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The problem of adequately describing transport processes of fluids in confined conditions is solved using methods
of nonequilibrium statistical mechanics. The ‘fluid—channel wall’ system is regarded as a two-fluid medium, in
which each phase has a particular velocity and temperature. The obtained results show that the transport equations
in confined spaces should contain not only the stress tensor and the heat flux vector, but also the interfacial
forces responsible for the transfer of momentum and heat due to the interaction with the wall surfaces. The stress
tensor and the heat flux vector fluid can be expressed in terms of the effective viscosity and thermal conductivity.
However, the constitutive relations contain additive terms that correspond to fluid—surface interactions. Thus, not
only do the fluid transport coefficients in nanochannels differ from the bulk transport coefficients, but they are also
not only determined by the parameters of the fluid.
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1. Introduction

The extensive study of liquid and gas microflows over the last two decades has been mo-
tivated by the emergence of a large number of microfluidics tools and systems. These flows are
currently use in biochemistry, medicine, pharmacology, biology, thermal engineering, catalysis,
etc. An important aspect of the active use of various micro and nanoflows is the development of
a new generation of resource-saving technologies with low power consumption. The efficiency
of micro and nanodevices is largely determined by the transport processes occurring in the fluid
flows. Thus, for example, mixing in micromixers is due to diffusion processes, and the energy
spent for fluid circulation depends on the fluid viscosity. Today, however, it is known that
transport processes in confined geometries are significantly different from those in the bulk.
Diffusion, for example, is anisotropic [1,2], fluid viscosity is differed from the value in the
bulk [3-5] and the fluid in nanochannel has a nonhomogeneous structure [6, 7].

Difficulties in measuring transport coefficients in small channels or pores are obvious.
In fact, at present, there are no reliable experimental data. However, already today, we can argue
with certainty, first, that the fluid viscosity in small channels is inhomogeneous over the channel
cross-section and, second, that its average value is significantly different from the value in
bulk. This, in particular, is suggested by the results of molecular dynamics simulations [2, 7].
Layers of structured fluid with characteristic scales on the order of nanometers are formed near
the channel walls. In such channels, fluctuations in the number of molecules, momentum, and
energy become important [8].

Existing experimental data on the pressure drop are very contradictory. Some authors
argue that the pressure drop is described by the classical equations of fluid dynamics (see,
e.g., [3]). However, there are indications that the pressure drop coefficient is much higher
than the classical value (e.g., [3]) and less than it [9]. Often, these discrepancies are explained
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by the slip boundary conditions on the micro or nanochannel walls (see for example [10]
and referenced therein). However, in our opinion, the situation is more delicate. Transport
processes are processes of relaxation of large-scale fluctuations, such as gradients of observed
macroscopic variables: density, velocity, temperature, etc. Fluctuations can be maintained, in
particular, by external forces with respect to the system. Transport processes in rarefied gases
are easily interpreted: they are due to transfer of the corresponding microscopic characteristics
on scales of the order of the mean free path of the molecules. In liquids, transport processes
are much more complicated. For example, the viscosity is due not only to the momentum
transfer in collisions of molecules, but also to the destruction of short-range order and diffusion
processes of momentum transfer in the system. In the vicinity of the surface, an important
factor in the equalization of momentum and energy in flow is the interaction of fluid molecules
with the surface’s molecules. In a nanochannel with a characteristic cross-sectional area on
the order of 5 nm, almost half of all interactions of fluid molecules are their collisions with
the molecules of the channel walls. Under such conditions, it becomes meaningless to speak
about the viscosity of the fluid separately. The viscosity of the fluid becomes a property of
the entire ‘fluid—nanochannel wall’ system. Of course, it is not easy to study this ‘viscosity’
experimentally. However, to develop an appropriate apparatus, it is first necessary to construct
an adequate theory of transport processes, which should be used in interpreting experimental
data. The aim of this work is to develop such a theory. It is constructed from the first principles
using methods of nonequilibrium statistical mechanics.

2. The transport equations of the system

Since the states of the molecules of the fluid and the channel walls are significantly
different (in particular, the walls are at rest and the fluid moves), the system is a peculiar two-
fluid medium. The properties of this medium are described in this paper using the apparatus that
we developed previously to describe dispersed media [11-14]. In this case, the ‘fluid—channel
wall’ system is treated as a two-fluid medium, each of which phases consists of the same
type of molecules and is characterized by their macroscopic variables: density, velocity, and
temperature. The dynamics of the system is described by the N-particle distribution function
Fx which satisfies the Liouville equation:

OF /0t + LyFy =0, (1)

in which the Liouville operator is defined as:

& p O 1 & 0 B,
v=2. 2 ma‘arﬁ;%'(a—m‘a—m)]‘

Here r;, m;, and p; are the coordinate of the center of mass, mass, and momentum of the ¢-th
molecule of phase a.

We will characterize the state of the system by partial values of the density n,, mo-
mentum p,, and energy F,. These quantities are the averages of the corresponding dynamical
variables:

N (r) = ié(ri —1), Pafr)= ipié(ri —r), E.(rj—r)= ZEié(ri —-r), (2
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where F; is the energy of the i-th molecule. Applying the Liouville operator to the dynamic
densities (2), we obtain the following transport equation for them:

:_V'jlom f)a:_v'an +j20¢7 Ea:_v'jSQ +j3o¢ (3)

The operators of the number flux of molecules J las Momentum flux J 2, the energy
flux J 30, and the interfacial force operators Jgaand j3a are defined as follows:
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The hydrodynamic velocities of the fluid (hereinafter, we use the subscript f) and the
walls (subscript b) are defined as follows: uy (r,t) = py(r,t)/mny, u,(r,t) = 0. Transport
equations of the hydrodynamic variables can be obtained by averaging the density transport
equations (3) over the ensemble Fy and using a locally accompanying coordinate system for
the fluid which moves relative to the laboratory system with velocity uy. It can be shown that
these equations have the following form:

an f 8nb

Ouy , .
Pf—F, It +pfuf Vuf— -V J2f +.]2f7 =V - Joy + jo = 0,
aE’ y , , . .
W + V- (up ) ==V I — Yoy +JIp) - Vuy —jp - uy + Jay,
oF/ .
8tb =-V- J/3b _jil’,f —|—Jfb : VLIf. (4)

Here A = <A>, the angle brackets denote an average over the ensemble Fly, and all primed

quantities were obtained from the corresponding unprimed ones by the momentum transforma-
tion: p;, = p; — m,U,. Moreover, additional microscopic densities are introduced:

Ny Ny I Nf Ny
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3. Nonequilibrium distribution function

The transport equations (4) are not closed; they contain the fluxes and interphases forces
which should be connected with macroscopic variables. To calculate the fluxes J/, and forces
j.; we need to determine the distribution function Fp. Thus the problem of deriving the
transport equations and constitutive relations reduces to finding a solution of equation (1) for
the macroscopic level of the system description. Due to the linearity of equation (1), its solution
can be sought in the form of the sum of the quasi-equilibrium distribution function Fy and the
dissipation function Flyy:

Fy = Fno + Fn1. (%)
The function Flo is obtained from the extremum condition for the information entropy

S = —k(In Fyo) (k is Boltzmann’s constant) for the given average values of the number of
particles, momentum, and energy of the particles of each medium (fluid and channel walls)
(see [11,15]). The distribution function obtained in this way corresponds to the two-fluid de-
scription of the system. In the derivation of Flyq, it should only be taken into account that the
macroscopic velocity of the wall is equal to zero and that the temperatures of the walls and the
fluid can be different. Thus the quasi-equilibrium distribution function has the following form:

Fio = Q' exp {— / dr [,Bf@, 8 EN(x) — v (r, )i (r) + By(r, ) Ey(r) — my(r, t)ﬁb(r)] } ,

(6)
b3
Qo = <exp {—ZZ / gka<r,t>Gm<r>}>,
a=f k=1
G1a(r) = 1a(r), Gon(r) = Pa(r), Gsa(r) = E,(r).
Here g3, = [ = 1/kT, is the local inverse temperature of the component «, v, = —[ulias

Gra = Ba (—la + Mau2/2), goo = —Baua, and p, is the local chemical potential. The average
values of the particle number density of the component and its energy calculated for the quasi-
equilibrium ensemble (6) are:

(ia(1)) = f;l(Q) - {Bw) = (;;H(Q)

Here, averaging over the ensemble (6) is denoted by the subscript 0 in the angle brackets.
For the thermodynamics of the system to be defined by the function Fy, it is necessary that
the macroscopic variables coincide with their quasi-equilibrium values: n,(r,t) = (n4(r)),,

El(r,t) = <E}(r)>0.
Because Fj is an even function of the momenta p; and the coordinates r;;, the mean

values of the nondiagonal elements of the stress tensor and the tensor J ¢, calculated from it are
equal to zero:

30,(r 1) = é (30) U) = pylr,)U, 39, (0,1 = % (3p():U) = pplr. 1)U

Here, py is the partial pressure of the fluid, which we assume to be isotropic and U is the unit
tensor of second rank. For the same reason, the other fluxes and interfacial forces are equal to
zero, and the equations of multifluid hydrodynamics for the quasi-equilibrium ensemble (6) are
the Euler-type equations:
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bl § + V- (nfuf) =0, + pruy - VUf = —fo,

OF} , OE;
T Lvuy VB =— (B +pr +pp) V -y, o

It is evident that these equations derived for the ensemble Fyy do not describe dissipative
processes in the system. To construct the nonequilibrium distribution function, it is necessary
to solve the linear inhomogeneous equation (see Eq. (5)):

=ppV - uy. (7)

Applying the Liouville operator to the function Fyg, we obtain:

LNFNO - _FNO(tO) /d |:j Vl/f — 5]0 (jgf — mfufjlf> . Vllf‘|—

2
( f—JQf uf+mf7J1f)~Vﬁf+

Jip -V + 3 - VB —ij - ByVus + Jsr(Br — By)| -

The right side of equation (8) contains also time derivatives of hydrodynamic quantities
which are determined from the transport equations (7) using the complete distribution function.
The time derivative of the quasi-equilibrium distribution function can be written as follows:

(’9FN0/8t = TFNO + TFNl,
TFn; = FNozZ/dI‘AG ]¢k§( ), 7=0,1, ¢1a =Va, Ooa=1Ua, O30 =0,
a=f k=1
Aéka = éka - ékom éla - élou é2a - ﬂaééaa éSa Ggaa
aj¢ka(r7t) _ <a¢ka(rat)>
J

ot ot
Then Eq. (8) becomes:

8FN1/8t+(T+LN)FN1 = —(T+LN>FNO.

A method for solving this equation was developed and described in detail previ-
ously [11-14]. Omitting cumbersome calculations, we give the explicit form of the nonequilib-
rium distribution function obtained using this method for the system considered:

FNl( ) —7T(t to)St t0) FNl to +22/dt1/dr/drﬂ t tl t 4 )FNO(tl)AIka Yka(r tl)

akl

ALy = Lo(r,r') = 1) (r,r), 10 = <im>0. 9)

Here S (Ai) is the displacement operator along the trajectory of N particles. The operator
(t—to)
7(t,t1) has the form of an infinite series in the thermodynamic forces [11,16] :
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7(t, t1) Zw tt1), w(tt) =1,

t

n+1
ttl /dt2 /dtn+1HS t—t;) tN)tz)

where the product is formed starting from terms with the largest 7. For weakly nonequilibrium
systems (in ordinary hydrodynamics, this corresponds to the Navier-Stokes approximation), this
series can be truncated to the first term. In this case the operator m(t, ;) is equal to unity. The
fluxes I, and thermodynamic forces Yo are given by:

A o ! 5 -
=i (se-0- 25 (3), )

I, = J,(@)d(r—r), Yio=-V,,

Loy = (J4,(x) + I p(x)) Bro(r = ) = [E)(x) + ps(x) + pp(r)] %

. ove(r -, 0B¢(r
() ( 57 Er?))n - By(r) (%) U-
e e (53),, - 0 (), | v
Ly = palr) [m(ﬂ (o) 50 (Ga) ]U, Yoo ==V u,

iy = 5,08 — 1) + p (1) %) <5pf(r) ) |

myng(r) \ 05;(r')

A

Iy, = Jo(r)0(r — 1), Yo = —V'f.,

Ly = —jor(1)Bro(r — 1), Ya=uy, Yu=0,

. . 1,
Isy = (]L/%f(r) + §J2f(r) . uf) or—r), Ysy=08r—05, Ys5=0

In these expressions, the subscript at a bracket indicates the expression in the bracket is calcu-
lated for the fixed variables specified in the subscript, V' = 9/0r’.

The fluxes I, are generally nonlocal. The characteristic scales of its nonlocality are
about the size of the internal structural elements of the medium and the time of their interaction.

For simple fluids, this type of nonlocality can be neglected. Therefore we can replace the
functional derivatives with the partial derivatives, which will be done below.
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4. Constitutive relations and transport coefficients

Using the nonequilibrium distribution function (9), we obtain fluid transport equations
in flows bounded by surfaces. The constitutive relations for the stress tensor, heat flux vector,
and interfacial forces entering these equations are generally nonlocal and retarded:

fio(r, 1) = fio(r, o) + 2 (r +ZZ/dt /drM’“'B r.r' t—t1) - Yes(r' ty),  (10)

k=1 B,p to
f - J/1a> f2a = JIQaa f3a = Jéa, f40, = j2a>
fsa = Jhar f6f =Jpn, frr=jm fo=1=0.

The relaxation transport kernels included in these formulas are given by the relations:

M (e, vt — 1)) = <fw(")5<(ﬁ)tl>ﬂ’fﬁ(r')>o . (11)

Given that the quasi-equilibrium distribution function is even in momenta and relative
coordinates of the molecules, it can be shown that the uneven transport kernels (11) in these
quantities are equal to zero. Moreover, in the constitutive relations (10), the stress tensor and
the tensor J;, can be split into a symmetric nondivergent part (denoted below by superscript s)
and a divergent part (denoted by superscript 0). In this case, the constitutive relations for the
fluid under confined conditions have the following form:

0=/%/ﬁﬂﬁﬂﬂﬂﬂ%@WHjMﬂwy@WW%@%

/dtl/dr J0 sS4, A(IO( )+i§b(r')>>0;v/.uf(r’)u,

=12 305, 3-dh, 3= (30,

1(r) = 3y (r) By — (E}(r) + pys(r)) Ux

o (32) - (32) ) ot o (32,02,

i(}b(r) = jfb(r)ﬁf — pp(r)Ux
~ ov all 85 2 v A, 85
) o) o )

jor(r /%/M.m S 1)) (Br0) + 5yl g ()

NEYIL /dtl/dr <J§f t tl)A (Jéf( ")+ Dpy(r >m€2(f()) (gg;)yf) >0'V'5f(rl)>
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J3f /dtl/dr ]3f (t tl)Ajgf( )>0 (Br(x") = B(x')),
/dtl/dr S((tNt A (A’zsf(r/)+jjcb(r’)>>o : Bp(r ) V'uy(r'),

intr / ity [ (G500, 3, (6), - (Br) + ) w). 2

Equations (12) are nonlinear, nonlocal, and retarded constitutive relations. Its nonlocality
is associated with the correlation between dissipative fluxes and thermodynamic forces and is
due to the finite speed of propagation of disturbances in the medium. For weakly nonequilibrium
systems for which the gradients of the observed macroscopic variables are relatively low (in
classical fluid mechanics, this corresponds to Newton’s constitutive equations for the stress
tensor and Fourier’s equations for the heat flux vector), this nonlocality and retardation can also
be neglected. In addition, as noted above, the operator 7(¢,¢;) = 1 in this case. If we neglect
the initial values of the fluxes and interfacial forces, the constitutive equations in this case can
be written as:

Jop(r.t) = pp(r, 6)U — (phy + phy) - VUi — (uh; +ph) : V-urU, op(r,t) = —v - uy,
Jop(v,t) = X - VBr+ X - VB, jiss(r,t) = w (Br = B),
Tso(r,t) = (e, 0)U — (kg + ) = Vai — (ppy + p) 2 V- usU, (13)

jfb(r, t) = —0 - uy.
Here, transport coefficients pf , [L?c /o p,?cb, and p}, are fourth-rank tensors, v, Ay, Ay and o are

second-rank tensors, and w is a scalar. These quantities are given by the following relations:
= dt, | dr’ J’S ’s > b J =5 i =]
l’l’zf 6f/ 1/ r (I') o’ t f7 ) f 2f» b fb7
t
bezﬁf/dtl/dr/ <j;5(r)5((ﬁ)tl)fcb(r’)>0,
to
t
= / ity [ (3050, 1),
uzb_/dtl/dr JIO (N) IO ( /)>07
| 50¢) (0
)\:/dt/dr’ J @SN AT )+l il (pf) ,
f , 1 < 3f() (t—t1) 3f( ) f( )mfnf(r’) aﬁf ., )
0
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)\b_/ dtl/dr S0, AT
dty [ dr' (j,(x)s™ (!
w = 1 r ]3f (t—t1) ]3f<r> 0’

_ % (Bf —f-ﬁb)/dtl/dr, <jfb(r)5((;\_7)t1)52f(r/)>oa

t
1 A R
=5 G [ [ (s, s, (14)

Note that in the case of incompressible channel walls, their hydrodynamic velocity
equals zero, u, = 0. The condition that the magnitudes of the interfacial forces joy = jo, and
the momentum equation for the wall:

-V J/2b ‘|‘j2b =0
imply that j;,, = —V - Ji,. If we neglect the bulk viscosity, the evolution equation of the fluid
velocity can be written in simple form:

du S S S S
prg ==V =V (W + ph + ) Vg

Thus, the viscosity of the fluid in confined geometry depends not only on the interac-
tion between the fluid molecules (responsible tensor coefficient p},). The effective viscosity
contains the contributions due to the interaction with the surface, the coefficient p; is given by
the relation:

Bb/dr /dt1 (r)S(,, A5, (x )>O.

Further simplification of the constitutive relations is possible in systems having sym-
metrical properties. For an isotropic medium, the transport kernel (11) and the corresponding
transport coefficients (14) are scalars multiplied by the isotropic tensors. Thus, for an isotropic
medium, the local constitutive relations reduce to:

Jo(r,t) = prU — (s + sy + 1) VUi — (05 + p%y + ) V-ufU,  op(r,t) =0,
Jo(r,t) = AV B + NV By, jhs(r,t) =w (Br — By),
Tpo(r,t) = — (kip + 13p) VUi = (ugyp + pp) V-ugU, - jp(r,t) = —ouy. (15)

The scalar transport coefficients are obtained by convolution of the tensor coefficients:

t t
iy =2 [ [ (300500, 3560), w =2 [ [a (300500, 350,
to to
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s 6 S /
wy = b/dtl/dr tN)t)’(r)>,
B | B
§l; = gf/dh/dr’ (3ix) : S0 I5 ) b, f/dtl/dr (310) = S, TR0
to
0_ 5_ (N)
) g/dtl/dr DI
/ Br(x) (0
A= /dt/dr’ 3y (x) - SO A T, () + B () (pf> )
f y 1 <3f(> (t—t1) 57(') + P )mfnf(r,) 9).,) /.
1 t
- g/altlfaz]r’< gf(r).sgﬁ>tl)Ang(r’)>o,
to

£ (6 + ) / ity [ (3le) S0 @), (16)

W

0

5. Conclusion

The technique developed in this paper to describe transport processes in confined geome-
tries allows one to derive closed transport equations based on first principles. It is important that
the characteristics in these equations, such as the stress tensor or heat flux vector, are expressed
in terms of the parameters of the fluid-fluid and fluid-surface interaction forces. Therefore,
specifying real material parameters, we can predict how the processes of momentum and energy
transfer will occur in a particular microsystem. In this sense, the constructed equations are fairly
universal.

The main conclusion is that transport processes in fluids under confined conditions
differ significantly from fluid transport processes in bulk. Therefore, the viscosity and thermal
conductivity coefficients of fluids in bulk and in nanochannels will be different. It is impossible
to use the Green — Kubo formula to simulate the transport coefficients of fluids under confined
conditions (using, for example, molecular dynamics method). In this case the shear viscosity
coefficient is given by the formula:

W=y + Wy + Hyp (17)

The first two terms are typical of a two-fluid medium. The last term does not have a
classical analog. As a rule, we can neglect the space nonlocality of the relations (16), i.e. the
transport relaxation kernels are -functions of the coordinates r and r’. In this case, the viscosity
coefficients are determined by the following formulas:

t

t
s B Trs s s B J's 2
g = [ (30 SO0 3500 = [ (T S0, 00,

to to
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t

=2 [ (3500 50, Taw) (18)
to

The thermal conductivity process is determined by the gradients of the fluid and wall

temperature (see Eq. (15)). If the channel walls have the same temperature as the fluid,

the thermal conductivity coefficient of the fluid under confined conditions is described by the

formula:

A=A+ N, (19)
where, in local approximation, the coefficients have the following form:

1 / A ] 0
A= g/dt1< 1 (r) - S((ﬁ)tl)A ( 55(r) +I3}(r)m5ff;l<:()r) (agfc) >> :
vy 0

to

t

1 A .
=3 / dt1< 4 (r) - Séﬁ{mAng(r/)>o. (20)
to
Equations (17) — (20) are the generalization of the known Green — Kubo relations. The
formula for transport coefficients of fluids under confined conditions is rather complex. We
can hope to derive simple relations only for rarefied gases. In this case, the gas evolution is
described by the Boltzmann’s equation. There is a single method for calculating the transport
coefficients of dense gases or liquids. This is the molecular dynamics (MD) method. In this
case, formulas (18), (20) should be used. However, in some MD simulations of nanoflows,
attempts are made to use conventional fluid-dynamic equation and Green — Kubo formulas for
transport coefficients. Clearly, this approach is inappropriate for such small systems.
Note, finally, that the possible elasticity and compliance of the walls can be taken
into account using the formalism developed. For this, however, a different quasi-equilibrium
ensemble is required.
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