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Outline

Part |

2"d-order Boltzmann-type kinetic theory: Boltzmann-based
gas dynamics (BGD):

Part I
2"d-order constitutive laws for polyatomic gases
Physics of polyatomic gases in non-equilibrium via
- Topological representation of constitutive laws

- Multi-dimensional flow fields obtained by CFD based on
discontinuous Galerkin method
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2nd-order Boltzmann-type kinetic theory

Conceptual revision

PoF 1999, JCP 2001, JCP 2004: Eu’s generalized
hydrodynamics

PoF 2014, PoF 2016: Balanced closure & validation
via MD

New closure theory
Physical insight

More validation

e —————
e

" Discontinuous

PoF 2018: Polyatomic gases (shock-vortex interaction) Galerkin

Basic information can be found in the Youtube of an Indian GIAN (Global Initiative
Academic Networks) Lecture (2017; IT Kanpur; 15 Lectures)

Rarefied & Microscale Gases and Viscoelastic Fluids: A Unified Framework

https://www.youtube.com/ and search “Rarefied & Microscale Gases”

Other independent NCCR works: Multi-species extension by Ahn & Kim (SNU, Korea, JCP09)
Implicit-FVM implementation by Jiang & Zhao (Zhejiang Univ., China, 2017)

Cf. NCCR: Nonlinear Coupled Constitutive Relation
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https://www.youtube.com/

Closure-last moment method  pu = [[[mvf (t,r,v)dv,dv,dv,

Molecular Continuum | Molecular Continuum
Pure (or Semi-) Simulation PDE-based Approach
MD | DSMC | Gas- LBM | Liouville | Boltzmann | Method | Chapman- | NSF
Kinetic Equation | and of Enskog
Scheme Simplified | Moments | and
Boltzmann Burnett
Microscopic  Mesoscopic Macroscopic | Microscopic Mesoscopic Macroscopic

Breakdown of moment method: 1) when the statistical average is meaningless due to too
few particles; 2) when thermodynamics is not definable.

Closure-first approach: Grad’s 13 moment method (1949) based on polynomial expansion

Levermore method (1996) based on Gaussian (exponential) expansion

Regularized-13 moment method (2003)

Closure-last approach: Eu’s generalized hydrodynamics (1980) based on
Eu’s closure & equation of transfer

NCCR (2014) based on balanced closure & equation of transfer
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Boltzmann transport equation (BTE)

» Afirst-order partial differential equation with an integral collision term

9, 1
(a+v-vj f(t,r,v):ﬁc[f, f,]

Movement Collision (or Interaction)
Kinematic Dissipation

C[f, f,]~[[v=v,|(f"f, - ff,)dv,

= Gain (scattered into) - Loss (scattered out) = (%) _(%j

= Maxwell’s equation of transfer for molecular expression h("

§<h(“) f >+V-(u<h(”) f >+<Ch(n) f >)—<f %h(n)>—< fC'Vh(n)> - <h(”)C[f ’ f2]>

Talk 4/27 315t International Symposium on Rarefied Gas Dynamics

R. S. Myong, Gyeongsang National University, South Korea July 23 - 27, 2018 - University of Strathclyde, Glasgow, UK



Complexity out of simplicity: conservation laws

P pu = (mvf (t,r,v))

(E +V: Vj f (t, r, V) = C [ f ) fz] where <> —= Ijj...dvxdvydvz
Differentiating the statistical definition pu = (mvf (t,r, v)) with time and
then combining with BTE (t,r, v are independent and v =u+¢)

2 )=o) (-1 1)

ot [A]® : Traceless symmetric
Here —(m(v-Vf)v)=-V-(mwf)=-V{puu+(mecf )} part of tensor A
After the decomposition of the stress into pressure and viscous shear stress 11

P =(mccf ) = pl +1II where p = (mTr(cc) f /3), T =(m[cc]® f),

and using the collisional invariance of the momentum, (mvC[f, f,])=0,
we have

d(pu)
ot

+V-(puu+ pl+1)=0. Exact consequence of the original BTE!
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Further complexity: constitutive equations

For arbitrary molecular expressions of general moment
(viscous shear stress II1 and heat flux Q)

"Dt

Q E<mCZC/2f>)/p

2[-vu]®?

Du
— - II+Q-Vu+II-C_VT
| Dt < P

o |0 s<m[cc](2) f>)/p_

1

2p[vu]®
pC,VT

<mczccf /2>—CpT(pI +11)

]:

mcccef )1 Vu

(mcccf)—(mTr(ccc)f)l/3}{( 0 }

(mlee]® crt, 1,1)

<(mc2 /2-mC,T)cC[f. f2]>

No approximation so far: exact consequence of the original BTE via
Maxwell’s equation of transfer
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Balanced closure: constitutive equations

Conceptual inconsistency of Eu’s closure (1992)

(mececf ) —(mTr(cce) f )1/3=0 = Vanishing heat flux

(mecef ) =0 = Cannot be zero in general
New balanced closure with closure-last approach (2014)
2nd-order for kinematic LH = 2nd-order for collsion RH
s o _
D H(: <m[cc] f>)/p

p— +
Dt Q(E<mCZC/2f>)/,0

2nd_order closure

V{(mcccf)—(mTr(ccc)f)l/3}{( 0 }

<mczccf /2>—CpT(pI +1I) meecf ) : Vu

‘Zp[wﬂ_ (mlec]® crt, 7]
<(mc2 /2-mC,T)eClf, f2]>

_Z[H : Vu](z)

DU 1140.Vusm-.CvT | | pC.vT
ot +Q-Vu+II-C, | PLp

2nd_order closure
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Conservation laws + 2"9-order constitutive relations

Hyperbolic (inviscid)

-
-
—“—
-

Conservation laws (exact 1/ p U’ 0 ]
consequence of BTE) p% u |+v | prlve] (I |=0
B | pu_ _H-uJé\QL'

in conjunction with the 2"9-order constitutive relations (CR)

D(H] p) n 2[11 -Vu](z) 49 p[VU](Z) _ _L]‘[q2no| (x,),

Dt 2nd_order coupling  Navier 15t law  #ns

D(Q/ p) . Du

yo,

C
I+Q-Vu+II-C VT +C pVT :_than (%),

Yo,
Dt : Dt 2"d-order coupling Fourier 1stlaw  ™NS
Non-hyperbolic o
mplicit *-=--ssinh x; T Q-QJIT
Oang (K1) = K = +
2nd 1 1 k
K1 P\ Hys NS
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2"d-order theory in elementary flows

T o
1St-order ||||| "‘I I

- Navier-Fourier laws inclusive
like onion!

> & >+ |

Compression

Decomposition Shear

(expansion)

= Critical role of U, (%) term in compression case
= Negligible role of 0., (%) term in expansion & velocity shear

(simple shear thinning — decreasing viscosity)
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A model for 1-D compression & expansion

: 1/4 : . vz
pD(H/p) [H Vu] +2p[Vu](2):— p H(smhzclj’ KlET [H.H+Q Q/T]

Dt Hns K P Hys Kys
No heat flux
D{I/ sinh x TV (mnY
p 2Dy )+ [ (<201, )] + pl=2u10)[Vu] = pTI L k=
Dt K P Hys
One-dimension ) t LTI 4 U
(2) t= , H=—, s === tins —
s =—2ps [VU] Hns | P P 3 OX
DIl -~ - " 1a e
(1 — Mg =11 q(r1), where q(fT) = sinh|r1] /|1
t...(107° sec) <t Or steady-state

HHNS + HNS =11 Q(‘H‘)
2nd_-order 1st-order 1st-order x 2nd-order
Kinematic motion Collision
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2"d-order constitutive laws in compression/expansion

—> —> 1-D compression and expansion

6 T T T T T - T T T A A
I/ p - 0+II\g =1I-1
Viscous stress Grad non-classical . Navier classical model (1822)
/pressure [ model (1952) g -
0 =1 by assuming ' . _
2| Maxwellian molecule 1 T (el eee el - S'nh(H/ p)
n . . 1y model (1999, 2014) 4= I/
oF - (:S:ipglfl_q—r‘ity:: .................................... HHNS + HNS — Hq(H)
2 S ] -
,INormaI (linear viscosity) ‘q (X)
M i | q(0)=1 .
< Expansion . ' Compression X "
_6 | 1 1 1 :: 1 1 1 1
-10 -8 -6 -4 -2 0 2 4 6 8 10
s / p Velocity gradient
/pressure
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1-D shock result: inverse shock thickness

New 2nd- order & 2nd-order: Best |mportance of
Navier 1st- orden& 1st-order: Reference : balanced closure
0+HNS = Hq(H)4--QuaS| linear 1\st oreLer & 2nd-order: Worse than Navier

0.5 Grad 2nd- orddr & 1st- b(der Singularity SF - <> = Direct solution of Boltzmann
B B 1st order Boltzmann based model
B - ==l 2nd order Boltzmann based model
B [~ A Quasi-linear generalized hydrodynamic model
04 i
: :_ %06
! - £
03| o
g | -
- B b
B AN
02 \ . [
I \Experimental 25F
| A Alsmeyer i
&  Schmidt data -
i O Shultz-Grunow 2
E O Russel B
01 > Linzer-Horing LY
15t order Boltzmann based model 15 e .
=== 2nd order Boltzmann based model ~L —— e .
- Cry e Quasi-linear generalized hyrodynamics mod B " Quasi-linear
i | | | | [ | [ | 1 [ | | | | [ | 1
2 4 6 8 10 2 4 6 8 10
Mach Mach

Shock density thickness of argon gas Shock temperature-density distance
(Karchani, PhD Thesis, GNU, 2017)
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2"d-ogrder constitutive laws in velocity shear

pPULIP) o vu]® s 2pvu]® =P m,, (x),

Dt Hys
C
Yo, D(Q/'O)+ bu AM+Q-Vu+1II-C VT +C pVT :—thm(Kl)

Dt Dt Ks
(_E 1-D velocity shear -ﬂ-» No heat flux

D_0 . v_ 21, 11, /3 I1
Dt_6t+u V=0 i|: o s j|—i|:0 :|:_L|: yy:l C12nd (Kl)
XYNs

_ I1
HNs HWHXVNS HNs P Hns ny NSF: Navier-Stokes-Fourier
. l,,
1Y AR~ A SR RS-
=——\L1+11.., 11ll.,., [~————— =QQl
Iy =2 (1411, )1, U
. . g ~002
Kinematic stress = ) A
Rod Cllmblng Effect Constralnt due to 2nd_ & —-0.03 MD: Molecular « %
I | d ling! =) | © oy Dynamics(2014)°~.. o)\ o
: order coupling! ood . . o .
- - : o ©  DSMC e
No such thing in 1st-order NCCR
\ L/ Navier law! s s
4
‘ -03  -02  -0. 0.0 0.1 /'6.2 0.3

—(ndu/dy)/p(0) NCCR: Nonlinear Coupled

Newtonian Visco-elastic Constitutive Relation
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Multi-dimensional CFD based on DG
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10°
— ®—— NSF-Kn=05
10 —O—— NCCR-Kn=05
10'E Linear
10° - reductipn
g 10* *\5102 -
g NSF Solver NCCR solver 3 )
3 Exponential
10°F reductioh
10° 3
10-6 _ E AA A . A A
[T +1Tyg =TIq(T1
o 1 ] NCCR: Nonlinear 107 T — e
0 1000 Nurﬁgggof iteratigﬁgo 4000 Coupl_ed . Log (number of processors)
constitutive Super-parallel performance (via the
Convergence property Relation

rate of cost reduction) (C&F, 2017)
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Two-dimensional shock structure around cylinder
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|
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I Second-order Direct simulation
|

I

[

Zero-order First-order
Boltzmann model Boltzmann model Boltzmann model Monte Carlo
Euler NSF NCCR

Computed Mach contours over cylinder (Mach 5.48, Kn=0.2)

NCCR: Nonlinear Coupled Constitutive Relation (Karchani, PhD Thesis, GNU, 2017)
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Monatomic, diatomic, and (linear) polyatomic gases

o ‘E‘ ‘z‘;‘ Monatomic

Argon Nitrogen Carbon dioxide Diatomic
, An Polyatomic
? = -
D @ - 0—@ D
& O y

Transla’uona' degree of freedom Rotationa| degree of freedom

= Once the Stokes assumption is abandoned, an additional constitutive law of the
excess normal stress A related to the bulk viscosity will appear
A= pp(A-w).
= The inner structure of strong shock waves (Emanuel and Argrow 1994)

= Dilatational waves in transition in hypersonic boundary layers (Zhu et al. 2016)
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Monatomic, diatomic, and (linear) polyatomic gases

o ‘E‘ ‘z‘;‘ Monatomic

Argon Nitrogen Carbon dioxide Diatomic
, An Polyatomic
? = -
D @ - 0—@ D
& O y

Transla’uona' degree of freedom Rotationa| degree of freedom

= Once the Stokes assumption is abandoned, an additional constitutive law of the
excess normal stress A related to the bulk viscosity will appear
A= pp(A-w).
= The inner structure of strong shock waves (Emanuel and Argrow 1994)

= Dilatational waves in transition in hypersonic boundary layers (Zhu et al. 2016)
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Boltzmann-Curtiss equation for polyatomic gases

+v V+= Vv, r,'
Rotational energy
(v.r.j,w,t)
pu = (mvf (v, r t))
| = moment of inertia pE = mc +m

J = angular momentum

w= azimuthal angle \/< j” dV dv, dv,(jdjdydQ
’ _l/p_ [ —u | 0 (0 |
pa u |+V-| pl [+V: IT+Al =0].
B | pu | (IIT+HAl)-u+Q| |0]

I : normalstress tensor = — 24, [Vu]"”

[A :excess normalstress =— 4,V -u ]

Q :heat flux vector =—kVT

A=(mTr(cc) f /3-mTr(ce) £ /3), p=(mTr(cc) f @ /3)
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2"d-order constitutive relations for polyatomic gases

m=(h®f) h®=m[cc]”
A=(h®f) h®=mc*/3-p/n
Q=(h®f) h®= [mc /3+H, —mﬁ]c

2nd-order 1st-order
[I1-va]® +( f, A +1)1'INF =119, (cR) . = 2u[vu]®
3 A
= B (T, Al):VO+ Ay = A, (oR) m— AL
. R Linearization | _— _kVT
-0, ( A+ )Q = Q0 (cR) s

Topological representation of constitutive relations is
possible!
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Topology of 2nd-order CR (compression/expansion)

[7)]
(7)]
[}
| .
st 7
©
order Qo
[7,]
(7]
=
o
O
L[] ﬂ
>
ond._
order

Argon p,, =0 O N>z Bpun=Hshear ‘Q‘ CO; Hpun=2,0001pe
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Topology of 2nd-order CR (compression/expansion)

X
15t - 5
fres
order =
()]
T
ond._
order

Argon pyp, =0 0
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Trajectory of shock structure in topology of CR

o
(]
]
{ ]

Upstream

./%

/

Upstream

Downstream

Mach number = 5.0
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Inverse density thickness of shock wave (nitrogen)

0.8 . : : . . ' ' ' '
0.7 1
o O  NSF (fb=0) — Bulk
o6 ; : : 5 | || viscosity
g v effect
8 o5k NF (fb=0.8) | _
i g = 2nd-order
g » effect
0 F /2 4 NCCR (fb=0.8)]
: 850 > b P >&>
§0.3- ¢ > > -~
2"  Symbols- 3
02l 4L experiment |
/
0.1+ ]
0 N f 1 1 1 1 N \ , .
1 2 3 4 5 6 7 8 g 10

Mach number
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Multi-dimensional case: shock-vortex interaction

Outflow boundary

PoF 2018

My

Ms 3.5
I REEEEEEEELE 2nd-order Boltzmann (M,=2.0, M,=1.2,r,=83)
A S DSMC (M_=2.0, M =1.2,r,=83)
2nd-order Boltzmann (M_=2.0, M =1.2,r,=125)
———— DSMC (M_=2.0, M,=1.2,r,=123)
— — — 2nd-order Boltzmann {(M_=3.0, M, =1.2,r,.=103)

————— DSMC (M_.=3.0, M,=1.2,r,=107)

Outflow boundary

Inflow boundary

Incoming Shock Wave

Outflow boundary

Enstrophy (10°m’s™)

L
|

EnStI‘Ophy(t) = J‘Qf (X, y,t)dXdy, . x_:.\ ‘ T, o .r.:-__-_:-...r.r.:.:._-_:
OA

. ov  ou L
Vorticity Q, = a— —— Time (ns)
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Multi-dimensional case: shock-vortex interaction

Sound pressure
Shock Mach =2.0 ‘

Vortex Mach = 0.8
Knudsen =0.001

Vorticity

2.0x1 0“0’:
1.4x10" .
8.2x10"" %
2.3x10°%*
-3.6x10°°
-9.5x10"%
-1.5x10"”*
-2.1x10"*
-2.7x10"
-3.3x10"”
-3.9x10°%
-4.5x10"%

Argon Nitrogen Methane
f, = f,=0.75 f, =1.33
y =1.667 y=14 y =1.289
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Multi-dimensional case: shock-vortex interaction

Ap

(a) Argon gas, f, =0.0 (b) Nitrogen gas, f, =0.8 (c) Methane gas, f, =1.33

Effects of diatomic and polyatomic gases on macro SVI withM/. =2.0,M/ =0.8, , =10004 (top) and
micro SVI with M =2.0,M ,=0.8, r, =104 (bottom): sound pressure at # =1000ns.
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Dusty gas flows in Lunar landing

Dust-gas Plume- 7 | 3
Interaction Surface /i nd [m ]
Simulation in
Rarefied 2.00E+23
Condition 6.32F+22
2.00E+22

Erosion ;

Modeling 6.32E+21
2.00E+21 'E
6.32E+20 —
2.00B+20| &

-
E
-

TS wormay o 1dd
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