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o We want
an efficient kinetic model that can describe non-equilibrium
dilute, dense gases and if possible, phase transition to liquids.
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Why this topic?

o We want
an efficient kinetic model that can describe non-equilibrium
dilute, dense gases and if possible, phase transition to liquids.

@ DSMC based methods (ESMC, ...) become too expensive at high
densities.

@ We need an accurate mathematical model whose computational
cost has no correlation with density.

@ Applications: unconventional gas reservoirs, high pressure shock
tubes, Sonoluminescence, and interface of liquid-vapor at supercritical
pressures.
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Collision in dilute .vs. dense gases

Dilute

Point particle:
Boltzmann collision operator
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Collision in dilute .vs. dense gases

Dilute Dense

(N
Point particle: Particles with Sutherland potential:
Boltzmann collision operator Enskog collision operator

+ attraction.
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© Dense Gases
@ Enskog Equation
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Enskog equation®

Enskog modified Boltzmann equation in order to include dense effects
oF + a('FVI) — SEnsk

ot Ox; (2.1)

where
Ensk 2n +oo 1. * * i
S +§Jk)}'(V ,X)F(V1,x + ok)
R3

—Y(x— 5gk)f(v x)F(V1,x — af()]gBdBdedf‘vl. (2.2)

o b, ¢and k specify collision cross
section.

@ o: effective diameter of particles.

@ Y': pair correlation function.

@ * : post-collision state.

1see Chapman, S., & Cowling, T. (1953) and Hirschfelder, J. et al. (1963).
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Current Monte-Carlo methods

Modifying DSMC (ESMC2and Frezzotti's algorithm3) such that:

@ Collision rate is increased by the factor Y, i.e.
wij/ At = dmo? (k.g;) Y (x + o/2k)ny (2.3)

o Colliding pair is selected from cells that enclose x and x + ok.

2see Montanero, J. M., & Santos, A., Physical Review E 54, no. 1 (1996): 438.
3see Frezzotti, A. Physics of Fluids 9, no. 5 (1997): 1329-1335.
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Current Monte-Carlo methods

Modifying DSMC (ESMC2and Frezzotti's algorithm3) such that:

@ Collision rate is increased by the factor Y, i.e.
wij/ At = dmo? (k.g;) Y (x + o/2k)ny (2.3)

o Colliding pair is selected from cells that enclose x and x + ok.

Computational complexity of DSMC-based methods increases with density
since collision rate of HS is w;j/At = 4no?(k.g;) Y (x + o/2k)n;.

2see Montanero, J. M., & Santos, A., Physical Review E 54, no. 1 (1996): 438.
3see Frezzotti, A. Physics of Fluids 9, no. 5 (1997): 1329-1335.
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© Dense Gases

@ Fokker-Planck model
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Fokker-Planck model

Consider an It6 process
dp = Adt + AdW, (2.4)

where W is a Wiener process. 1t6 calculus provides us the equivalent
Fokker-Planck equation*

ot Ix oV, ' 29VidV,

oOF n 8(]:\/1) _8(]:/4;) 1 o2 (D,'kaj]:)- (2-5)

Drift and diffusion

A and D are called drift and diffusion coefficients, respectively. They are
set to give an approximation of a generic collision operator.

4see Gardiner, C. W. (1996).
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Homogeneous relaxation rates of Enskog equation

@ Let us write Enskog operator using the decomposition
SEnsk — Y(X)SBoltz + S¢ (26)

where S includes all spatial dependency of F and Y in x.

@ Relaxation rates of shear stress and heat fluxes then become

omjj p
W coll _YWT(U (27)
0q; 2 p

and Ot lcoll - gﬁqi ) (28)

@ Drift A and diffusion D can be modelled by a cubic FP model
proposed by Gorji et al. ® with modifications for dense gases.

5Gorji, M. H. and Torrilhon, M. and Jenny, P., Journal of fluid mechanics 680 (2011): 574-601.
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Conservation equations of Enskog equation

e Taking velocity moment ¢ € {1, V}, V;V;/2} of expanded Enskog
equation leads to

OF  OF | 5, _ OV
Jut e + Vg =5

where \Il¢ is called collsional transfer and is defined by

\u;?’— / / / / ]—"J—"lkgbdbded3V1d3V

/ / / / Y zwrJflf/n( )k kigbdbded®V1d3*V

/2
+ ... (2.10)

@ Unlike Boltzmann, moments of Enskog operator for momentum and
energy do not vanish! — collisional transfer

(2.9)
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@ Assuming Maxwellian F in k(1)) and ignoring higher order terms

ptot _ (1 4 nbY)nkT — W%v
:ll %12
oU;
Tt = (14 2nbY /5)m; — (5w /6)
=h %7_/
1]
and
T
ot — (14 3nbY/5)q; — el

=h

QSIQ

with w = (nb)2Y/mkT /(73/?%) being bulk viscosity.

(2.11)

(2.12)

(2.13)

@ We use these expressions to correct total pressure tensor and total

heat fluxes in FP of dense gases.
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FP with collisional transfer

@ Collisional transfer promotes idea of extra streaming

OF [ O(FVi) _ _O(FA) 10%(D%F) O(FA)
ot ' 0x ovi 200V, oxi

(2.14)

e What is A?
Answer: A is a spatial drift which should be set such that moments
of FP matches moments of Enskog, i.e. provides correction to total
pressure tensor and heat fluxes.

@ In this study, we proposed a cubic model for A e

. KT 2q:
A = e,-jvj+ﬁ,-<vjj 3m>+/\( j—%’) (2.15)

where A = —enbY /(kT /m) is set to avoid instabilities of SDEs.
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Cubic FP: conservation equations

@ Mass conservation:

dp , 9(pUi)
— =0. 2.16
ot T ox (2.16)
@ Momentum conservation:
0 0 0
5 PU) + %(PU/‘UJ) + aij(ﬂij + pdjj)
+— 0 / AVIFdV = 0. (2.17)
aXJ R3
@ Energy conservation:
OE 0
E + 8X, (EU —|—q,—i—p5,kUk+7r,kUk)
1 A
+ 19 AV VI Fd?V = 0. (2.18)
2 8 R3
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@ Validation studies
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Equilibrium Pressure

@ Iso-thermal walls with T, = 273 K.

@ Equilibrium pressure can be calculated based on its fundamental

definition.
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Lid-driven cavity

o Temperature contours and heat fluxes of the lid-driven cavity flow at
Kn =0.1, nb=0.1 and U,, = 300 m/s.
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Conclusion

@ We proposed a Fokker-Planck model suitable for dense gases.

@ Dense gas effects were captured by introducing a drift in physical
space.

@ Several examples showed the accuracy of model in capturing total
pressure, shear stress and heat fluxes.

o Future studies:

- Obtaining higher order approximation of collisional transfer.
- Including attractive part of molecular potential.
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Thanks for your attention.
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Why this topic?

o We want
an efficient model that can describe non-equilibrium dilute,
dense gases and if possible, liquid.

@ DSMC based methods, such as ESMC and CBA, are too expensive.

@ Since collisions are not explicitly calculated in FP model, it is shown
to be more efficient than DSMC based methods as Knudsen number
decreases which encourages us to extend it for dense gases as well.

@ We need a accurate mathematical model that its computational
cost has no correlation with density.

@ Applications: unconventional gas reservoirs[1], high pressure shock

tubes[2], Sonoluminescence[3] and interface of liquid-vapor at
supercritical pressures[4, 5, 6].
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@ Kinetic Theory
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Kinetic Theory

@ Let us consider the sample space of V and x.

@ Macroscopic properties can be determined by probability density
function f(V;x, t), i.e. probability density of finding a particle close
to the velocity V and conditional on x — t.

@ Here, velocity distribution function (VDF) F(V,x, t) is employed
where

FV,x,t) = p(x )f(V;x,t), (5.1)
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Kinetic Theory

@ Kinetic Theory provides macroscopic properties as functions of VDF

1
t) = d*Vv 2 T = "3V .
p(x,t) R3F , (5.2) 3k, R3F\/,\/, , (5.5)

1 !
(¢(M)>:; R3¢(V)}'d3v, (5.3) WU:/R3]-'V<,-VJ->d3V and  (5.6)

1
Ui = FVid®V,  (54)  qi= Fvjvivid®V.  (5.7)
P JR3 2 Jro o
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Kinetic Theory

o If we know evolution of F, we know future macroscopic states
of the system.

@ Generic form of the evolution of distribution function of each particle
in non-equilibrium gas
OF O(FV;) O(FG))
—+ +
ot 0x; oV,

= Scon(F) - (5.8)

@ Scoi(F) collision operator accounting for the binary collisions among
molecules and G the external force.

@ Scoi(F) is the Boltzmann operator for dilute gas and the Enskog
operator for dense gases.
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Enskog operator®

o With simple modification to the Boltzmann operator

27 +oo 1 - ~
GEnskog _ / / / X -+ EUk)]:(V*’ x)F(Vi,x + ok)
R?)

S Y(x— fak)]-'(v x)F(V1,x — ak)}gbdbded Vi,

(5.9)
where
Y =1+ 0.625nb + 0.2869(nb)? + 0.115(nb)* and (5.10)
2
b= §7r03. (5.11)

@ Assumptions:
1- Volume occupied by the molecules becomes comparable with the whole
volume of the gas which leads to the factor Y in collision rate.
2- VDF of colliding pair must be in vicinity of each other, exactly o for
HS, for collisions to happen.

6see Chapman and Cowling (1953) [7] and Hirschfelder et al. (1963) [8].
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From statistical mechanics, the virial expansion of pressure can be
obtained by

n/fT =1+ Bon+ Byn® + Byn.. (5.12)
1 _
BN = / /dl’l dI’NVN, (5.13)
V—0
=) H fij (5.14)
i<j
and  fjj = exp(—¢;j/kT) — 1, (5.15)

where ¢;; is molecular potential between particles / and j.
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The factor Y (which comes form virial expansion)

Z-1

Y =
nb

(5.16)
for hard-sphere can be calculated exactly as done by Ree-Hoover [13]
Y =1+ 0.625nb + 0.2869(nb)? + 0.115(nb)> + ... (5.17)

or approximated by a closed expression as suggested by Carnahan-Starling
[14]

ycs _ _L1=nb/8 (5.18)

~ (1—nb/a)3
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@ Now we know what we want to solve.

@ Boltzmann and Enskog equations are difficult to solve directly due to
high dimensionalily of F(V,x, t).

@ Monte-Carlo methods are suggested in literature as an efficient yet
accurate alternative compared to direct solution method and moment
approach.
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@ Monte-Carlo Methods
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Direct Simulation Monte Carlo (DSMC8)

@ Positions and velocities are updated in two steps:
streaming and collision.

@ Collision involves picking Ay couple of particles as candidates
Amax = FNNZTG? My maxAt ) Ve. (5.19)

@ Selected pair collide if

M, /My max > r, (5.20)
then velocities change such that
MPOst — MPOSt(cosf), sinfcose, sinfsing) T, (5.21)
¢ =271 and (5.22)
cosf =1 —2ap, (5.23)

with a3 and ap being uniform random numbers between zero and one.
e DSMC is proven to be consistent with the Boltzmann equation’.

7Wanger (1992) [15].
Bird (1963) [16].
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Consistent Boltzmann Algorithm (CBA?)

o With two modifications in DSMC, one can model dense gas!
@ Collision rate needs to be increased by Y,

NBA = Y FyNZT0? My oAt/ V. (5.24)

o Additional advection due to diameter effect in streaming

M:— M
d=-——r—">r , (5.25)
[IM? — M ||
X; = MiAt+d  and (5.26)
Xo = MhAt—d. (5.27)

@ CBA loses consistency as density increases (no3 > 0.4).

Complexity of Monte Carlo methods

Complexity scales with O(n?), where n is number density.

gsee Alexander et al. (1995) [17].
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Enskog Simulation Monte-Carlo (ESM

@ ESMC was proposed as an accurate solution to Enskog equation.

@ Collision rate is increased by a Y factor, i.e. AEPsk = y\Boltz,
@ Modification in selection of collision pair:

Pick a particle (x;) at random.

- Pick a random direction &. Then, find the second particle (x;) in the
cell that x; + o0& exists.

- Find Y at the mid point and update AE™ if necessary. Calculate
M= 47T02(Mr.6') Ymiad At.

- If T/T max > r, accept the collision and set M7 = M; — (M,.6)é.

Complexity of Monte Carlo methods

Complexity scales with O(n?), where n is number density.

1
Osee Montanero and Santos (1996) [9].
Mohsen Sadr (RWTH Aachen University) A Fokker-Planck description of dense flows February 26, 2018 32 /15



@ As mentioned, computational cost of DSMC's based methods
increases as gas gets denser.

@ It is because collision rate increases with density.
@ However, FP model does not suffer from this problem.

@ Therefore, it is worth expanding FP model for dense gases.
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@ Review: Fokker-Planck model for ideal gas
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Review: Fokker-Planck model for ideal gas

@ For an It process

dp = Adt + AdW, (5.28)
where W is a Wiener process and
M, Dy1 D12 D13 000 A
%2 Dy Dy Dy3 000 . ﬁz
J— 3 J— — 3
P=| X A= Dgl ’3032 D§3 8 8 8 and A= v | (5.29)
Xz 0 0 0000 Mo
X3 0 0 0000 Ms

[t6 calculus provides us the equivalent Fokker-Planck equation®!

OF [ O(FV) _ OFA) 1 P

ot x; oV, T 29VoV,

(DxDyF).  (5.30)

Drift and diffusion

A; and Dj; are called drift and diffusion coefficients, respectively. They are
set to give stochastics of Sy

115ee Gardiner (1996) [11].
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Review: linear FP for ideal gas

@ Jenny et al. (2010) [18] considered a Langevin model

1 2kT
A,' = —;V; and D,'J' = 77'm (5,‘1', (5.31)
with 7 = 2k /p.
@ Linear model is consistent with the Boltzmann equation up to second
velocity moment, i.e. ¢ € {1, V;, V;V}}.

@ It was shown that the linear FP produces inconsistent relaxation rates
for shear stress and heat fluxes, consequently inconsistent Prandtl
number in hydrodynamic limit.
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Review: cubic FP model for ideal gas

@ In order to provide consistent relaxation rates, Cubic FP was designed
by Gorji et al. (2011) [12]

3kT 2q;
_ ) ) AV e Lo SHn
A = ey +i (vjvj - )+/\<v;vjvj )  (532)

p
2kT
T o= 2u8/p, (5.34)

where coefficients of higher order terms ¢ and ~ are set satisfying
homogeneous relaxation rates'?,

omjj p
87; = —;77,-1- and (5.35)
dq; 2p
_ 2P, 5.36
ot 3 ,uq ( )

12
see Truesdell and Muncaster (1980) [19].
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Conditions on any S, describing monatomic dilute gas:

@ Scoi must conserve mass, momentum an energy i.e. for any
wcons € {1, V,', \/j\/j}

/ wconssco,,(f)d3v =0 forany F. (5.37)
R3
o Considering a homogeneous setting, the equilibrium is a Maxwellian
distribution
S(F)=0— F = Fum. (5.38)
@ In order to obtain identical transport properties
/ wsmodel( FygBV = / WSeon(F)d3V, (5.39)
R3 R3
where ¥V = {V;V;, V;V,;V, ..., V;,...Vj, }.
o Relaxation rates of the shear stress and the heat fluxes must be!3
orj; P
8tJ =T and (5.40)
3(],‘ 2P
S 5.41
Bt 3,9 (5.41)
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A Fokker-Planck model for dense gases
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Outline

© FP model for dense gas
@ Investigating Enskog operator
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Homogeneous relaxation rates of Enskog equation

@ Let us simplify Enskog operator using the decomposition
SEnskog — y(x)SBoItz + 5¢ (61)

where Sy includes all derivative of 7 and Y in x.

@ Relaxation rates of shear stress and heat fluxes then become

onjj P
dq; 2 p

@ Drift and diffusion coefficients of cubic model of A must satisfy this
relaxation rates for dense gases.

@ Spatial dependence of Enskog operator needs to be modeled.
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Conservation equations of Enskog equation

Taking velocity moments ¢ € {1, V}, V;V;/2} of SEnsk

PSENk RV, (6.4)
R3

Deploying Taylor expansion near x for F and Y
J=b+h+h+.. (6.5)
where for Y = Y(x), F = F(V*,x) and F1 = F(V7,x)

Jo=0, (6.6)
J=— (;; 7 / / / / (V" — )Y FF1kighdbded3V1d3V |, (6.7)
b=~ ax, ////1/) — 1)) Y}‘]-"l—( )k kighdbded®V1d®V|.

(6.8)
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Conservation equations of Enskog equation

e Taking velocity moment ¢ € {1, V}, V;V;/2} of expanded Enskog
equation leads to

v
/ OF , OF oV, (69)

or 3
Ve T Vige IV Ox;

By keeping only first derivatives in Taylor expansion, one can show

Vi = % / / / / (v* — ) FFighdbded®V,d*V
2
YU////("L/J* _w)kf}-}—li’”(i)g5d5d€d3v1d3v_
aXi F1

(6.10)

@ Unlike Boltzmann, moments of Enskog operator does not vanish!
This contribution is called Collisional Transfer.
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° \IJ?) is approximated by Chapmann and Cowling®*

- lgnoring Higher order terms.
- OuIn(F | F1) = OxIn(F°/F?), where FO is the Maxwelllian VDF.
Mass Conservation:

ap 0 B
§+67xj(’ouf) = 0. (6.11)

Momentum Conservation:

0 0
57 (PU) + o (pUiUj + 7" + p*05) = 0. (6.12)
J

Energy Conservation:

OE 0
S0 T oy (EUi+ 0/ + pouUe + mig ) = 0, (6.13)

where E = pc, T + %pUkUk and ¢, = 3k/(2m).

14
see Chapman and Cowling (1953) [7]
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@ Therefore, total pressure tensor and heat fluxes can be derived

and

oU

p*t = nkT(1+ nbY)— W o (6.14)
k
oU,;
7 = (1+2nbY/5)m; — (5w/6) ax-<> (6.15)
j
oT
q°* = (1+3nbY/5)q — W (6.16)

with w = (nb)2Yv/mkT /(73/?6?) being bulk effect.
@ We use these expressions to correct pressure tensor and heat fluxes in
FP of dense gases.
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Outline

© FP model for dense gas

@ Modification in Evolution of Velocity
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FP of dense gases - Modification in Velocity Update

@ To guarantee relaxation rates of Enskog operator

omij p
dq; 2p

=-Y-2gq, 6.18
Be 3,7 (6.18)

Cubic drift A for dense gas should now satisfy

P
,0<A,'/V’J{ + AJ'M,{ + D25,'J'> = —Yfﬂ','j and (619)
L
2p
p<A,MJ/MJ, + 2AJ/\/IJ/M,/> = —Ygﬁq,'. (620)
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Outline

© FP model for dense gas

@ Modification in Evolution of Position
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FP with collisional transfer

@ Collisional transfer promotes idea of extra streaming

OF O(FV;: O(FA) 10%(D2F) O(FA;
+( ) _ o )+, ( ) O( )_ (6.21)
ot Ox; oV, 2 V0V, Ox;

e What is A?
Answer: A is a spatial drift which should be set such that moments
of FP matches moments of Enskog, i.e. provides correction to total
pressure tensor and heat fluxes.

@ In this study, we proposed a linear and a cubic model for A.
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Linear DFP

e Consider the linear ansatz A

Ai=avl . (6.22)
@ Conservation of mass:
dp , 9(pU))
“F =0. 2
o + Ox 0 (6.23)
@ Conservation of momentum:
) +—( UiU; + mjj + pdi) + 0 A ViFdV =0 .(6.24)
(91.“ aXJ R3

o Total pressure p°t of Enskog equation can be achieved by setting

w oU;
a = nbY -

(6.25)
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Cubic DFP

e Consider a cubic model for A

+,\(V./ijvjz _ %> (6.26)

whereAquadratic term is used to set total heat flux and cubic term
with A = —enbY /(kT /m) is set to avoid instabilities of SDEsS.

@ Conservation of mass

dp  (pU;
9p  9(pUi)

=0. 2
ot Ox; 0 (6 7)

15see Risken (1989) [20].
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Cubic DFP: conservation of momentum

@ First velocity moment of DFP leads to

0 0 0
E(PU/') + aT(J_(PUin) + 8*)9(7711 + pdij)

0 ~
o (@'kﬂfk + &jip + 25;qi + P/\U,g?)) = 0. (6.28)
J

Coefficients of spatial drift € and 4 are set to obtain total pressure
and stress tensor of Enskog equation

Cikmik  + ejiP+2’ijq,-:—,()/A\u,g.z)
U . 50U
+ nbY(pdj + 2/57j) W<8Xk61+68)(j> (6.29)
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Cubic DFP: conservation of energy

@ Second velocity moment of DFP provides

OE 0
781' + a—Xi(EUiqu,'+P5ikUk+7rikUk)
10 ~
= AV VW Fd3V = 0. .
T2 Ox; /]R3 Kird ° (6:3)

Substituting A, one can set heat fluxes of DFP to match g
2 Lo (u® _ (42
¢jqj + 5P (U = (u*?) )

= Sobvg - we, 28 S LA (u® — @@
= 5nqu'_WCV3X,-_2pA <u,- —u;u ) (6.31)
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Cubic FP: coefficients

@ From momentum conservation

Gkmik  + ejiPJrQ’Aqui:—P/A\U,(J?)
oUyk 58U<i
+ nbY(pdj +2/5mj;) W(@xk J+68Xj>>(63)

@ From energy conservation:

. 1,
&iaj + 5Pl (u(‘” - (u(z))z)

— 3obve - we, 2T LA (W - @,
= 5nqu,—wcv(?Xi—zp/\ (u,- —u;"u ) (6.33)
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Notation

@ Following notation was used in the formulations.

1
uff.).in = p/ V|V Vv FdPV. (6.34)
R3
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Outline

© FP model for dense gas

@ Reduction to SDEs
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Reduction to SDEs

Using It6 calculus, equivalent 1t process of DFP is
dp = Adt + AdW, (6.35)

where W is a Wiener process and

Ar
M DO0000O Ay
M 00 D000 i As
— 3 — — ~
=% ] A={838888) ond A=|ula | (630
X
2 000000 Mo+
3 M3+As3
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Outline

© FP model for dense gas

@ Numerical Scheme
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Numerical Scheme

Explicit scheme for velocity update'®, and Euler method for position
update are employed as in

/\/II."Jrl = U]+ acen (M,{ne_Aty/T + Cik M,Qn + ’7/(/\/’,,(" ;(n — 3kT/m)

A — ) 4 2T ) ana - (6.37)

XML — XM MPAE+ (a—,-j/vl;" +A(M"MI" — 3kT /m)
+ AMIMIME — (M;"M;"M;">))At. (6.38)
Qcelf Makes sure that kinetic energy in each cell is conserved,

(Mg M)

— 6.39
(M T (639

Qcell =

1
6similar to Gorji and Jenny (2014) [21].
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Outline

@ Validation Studies
@ Setup
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@ Consider a gas contained in a box with iso-thermal walls that can be
moved. Velocity of particles hitting the walls in x> are set to the
velocity of equilibrium distribution on the facel’, i.e.

My = kb,:WN(o, 1) + Uy, (7.1)
My = £/ Zk;TW \/—In (R(O, 1)) and
(7.2)
o kb TW
Mz =/ =2 A(0,1). (7.3)

17see Bird (1994) [22].
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@ In all simulations, Argon is used with18

p[kg.m™ts7 | w[-] | o [m] ‘ m [kg] | 5 [W.m LK1
2117x10° | 05 |[3.628x1070[6.633x10°° |  0.01625

@ Time step is picked based on CFL condition!®

min(X, L/n.)

At =0. 7.4
0.05 max(Uy, Ug) (74)

for DSMC's based methods and
L
At =005 e (7.5)

max(Uy, Upp)
for FP based methods.

18see Bird (1963) [22].
see Gorji and Jenny (2015) [23].
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Outline

@ Validation Studies

@ Equilibrium Pressure
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Equilibrium Pressure

@ Iso-thermal constant walls with T,, =273 K.
@ Pressure can be calculated based on its fundamental definition
1 tf N
p= A?(ZZA(mM,-)) (7.6)
t=0 j=1
Dashed and solid lines are p = nkT and p = nkT (1 + nbY).

0154 B ESMC 14.01 % prp
o1s] * DFP 12.0] > ESMC
. ---- nkT
0.10 ] — nKT+nbY) 10.0 4
5 I
§ 0.08 4 ‘é...d 8.0
Q ~ 6.0
0.05 -
4.0
0.03 -
2.0
0.00 -
010025 050 075 1.00 025 050 075  1.00
nb (-] nb (-]
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Outline

@ Validation Studies

@ Couette Flow
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Couette flow

o Iso-thermal walls at T = 273 K are moved U,, = (+150,0,0)7 [m/s].

@ Here, Kn = 0.01 and nb = 0.5.

@ Convergence studies on the spatial refinement lead us to 100
computational cells in x». 1000 particles per cell are employed.

o Solid lines pt = 1" (1 + 2nbYo/5)?/ Yo + 3wo/5 and dashed line
indicates X",

5.0 5.0

4.5 4 w 4 4.5 1
4.0

n n
S S
X % 4.0
Yo 3.5 1 ottt i | T 35 -
I I
£ €
2 3.0+ 2 3.0
k] k]
2 2.5 2 2.5
—+»— ESMC —+»— ESMC
204 T — CBA 204 T —*— DFP
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Outline

@ Validation Studies

@ Fourier Flow
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Fourier flow

Iso-thermal constant walls with T,,; =300 K and T,,» = 500 K.

°
@ Here, Kn = 0.01 and nb = 0.5.
@ Convergence studies gives us 100 cells in xo.
e Solid lines k5t = k5" (1 + 3ngbY0o/5)?/ Yo + woc, and dashed line
indicates n'g'”.
0.06 0.06
0.05 A 0.05 A
; 0.04 A ZM 0.04
= 0.03 A ! | L < 0.03 A ! >
0.021 »— ESMCr===eo_____ 0.021 = ESMCr===me_____
—*— DFP = —< CBA o
(I) é 1I0 1I5 2I0 2I5 (') é 1'0 1'5 2'0 2'5
X2 [nm] X2 [nm]
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Conclusion

@ We proposed a Fokker-Planck model suitable for dense gas.
@ Dense gas effects were captured by introducing a spatial drift term.

@ Several examples showed the accuracy of model in capturing total
pressure, shear stress and heat fluxes.
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@ Hard Sphere (what we assumed here according to Enskog operator) is
not so accurate representation of force field in very dense gases or
liquids. A collision operator based on more realistic molecular
potentials, such as Lennard-Jones potential, is needed.

@ More accurate time integration scheme can let us increase time step.

o ldea of extra streaming might provide a framework for modeling
incompressible constraint with Fokker-Planck.
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Thanks for your attention.
Any questions?
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Measurement of gradient

Zj:cl QJ'

Q== (8.1)
0Q; _J5edV  §QindA .
ox  [dv AV (82)
Ne Qists ZI\EI QIILXJ’
Qi) = 2jm QO S (8.3)

N, i Ne  Ox;
>y Ot > it ﬁ
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