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2. PG-APPROACH IN NON-EQUILIBRIOM
STATISTICAL MECHANICS: PREDICTION
OF NON-EQUILIBRIOUM PHYSICAL
PROPERTIES AND PROCESS EQUATIONS

THE STRUCTURE OF THE PG-APPROACH

Liouville Equation

Functional Perturbation Theory
(Pozhar-Gubbins generalization of the
Mori-Zwanzig projection operator method)

e

Generalized Langevin Equation(s)
$
[ |
m Kinetic Theory —| Generalized Hydrodynamics

Description of Transport in

‘Collective mode' (Mesoscopic)
Nanosystems
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EXPERIMENTAL SYSTEMS
Silicate-1 Synthesis (Temp = 150°C)
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2D and 3D - images of various faces of zeolite
crystals reconstructed from HRTEM-based
diffraction patterns using “Crystal Maker” software

(the black box in the center of each image represents
the unit cell).
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EXAMPLE 1: PG-theoretical diffusion in

nanosystems
. 34@) fpo-
= d D
Dr(@) 2@V m @ o

2
fw

SZ

t5(e) = o n(q- $8) g(d.q- s8) + 005 n,(a- S S) 9 (d.d- S S)

g - aposition within the fluid; s, s, and S;,, - the effective diameters of the hard-core
contributions to the potentials of intermolecular interactions of the fluid molecules, wall
molecules, and fluid and wall molecules, respectively; b= UkgT, kg is the Boltzmann
constant, T istemperature, m is the mass of a fluid molecule; ny(q), n(q) and n,(q) are
the equilibrium number densities of the tracer "component” 1, the fluid "mixture" and
the walls, respectively; g and g, are the contact values of the equilibrium fluid-fluid
and fluid-wall pair correlation functions (PCFs), respectively, and the integrals are over
the surface of the unit sphere (6 is the unit vector).

The Cartesian tensor D(q) in Eqg. (1) hasthe form.

B = [ +F(i] @

| isthe unit matrix; F{n} isafunctional of the fluid density and composition.

The mass flux of the component 1is:

Tdny(a)
19
Tdn, (@)
19

J,(@) =- n(a)Dr ().

=- n(9)D;(a)

chy(q) is the deviation of the nonequilibrium number density of the component 1 from

its equilibrium value, ny(q).
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The zero-order approximation to the self-diffusion coefficient measured
experimentally,

Dp () =my(a) Dy (a)

3 |p
o 252\ mb
252 y

Sn(g- s$)g(a,9- sS) +

W 8 (- S ) Iiw(@.9- S k)

S

o (D%‘-m D~

Introducing the notations:

f B s P 1
Pp @ =~ 7 {b oBna- 58 00.0- =)

DM =—5 |2 :
P 452, Vb odS nyy(a- S ¢,8) 9 4,(a.0- S ¢, 8)
one can rewrite the above equation in the familiar form

1 % 1 i 1
D,@ Df @ D9
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| ntroducing dimensionless quantities.
q* = g/sy, M(0F) = sen(@*), N (@*) = s Snw(ar) , and
Dy, (q)=Dp(a*)/D° DS (q*)=Dp (a*)/D° ad DA (g*)= D" (g*)/ D°

where
0_3|p
D "_Z\Knsw’ one has
2
ff * 3
DP Wil Pl SVAV SH. il
s~adsn*(q*- —s)9(@".q"- -S)
w W
2
S
DIIWk(q*): S - S ,
N fw . fw .
V2s {8 (0= 5 8) 0g, (00" - 5 9)
w w
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EXAMPLE 2: PG-theoretical shear viscosity
of slit pore nanosystems

h@=h,{4 n@t, @[1+pb @]’
+(16/5)pn’(2) b™(2)},

NOTATIONS:

h(z) — PG-theoretical viscosity; h, = (5/16 s?) (m/ p bg)*?, bg = V(ksT), Ky -
the Boltzmann constant, T - temperature, m - the mass of a fluid molecule, s
and s, - the diameters of the hard-core parts of the fluid-fluid and fluid-wall
intermolecular interaction potentials, respectively; n*(z2) = n(z)s® and
n* (2=n,(2s;,’ - the dimensionless equilibrium number densities, n(2) and
n,, of the nanofluid and the confinement; g(zz - scosq) and g;, (zz-S;, COS
g) - the contact values of the equilibrium fluid-fluid and fluid-wall pair
correlation function contact values, respectively; and g is the angle between
the vector connecting the centres of mass of the interacting molecules and
the positive z-direction.

t,(@={2p [n'@+W3)n, @+2n, @}
n’(z) = 0dg sing n’(z-s cosq) g(z,z-s cosq),

n, (z) = ‘E‘qu sinq [n (z-s cosq) - n"(2)] 9(z,z-s cosq),

p

n,(z) = odq singn,, (z-s,co0sq) gy, (2,2-S ,,€0sQ),
0

P
b™(2) = ¢ylq sin®q cos’q n"(z-s cosq) g(z,z-s cosq).

0
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PG - THEORY + EMD

A) SELF-DIFFUSION
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Figure 1.
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Model system studied in this work by the PG-theoretical and MD

simulations means. (a) The fundamental cell (imaged in the x and z directions) with

control volumes | and Il; (b) side view of the nanopore system; (c) pore face. The axial

half length, L, of the composite pore was L.+2.5C2; the square channel: L=3.5C2; width:

d, = 3. The central unit (“octahedron”): maximum dimension d, = 802. The pore system

is composed of two dense face-centred cubic layers of immobile atoms. The bulk regions:
Ly == (18.52 + L). Control volumes: -L,<z<-L;; L;<z<L, whereL,= (1052 + L
-5/3)andL, =L, +5/3.
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SIMULATION CONDITIONS: DIFFUSION

Ij (rlj)o
(I’”)_f”(l’”) f” (rcut) Q dr. c (rij-rcut)? b ol
I oreut
=) i > Pt
with

o) 50

f,0,) = 4e =9,

i\ Jgg rIJ g g & a

Table 1. Parameters of the Lennard-Jones potentials.

Component pair s, A elk (K)
Fluid-fluid 3.817 148.2
wall-wall 3.000 228.4
Fluid-wall 3.409 184.0

Fluid parameters: the average number density in the “bulk” volumes, n* =
0.5s3, where s is the LJ-diameter of the fluid particles the dimensionless
temperature, T*=kgT/e = 1.5. The average number density of the confined
nanofluid, n*=(0.4+0.04)s3. Note: bulk fluid of similar potential parameters at
this density and temperature possesses a pressure of about 220 atm; the self-
diffusion coefficient for the model Lennard-Jones fluid in the bulk state has been
indzependently determined using traditional EMD procedures to be 3.4 x 10
cm/s.
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Figure 2. Zero-order approximation of the PG-theoretical
self-diffusion coefficient for the entire pore
system in the plane y=0.
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Figure 3. Zero-order approximation of the PG-theoretical self-
diffusion coefficient for the central cross-section of
the “octahedron” cavity at y=0
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0.20
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Figure 4. Zero-order approximation of the PG- theoretical
self-diffusion coefficient for the square channel in
the plane y=0
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Figure 5. Top : the average nanofluid density (based on pore cross-
section ) for z-bins within the left square channel (open
squares); the curve corresponds to a fit by B-splines.

Bottom: the fluid-fluid and fluid-wall contributions, Df,/D°
(open squares) and D™W,/D° (open triangles), respectively, to
the zero-order approximation of the across-the-pore average of
the PG-theoretical self-diffusion coefficient for the square
channel. The horizontal lines correspond to the average values
which in each case are < Df,/D° > = 0.0372; < DW,/DC > =
0.0062; and overall (the filled circles) < Do/D° > = 0.0178; D°=
2.715 103 cm?/s.
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Figure 6. Zero-order approximation for the across-the-pore
average of the PG-theoretical self-diffusion
coefficient for the pore system. The horizontal line
corresponds to the overall average value of the
theoretical self-diffusion coefficient; D%= 2.715" 103

cm?/s.
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PG-THEORY + EMD
B) SHEAR VISCOSITY OF SLIT PORE
NANOFLUIDS
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Figure7. A model Lennard-Jones (LJ) nanofluid in a dlit
nanopor e of H=3.2s in width composed of immobile
wall atoms. 3D image of the nanofluid number
density, ns®, where s is the effective diameter of
nanofluid atoms. The average nanofluid density
<ns*> = 0.603, temperature kyT/e = 0.958; e - the
energy parameter of the L J potential.
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Simulation Conditions

I ntermolecular | nter action Potentials:

I b &2
. .I.4eea§_o a@ou+e O<r <2fg:
JV\/CA(r):.i. g grﬂg
} 0, r3 2Y%s
gy
J LJ (r) = 469@0 = 9 u, > 0.
g gl‘ 2
System Parameters
Fluid Simulation Number
Pore |average | Temperature, | box sizes, Parameter | Parameter | of fluid
width, | number particles
density, kgT/e L/s=L/s als b/s N
H/s ns 2

0.442 0.729 13.026 2.368 0.638 240

3.2 0.442 0.729 11.152 2.028 0.870 176

0.442 0.729 10.636 1.933 0.958 160

0.603 0.958 11.152 2.028 0.870 240

4.1 0.442 0.729 12.866 2.339 0.654 300

0.603 0.958 12.894 2.344 0.651 411

5.1 0.442 0.729 12.637 2.298 0.678 360

0.603 0.958 10.820 1.967 0.924 360

7.0 0.442 0.729 12.456 2.265 0.698 480

0.603 0.958 10.664 1.934 0.952 480

e s= s, = m =1, the average wall density: n*,=0.850; the

number of wall atoms; 432; time steps; 2° 10° and 2 10™,
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Figure8. Thefluid-fluid PCF contact valuesfor thelLJ
nanofluid confined in a dlit nanopor e of H=3.2s
in width. The average fluid density <ns 3> =
0.603 and temperaturekgT/e=0.958.
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Figure 9. The fluid-wall PCF contact values for the LJ
nanofluid confined in a slit nanopore of H=3.2s in
width. The average fluid density <ns3> = 0.603
and temperature k;T/e=0.958. Here ¢ is the angle
between the vector connecting the centers of
mass of a pair of fluid and wall molecules and
the positive y-direction along the pore wall.
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Figure 10. Top: the PG-theoretical viscosity for the LJ fluid
confined in the pore of H=3.2[J in width at <n[J3> =
0.603 and temperature k;T/e=0.958. Curve:
reduced PG-theory with the EMD-simulated PCFs.
Straight line: the corresponding pore-average PG-
theoretical viscosity. Bottom: the corresponding
number density (curve), average number density
(lower line) and temperature (upper line).
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4. NEMD SIMULATIONS AND

COMPARISON OF THE RESULTS
A) SELF-DIFFUSION

The mass flux:

o A b7
‘]1 _XOJl dxdy
é Tdn(q) u
80D L — dxdy g
e p(%) Y1 1dny(a)
=- ¢ -—0 dxdy
é ‘ﬂdnl(q) uA |4
& o dxdy (
é 1z
A Tdmn(2
=-D_(z
p(D—

This expression is purely empirical and relies on considerations related to
symmetries of the considered system,

Table2. The sdf-diffusion coefficient of the pore nanofluid.

Pore section Square channel | “Octahedron” | Entire pore
section

Theoretica average

24 0.483 1.232 0.8%4
value D, xlo“g‘:m g
S g
NEMD vaue using
Egs. (15) and (16)
o 0.57 0.76 -
DNEMD ><|'04 :
S g
D - Drewo 100% -15.2 62.1 -

NEMD
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Figure 11. The non-equilibrium density profile of the counter-
diffusing components expressed in the units of s 3
specific to the fluid atomic diameter; z* is in units
of (@s,,.
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B) SHEAR VISCOSITY OF SLIT PORE

NANOFLUIDS

0.010
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Figure. 12. Top: the NEMD velocity profile specific to the WCA fluid at
ns3=0.442 and k;T/e=0.729 confined in the pore of H=3.2s
in width, and its “bulk” parabolic counterpart. Curve: the
velocity component in the direction of the flow (y-direction);
fluctuations: the velocity components in the x and z
directions orthogonal to the flow direction. Bottom: the
NEMD density and temperature (red curve).
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“PRACTICAL” CORRELATION FOR THE SLIT PORE
NANOFLUID SHEAR VISCOSITY

“Standard” correlation between the average flow velocity, u, and the
pressure gradient, dp/dy, specific to the Poiseuille flow of a “bulk” fluid
between two parald walls separated by the distance H (the parabolic
velocity profile is assumed),
H? dp
12h, dy

urp =

hp - fluid viscosity.
In these smulations of the Poiseuille flow of nanofluids dp/dy = nF,, and

therefore,

COMMENT
The*“locd” heuritic definition of the viscosity,

<F.(2>1

h (2)=-Ii Tl Yol
local (Z) ImFe®O,:: ﬂuy/ﬂz %;

produces unphyscd results (see References) and can not be used for the
flowswhere the velocity profile features extrema (asisthe case here).
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Table 3.

The PG-theoretical pore-average viscosity of pore
nanofluids, h,; [calculated from reduced PG-theoretical
expression using EMD-simulated densities and pair correlation
function contact values], and the ‘NEMD + parabolic fit’ pore-
average viscosity, hg, [calculated using parabolic fits to the

NEMD data].
Hud PGthaeorelicd ‘NBEVD+
Rre |amae| Tane | Pra | Pra | poeamae | paddicfit | Rdaiveara,
widh | ruro | reture | mee | e visoosty, poeasar | hog-hy,,
cksty, hes visoosity, by i
Hs |s® | Klle| ds | bs fe
WA | LJ WA | WA | L]
flud | flud | flud | flud | flud | flud
Q42 | Q70 | 2338| 0638 | 1750 | 2060| 13/M0| 12P| 2B 7
32 | 042 | 070 | 2028| 080 | 17736 | 19147| 22813| 32153| 2 | 4O
042 | Q70 | 1933| 0B | 2100 | LRMl| 26256| 3667 -0 | &l
068 | 098 | 208| 080 | 79/4 | 744%6| NA | NA
41 | 042 | Q70 | 230| 064 | 13121 | 16356| 11514| 16019| 14 3
068 | 098 | 23| 066l | 58127 | 511B| NA | NA
51 | 042 | Q70 | 228( 06/ | 10671 | 1.380| 0H2| 1600| 12 | -14
0608 | 098 | 1%/ | 04 | 45466 | 41234 NA | N/A
70 | 042 | Q70 | 226 | 068 | O7/A2 | 10934| 07445| 1320| 2 -18
068 | 098 | 1934 | 0% | 320 | 28312 NA | N/A
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53 CONCLUSIONS

.. Virtual fabrication of structural nanomaterias is a cost-effective solution
to a longstanding practical problem of development of nano- and sub-
nano technol ogies for nanoheterostructure fabrication.

2. In addition to the above, virtual fabrication cycle alows to investigate
transport processes at nanoscale (including quantum contributions) and to
suggest and verify optimal parameters of the desirable nanomaterials to
meet engineering and technological requirements.

3. Rigorous statistical mechanical theoretical approaches used in conjunction
with EMD and, to some extent, with NEMD techniques, have to be used
to facilitate virtual fabrication. At present, Pozhar-Gubbins approach i<
the most tractable among existing fundamental statistical mechanical
approaches that can be used for this purpose.

4, Due to enhanced non-local nature of the transport coefficients in
nanosystems (and possible large quantum contributions to them, in the
case of quantum nanofluids) a heuristic analysis of molecular smulation
data is unlikely to be helpful in conjunction with virtual fabrication of
functional materials. In general, extreme care should be exercised when
attempting to interpret loca transport behaviour from coarse-grained data
and/or heuristic evaluations.
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