 8.63E-8 3.97E-8
3.66E-12 1.23E-12 8.46E-13
1.27E-16 3.17E-17 —

A W DN
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e Diffusion matrix

Numerical Tests (3)

(Standard iterative methods)

Mixture 1 Mixture 2 Mixture 3
1 2.92E-2 9.92E-6 7.87E-3
2 1.88E-3 1.39E-6 1.91E-4
3 1.01E-4 8.52E-8 6.22E-6
4 6.67E-6 9.06E-9 2.04E-7
0 6.44E-2 8.17E-2 3.33E-2
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e Thermal diffusion vector

Numerical Tests (4)

(Conjugate gradient methods)

Mixture 1 Mixture 2 Mixture 3
1 4.82E-2 1.65E-1 3.62E-2
2 6.14E-3 1.31E-2 1.07E-3
3 5.67E-4 2.76E-3 3.82E-5
4 1.99E-5 1.09E-3 6.66E-7
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Numerical Tests (5)

e Performance with respect to existing transport software

Coefficient n M8, Dioo) Doy ANGYY
Method IT DS | IT DS | IT DS IT

C98 scal 35 25/ 99 37|11.0 42| 21
C98 vect 15.0 11.0{ 81.1 23.7|82.3 34.3| 22.3
Convex C3 42 28318 118/ 41 1.3 6.7
IBM RS6000| 59 4.4|16.6 6.9/11.4 50 21
HP750 23 154106 204 73 1.9 1.8
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Numerical Experiments (1)

e Evaluation of diffusion velocitiesV by solving Stefan-Maxwell equations
r=10"% =103 x=10"2? B=0

100 ! I ! I ! I
10—2}f = -
L 2
u
[ ]
S 104t ¢ . -
L
L4 L 4
[ ) u
106} -
2
u
-8 1 1 1
1% 2 4 6 8

Iteration
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e Evaluation of diffusion velocities V!l and V* by solving Stefan-Maxwell equations

x =102

Numerical Experiments (2)

B =10°
100 T T T T
*
1072 ° ¢
° *
s 1074 o .
(L
° *
106
[ ]
*
—8 1 L 1 1
10 0 2 4 6

Iteration

~
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Numerical Experiments (3)

e Evaluation of the thermal conductivity A
r=10"*" =102 x2=10"2 B=

100 ! I ! I ! I

o®

10—2 |

1074+ s

Error

—8 1 1 1 1 1
10 0 2 4 6 8
Iteration
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Numerical Experiments (4)

e Evaluation of thermal conductivities All, AL, A®
r=10"%2 B =103

100 . : : : , .
[ |
 §
10—2 |
|
[ |
o °
E 1074 ¢
|
10°6F ° 'S .
.
—8 1 1 1 1
10 0 2 4 6
lteration
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Numerical Experiments (5)

e Evaluation of diffusion matrices (similar results with H)

xr=10"4

Error

r=10"3 x=10"2 B=0
100 . . - .
* . .
1072 " MR s
*
o - 2 3
. i
10~4 ° " -
[ |
[ |
¢ | |
10—6 _
[ |
. -
—8 ] ] ! ] .
10 0 2 4 6 8
Iteration
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New Stationary Algorithms (1)

e Reformulation of the transport linear system
us # 0 with (us,y) = 0, yo = Auy us = Dys

Ay = A — }’2<§§>}’27 Dy=D — U2®U27
(y2, ug) (y2, uz)
Xu Xu
AsDy = Q, Q=Pl=1- T 222
(y,u)  (yz,ug)

Dgy = D2y2 = 0,
e Asymptotic expansion

No=My—Ws, Tp=M;'Wa, Dy= » (PT2)YPM;" P
0<5<00
U2®U2

D =
<y27 U2>

+ Y (T P,M; P,

0<5<00
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New Stationary Algorithms (2)

e Spectra of iteration matrices
A=M-W M=M" M+ W positive definite T =M1W
T is symmetric for{(x, y)) = (Mz,y) and its powers are convergent
o(T) C (—a,a) U{l —e}U{1}, o(PT) C (—a,a)U{l — €},
O<a<l1-—e, T’U2:<1—€)’02,
e \ector u,

ug € span{u,va}, v9 € N(Ay) = span{u,us}
Ay =My —Wy My=DM M,+ W, positive definite Tp = My "W,

o(Ts) C (—a,a) U {1}, o(PTs) C (—a, ),
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New Stationary Algorithms (3)

e Approximate vector u,

1, ifkel, , ,
(U = 7 = ITonized species, us € spanfu, ui},
0, ifkdT,

e Rayleigh quotients

p(PT) = sup{%; reR" z#0, (Mu,xz) = O},
_ |(Waz, x)| n _ _
p(PTs) = SUP{ (Myz.7) v €R", o #0, (Mau,x) = (Mauz,x) = 0}-

e Origin of the problem

Binary diffusion coefficients for positive ions pairs aregywsemall

\_




-~

Numerical Experiments (6)

e Evaluation of diffusion matrices
r=10"2 x=10"2 B=0

xr=10"4

Error

100 . . .
2 i
10 .
[ |
¢ S
10—4 - . _
[ J
- *
10—6 _
° [ ¢
*
-8 ] ] u ]
10 0 2 4 6 8
Iteration
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Numerical Experiments (7)

e Evaluation of higher order diffusion matrices
r=10"* =102 =102 B=0

100 ! 1 ! 1 ! 1
1072 -
*
£ 107 . e i
) L 2
= *
107 . -
[} u S
- L 4
—8 1 1 1 1
10 0 2 4 6 8
Iteration
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A Bunsen Laminar Flame (1)

e Flow configuration
Cylindrical geometry
Computational domaifo, 1.5]x [0, 25] cm
Mixture of 20% Hydrogen and 80 % Airy™ = 300 cm/s
Coflow of Air

e Governing equations
Multicomponent reactive flow equations, Soret effect ideld
Reaction mechanism : 9 species and 19 reactions

e Numerical techniques
Finite differences/Finite elements
Newton iterations, unsteady/steady, Fully coupled ators
Preconditioned BiCGStab or GMRes
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e Mole fraction of H 5

A Bunsen Laminar Flame (2)
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e Mole fraction of H

A Bunsen Laminar Flame (3)
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e Temperature

A Bunsen Laminar Flame (4)
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e Mole fraction of H,0O,

A Bunsen Laminar Flame (5)
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e Mole fraction of OH

A Bunsen Laminar Flame (6)
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e Mole fraction of HO 5

A Bunsen Laminar Flame (7)
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e \elocity

A Bunsen Laminar Flame (8)
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e Flow configuration

Diffusion Laminar Flames (1)
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Diffusion Laminar Flames (2)

e Flow parameters
Cylindrical geometryR; = 0.2 cm, g = 0.038 cm, Rpo = 2.5 cm,
Computational domaif0, 7.5] x [0, 25] cm
Fuel mixture of 65% Methane and 35 % Nitrogen, Parabolic fi§w= 35 cm/s
Plug coflow of Airv'™ = 35 cm/s

e Governing equations
Multicomponent reactive flow equations, Soret effect ideld
Reaction mechanism : 31 species and 173 reactions

e Numerical techniques
Finite differences/Finite elements
Newton iterations, unsteady/steady
Fully coupled algorithms
Preconditioned BiCGStab or GMRes




Diffusion Laminar Flames (3)

Flame structure (Mitchell Smooke and Seth Dworkin YALE University)

T {calculated) T {measured) (?J2 (calculated) Q, (measured)
2000
w0 °
1600
4
1400
1200 €3
2
N
1000
2
800
600 1
400
0 0 0 0
-05 0 085 -05 0 05 =05 0 05 =05 0 05
r (em) f fcm) r {om) f {cm)
GO‘.’ {calculated) G02 (measured) CO (calculated) CO (measured)
i 9 _}, i
yf 0.04
| * 1 5
i 0.035
4 0.03
0,025
0.02
0.015
0.01
0.005
0

=05 0 05
r {cm)
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Diffusion Laminar Flames (4)

e Flow parameters
Cylindrical geometryR; = 0.2cm,dg = 0.038 cm, Rp = 2.5 cm,
Computational domaifo, 7.5]x [0, 25] cm
Fuel mixture of 32% Ethylene and 68 % Nitrogen, Parabolic flé# = 35 cm/s
Plug coflow of Airv™ = 35 cm/s

e Governing equations
Multicomponent reactive flow equations, Soret effect ideld
Soot section equations, Inception/Growth/Aging/Coalese/Thermophoresis
Reaction mechanism : 45 species and 233 reactions

e Numerical techniques
Finite differences/Finite elements
Newton iterations, unsteady/steady, Fully coupled atgors
Preconditioned BiCGStab or GMRes

\_
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Diffusion Laminar Flames (5)

e Soot formation (with Mitchell Smooke and Seth Dworkin YALE U niversity)

Temperature  Soot Volume Fraction Temperature  Soot Volume Fraction

M1 M2 M1 M2 M1 M3 M1 M3

05 0 05 05 0 05 005 0 05 05 0 05
r(cm) r{cm) r(cm) r(cm)
B | E 1 e 2
208 K 1980 K 0 1.0 ppm 798 K 1977K 0 1.0 ppm
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Diffusion Laminar Flames (6)

e Soot formation

Benzene Mass Phenyl Mass Soot Volume
Frac:mn Framm—. Incapnnn Ham Fra::nl:-n

m” .,_; e- Im
=2
5
]
D4"3':|4 {MGM DdU—E}A

r [c:m‘,i r{l:m
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e Soot formation

Diffusion Laminar Flames (7)

32% Computational 32% LI
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Volume viscosity (1)

e Viscous tensor
II = — k(Vu)l— (Vv + (Vv)' — 2(Vo)l),

e Stokes’ hypothesis
x/n =~ 0 is basically wrong

e Kinetic theory
x = 0 only for dilute monatomic gases
x/n = O(1) for polyatomic gases




-

Volume viscosity (2)

e Experimental measurements
Acoustic absorption of sound waves

o 272
5 =

Cp, — C
s (An s+ 2=
w pc CpCy
« = sound absorption coefficient= sound velocity

Typical values at room temperaturefn

Gas| N, | H, | D, | CO | NH, | CH, | CD,

k/n | 0.73 | 33.4| 206 | 055 | 1.30 | 1.33 | 1.17
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Volume viscosity (3)

e Single polyatomic gas
T, = translational temperature
Tt = internal temperature
Tint = iNternal energy relaxation time

e Relaxation of internal energy

( T, — T
T +v.VT} = —— ,
< Tint K=p CintR -
— int s
CZﬂin — T C%
O Tt + 0.V Ty = — 24—
\ Tint

¢ Independant internal modes and mixture of gases
Transport linear system
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Volume viscosity (4)

e Small Mach number limit
Pressure decompositign= p,, + p wherep/p, = O(Ma?)
Simplified state law = p,m/RT and simplified momentum equation

Oy (pv) + V- (pv@v +pl) — V- ((/1 — 2n) Vul+n(Vo+ (Vv)t)) =0
New perturbed pressufe=p — x V-v
O:(pv) + V-(pv@v +pl) — V- (—%n Vul+n(Vo+ (va)t)> =0

Volume viscosity only induce®(Ma?) effects with a full compressible model

e Boundary layers
No volume viscosity terms in second order equations

e Euler equations
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Volume viscosity (5)

e Structure of weak compression waves

Upstream statg;, 77, v1 = v(—o0), downstream statg,, T, vo = v(+00)

Taylor asymptotic analysis

P2 +p1 | P2 —DP1 x
- tanh(Z
p 5 T 5 tanh(y)
4 1 — Cy
5 — @n+m+cp CA)
cp/cv + 1 p(vg — v2) CpCy

Volume viscosity thickens compression waves

¢ Validity of Navier-Stokes equations in the Shock
Navier Stokes equations accurate upta < 2
Navier Stokes are always a good approximation
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Volume viscosity (6)

e \orticity equation ¢ =V Aw
1 1
0 +v-V(=(Vv—-—((V-v—+ ?Vp AN Vp— ?Vp A V(/{V-v)

+ VA (%V-(n(V’v + (Vo) — %V-v]l))).

e Baroclinic term
1
—VpAVp
P




Volume viscosity (7)

e Operator splitting
Finite differences
Ly (6t) Ly, (0t) L(6t) Lg(20t) L (1) Ly, (0t) Ly (dt)
e Hyperbolic operators L;; or EHy
Shock capturing
Godunov/MUSCL with triad adaptive limiters

e Dissipative operator L
Centered differences

e Numerical tests
Billet (JCP 2005), Billet and Abgrall (Comp. Fluids 2003),
Billet and Louedin (JCP 2001)

e Multicomponent transport
EGLIB library

\_
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Volume viscosity (8)

e Reaction mechanism for Hydrogen/Air combustion

©oNoOORr~WDNPRE

PR R R RERERRRR
© NG~ wWDREO

19.

Hs + Oz = 20H

OH +Hs = H;O+H
H+0O2=0H+O0O
O+H; =O0OH+H
H+OQ+M:HO2+MCL
H+ Oz + O = HO32 + Oy
H+ Oz + N2 = HO2 + N
OH + HO2 = H20 + O2
H + HO2 = 20H

O+ HO3; = O3 + OH
20H = O + H20
Ho+M=H+H+ M
O2+M=0+0+M
H+ OH+ M = H>0O + M°
H+ HOs = Hs + O2
HO> + HO3 = H305 + Oy
HO3 + M = OH + OH + M
H20O2 + H = HO2 + Ho
H-05 + OH = H50O + HO4

1.70E+13
1.17E+09
5.13E+16
1.80E+10
2.10E+18
6.70E+19
6.70E+19
5.00E+13
2.50E+14
4.80E+13
6.00E+08
2.23E+12
1.85E+11
7.50E+23
2.50E+13
2.00E+12
1.30E+17
1.60E+12
1.00E+13

0.00
1.30
-0.816
1.00
-1.00
-1.42
-1.42
0.00
0.00
0.00
1.30
0.50
0.50
-2.60
0.00
0.00
0.00
0.00
0.00

47780.
3626.
16507.
8826.

1000.
1900.
1000.

92600.
95560.

700.
45500.

3800.
1800.

Units are moles, centimeters, seconds, Kelvins, and eslori
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e Initial state

\_

¢ Initial configuration

Shock/hydrogen bubble interaction (1)

AIR
T =1000K
p=1atm.

H2 Bubble
T =1000K

p=1atm.

Upstream 1" = 1000 K, p =1 atm, v, = 1240 m/s,M = 2, r = 2.8 mm,
Downstream 1" ~ 1557 K, p ~ 4.5 atm,v,, ~ 450 m/s

[0,30]x[0,7.5] mm, Az = Ay = 0.025 mm,1201x301 uniform grid
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Shock/hydrogen bubble interaction (2)

e Pressure and hydrogen mass fraction att = 1.5, 2.0 us

i 1. <p<7.37
5r 100 levels incident wave
ar first transmitted wavd eflected wave

diffusion layer
3 -
>  refracted wave
2 -
1

L) I L i |

0 4 5
X

1. <p<7.38

100 levels
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Shock/hydrogen bubble interaction (3)

e Pressure and hydrogen mass fraction att = 2.5, 3.0 us
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Shock/hydrogen bubble interaction (4)

e Pressure and hydrogen mass fraction att = 3.5, 4.0 us

L= N )

5 5
4 4
3 3 t
> B > |
| = ,, /r’/}
’r ’r //
B L Y/ ‘yf‘/"r’
i I 10}
1+ 1 §
i L ¥/ e
| p i i ;
i i éﬂl =1
L l.li | L \ L
0 0 4 5 6
X
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Shock/hydrogen bubble interaction (5)

e Pressure and hydrogen mass fraction att = 6.0, 8.8 us
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Shock/hydrogen bubble interaction (6)

e Pressure and hydrogen mass fraction att = 13.6, 16.6 us
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Shock/hydrogen bubble interaction (7)

e Pressure and hydrogen mass fraction att = 25.6, 41.6 us




-~

Shock/hydrogen bubble interaction (8)

e Temperatureat t = 1.5,6.0 us

temp

1644
1575
1506
1436
1367
1298
i 1228
4H 1159

- 1089

temp
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Shock/hydrogen bubble interaction (9)

e Temperature at t = 8.8,13.6 us

temp

2001

afFT T 11 T T T T rrrrrrI

11

temp
2268
2167 ‘
2066 ‘

1965

1863

1762
1661 (

NAl | p
Al
1 LIRS
]
2 "<~
! 4 =
I

9 10 11 12 13
X
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Shock/hydrogen bubble interaction (10)

e Temperature at t = 25.6,41.6 us
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Shock/hydrogen bubble interaction (11)

e VorticityandH O at t = 13.6 us

™
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Shock/hydrogen bubble interaction (12)

e OandHO, at t = 13.6 us
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Shock/hydrogen bubble interaction (13)

e OHandHat t = 13.6 us
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Shock/hydrogen bubble interaction (14)

e Pressure att = 3.5 us

kneq 0

—

S

e
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Shock/hydrogen bubble interaction (15)

e Pressure att = 3.5 us

4 35
2+
> OfF
i Air
2
keqO
. N~ e kneq 0
4
i 1 1 1 | 1 1 1
4 6 8 10 12 7 8
X
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Shock/hydrogen bubble interaction (16)

e Pressure att = 3.5 us

press
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Shock/hydrogen bubble interaction (17)

e Impact of volume viscosity at t = 21.6 us
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Shock/hydrogen bubble interaction (18)

e Impact of volume viscosity at t = 21.6 us
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Conclusion/Future work

e Kinetic theory
Multi-Temperature theories for polyatomic molecules
Electronic excited states
Reactive mixtures
Strong magnetic fields

e Collision cross sections
Wide temperature range
Polyatomic molecules

e Numerics
Problem independent routines
Open source environement




