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Simulations of transport in porous media
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Diffusion as continuous time random walk
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with: (1) another particle, (2) porous structure walls,
(3) crystal surface, (4) bubble surface, etc.




Diffusion as continuous time random walk

probability that particle is
found at position r at time ¢

p(r,t)
\

probability of jump with
length r & time step ¢

<l’2(1)>:f di:rzp(l_”, t) mean square

displacement
R

D



Diffusion as continuous time random walk

probability of
previous position

—plrst)=fdr'[at'K(r—r',t—t")p(r',t")
0

kernel
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What is form of kernel?



Diffusion as continuous time random walk



Diffusion as continuous time random walk

plr 1) =( P moves ) ( panicle sty



Diffusion as continuous time random walk

probability of
jump with




Diffusion as continuous time random walk

up (k;u)—1=K(k;u)p(k;u)




Diffusion as continuous time random walk

K(k;u)zqu(

e Ly

assume decouple
time and length

K(k;u)=(p(k)-1)




Diffusion as continuous time random walk

probability of jump with
length r & time step ¢

w(r,t)
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Diffusion as continuous time random walk
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Diffusion as continuous time random walk
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Types of diffusion

T<00,0 <00 normal diffusion

<r2(t)>=f drr’p(r,t)=6Dt

. 2 _ ° °
T=00|,0 <0 sub-diffusion

<r2(t)>=f drr’p(r,t)~t*, 0<x<l
R

D

time and length have super-diffusion
to be coupled

<r2(1)>=f drr’p(r,t)~t*, «>1



How frequent are different types of the diffusion?

sub-diffusion
(limiting case)

2
T=00|,0 <0

|

super-diffusion
(turbulence)

(r*(z))=t’

normal difflzlSiOIl
T<00,0 <00
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super-diﬂ‘usion< r(t))=t

(turbulence)
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normal diffusion

(ri()=t

sub-diffusion
(limiting case)

(r’(t))y=t""



Some applications:

selective membranes



Some applications




Creation of the model porous structures
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Total energy in the system 1s
expressed as sum of two contributions: E,= Z (Z ®(r;)+F(p;))

ds(7”):(#0’/‘86(3(r_rcuz‘>4_4(r‘cut_rmin)(’”cul‘_r)3))rgrcut
®(r)=0,r>r_,

binary contribution - short range

attractive potential (SHRAT) =
1 [
105 0.5
min:21/6’rcut:1'6>W0: 3 ’pdeszl
lormr,, 0
0.5}
" X oy 1 1.2 1.4 1.6
F(p;)=d, Z ”3 Fo((pi=Paes) —(W(0)—pa)) r
k=24,... many-body contribution embedding
ﬂ functional 3
r r
p=2w(ry)  wir)=w(1+3—)(1-—)
] cut cut

Lucy's weight function
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Molecular dynamics
r,=V,
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method: Basics

molecules, atoms metals, semiconductors
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Molecular dynamics method: What can we get out of it?

= X/
V(t)=2, 2. ¢(|r,(t)-1,(z)]) potential energy ¢ K\\..;j_?
I | 7N 274N
K(r)zé—z m,|v.(2)] kinetic energy {qi, pi}
E(t)=K (1)+V (1) total energy
K(f):g—NkBT(f] temperature from kinetic energy

PV-Nk,ZT--(¥r, F) pressure

http://www fisica.uniud.it/~ercolessi/md/



Molecular dynamics method: How to keep temperature constant?

* Microcanonical ensemble

isolated system

s . «(EVN

enerqy transfer not
allowed
E constant

At

ofe81) 51
2

At 2
n—) » S =
2 m,

*» Canonical ensemble

heat reservoir T

* « o(TVN)

L]
4
energy transfer

allowed
T constant

f(T)=exp(~H (T )k, T)

http://www fisica.uniud.it/~ercolessi/md/
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Molecular dynamics method: How to simulate bulk material?

periodic boundary conditions

http://www fisica.uniud.it/~ercolessi/md/
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. 30nm EHT = 080KV SignalA=lLens  Signai= 1.000
Meg = MUK, | Wo= §mm SignalBzilens  Date 24 Oct 2000

(a) U.Mihr, H. Purnama, E. Kempin, R. Schomicker, and K.-H. Reichert, J. Membr. Sci., 171 (2000), 285.

(b) M. Meyer, A. Fischer, and H. Hoffman, J. Phys. Chem. B, 106 (2002) 1528.
(c) http://ciks.cbt.nist.gov/~garbocz/paper75/paper75.html
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Monte Carlo integration:

volume - points from a random sample are
counted, if they are within certain radius

around the particles (r): V/V =N_. n/Ntot.
surface 1s calculated as numerical a]lfferential

of volume over radius: 0V (r)/0r.

Structre factor and fractal dimension:

structure factor S(k) 1s related to the pair
distribution function, g(r), by the Fourier

tran<frmmorinn ooees \\iS’(k):l—l—élrrnf(g(r)—l)rzsmlikr)dr
Msites<R)ocRDm 0 :

S (k)ock
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Log{mass)
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http://classes.yale.edu/fractals/FracAndDim/BoxDim/PowerLaw/PowerLaw.html




Mass and surface fractals:

Msites(R>OCRDm g(f")

Dm
M R)ocR”: I g(r)ocl—r" " ~6=DJ

for small r!

—D

m

sitesonthe (
surface

in reality structures are fractal only
on a certain range of scales:
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GEAM (F =1, F,=0 k>2),
n=0.25, T=0.01
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S(k)
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Volume and surface:

I surface, T'/Tref=0.01 e .
volume, T/T,=0.01 o

GEAM (F,=1, F, =0 k>2),
n=0.25
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Monte Carlo integration:
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. gas particles particles with fixed positions

. ) sponge wall particles inside of the sponge

- gas particles do not interact
. . 4 4
- gas-wall interaction SHREP » ®(r)=¢x, (r-r_ ), <r_

- thermostat acts only on wall d(r)=0, r>r_ (repulsive)
particles!



Knudsen self-diffusion (small densities):
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<( Ar)2> N - avr. diffusion distance
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Knudsen self-diffusion (small densities):
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- gas-gas interaction SHRAT (attractive)

- gas-wall interaction SHREP
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particles - mass increases/
gTOup speed decreases

~_

5 as result we have
sub-diffusion




