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Liquid slip significantly affects confined fluid flow. The physical origin of slip flow
with the Knudsen number ranging from 0.001 to 0.1 can be attributed to the long-range
intermolecular fluid-solid interaction (FSI) force. To this end, in the framework of the
mesoscopic lattice Boltzmann model (LBM), an exponentially decaying force function
between fluid particles and two confined flat walls is proposed herein. For the parallel walls
of symmetric FSI forces, we explicitly link density profile, velocity profile, apparent slip
length, and permeability-enhancement ratio with the mesoscale FSI parameters (strength
and decay length); by nondimensionalization of the exact solutions, we also acquire two
dimensionless numbers that indicate the role of complex FSI strength and gap size of the
flow channel in the slip-flow system. For the walls with asymmetric FSI properties, the
numerical profiles of density and velocity as well as the amount of slip can be provided
by the LBM simulations. The curve for continuous FSI force with two free parameters is
calibrated for the hydrophobic surfaces in two benchmark flow experiments. Results show
that the proposed FSI force function provides a robust model framework to mesoscopically
elucidate the physical process of liquid slip flow.

DOI: 10.1103/PhysRevFluids.6.034203

I. INTRODUCTION

The fluid slip at the solid surface usually plays an unnoticeable role in macroscale flows, but
it can be dominant in confined flow channels at the micro- or nanoscale [1]. The flow regimes of
confined fluid flow can be characterized by the Knudsen (Kn) number, a ratio of the molecular
mean free path to the representative length of the flow channel [2,3]. As Kn number increases, the
intermolecular collision and attraction between fluid molecules and solid wall become increasingly
significant relative to those between fluid molecules themselves, and the continuum regime (Kn <
0.001) tends to transit to the slip regime (0.001 < Kn < 0.1), transitional regime (0.1 < Kn <
10), and molecular free regime (Kn > 10) [2,3]. This paper focuses on the liquid flow in the slip
regime, often encountered in the transport of water in tight sandstone and of oil in shale matrix,
where the continuum and thermodynamic equilibrium assumptions still hold in the bulk fluid, but it
is necessary that a slip boundary condition be introduced.
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FIG. 1. Diagram of velocity profile and ASL for the cases of true slip (a) and apparent slip (b) in a confined
parallel-plate flow channel with a gap of 2R.

One variable for quantifying the amount of fluid slip is the permeability-enhancement ratio (PER,
ka) in terms of volumetric or mass flux, viz., the ratio of flux (Qs) in the slip flow to flux (Qys) with
a no-slip boundary condition satisfied, k;, = Qs/QOhps, With the same diameter of the flow channel
and the same pressure gradient applied but different surface chemical properties of the solid wall.
The other variable is slip length (1) in a length scale, defined as the distance between the real solid
wall and the fictitious solid wall, where the bulk velocity (1) extrapolates to zero tangentially [see
Fig. 1(a)] or remains a Poiseuille-flow fashion [see Fig. 1(b)], as given by

u
u|y=0 =A— ) (1)
ay y=0
—Vp+
U= (’;—/L"g)m MR+ 1 — ), 2)

with y being the axis normal to the solid wall, (—Vp + pg) being the sum of pressure and gravita-
tional gradients imposed on the fluid, and u being bulk fluid viscosity. The first case is referred to as
true slip because fluid molecules are directly sliding on solid walls, due to the motion of near-wall
fluid molecules under the rarefied condition [4,5]. Actually, Eq. (1) was initially raised to modify the
no-slip boundary condition as one of Navier’s pioneering works. Since then it has been being applied
to the slip flow in the slip regime. Instead, apparent slip in the second case occurs on the fluid-fluid
interface due to the varying viscosity of near-wall liquid as a result of the long-range intermolecular
fluid-wall interaction [4,5]. This effective approach simplifies the hydrodynamic analysis by taking
the mesoscopically induced low interfacial friction into consideration. In this work, apparent slip
length (ASL) as defined in Eq. (2), which is responsible for the increased permeability of flow
channel in the slip regime of our interest, will be used for analysis. Because it can be positive or
negative depending on the surface chemical property of the solid wall, and also it is geometrically
meaningful in that the slip-flow system behaves as if the effective gap between the two flat walls
increases by double ASLs.

The enhanced flow rate in thin capillaries [6,7] and the slip velocity profile in hydrophobic
microchannel flows [8,9] have been observed by laboratory measurements. The value of PER for
thin channels with a diameter of 1 micron (um) reaches approximately 1.30 [7]. The ASL values
of typical and engineered hydrophobic surfaces range from 1 to 100 nanometers (nm) [1] to around
1 pum [8]. The apparent fluid slip should be therefore carefully considered when estimating the
transport properties of a liquid in tight porous media. Sometimes the adsorbed liquid layer and lower
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than expected water flow [10,11] can also be observed in low-permeability reservoirs. Apparent slip
flow occurs over a boundary layer with a large velocity gradient. This film layer is proposed to be
dissolved gas or a depleted water region [4,5]. Such arguments are supported by the microbubbles
observed near hydrophobic surfaces [12]. Flow models considering the thickness of the depleted
water region or air gap [13] have been established which, however, cannot reflect the microscopic
details of fluid molecules.

At the molecular level, when the long-range liquid-wall attraction becomes much weaker than
that between liquid molecules themselves, the liquid cannot fully wet the solid wall and then slip
flow occurs over the solid surface. Thus, compared with contact angle, the intermolecular fluid-
solid interaction (FSI) force is a more intrinsic variable for descriptions of hydrophobicity of the
solid surface. Besides, it recognizes the existence of an adsorbed liquid layer leading to negative
ASLs [14], and the fact that liquid can slip on hydrophilic surfaces [15]. The long-range attraction
force between liquid molecules and a solid wall is a sum of van der Waals and electrostatic forces
[4,5], but it has been just formulated in terms of van der Waals and electrostatic forces individually
[16]. Fortunately, its magnitude can be determined in surface force observation systems by the
difference between hydrodynamic force on the hydrophilic surface as a no-slip boundary and on the
hydrophobic surface with a slip flow [17,18], or by the total hydrodynamic force minus the van der
Waals attraction, hydrophobic attraction, and Reynolds drag [19,20].

The intermolecular FSI is quantified in a molecular dynamics simulation by using the Lennard-
Jones potential with tunable interaction energies and molecular diameters [21,22], while it is
modeled in the lattice Boltzmann method (LBM) by an interaction potential within a single lattice
layer [23,24] or by a continuous, monotonic but decaying interaction force [25-31]. The LBM
approach assumes no true slip and specifies the FSI strength on the solid surface to result in
apparent fluid slip behavior. The continuous force can be established between fluid particles and flat
walls. In particular, the Langevin-like frictional force-based LBM [29,30] accounting for graphene
oxide—water hydrogen bonding interaction can model water permeability through a graphene oxide
membrane; the particle-level force function [31] is capable of investigating the liquid slip flow
in porous media. Other LBM models were used to study the gaseous slip on solid surfaces by
combining the bounce back and specular reflection boundary conditions [32,33], linking the LBM
relaxation time with the Kn number [34,35] or using empirical constitutive relationships between
slip velocity and Kn number [36,37].

The mesoscopic LBM model based on gas kinetic theory has been widely used for simulations of
slip flow [23—37] and immiscible two-phase flow [38,39]. It is beneficial to the slip-flow simulation,
since it not only considers the mesoscopic physics of FSI but also allows simulating the microfluidic
flow with moderate computational costs. Therefore, the present study aims to exploit the LBM
model framework to investigate the liquid slip flow between two confined parallel plates, which is
of crucial importance to estimations of permeability of water in clay material and of oil in shale
matrix. Because the local planar flow channels are dominant in clayey soil [40] packed with platy
particles, and the use of parallel-plate geometry is well supported in the slit pore of shale fracture
with a large length to aperture ratio. Due to the same long-range intermolecular nature [4,5], by an
analogy with the hydrophobic attraction between solid surfaces, we propose to describe the physics
of fluids near a solid surface by using an exponentially decaying force function [19,20] between
fluid particles and two flat walls. Based on this continuous force function, we analytically relate the
macroscopic ASL and PER to the mesoscopic interaction physics by deriving the exact solutions
for the proposed FSI forces of the two walls.

II. MESOSCOPIC MODEL FRAMEWORK
A. Proposed mesoscopic FSI force function

Near the solid surface, the fluid molecules are subjected to the van der Waals attractions from
the fluid molecules in the bulk fluid and from the solid molecules on the wall [16]. Relying on the
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difference between the magnitudes of these two attractions, the net force acting on the near-wall
fluid molecule, referred to as the apparent extra van der Waals interaction, can be attractive or
repulsive. The long-range electrostatic forces are also involved in some more complex systems, such
as water flow in clay, where the surface charged clay producing a local electric field can adsorb the
polarized water molecules [16]. In this work, the FSI force comprising apparent extra van der Waals
and electrostatic components is proposed to result in the negative or positive ASL [4,5]. That our
proposed model framework is mesoscopic mainly comes from two aspects: First, each lattice node
(particle) in the LBM model represents an assembly of fluid or solid molecules, and the summation
of pairwise van der Waals and electrostatic forces between molecules leads to the particle-level
FSI force which decays much slower than the molecule-level one spanning only a few molecular
spacings [16]; second, regardless of the details of the FSI components, we pay attention to only the
total FSI force directly responsible for the apparent slip, which can be measured in surface force
apparatus experiments [17-20].

The magnitude of FSI force can be determined in surface force observation systems by the
difference between hydrodynamic force on the hydrophilic surface as a no-slip boundary and on the
hydrophobic surface with a slip flow [17,18], which shows a continuous, monotonic, and rapidly
decaying curve with respect to the distance from the solid surface. The formulation of the FSI
force function remains unavailable, but it can be deduced by an analogy with the exponentially
decaying hydrophobic attraction force between solid surfaces [19,20], if recognizing that they both
have the same intermolecular force components and the same long-range and particle-level nature
[31]. In this connection, the decaying nature of an exponential function for the local FSI force
can be sustained in the total FSI force after integration over the entire solid wall. Thus, for a
confined parallel-plate flow channel, we assume the asymmetric FSI property of the two flat walls
and propose an exponential function of the FSI forces f;; ( f») between the fluid particles and the
left (right) wall:

2R —
ﬂKYM=pWanp<—%>, ﬂxw::—p@Mgwp<— n2y>, 3)

where p(y) is the transverse density profile in the y direction, gy (£ gs2) is the interaction strength
determining the magnitude of the interaction force, and 1,(# n,) is the decay length in a length
scale controlling the decaying process of the force curve. Because the directions of the FSI forces
from two parallel walls are opposite, they are assigned opposite signs as given by Eq. (3). In order
to capture the profiles of density and velocity over the entire flow channel, the formulation of FSI
force exerted by the other wall should be considered simultaneously. Then the total interaction force
from the two flat walls separated by a gap of 2R can be expressed by

y 2R—y
F.(y) = p(y)[gxleXp<——) - gszeXp<— )} @
m n2

The decay profiles of the force curves are shown in Fig. 2(a). The magnitude of the total
interaction force reaches a maximum near the solid surface and decays to zero somewhere near the
middle of the channel, where the individual interaction forces from the two flat walls are entirely
offset. On one hand, the total FSI force is attractive for gs;(gs2) < 0. This case features the strong
wettability, occurring when the fluid-wall van der Waals attraction is larger than that between fluid
molecules [22], and the surface charged solid grain adsorbs the polarized liquid molecule [10]. On
the other hand, the total FSI force is repulsive for gg;(gs2) > 0 reflecting the hydrophobicity of the
solid surface. It may arise when the fluid-wall van der Waals attraction is much weaker than that
between fluid molecules [22], and the solid surface is repellent to the nonpolar liquid molecule [11].
The total FSI force decays slower for larger values of 1, and the maximum interaction range can
reach 20-200 nm [17-20] due to the long-range nature. It is readily accepted that both the larger
value of |gq| (|gs2|) and the slower decaying process may indicate a stronger FSI. The proposed FSI
force applied to the fluid particles is related to the number density of the fluid particles. In this way,
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FIG. 2. (a) Diagram of asymmetric force curve (g;; # g5, 11 7 1n2) for the repulsive or attractive total
FSI force. y = yy is the location where the total FSI force F;(yy) = 0. (b) Diagram of density profile with a
depletion or condensation layer with the film and bulk liquid densities.

the FSI force can change fluid density, dynamic viscosity, and then velocity profile near the solid
wall.

The excessive pressure due to the proposed FSI potential plus the ideal gas pressure contributes
to the fluid pressure (p), as formulated by Eq. (A3) ([27,28]; see Appendix A). Substituting Eq. (4)
into Eq. (A3) gives the explicit formulations for fluid pressure considering the FSI force function:

y 2R —
P(y) = p(WR,T — / ,O(S)|:gs|exp<—%> - gszeXp(— S)]ds. (3)

Yo 2

It is necessary to stress that only the case that the FSI force is dominated by one solid wall which
is closer to the fluid particle is considered in our model, because an extreme case would occur if the
interaction range of individual FSI force is comparable to the gap size of the flow channel. The net
interaction force will become weak due to the offset of the FSI force from the other wall, even if
the individual FSI force is strong. This extreme case is characterized by a high Kn number (Kn >
0.1), where the thermodynamic equilibrium does not hold. It can lead to a counterintuitive fact that
the slip-flow effect diminishes as the gap between the two walls narrows, and thus our mesoscopic
LBM model fails.

It should also be noted here that it is the short-range hydrogen-bonding interaction that induces an
epitaxial ordering of only a few monolayers of near-wall liquid molecules, generating a solidlike and
locked liquid film which contributes to the no-slip boundary condition. The role of this short-range
FSI force has been artificially achieved in our model framework by the use of the bounce-back
boundary condition. The wetting solid wall with an attractive FSI property tends to adsorb more
fluid particles, and the density of the fluid in the vicinity of the solid wall becomes a bit higher
than that of bulk fluid, referred to as the condensation effect [see Fig. 2(b)]. The thickness of the
condensation layer (independent of the short-range hydrogen-bonding interaction) can increase to
more than several monolayers due to the increased strength of the long-range FSI force, and the
adsorbed liquid film stays immobilized at the solid wall, which is named multilayer sticking [22].
For the hydrophobic solid wall of a repulsive FSI property, the near-wall fluid particles can be
expelled towards the bulk region, forming a depletion layer near the solid surface with a density
lower than that of bulk liquid [see Fig. 2(b)]. In addition to the depletion layer, the other film
types characterized by a lighter density of near-wall fluid may include the dissolved gas [4,5], the
microbubble coated on the rough solid surface [12], and air gap [13]. Our proposed repulsive FSI
model may provide an artificial means of introducing a lower interfacial resistance. The difference
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TABLE I. Range of density ratio observed in various experimental investigations.

Reference Liquid Solid material Pra Tange
[41] Water Bentonite clay 0.97-0.98
[42] Water Kaolinite 0.99-1.68
Montmorillonite 1.02-1.41
[43] Water Glukhovtes kaolin 1.1-1.5
Cherkassy bentonite 1.1-1.8
[44] ‘Water Natural kaolinite 0.98-1.22
Natural montmorillonite 1.06-1.15
[45] Water Silica gel 0.54-1.03
[46] ‘Water Cellulose 0.2-1.3

in the density between the film fluid and the bulk liquid has been observed on the surface of clay
materials [41-44], silica gel [45], and hydrophilic polymers [46]. The ratio (pr,) of film liquid
density (pfim) to bulk liquid density (opuik) 1S Ora = Pfim/Pbuik, Where the value maintains around
0.1 < pra < 2.0 as summarized in Table I.

With the kinematic viscosity independent of the FSI force [31], the dynamic viscosity is propor-
tional to the fluid density. Thus, the depletion (condensation) of liquid film leads to a reduction
(increase) of dynamic viscosity and viscous resistance near the solid surface. Accordingly, the
flow in the bulk region becomes faster (slower) than that predicted by the no-slip condition with
the velocity of near-wall flow still vanishing at the solid wall, and the fictitious no-slip plane lies
outside (inside) the flow channel [see Fig. 1(b)], which is the so-called apparent fluid slip (multilayer
sticking) behavior. In this way, the proposed repulsive (attractive) FSI force applied to the fluid
particles is related to the enhancement (reduction) of flow capability.

B. Lattice Boltzmann governing equation

The intermolecular interaction between liquid molecules in the interior of bulk fluid is assumed
to be negligible relative to the intermolecular FSI, because the attraction forces from the neighboring
liquid molecules can be counteracted for each bulk liquid molecule. Therefore the stable bulk fluid in
a thermodynamic sense can be described by the single-phase LBM model. The particle distribution
functions (f) in the kth direction of discrete velocity obeys the Bhatnagar-Gross-Krook (BGK)
lattice Boltzmann equation [47],

At .
fex + et + A0 = fulx, 1) = — [0 = fix. )], (6)

where X, ¢ are position and time, respectively; At is the time step (ts); e is the discrete velocity;
and f;(x, 1) is the Maxwell-Boltzmann equilibrium distribution. The relaxation time () is related
to the kinematic viscosity (v) by v = cfAt(t/At—O.S), where the speed of sound ¢, = /R,T is
fixed at /1/3 lu/ts (where lu is the length unit) in this isothermal LBM framework, with R, and
T being the gas constant and Kelvin temperature. The left- and right-hand sides of Eq. (6) are,
respectively, the streaming process passing the particle distribution to the neighboring nodes, and
the BGK collision operator partially relaxing the particle distribution to the equilibrium distribution.

The explicit force scheme (EFS) is used to quantify the momentum transfer when the total
external force (F) is involved. The forcing term (¢ ), which accounts for changes in the distribution
function, and the transformation function (/) are defined as [48]

F. —u4 A
(pk(xv t) = %J‘:q(x’ t)? hk(x’ l) = fk(x’ t) - Tt(pk(xv t)v (7)

N
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where p is the macroscopic fluid density, and u®? is the equilibrium velocity equal to the macro-
scopic flow velocity u. By directly incorporating ¢y into the lattice Boltzmann equation (6) with
the collision operator unchanged, and applying /; to the resulting implicit formula, we obtain the
following explicit expression where /. acts as a new particle distribution function:

1 A
hi (X + ey At,t + At) — hy(x, 1) = ;[fkeq(x, 1) — h(x, 1) — %(pk(x, t)] + Atgr(x,1).  (8)

Then the fluid density (p) and the flow velocity (u) are given by

1 At
pZth, u:;(thek+7F>. 9)
k k

With the gravitational force (pg) driving the liquid flow, the total external force applied to the
fluid particle can be written as F = F; + pg, where F; is the long-range FSI force of our interest in
Eq. (4) exerted by the solid walls to result in the change of fluid density near the solid surface. The
EFS-LBM scheme in Egs. (6)—(9) can provide the numerical solutions of density and velocity as
well as the variables associated with the amount of slip, no matter whether the FSI forces of the two
walls are symmetric or asymmetric. Also, it can greatly inhibit the undesirable spurious velocities
as a result of the FSI potential used and alleviate the dependence of numerical results on the value
of relaxation time. The LBM simulations of a steady-state flow run iteratively before reaching the
equilibrium criterion for flow velocity.

C. Navier-Stokes governing equation

In the hydrodynamic limit (Kn < 0.1), the lattice Boltzmann equation (6) can be reduced by
using Chapman-Enskog expansion [27,28] to the Navier-Stokes equation for the continuum and slip
regimes:

d(pu) + V- puu = —Vp+ pg +vV - [p(Vu+ (Vo) )], (10a)
&0+ V- (pu) =0, (10b)

When the liquid flow reaches the steady state and maintains a laminar regime, then 9,0 = 0,
d(pu) = 0, and the inertial term in the momentum balance equation can be neglected. The trans-
verse flow is stagnant, but the fluid density may vary with the distance from the solid wall due to
the FSI force. No external body force is present and only the pressure gradient term remains. Thus,
Eq. (10a) in the y direction can be rewritten as

dyp(y) = 0. (11)

For a flow channel with homogeneous gap size, the flow velocity and the fluid density remain
constant in the longitudinal direction. No pressure gradient exists and only an external body force
is applied. Thus, Eq. (10a) in the x direction reduces to

p()g+vd,[p(y)du(y)] = 0. (12)

If assuming the symmetry of the FSI properties of the two walls (g1 = g = &5, 11 = M2 = 1),
the maximum velocity occurs in the middle of the gap, that is, yo = R, around which the resulting
density profile will show the symmetry. In this case, integration of Eq. (10b) over half of the gap

leads to o;[ fOR p(y)dy] = 0, which means that fOR p(y)dy remains conservative over time. With the
initially specified homogeneous fluid density py, the mass balance equation can be written as

R
/0 p(y¥)dy = poR. (13)
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FIG. 3. Profile of density ratio as labeled by the values of log,,(por.) With respect to the FSI parameters
(a, n). The right panel is an enlarged version of the inset in the left panel as enclosed by the red dashed
rectangle. Four pink solid circles (A-D) within the yellow shaded region show the values of (a, 1) selected
for comparison between analytical solutions and LBM solutions in this subsection. The values of p,, for (a,
n) at A-D are 0.297, 0.117, 1.202, and 1.834, respectively. n = 1.0, 2.0 as presented by the two cyan dashed
lines are used for investigations of analytical solutions of PER that depend on a in the next subsection. All the
variables are presented in lattice units (the same holds in the following figures unless stated otherwise).

Besides, the no-slip boundary condition at y = 0 and the maximum velocity at yy = R within the
gap can both be applied,

u(0) =0, dyu(R) = 0. (14)

Then the exact solutions for density profile, velocity profile, and PER, and the asymptotic
solution for ASL, can be derived from the governing equations (10) and the auxiliary conditions
(11)—(14), as formulated in Egs. (B3), (BS), and (C7)—(C9) [see Appendixes B and C]. These
exact solutions are derived based on the fluid pressure equation (5) with the FSI force function
included. They explicitly link the density and velocity profiles, normalized ASL, and volumetric
and mass PERs with the mesoscale FSI parameters and the gap size of the flow channel, and they
are numerically solvable by using MATLAB in spite of containing single, double, and triple integrals.

Nondimensionalization of these solutions can lead to the dimensionless numbers for the slip-flow
system [see Appendix D], such as [gn/(R,T), n/R], that solely determine the nondimensional
density and velocity profiles, normalized ASL, and volumetric and mass PERs, as formulated in
Egs. (D1)—~(DS). gsn/(R,T) provides a complex variable for describing the FSI strength, while n/R
represents the FSI range near the solid surface. Large gy, large 1, and small R (i.e., a thin channel)
can indicate a strong effect of FSI. Although R,T in Eq. (5) is fixed at 1/3 in this isothermal LBM
framework, it can be used to measure the compressibility of the working fluid. The fluid is more
compressible for a higher value of 1/(R,T) = Ap/Ap, and the larger density gradient due to the
FSI may result in a more significant slip-flow effect.

III. RESULTS AND ANALYSIS

A. Validation of density and velocity profiles within attainable range of FSI parameters

Each of the exact solutions derived based on the proposed FSI force function has two free
parameters. Figure 3 shows the density ratio with respect to these parameters for the gap size of
2R = 200 lu. In our exact solutions, the film and bulk fluid densities are represented by the fluid
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— Numerical,a =-0.5,y = 1.0
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FIG. 4. Comparison of numerical (solid lines) and analytical (dotted dashed lines) solutions for density
profile (a) and velocity profile (b). pg is the initially specified homogeneous fluid density. #,.x0 1S the maximum
velocity in the middle of the gap under the no-slip boundary condition.

densities at the first lattice layer (closest to the solid surface in the lattice grid system) and in the
middle of the gap, respectively. The density ratio can reach as high as 10* and as low as 1075,

For a higher |a|, as defined by a = g,/(R,T ), or a larger n, which indicates a stronger interaction
and a longer interaction range, the density ratios depart further from unity, implying a more intensive
depletion (or condensation) effect. However, the range of (a, 1) is not arbitrary and should be
physically consistent with the observed density ratio [41-46]. The attainable range of (a, 1) for
the proposed FSI force function is demonstrated by the brown shaded region in Fig. 3, where
0.1 < pra < 2.0 is satisfied. Following this rule of thumb, the attainable range of a becomes very
limited for large 7, such as, n > 5, but very broad for small 5. For example, almost all values of a
satisfy the specified range of density ratio for fluid slip (multilayer sticking) for n < 0.6 (n < 0.2).

Figures 4(a) and 4(b) plot the analytical solutions for density and velocity using the values of (a,
n) taken from the shaded range in Fig. 3. For the same |a| but a larger n, the film and bulk fluid
densities stay further away from the initially specified density, and the maximum velocities deviate
more significantly from that in the no-slip flow. The analytical solutions based on the proposed FSI
force function are in excellent agreement with the numerical solutions using the EFS-LBM scheme,
validating the accuracy of the analytical solutions numerically solved by MATLAB. These analytical
solutions can therefore provide benchmark solutions of liquid slip flow for various advanced LBM
schemes and experimental investigations.

B. Relationships of PER with FSI strength, gap size, and dimensionless numbers

The value of PER is usually used in hydrogeology and petroleum engineering to quantify the
degree of liquid slip flow through tight sandstone reservoir and shale matrix, which is controlled
by the surface chemical property of the solid wall and the size of the gap of the flow channel.
Within the attainable range of |a| for n = 1.0, 2.0 shown in Fig. 3, the volumetric and mass PERs
increase superlinearly with a [see Fig. 5(a)] for the gap size of 2R = 200 lu. In addition, the curves
for volumetric and mass PERs are steeper for n = 2.0 than those for n = 1.0, implying a more
significant FSI effect on the flow properties. The analytical volumetric and mass PERs based on the
proposed force function can cover the measured range of PER [3,4]. The curves for the volumetric
and mass PERs almost collapse, manifesting the intrinsic behavior of film and bulk fluid density for
the proposed force function.

The volumetric and mass PERs increase (decrease) nonlinearly as the gap of the planar channel
decreases for a > 0 (a < 0) [see Fig. 5(b)], which is consistent with the observation that the FSI
effect (liquid slip flow) is of great significance in tight porous media. The difference between the
volumetric and mass PERs is slight. Also, the PERs converge rapidly to unity as the gap increases.
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FIG. 5. PERs as a function of a (a), and as a function of R (b).

These results indicate the nature of the profiles of fluid density and flow velocity for the proposed
force function.

The volumetric PER can be correlated with the ASL directly at the macroscale. Neglecting the
effect of near-wall flow on the volumetric flux, we can estimate the volumetric PER by using the
approximate bulk velocity profile in Eq. (2) as follows [31]:

5)

rav

~{1+3(§+%), x>0,
(1+2) 2 <0.

Figure 6 shows that the estimated volumetric PER from Eq. (15), as a positive correlation with
the normalized ASL, agrees well with the exact volumetric PER from Eq. (C8).

Equations (D4) and (D5) provide an exact but complicated function of the two dimensionless
numbers. We thus propose a simple exponential relationship:

kea = explo(an)” (n/R)™], (16)

where 6, 0, and 6, are unknown coefficients that can be determined by fitting, and the value of &,
approaches unity if a or 5 is zero, which recovers the no-slip flow. The value of 6, as an intrinsic
variable reflects the geometry of the flow channel of the slip-flow system. 8, represents the degree
of importance of the complex FSI strength an to PER, while 8, shows how much the gap size R of

4 .
Estimated /
Analytical
y ya
/
3 4
L2 y
1 7’
0 1 " X
-0.3 0 0.3 0.6 0.9
MR

FIG. 6. Comparison of estimated and analytical volumetric PERs as a function of the normalized ASL.
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FIG. 7. Volumetric PER (a) and mass PER (b) as a function of the two dimensionless numbers. The circles
show the analytical results, while the surfaces represent the fitted results. The value of Pearson correlation
coefficient y is provided in each panel to illustrate the quality of surface fitting.

the flow channel can affect PER; if 6 or 6, is zero, the corresponding dimensionless number would
play a negligible role. Note that the fluid slip (k;, > 1) is the focus of investigation here.

In addition to the curves in Figs. 5(a) and 5(b), another four curves within the attainable range of
(a, n) are calculated from Egs. (D4) and (D5). Based on these analytical results, the fitted surface
using the relationship in Eq. (16) can be obtained with a fairly good fitting quality, as shown in
Fig. 7. Table II provides the fitted coefficients. Within the given range of dimensionless numbers, the
relationships between PERs and dimensionless numbers can be described by a simple formulation.

It is interesting that 6, /6, ~ 0.5 can be observed in Table II for the proposed FSI force function,
indicating that a roughly stable relationship between the effect of the complex FSI strength on PER
and that of the gap size may exist. Therefore, a pair of dimensionless numbers (an, n/R) for the
proposed FSI force functions can be unified into a single dimensionless number, such as an'>/R%>.
The PER can be uniquely determined by the dimensionless number, which serves as an indicator of
the key feature of the slip-flow system.

C. Modeling of benchmark slip-flow experiments in planar channels
1. Flow channel with two walls of symmetric FSI properties

A benchmark slip-flow experiment [8] was conducted in a rectangular duct [see Fig. 8(a)].
The length, width, and depth are aligned with the x, y, and z coordinates, and the dimensions are
8.25 cm x 300 um x 30 um. While the bare glass surface is hydrophilic, it becomes hydrophobic
with a contact angle of 120° when coated with an octadecyltrichlorosilane (OTS) layer of 2.3 nm
thickness. The de-ionized water is injected into the microchannel at a constant flow rate by using a
syringe pump. The velocity profile, measured at z = 15 um from the solid surface by using micron
particle image velocimetry (u-PIV), was used to validate the mesoscopic LBM model based on
the particle-level FSI force function [31], which differs from the FSI force function between fluid
particles and the flat wall proposed in this study. Given that the aspect ratio of the cross section of
the flow channel is 300 um : 30 um = 10 : 1, the velocity profile at y = 150 um across the gap

TABLE II. Coefficients for fitted PER as formulated in Eq. (16).

Cases 6 0, 6, 6,/6,
keay 1.1197 1.4215 0.6840 0.4812
Kram 1.3644 1.2995 0.6846 0.5268
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FIG. 8. (a) Dimensions of rectangular duct in slip-flow experiment of Ref. [8] (black lines) and in LBM
simulation of Ref. [31] (red lines), respectively. The blue rectangle (z = 15 um) and yellow rectangle (y =
150 um) show the windows of view in the benchmark work and in this study, respectively. The red rectangle
shows the cross section of the microchannel. The top and bottom walls, §; and $,, are solid boundaries (where
the no-slip boundary condition and the FSI force are both applied), and the left and right walls, «; and «y,
can be solid or periodic boundaries in the LBM simulation. The solid walls (a1, o, 81, and §,) are uniformly
hydrophilic or hydrophobic. (b) Comparison of the simulated velocity profiles using the validated LBM model
[31] when «; and «; are solid and periodic boundaries, respectively.

of our interest is controlled by the top and bottom walls (8; and fB,). Unfortunately, this velocity
profile was not measured in the flow experiment of Ref. [8]. We have to acquire it from the numerical
simulations using the validated LBM model in Ref. [31].

Prior to this, we should check if the analytical solutions (for two parallel walls) proposed in
this work are applicable to the rectangular duct (with four solid walls) used in the flow experiment
[8]. The walls B; and B, are designated solid boundaries, whereas the walls «; and o, can be
eliminated by being implemented as periodic boundaries in the LBM simulation. Figure 8(b) shows
that the simulated velocity profiles for hydrophilic, hydrophobic, and no-interaction solid surfaces
are almost the same regardless of whether «; and «, are solid boundaries or periodic boundaries.
These results show that the effect of the left and right walls («; and «;) on the velocity profile of
our interest is negligible, and the rectangular duct in the flow experiment can be simplified as a
parallel-plate channel. Thus, the exact solutions in Egs. (B3), (B5), and (C7) for the two walls of
symmetric FSI properties can be applied in this case.

In our analytical method, the rule of unit conversion is regulated as follows: 2R = 600 lu, v =
3.0 lu?/ts, and py = 1.0 mu/lu® (where mu is the mass unit in the LBM model framework) are used
to represent the size of the gap of the flow channel (30 pm), the kinematic viscosity of water (1.5 x
10~® m?/s), and the density of water (1.0 x 10° kg/m?), respectively. As illustrated in Fig. 9(a),
the FSI parameters (a, 1) can be acquired by fitting to the simulated velocity profile using our
analytical solution. With the two fitted parameters, the ASL is calculated to be 1.16 um for the
hydrophobic surface, which is consistent with the slip length of 1.0 £0.45 um as estimated in
Ref. [8]. That the measured and calculated ASLs for this flow cell are much larger than those (less
than tens of nanometers) observed in surface force apparatus experiments [17,18] can be attributed
to the following reality: Some microbubbles may be coated or trapped on the rough hydrophobic
surface providing a highly less viscous layer to the bulk water flow. It is indicated that the proposed
model framework may provide an artificial but effective approach of introducing a lower interfacial
resistance. For the hydrophilic surface, the ASL is calculated as —0.37 um, where the multilayer
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FIG. 9. (a) Comparison of numerical velocity profile (obtained from the validated LBM model [31]) and
analytical velocity profile (for recovering FSI parameters). (b) Recovered FSI force curves for hydrophilic and
hydrophobic surfaces.

sticking was noticed but not quantified in the simulation work of Ref. [33]. Figure 9(b) shows the
recovered force curves with the density profile included.

2. Flow channel with two walls of asymmetric FSI properties

Another slip-flow experiment [9] with an improved measurement accuracy which can observe
the slip length below 100 nm was carried out in a similar rectangular duct [see Fig. 8(a)]. The
depth of the microchannel is 12.7 um as indicated by the range of the measured velocity profile,
and the length and width are 1.0 cm and 100 um, respectively. The top boundary (z = 12.7 um)
is made of polydimethylsiloxane (PDMS) using a standard soft lithography technique, while the
bottom wall can be a hydrophilic bare glass, or a hydrophobic glass coated with monolayers of OTS
on which the contact angle of de-ionized water is 95°. In this section, only the slip-flow effect on
the glass wall or OTS wall at the bottom is the focus of our interest. The flow rate is controlled
by the specified pressure drop. The velocity measurement is made by the p-PIV system, where the
dimension of the window of view on the x-y plane is 12 um x 25 um, and the scan is realized
on the z axis with a step increment of 50 nm in order to measure the velocity profile across the
channel. The wall location can be determined within an uncertainty of 30 nm which is much lower
than that in the observation system in Ref. [8]. The aspect ratio of the flow channel is as large as
100 um : 12.7 um = 7.87 : 1, and so the rectangular duct can be considered as a parallel-plate
channel in terms of the velocity profile across the channel.

A general parabolic function is used to fit the observed velocity profiles [see Fig. 10(a)] for the
glass-PDMS and OTS-PDMS microchannels. Then the ASLs for glass wall and OTS wall can be
determined to be 38.0 and —58.3 nm, respectively, which are consistent with the reported values
of slip lengths [9], 50.0 & 50.0 nm, and —35.0 &= 100.0 nm. Considering that the two walls of the
microchannel in this slip-flow experiment are made of different materials, our exact solutions are
not applicable. The numerical solutions as formulated in Eqgs. (6)—(9) for the case of asymmetric
FSI properties are therefore employed here to fit the observed velocity profiles. By using the same
rule of conversion between physical and lattice units as that used in the previous section, the FSI
parameters (a;, 7n;) for glass wall and OTS wall and (a,, 71,) for PDMS wall can be recovered [see
Fig. 10(b)], respectively.
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FIG. 10. (a) Comparison of observed velocity profile extracted from Ref. [9], fitted velocity profile for
slip length determination, and numerical velocity profile for FSI parameter estimation. The fitted parabolic
functions are u(z) = —22.961 z? +291.191z 4+ 11.099 and u(z) = —14.596 z* + 186.560z—10.822 for glass-
PDMS and OTS-PDMS microchannels, respectively, and the average ASL for PDMS wall is 21.6 nm.
(b) Recovered FSI force curves with (a;, n;) for glass and OTS walls, respectively. Estimated FSI parameters
for PDMS wall are (ay, 1) = (6.0, 0.2).

3. Discussions on the observed and simulated results of the two slip-flow experiments

The p-PIV observation system is used in the slip-flow experiments [8,9] to measure the velocity
profile, where there is an inherent issue of wall location determination that reduces the accuracy of
velocity measurement near a solid surface. The fluorescent beads (flow tracer) as large as a diameter
of larger than 100 nm can be absorbed by the wall, and their trajectory within approximately
three particle radii cannot accurately represent those of the fluid. We can see that the uncertainties
(50—100 nm) in slip length measurement in Ref. [9] is significantly less than 450 nm in Ref. [8],
but they are still comparable to the mean values of slip length, which should be further reduced for
accurate analysis of the chemical properties of the microchannel boundary.

The observed and simulated results of the slip flow of de-ionized water at the surface of five
types of solid walls [8,9] are summarized in Table III. The affinity of water molecules to a solid wall
depends on how firmly the functional groups on the solid surface can bond with water. The glass
composed of fused silica is of high surface free energy and is naturally hydrophilic (cases A and D).
Usually the no-slip boundary condition can be satisfied on the hydrophilic wall. However, a negative
value of ASL is obtained in case A implying multilayer sticking, and fluid slip is surprisingly
observed in case D. OTS layers and PDMS materials, which prevent the hydroxyl groups on the
silica surface from bonding with water molecules, can make the solid wall hydrophobic (cases B,
C, and E). Fluid slip is naturally observed in cases B and C, but multilayer sticking is measured in
case E. We can see that the fluid flow can slip on hydrophobic surfaces (cases B and C) as predicted
by the formula [21], A = C/(1 + cos@)? (where A, 6, and C are slip length, contact angle, and fitted
constant, respectively). Also, the stronger hydrophobicity as characterized by a larger contact angle
results in a larger slip length in case B than that in case C. The other reason for this may be due
to the shear rate effect [18] because the shear rate in case B is estimated to be approximately 4.58
times as large as that in case C.

However, the consistency of the predictions by the formula [21] with observations did not hold for
all the cases. For example, the formula does not recognize the negative slip length for a hydrophilic
surface (case A), and cannot explain why fluid slip occurs on a hydrophilic surface (case D) and
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multilayer sticking takes place on a hydrophobic surface (case E). In case A, the hydrophilicity
of the bare glass can be affected by the surface cleanness and impurity [49]. If it is sufficiently
clean that more hydroxyl groups are exposed to the flowing water, multilayers of water molecules
can stick to the glass surface [22] to form a condensed water layer as characterized by the density
larger than that of free water [42—44]. In case D, coupled with water-surface interaction, the water
molecule distribution within the contact layer should be taken into consideration [15]. If water
molecules migrate from one adsorption site to the neighboring sites within the contact layer, liquid
slip can occur irrespectively of the contact angle. In case E, the contact angle of 95° suggests that the
surface tends to be a neutral one. However, the measurement of contact angle, due to the hysteresis
effect, can be affected by a few factors [49], such as static or dynamic condition, rate of liquid
movement, surface roughness and heterogeneity, and droplet volume. Moreover, the measurement
error of 100 nm larger than the mean value of slip length cannot ensure whether fluid slips or sticks
on the solid surface. All of these inconsistencies with the prediction of slip length from contact angle
[21], due to difficulties in contact angle measurement and neglect of water molecule distribution
in the film layer, suggest that contact angle alone is not a reliable variable for descriptions of
hydrophobicity of the solid surface on which the fluid flows.

The fitted FSI parameters of our proposed model show a better consistency with the observed
slip length than contact angle. For example, with the fitted n (of almost the same values in cases
B and D), a larger value of a leads to larger slip length in case B than those in case D. Similar
agreement is evident for cases A and E. In all cases, the value of the dimensionless number,
an'3/R%3, proposed in Sec. Il B, is positively correlated with the magnitude of slip length for
a > 0 and a < 0, respectively, and can serve as a unique indicator of the slip flow on the specified
solid surface. The recovered force curves exhibit similar shapes in the two flow experiments [8,9]:
The repulsive FSI force for fluid slip has a short range (up to 20-50 nm) but a higher strength,
while the attractive FSI force for multilayer sticking has a longer distance (up to 300—400 nm) but
a weaker strength [see Figs. 9(b) and 10(b)]. The significance of the recovered FSI force curve lies
in that it can be used to predict the slip flow for the given fluid-solid interface for various sizes of
the flow channel. The calculated density ratios in all cases are roughly within the observed range
[see Fig. 3]. Nonetheless, the simulated near-wall density profile obtained from the fitted interaction
parameters still cannot be verified due to the lack of experimental data.

IV. CONCLUSIONS

This paper proposes an exponentially decaying force function to describe the physics of the FSI
force in the LBM model framework, which is responsible for apparent liquid slip flow (0.001 < Kn
< 0.1) between two confined parallel plates. Beyond the work of Benzi et al. [27,28], exact solutions
are derived by using the pressure equation accounting for the symmetric mesoscale FSI process of
the two walls. The exact solutions for density profile, velocity profile, and PER, and the asymptotic
solution for ASL, explicitly relate the macroscale flow properties to the mesoscale FSI parameters
and the size of the gap of the flow channel. They are numerically solvable by using MATLAB and are
validated by the LBM solutions. The dimensionless numbers [g,n/(R,T ), n/R] are also derived for
the slip-flow system.

The FSI parameters cannot take arbitrary values. The physically consistent range is provided
based on the observed range of density ratio (0.1 < p;, < 2.0). The behavior of film and bulk fluid
density profiles and near-wall and bulk flow velocity profiles stems from the intrinsic decay form
of the proposed FSI force function. Within the attainable range of dimensionless numbers, a simple
relationship between PERs and dimensionless numbers can be obtained by fitting. It is found that
the two dimensionless numbers can be combined into a single one, gin'= /(R*3R,T), indicating the
existence of a stable relationship between the effect of the complex FSI strength on PER and that
of the gap size. The exact solutions contribute to formulating the water slip flow in microfluidic
devices and tight porous media and provide some useful insights in the engineering context.
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We also apply our proposed model to two benchmark flow experiments [8,9]. The continuous
FSI force with two free parameters was successfully calibrated by fitting to the simulated velocity
profile [8] using the exact solution for the symmetric FSI forces, or by fitting to the observed velocity
profile [9] using the numerical solution for the walls of asymmetric FSI property. In future work, we
will further demonstrate the validity of the proposed FSI force model in the other types of slip-flow
microchannel, such as Couette flow in a planar channel, and Poiseuille flow in a cylindrical tube,
etc., where accurate measurements of slip length and near-wall density profile are available.
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APPENDIX A: FLUID PRESSURE CONSIDERING FSI FORCE

In order to describe the mechanical balance near the solid surface, we have to link the proposed
FSI force equation in Eq. (4) with the formula of fluid pressure (p) by requiring at every lattice node
that [50,51]

Vp = —F;, (AL)

which suggests that the fluid pressure everywhere within the gap is a constant when the slip flow
reaches the steady state. On the other hand, in the light of invariance of the longitudinal profiles of
density and velocity, we describe the one-dimensional profile only in the y direction. Thus, starting
from Eq. (A1), we can reformulate it by executing an integral calculation over the interval yo — y
on both sides, as follows,

y
py) —po=— / Fy(s)ds, (A2)
Yo

where the bulk fluid pressure at y = yo [due to the total FSI force Fs(yo) = 0)] is po = pR,T [47]
under the ideal gas condition as assumed in this work. Then rearrangement of Eq. (A2) gives rise
to the fluid pressure equation considering the FSI force (for the film and bulk fluids), as in the
following [27,28]:

PO = p(R,T — / F(s)ds. (A3)

Yo

APPENDIX B: DENSITY AND VELOCITY PROFILES

Replacing the fluid pressure term in Eq. (11) by Eq. (5), which considers the mesoscale FSI force,

gives
8s y 2R —y
oyp — —p(y)[ew(——) - ew(— )] =0. (BI)
Y R, T n n

Set a = g;/(R,T), which refers to the interaction strength in the following unless stated other-
wise. Equation (B1) can be rewritten as

0p = a[exp(—z) —exp(—zR_y>i|. (B2)
o) n n
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By solving the homogeneous ordinary differential equation (B2) for the fluid density with the aid
of the auxiliary condition (13), the analytical solution for the density profile can be formulated as

p () = poAexp[—anw(y)], (B3)

where

) |:exp< y>+exp< 2R_y)}(0< <2R), A R
w(y) = _Z — y s = .
n n Jo' expl—anw(y)ldy

By rearranging Eq. (12), we obtain
(B4)
Specify b = g/v which describes the magnitude of the external body force in the following unless

stated otherwise. Equation (B4) is an inhomogeneous ordinary differential equation for the flow
velocity. By applying the condition (14), the analytical solution for the velocity profile is solved as

' AR
uly) = b/-} / exp{an[w(r) — w(s)]}dsdr. (BS)
0 r

APPENDIX C: ASL AND PER

Equation (B5) should be transformed into the same form as Eq. (2) for the bulk velocity profile in
order to acquire the ASL. We reformulate the velocity profiles for the proposed FSI force functions
as

b
u(y) = zq(y), (CDH
where
y prR
q(y) =2 / / explan[w(r) — w(s)]}dsdr.
0 r

The expression for g(y) can be approximated by a second-order Taylor series expansion around
the middle of the gap (y & R). Then Eq. (C1) may be rearranged as

~ b[g®R)  dl[g(R)] 97 [g(R)]
u)lyr = 5 [T ORS00 R)Z]. (€2)
The function g(x) and its derivatives at x = R are
qR) =q(R), d[qR] =0, 3 [qR)]=—2. (C3)

Substituting the computed Taylor coefficients into Eq. (C2) produces

b
u(y)ly~r = 5[—y2 + 2Ry + q(R) — R*]. (C4)

Although Eq. (C4) approximates Eq. (C1) only at y & R, it can represent the whole bulk velocity
profile equivalent to Eq. (2), because the bulk velocity profile in the presence of FSI force retains the
Poiseuille-flow nature and the same kinematic viscosity [31]. By comparing Eq. (C4) with Eq. (2),
we can obtain a parabolic equation with the unknown ASL:

A2+ 2RA+R?>—g(R) = 0. (C5)
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In this sense, the obtained expression of ASL (normalized by the gap between the two flat walls)
is an asymptotic solution, as presented below:

i_l (R)—1 Co6
r - pYi®O -1 (C6)

Substituting the expression for g(R) into Eq. (C6) gives the normalized ASL (evaluating how
much the slip-flow affects the macroscopic flow),

A 1 R R
- == 2[ / exp{an[w(r) — w(s)]}dsdr — 1. (C7)
R R 0 r
The volumetric flux (Qy) or mass flux (Qy,) can be calculated based on the velocity and density
profiles, namely, Qy = [y u(y)dy, Om = [i p(»)u(y)dy. Then volumetric PER (k) and the mass
PER (k;um) can be given by
3 R py R
o =5 | [ exotantuot) - wasaray ()
0 0 r

34 (R v (R
fam = 2 / / / explan[—w(y) + w(r) — w(s)]}dsdrdy. (C9)
0 0 r

APPENDIX D: DIMENSIONLESS NUMBERS
The exact solutions in Egs. (B3), (BS), and (C7)—(C9) can be nondimensionalized by defining

,_ P 2wy, TS
= —, u = ——, = —, r = —, S = —.
= R Y TR R R
Then the density and velocity profiles can be rewritten in a nondimensional form,
p' (V') = Aexp[—anw(y')], (D)
Y 1
W) =2 f / explan[w(r’) — w(sH1}ds'dr’, (D2)
0 r
where
/ 2—y 1
w() = exp(—y—> + exp(——y>(0 <y <2), A=
n/R n/R Jo exp[—anw(y")]dy’

The same nondimensionalization can also be made for the normalized ASL and the volumetric
and mass PERs, which take the form

1 pl
% = \/2/ / expf{an[w(r') — w(s)]}ds’dr’ — 1, (D3)
0 r
1 py 1
ke = 3/ / / exp{an[w(r’) — w(s)]}ds'dr'dy’, (D4)
0 0 r
1 py 1
kram = 3A/ / / explan[—w (') + w(’) — w(s)]}ds'dr'dy’. (D5)
0 0 r

We can see that the nondimensional w(y’) is a function of a ratio of length scale to length scale,
n/R. The inclusion of w(y’) into the right-hand side of Egs. (D1)—(D5) leads to a new term, an.
For the proposed FSI force function, an = gn/(R,T) is a ratio of square of velocity to square
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of velocity. Therefore, [g;n/(R,T), n/R] can be considered as the dimensionless numbers for the
slip-flow system of investigation based on the proposed FSI force function.
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