
Review Article
Critical Review of Fluid Flow Physics at Micro- to Nano-scale
Porous Media Applications in the Energy Sector

Harpreet Singh 1 and Rho Shin Myong 2

1National Energy Technology Laboratory, Morgantown, WV, USA
2School of Mechanical and Aerospace Engineering and ACTRC, Gyeongsang National University, Jinju, Republic of Korea

Correspondence should be addressed to Harpreet Singh; harpreet.singh@netl.doe.gov

Received 12 September 2018; Accepted 18 October 2018; Published 4 December 2018

Academic Editor: Giorgio Pia

Copyright © 2018 Harpreet Singh and Rho Shin Myong. 'is is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the original work is
properly cited.

While there is a consensus in the literature that embracing nanodevices and nanomaterials helps in improving the efficiency and
performance, the reason for the better performance is mostly subscribed to the nanosizedmaterial/structure of the systemwithout
sufficiently acknowledging the role of fluid flow mechanisms in these systems. 'is is evident from the literature review of fluid
flow modeling in various energy-related applications, which reveals that the fundamental understanding of fluid transport at
micro- and nanoscale is not adequately adapted in models. Incomplete or insufficient physics for the fluid flow can lead to
untapped potential of these applications that can be used to increase their performance. 'is paper reviews the current state of
research for the physics of gas and liquid flow at micro- and nanoscale and identified critical gaps to improve fluid flow modeling
in four different applications related to the energy sector. 'e review for gas flow focuses on fundamentals of gas flow at rarefied
conditions, the velocity slip, and temperature jump conditions. 'e review for liquid flow provides fundamental flow regimes of
liquid flow, and liquid slip models as a function of key modeling parameters. 'e four porous media applications from energy
sector considered in this review are (i) electrokinetic energy conversion devices, (ii) membrane-based water desalination through
reverse osmosis, (iii) shale reservoirs, and (iv) hydrogen storage, respectively. Review of fluid flow modeling literature from these
applications reveals that further improvements can be made by (i) modeling slip length as a function of key parameters, (ii)
coupling the dependency of wettability and slip, (iii) using a reservoir-on-chip approach that can enable capturing the sub-
continuum effects contributing to fluid flow in shale reservoirs, and (iv) including Knudsen diffusion and slip in the governing
equations of hydrogen gas storage.

1. Introduction

World’s energy demand is expected to grow approximately
by 25–37% between 2014 and 2040 per some estimates [1, 2].
In order to secure the future energy supply while also re-
ducing the global carbon footprints, new avenues are being
explored to produce energy that is efficient and clean. Some
major technologies that are either already contributing to
this objective or can potentially contribute in the future
include (i) electrokinetic energy conversion devices that
power wide variety of applications, (ii) water desalination
using synthetically created nanosized membranes, (iii) ex-
traction of hydrocarbons from ultra-tight shale formations,
and (iv) storage of hydrogen. Optimum utilization of these

technologies requires understanding of fluid transport at
micro- to nanosized pores and developing theoretical
models that capture the physics of fluid flow at these scales to
predict their performance. Understanding the material of
the medium together with the physics of fluid flow is im-
portant because they are often coupled together in addition
to the importance of their role independently; for instance,
properties of a rock matrix (material) are important in shale
to locate regions with hydrocarbons as well as in designing
a hydraulic fracturing job that is strongly affected by the
rock’s material properties. As another example, properties of
the material are used to control the performance of elec-
trokinetic devices. While it is evident from the literature that
more emphasis is given to studying the material of these
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systems, similar emphasis must be given to study the physics
of fluid flow. Incomplete or insufficient physics for the fluid
flow can lead to untapped potential of these applications that
can be used to increase their performance.

'is paper reviews the current state of research for the
physics of gas and liquid flow at micro- and nanoscale and
identified critical gaps to improve fluid flow modeling in
four different applications related to the energy sector. 'e
review for gas flow focuses on fundamentals of gas flow at
rarefied conditions, the velocity slip, and temperature jump
conditions. 'e review for liquid flow provides fundamental
flow regimes of liquid flow, and liquid slip models as
a function of key modeling parameters. 'e four applica-
tions from energy sector considered in this review are (i)
electrokinetic energy conversion devices, (ii) membrane-
based water desalination through reverse osmosis, (iii)
shale reservoirs, and (iv) hydrogen storage, respectively. 'e
structure of this paper is divided into three sections: gas flow,
liquid flow, and relevant applications in the energy sector,
respectively.

2. Gas Flow

'e flow of gas in micro/nanoscale medium is usually
a function of the ratio of the molecular mean free path of
a gas molecule to characteristic length of the medium; this
function is referred to as the Knudsen number. In such
mediums, collisions between a molecule and wall dominate
over intermolecule collisions, which causes each molecule to
act independently and control the gas properties [3],
a condition often referred as rarefied gas flow. As a result, gas
slips over the wall surface in case of flow, whereas in case of
heat transfer this leads to jump in temperature. Knudsen’s
pioneering experimental and theoretical work [4, 5] on
rarefied gas flows showed that the compressible form of the
Navier–Stokes–Fourier (NSF) model [6–8] is inadequate in
describing rarefied gas flows subject to the no-slip boundary
condition. One of the challenges in modeling these systems
is that the assumption of continuum scale does not apply
because the characteristic length scale of the medium ap-
proaches the mean free path (MFP) of the molecules.

2.1. Fundamentals

2.1.1. Rarefaction and Slip Effect. Rarefaction effect in
microsystems is a function of mean free path (MFP) of the
gas. Usually the degree of rarefaction effect is characterized
by the Knudsen number, which is defined as the ratio of the
molecular mean free path (MFP) of a gas molecule to
characteristic length of the medium:

Kn �
λ
s
,

λ � MFP �
kBT
�
2

√
πσ2p

,

(1)

where s is characteristic length of the medium, σ is diameter
of a molecule, kB is the Boltzmann constant, T is absolute
temperature, p is pressure, and λ is MFP.

'e Kn provides a direct indication whether the con-
tinuum approach for a flow of gas in a medium is applicable
or not. Beyond the continuum approach, the flow is no
longer near equilibrium; the assumptions of the no-slip
boundary condition, thermodynamic equilibrium, and lin-
ear relation between the stress and the rate of strain fail. As
the Kn increases, the rarefaction effect becomes more
prominent which results in the following:

(i) Flow slippage at the wall
(ii) Flow is no long in thermodynamic equilibrium
(iii) Transfer of momentum from the bulk fluid region to

the walls
(iv) Increase in mass flow rate
(v) 'e appropriate flow and heat transfer models

depend on the range of Kn

2.1.2. Compressibility Effect. A change in pressure causes the
gas properties to change in order to satisfy mass balance. For
example, if the density of the gas decreases due to decrease in
pressure, then it causes the gas to accelerate. Colin [9] rec-
ommended that compressibility effect is important for gas
microflows whenMach number (Ma) is greater than 0.2, while
Li and Guo [10] demonstrated experimentally that for an
averageMa< 0.3 the effect of compressibility is negligible.'e
compressibility and rarefaction phenomena in gas microflows
are generally coupled together, and they can have an opposite
effect on each other in the slip flow and early transition re-
gimes based on the magnitude of Reynolds number (Re):

Kn � c

���
πc

2


Ma
Re

, (2)

where c is the ratio of specific heats of a gas. In the above
expression, c � 1 as given by Colin [9], whereas c � λ/s in
Zhang et al. [11].

Tang et al. [12] demonstrated experimentally that the
compressibility effect causes the gas flow characteristics to
deviate from conventional laminar flow at high Re regime
(about Re � 2000). In general, it has been demonstrated
[13, 14] that the compressibility effect results in negative
curvature of the pressure distribution, while the rarefaction
effect weakens the negative curvature.

2.1.3. Flow Regimes. On the basis of the Knudsen number,
different flow regimes with their physics and applicable
models can be defined as shown in Table 1. In the case of
rarefied gas flow, continuum models are applicable for
Kn≤ 0.01, and for Kn≥ 10 free-molecular models should be
used. However, neither continuummodels nor free-molecular
models can be used for Kn lying in the intermediate range
between the continuum and free-molecular flow regimes.

Using the general definition of the Knudsen number that
is defined as the ratio of the MFP of a gas molecule to
characteristic length of the medium, and the mathematical
formulation of MFP, we can write Kn as a function of the
characteristic length of the flowing medium (s) and the
average flowing pressure in that medium (p) as follows:
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Kn �
kBT

s
�
2

√
πσ2p

� f(s, p). (3)

'e Kn is estimated from the above equation for various
characteristic lengths and average flowing pressures, and the
corresponding flow regimes using the values of Kn are
plotted as a function of characteristic lengths and flowing
pressures as shown in Figure 1.

Another measure of Kn was proposed by Tsien [15] that
was based on thickness (δ) of the boundary layer on the
flowing medium as Kn � λ/δ, where δ∝ s/

���
Re

√
. Here Re is

Reynold’s number for the characteristic length s and is
defined as Re � ρus/μ, where ρ, u, and μ are fluid’s density,
velocity, and viscosity, respectively. Using these relation-
ships, Kn for the boundary layer thickness (δ) can be defined
in terms of the freestream Mach number (M) and Reynold’s
number as follows:

Knδ �
λ
δ

�
M

Reδ
∼

M
���
Re

√ . (4)

'e Kn is estimated from the above equation for various
M and Re, and the corresponding flow regimes using the
values of Kn are plotted as a function of M and Re as shown
in Figure 2.

It must be noted that Tsien’s parameter (Knδ) reduces to
the ordinary Kn defined for the characteristic length in the
free-molecular flow regime where Re≪ 1, such that δ ≈ s

that results in Knδ � Kn.
For flows with large amounts of nonequilibrium,

modifying boundary conditions of continuum equations to
account for slip will not eliminate all sources of errors. For
example, the pressure tensor in more rarefied flows turns
anisotropic, whereas the derivation of continuum equations
assumes an isotropic pressure field [16, 17]. In those cases, it
is recommended to use higher-order equations such as
Burnett [18] equations and super-Burnett equations [19].

However, in some specific cases N-S equations with slight
correction can be used to match data for a high Kn number
regime (0.04–8.3) as shown by some authors [20, 21].

2.1.4. Accommodation Coefficients. 'e accommodation
coefficients describe the macroscopic estimate of the fraction
of momentum and energy transfer between the impinging/
incident gas molecules and the boundary wall surface; there-
fore, their values vary between unity (complete accommoda-
tion of gas molecules with no reflection) and zero (complete
reflection of gas molecules with no accommodation on the
solid surface). 'ese two accommodation coefficients for
momentum and energy transfer [22] are key parameters in the
estimation of slip velocity and temperature jump, respectively.
A smaller value of accommodation coefficient would lead to
higher velocity slip and temperature jump, because in that case
the gas molecules are less affected by the solid surface.

(1) Tangential Momentum Accommodation Coefficient. 'is
coefficient defines the fraction of momentum transfer between
the incident gas molecules and the boundary wall surface:

σu �
τi − τr
τi

� 1−
τr
τi

, (5)

where σu is tangential momentum accommodation coefficient
(TMAC), τi is the tangential momentum of the incident gas
molecules, and τr is the tangential momentum of the reflected
gas molecules. It can be seen that σu � 1 if the reflected
component of the tangentialmomentumof the gasmolecules is
zero (or fully diffusive), and σu � 0 if the tangentialmomentum
of the reflected molecules is equal to the tangential momentum
of the incident molecules (or fully reflective/specular).

Agrawal and Prabhu [23] presented the values of TMAC
as a function of gas rarefaction magnitude (Kn) by using the
data reported by various researchers in the literature for both
monoatomic and diatomic gases. By fitting a curve to this

Table 1: Different flow regimes as a function of Knudsen number.

Kn
Flow
regime Physics Applicable modelsLower

bound
Upper
bound

0 10–2 Continuum
(no slip flow)

'ermodynamic equilibrium and no-slip at the
boundary

(1) Navier–Stokes equations, (2) Euler equations,
(3) LBM

10–2 10–1 Slip flow

Nonequilibrium effects dominate near the walls.
Assumptions of no-slip boundary condition,

thermodynamic equilibrium, and linear stress-strain
relationship fail

(1) Navier–Stokes equations with slip velocity and
temperature jump boundary conditions, (2)

Boltzmann gas-kinetic equation, (3) DSMC, (4)
Burnett equations, (5) LBM, (6) gas-kinetic

scheme, (7) method of moments

10–1 10 Transition
flow

Rarefaction effects dominate and slip models
become more complex. Assumptions of no-slip
boundary condition, thermodynamic equilibrium,

and linear stress-strain relationship fail

(1) Navier–Stokes equations with slip velocity and
temperature jump boundary conditions, (2)

Boltzmann gas-kinetic equation, (3) DSMC, (4)
Burnett equations, (5) LBM, (6) gas-kinetic

scheme, (7) method of moments

10 ∞
Free-

molecule
flow

Collisions between gas molecules and boundary
surface become dominant compared to

intermolecular collisions. Assumptions of no-slip
boundary condition, thermodynamic equilibrium,

and linear stress-strain relationship fail

(1) Boltzmann gas-kinetic equation, (2) DSMC
method

Flow regimes as a function of medium and flow parameters.
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data, they obtained and proposed the following expression
for the TMAC:

σu � 1− log 1 + Kn0.7
 . (6)

(2) :ermal Accommodation Coefficient. 'is coefficient
defines the fraction of kinetic energy transfer between the
incident gas molecules and the boundary wall surface. For
a molecular beam type measurement, thermal accommo-
dation coefficient is defined as follows:

σT �
Ei −Er

Ei −Es
, (7)

where σT is thermal accommodation coefficient (TAC), Ei and
Er are the kinetic energies (for the normal component of
velocity) of incoming and reflected gas molecules, re-
spectively, andEs is the kinetic energy that would be produced
by a diffusive reflection at the temperature of the solid surface
(Ts). Another definition of TAC that is directly related to
measurement of temperatures is defined as follows:

σT �
Ti −Tr

Ti −Ts
, (8)

where Ti, Tr, and Ts are the temperatures of the incident gas
molecules, reflected gas molecules, and solid surface,
respectively.

Song and Yovanovich [24] presented the values of TAC
as a function of gas molecular weight (Mg) and Ts by using
the data reported by various researchers in the literature for
bothmonoatomic, diatomic, and polyatomic gases. By fitting
a curve to this data, they obtained and proposed the fol-
lowing expression for the TAC:

σT � exp C0
Ts −T0

T0
  

M∗g

C1 + M∗g

⎛⎝ ⎞⎠

+ 1− exp C0
Ts −T0

T0
   

2.4μ
(1 + μ)2

 ,

(9)
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Figure 1: (a) Variation of Kn values as a function of channel height and pressure, and (b) graphical representation of corresponding gas flow
regimes. Here, Cont., Slip, Trans., and Mol. represent continuum flow regime, slip flow regime, transition flow regime, and molecular flow
regime, respectively.
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where C0 � −0.57 (dimensionless), C1 � 6.8(g/mole), Ms is
molecular weight of solid, μ � Mg/Ms, T0 � 273K, and M∗g
is defined as follows:

M
∗
g �

Mg, for monoatomic gas,

1.4Mg, for dia/polyatomic gases.
⎧⎨

⎩ (10)

2.1.5. Knudsen Layer. As the flow deviates from the con-
tinuum regime, a sublayer with thickness of few mean free
paths (MFPs) starts to develop from the wall of the medium
such that it starts to become dominant between the bulk of
the fluid and the wall of the medium (Figure 3). 'e mol-
ecules within the KL collide more with the boundary wall
than with other molecules [25], and this results in fluid (i)
having nonzero velocity at the boundary surface and (ii)
exhibiting non-Newtonian properties, thus introducing
discontinuity in fluid properties between the bulk fluid and
the KL.

'e flow in the Knudsen layer (KL) cannot be analyzed
with conventional N-S equations, which does not account
for certain slip and jump conditions expressing conservation
of momentum, mass, and energy. 'e flow within the KL is
typically regarded as being governed by the linearized
Boltzmann gas-kinetic equation (LBE) [26–29] or by direct
simulation Monte Carlo (DSMC) method [30–32]. Velocity
slip results in increasing the mass flow rate by approximately
70%, and about one-third of this increase in flow rate is
contributed by the non-Newtonian structure of the KL [33].
'erefore, accurate characterization of the KL is important
in modeling of gas flow through microsystems.

(1) Description of Flow in Knudsen Layer. Accurate simu-
lation of rarefied flow effects requires accurate description and
modeling of the KL. For this, it is important to know the
performance of parameters at the nonequilibrium state within
the KL. 'e flow within the KL can be described by three
different approaches: (i) wall-function method, (ii) higher-
order continuum method, and (iii) power-law method.

'e wall-function [33–35] is independent of the ac-
commodation coefficient and is valid for planar surfaces up
to Kn of 0.1. 'is function predicts the velocity gradient at
the wall to be 1.7.

Higher-order continuum models [33, 36] derived from
the linear Boltzmann equation (LBE) [18, 19, 33] and trun-
cated at disparate orders have been used to describe the flow
in KL. One of the motivations for the development of these
higher-order hydrodynamic models to simulate rarefied flows
was to reduce the prohibitive computational demand of the
DSMC method [37, 38]. However, there are questions re-
garding validity of these models [39] and in accurately
capturing the KL [33, 40]. Additionally, these models cannot
treat the boundary conditions at the wall [41, 42].

Power-law model proposed by Lilley and Sader [40, 43]
can be used to accurately describe the flow within the
KL, and they suggest that this method describes a general
physical phenomenon. 'e power-law model was derived
by using the solution of LBE and DSMC, and it depicts
the physics of velocity gradient not captured by the

wall-function method [44] and the higher-order contin-
uum method [33].

(2):ickness of Knudsen Layer. Lockerby et al. [33] presented
the thicknesses of KL calculated from eight different models
that used three different solution approaches of kinetic theory,
higher-order continuum models, and molecular dynamics
(MD) simulation. 'e thickness of KL obtained from these
eight models varied between 0.9 λ and 4.9 λ. Gusarov and
Smurov [45] presented the following expression to estimate
an approximate value of KL thickness (lc):

lc �
kBT

πd2p
, (11)

where kB is the Boltzmann constant, T is the absolute
temperature, and p is the gas pressure.

2.2. Slip and Jump. Knudsen’s pioneering experimental and
theoretical work [4, 5] on rarefied gas flows showed that the
compressible form of the Navier–Stokes–Fourier model
[6–8] is inadequate in describing rarefied fluid flows subject
to the no-slip boundary condition. A common way to model
the flow of rarefied gas is to modify the no-slip and no-jump
boundary conditions in continuum models by revising the
basic equations of momentum, mass, and heat transfer.
'ere have been a number of approaches to account for slip
boundary conditions through the Maxwell slip (1878),
second-order slip [46], and Langmuir slip [47–49]. Maxwell
boundary slip condition is the first-order approximation
from kinetic theory of gases that has been widely used along
with its derived forms in the past 135 years. One challenge in
most gas flows at micro- and nanometer scale is the wide
range of Knudsen numbers and the lack of a general slip
model that can be applicable from the slip regime to the
transition regime. Under this scenario, a different approach
using molecular models that simulate the gas flow at the

Bulk fluid flow
(in equilibrium)

Gas

Knudsen layer (KL)
(in nonequilibrium)

Boundary wall/surface

Figure 3: Schematic of the Knudsen layer near a boundary wall.
'e property in KL is discontinuous across which certain slip and
jump conditions expressing conservation of momentum, mass, and
energy are applied. 'e KL region is in nonequilibrium, whereas
the bulk fluid flow region is in equilibrium.
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molecular level can be adopted. For example, one of most
commonly used molecular simulation models is the Boltz-
mann gas-kinetic model [26–28], as well as many approx-
imate methods based on particle and moments [50] like
direct simulationMonte Carlo (DSMC) method and Burnett
equations set [18, 26], respectively.

Several studies on theory [16, 46, 51–53], Zhang et al. [11],
and experimental data [54–57] of gaseous slip flow have
cumulatively added to the knowledge base of gaseous slip.
Below, we briefly review the fundamentals of velocity slip and
temperature jump in terms of their governing equations and
provide references for further discussions on these topics.

2.2.1. Velocity Slip. Although the concept of slip was first
proposed by Navier in his model in which the magnitude of
the fluid velocity is proportional to the magnitude of the flow
shear rate, Maxwell [58] was the first person to quantify the
slip length of a gas flowing over a solid boundary surface.
According to Maxwell [58], for a dilute, ideal monoatomic
gas, the first-order slip condition can be described as follows:

uslip � ut − uw �
2− σu
σu

λ
zut

zz
 

w
+
3
4

μ
ρT

zT

zx
 

w
, (12)

where σu is TMAC, uslip is the gas slip velocity at the wall, ut
is the gas velocity in the tangential direction, λ is the mean
free path of the gas molecules, uw is the velocity of the solid
wall, ρ and T are the density and temperature of the gas,
respectively, and subscript w represents wall surface. 'e
directional axes are represented as x, y, and z with respect to
the direction of the flow. 'e second term on the right hand
side represents the effect of thermal creep due to an axial
temperature gradient, and it provides slip to the velocity at
the wall in the presence of varying temperature.

In case of a mediumwith curvature, the gas slip velocity at
the wall can be expressed by adding an additional derivative of
the gas velocity in z-direction as follows [59, 60]:

uslip � ut − uw �
2− σu
σu

λ
zut

zz
+

zuz

zx
 

w
+
3
4

μ
ρT

zT

zx
 

w
.

(13)

Colin [61] suggested that for significantly rough surfaces,
expression for slip velocity on curved surfaces is equally
applicable. Other authors who studied the effect of roughness
on rarified gas flow through microchannels [62, 63] made
three important conclusions regarding the impact of surface
roughness on the flow behavior of gas: (i) the flow behavior in
the transition regime is more sensitive to the roughness height
than that in the slip flow regime, (ii) influence of roughness
height on the flow behavior is more significant than that of
fractal dimension, and (iii) presence of surface roughness
reduces the gas slip at the boundary wall irrespective of the
flow regime. Pelević and van der Meer [64] studied the effect
of surface roughness on heat transfer in microflows and
reported that the roughness has a marginal effect in increasing
heat transfer in microflows. For further readings on various
approaches tomodel gaseous slip flow, readers can refer to the
reviews by Cao et al. [16] and Zhang et al. [11].

(1) Measurement of Gas Slip Velocity. Despite the presence of
different correction coefficients [9] to account for slip flow at
the boundary, there is no consensus on the most appropriate
equation that can account for gas slip [65]. Additionally,
accurate values of TMAC are generally not well known in the
literature as it is a function of type of gas, material, and
degree of rarefaction. 'ese limitations are usually
accounted by experimental data on slip length of rarefied gas
flows that is defined by Maxwell’s equation in its simplest
form for an isothermal surface as follows:

uslip �
2− σu
σu

λ
zut

zz
 

w
� b

zut

zz
 

w
, (14)

where b � ((2− σu)/σu)λ, which is called as the slip length
of rarefied gas flow. Maali et al. [65] reviewed the exper-
imental techniques used to measure the slip length and
TMAC for gas flow on isothermal surface.'ese techniques
are Millikan experiment, rotating body techniques, mass
flow rate measurements, and atomic force microscopy
method, respectively. 'e gas slip is measured indirectly
from these experimental techniques by using slip length,
which is deduced from the measurement of the velocity of
the drop in the Millikan method, the deflection of the
cylinder in rotating body technique, the mass flow rate in
rarefied gas flow through microchannels, and the force in
atomic force microscopy method, respectively. For detailed
discussion on these experimental techniques and their use
in measuring gas slip, readers can refer to the review by
Maali et al. [65].

2.2.2. Temperature Jump. Similar to the velocity slip ex-
pressions presented above, temperature jump boundary
conditions can be written as follows:

Tjump � Tg −Tw �
2− σT
σT

2c

c + 1
λ

Pr

zT

zz
 

w
, (15)

where σT is thermal accommodation coefficient, Tjump is the
temperature jump at the wall, Tg is the gas temperature, Tw
is the temperature of the solid wall, c is specific heat ratio,
and Pr is the Prandtl number. For further discussions on
temperature jump, readers can refer to the reviews by
Sharipov [56] and Colin [61].

2.2.3. Second-Order Velocity Slip and Temperature Jump.
'e linear velocity slip equation (12) and temperature jump
equation (15) were obtained from the original (nonlinear)
models in which the velocity slip and temperature jump are
assumed directly proportional to the degree of non-
equilibrium near the wall surface [60]:

uslip � ut − uw �
2− σu
σu

λ
Π
μ

 
w

+
3
4

(c− 1)

c/Pr
Qx

p
 

w
,

Tjump � Tg −Tw �
2− σT
σT

2c

c + 1
λ
Pr

Qz

k
 

w
.

(16)
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Only after the degree of nonequilibrium is taken as linear
with the first-order accuracy (that is, shear stress Π∼
(zut/zz), tangential heat flux Qx∼(zT/zx), and normal heat
flux Qz∼(zT/zz)), the models are reduced to the well-known
first-order models (Equations (12) and (15)). 'erefore, if the
linear constitutive relations are replaced by higher-order
relations like the second-order constitutive relations, the
resulting models become a second-order velocity slip and
temperature jump. Such models were recently developed by
Myong [66] and were applied to the theoretical analysis of the
gaseous Knudsen layer in Couette flow. It was shown that the
velocity gradient singularity in the Knudsen layer can be
explained within the continuum framework, when the
nonlinearity of the constitutive model is morphed into the
determination of the velocity slip in the second-order slip and
jumpmodel. Also, the smaller velocity slip and shear stress are
shown to be caused by the shear-thinning property of the
second-order constitutive model, that is, vanishing effective
viscosity at high Knudsen number.

2.3. Knudsen Diffusion. Diffusive transport in micro- and
nanoscale mediums can occur through three different
mechanisms: (i) molecular bulk diffusion, (ii) surface dif-
fusion (sorption), and (iii) Knudsen diffusion [67]. 'e
proportion of each of this mechanism depends on the
magnitude of the Knudsen number (Kn), and Knudsen
diffusion is an important mode of diffusion for large Kn such
that the molecules interact more often with the walls of the
medium than with each other.

'e molar flow rate of gas molecules in one direction of
an axis ( _n ± ) is defined from ensemble averaging Einstein’s
equation over a large enough number of molecules [68], and
it is given as follows [69]:

_n
±

� ±
1
6
λAv

zc

zx
. (17)

'e entire molar flow rate ( _n) from the two opposite
directions across an axis would be

_n �
1
6
λAv

zc

zx
− −

1
6
λAv

zc

zx
  �

1
3
λAv

zc

zx
, (18)

where λ is the mean free path, A is the cross-sectional area, v

is the average velocity of gas molecules, and c is the gas
concentration in mole per unit volume. Now, the diffusive
flux of the gas would be

J �
_n

A
�
1
3
λv

zc

zx
� −D

zc

zx
, (19)

where D(� (1/3)λv) is the coefficient of diffusion that varies
with the kind of diffusion mechanism; for Knudsen diffu-
sion, D would be equivalent to diffusion coefficient for
Knudsen diffusion if λ is replaced by characteristic length of
the medium (s) and v follows Maxwellian distribution equal
to

���������
(8RT/πM)


:

DKn �
1
3

s
���������
(8RT/πM)


, (20)

where M is the molar mass of gas, R is the universal gas
constant, and T is the temperature.

'e resistances of these three diffusive fluxes exist in
series, so the effective diffusive flux as a result of these three
mechanisms is the harmonic average [70, 71]:

1
Jeff

�
1

Jm
+

1
JKn

+
1

Jsorp
, (21)

where Jeff is the effective flux that is the harmonic average of
flux due to molecular diffusion (Jm), flux due to Knudsen
diffusion (JKn), and the flux due to sorption (Jsorp).

3. Liquid Flow

3.1. Fundamentals. Unlike the well-developed kinetic theory
for gases, no such molecular level transport theory exists for
liquids because of which it is difficult to predict molecular
effects in liquids. Even though a detailed molecular theory for
the thermal conductivity of monatomic liquids was developed
more than half a century ago [72], the means to implement it
for practical calculations have not been developed. As a result
of that gap, some rough theories and empirical estimation
methods are used instead [73], and one that is generally used
quite often was proposed by Bridgman [74] to predict the
energy transport in pure liquids. Bridgman [74] assumed the
molecules of a liquid are arranged in cubic lattice, with
a center-to-center spacing (δ) given by

δ �
V

NA
 

1/3

, (22)

where V is the molar volume and NA is Avogadro’s number.
He further hypothesized that the energy transfers from one
lattice plane to the next plane with a sonic velocity vs for
a given liquid, and by rearranging the thermal conductivity
from the rigid-sphere gas theory he derived the following
equation that is known as Bridgman’s equation:

k � 3
NA

V
 

2/3
κvs. (23)

'e above equation shows good agreement with ex-
perimental data even for polyatomic liquids, but later it was
suggested that a slightly lower coefficient value of 2.80 in-
stead of 3 gives a better agreement with the data. Here, the
velocity of low-frequency sound is given as follows:

vs �

���������
Cp

CV

zp

zρ
 

T



, (24)

whereCp/CV is the ratio of heat capacities that is nearly unity
for liquids (except near the critical point) and (zp/zρ)T can
be determined from isothermal compressibility measure-
ments of change in density (ρ) with the corresponding
change in pressure (p) of the liquid.

3.1.1. Flow Regimes. 'e flow regimes in gases are based on
the concept of Kn, which is the ratio of the mean free path of
a molecule to the characteristic length of the medium. 'e
spacing between molecules in liquids is much smaller than
the spacing between molecules in gases, so the concept of
mean free path and the flow regimes based on Kn are not
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valid in liquids. Because of the lack of a well-developed
molecular theory for liquids, no flow regimes have been
proposed for liquids in the literature. However, there is one
study by Liu and Li [75] that talks about the liquid flow
regimes in nanochannels. Liu and Li [75] investigated the
liquid motion as a function of four parameters (fluid-fluid
binding energy εff , fluid-solid wall binding energy εfw,
temperature of the system T, and external driving force Fe
corresponding to the pressure drop along the channel) by
using nonequilibrium molecular dynamics simulations
(NEMDs). 'ey define two dimensionless numbers to un-
derstand the competing effect between the liquid-liquid
interaction and liquid-surface interaction as [εff /kBT]

and [(εfw/kBT) × (εfw/Feσfw)], respectively, where kB is the
Boltzmann constant and σfw is the collision diameter
(separation) at which the potential vanishes. 'ey compute
the flux using liquid argon and liquid helium flowing
through a channel made of silver walls at temperatures
varying from 100K to 300K and pressure difference varying
from 33MPa to 132MPa. 'ey find liquid flux values as
a function of these two dimensionless numbers and illustrate
their results by dividing them into different regimes, each
associated with a distinct mechanism.'e authors noted that
the relation of the four parameters was not clear if the slip
length was used instead of flux. 'e reason why slip length
may not directly relate to the flow is because the density and
viscosity of the confined fluid are nonuniform.

Using the data from the study of Liu and Li [75], we
graphically illustrate the flow regimes in liquid in Figure 4
and summarize them theoretically in Table 2.

3.2. Liquid Slip. Fundamental understanding of the mech-
anisms that control liquid slip is still elusive. Unlike gases,
the concept of mean free path is not useful for liquids be-
cause the average distance between liquid molecules is
comparable to the molecular diameter. Even though it is
believed unanimously that the flow enhancement in
nanoscale systems is caused by liquid slip velocity at the solid
surface [76, 77], the debate on understanding its mecha-
nisms mostly revolves around four key parameters. Many
theories have been developed to associate liquid slip length
(Ls) as a function of liquid properties [78, 79], interaction
strength between the fluid and wall material [80–84], wet-
tability of the medium [77, 85–89], surface roughness
[90–95], and liquid shear rate [81, 86, 96–100].

3.2.1. Physical Mechanisms of Liquid Slip. 'e physical
mechanisms behind the slip are still elusive, though there are
few studies [101–107] that conjecture the reasons behind the
liquid slip as due to the presence of either (i) a depleted water
layer or (ii) an effective air gap at the wall formed by the
nanobubbles. Another approach to hypothesize liquid slip is
based on intermolecular forces affecting the momentum
transport from the liquid to the wall [16]. Barring two studies
[81, 108], there are no molecular-based theories to char-
acterize this process [109, 110]. Lichter et al. [81] andMartini
et al. [108] attribute the slip mechanism to hopping of liquid

atoms from one equilibrium site to another, which follows
Arrhenius dynamics based on the rate of hopping.

3.2.2. Slip Length. 'e slip velocity of the liquid at the
surface boundary is characterized by an averaged property of
all the liquid molecules called slip length (Ls), which is
defined as the linearly extrapolated perpendicular distance
from the surface boundary where fluid velocity becomes
zero. In other words, slip length is the perpendicular distance
from the solid boundary, outside the region of liquid flow,
where the no-flow boundary condition is achieved. Figure 5
shows a schematic to illustrate the concept of slip for liquid
flow; this figure shows three types of flow from left to right
that indicate flowwith no slip, flow with partial slip, and flow
with full slip, respectively.

Navier first introduced the linear boundary condition
that is considered to be the standard and most basic
characterization of liquid slip. 'eoretically, liquid slip ve-
locity (vs) is defined as follows:

vs � Lsn ·
dvx(z)

dz
+

dvx(z)

dz
 

T

⎡⎣ ⎤⎦ · (1− nn). (25)

Pressure gradient-driven fluid velocity (vx) in the
presence of slip can then be theoretically calculated as fol-
lows [111]:

vx �
h2

12η
−

dP

dx
  1 +

6Ls

h
 , (26)

where Ls is the slip length, n denotes the normal to the
surface along the z direction, vs is the slip velocity at the
surface, vx is the liquid velocity in a channel, η is liquid shear
viscosity, (dP/dx) is the pressure gradient along x-direction,
and h is the height of the channel.

Research on liquid slip started with a focus on slip over
smooth and hydrophobic surfaces [79, 105, 112, 113], but
there has been an increasing evidence of liquid slip at dif-
ferent types of surface, including rough surface [90, 114] and
hydrophilic surface [88, 115, 116]. Recent progress in liquid
slip has broadened to various other parameters that have
shown to influence liquid slip, and as a result, there is
a continuous effort in developing appropriate models to
characterize the slip on different types of surfaces and under
different conditions. Below, we review the progress of liquid
slip models as a function of (i) surface wettability, (ii) surface
property, (iii) shear rate, and (iv) surface roughness.

(1) Effect of SurfaceWettability.'e liquid slip at nanoscale is
greatly affected by the surface wettability of the medium.
Macroscopically, the wettability of a surface is classified as
wetting, nonwetting, or neutral depending on the contact
angle formed by a liquid droplet with the surface. A surface
forming contact angles larger than 90° with a liquid is termed
as nonwetting, whereas a surface forming contact angles
smaller than 90° with a liquid is termed as wetting fluid. A
surface forming contact angle equal to 90° with a liquid
is termed as neutral. Nonwetting surfaces are known to
have a high disposition towards introducing liquid slip
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[77, 86, 87, 117]. For example, hydrodynamic slip length of
simple liquids flowing on smooth nonwetting surfaces (also
referred as hydrophobic surfaces in the context of water as
a liquid) is typically 20 nm in mediums with size varying
from one to several hundreds of nanometers [112]. On the
other hand, disposition of wetting surfaces in introducing

slip is not as straight forward as it is for the nonwetting
surfaces. 'ere are reports [118] that suggest wetting sur-
faces are neutral in their disposition to introduce liquid
slip, whereas others [88] have demonstrated that the wet-
tability factor alone is not necessary to attain liquid slip
and that it should be combined with the strength of the
solid-fluid interactions. For example, if there is favorable
sorption sites that are separated from each other by well-
defined sub-nanometer distances, no slip takes place.
However, liquid slip can occur if those favorable sorption
sites are close to each other, provided liquid-solid attractions
are not too strong. 'at is because nonwetting surfaces such
as graphite are usually characterized by uniform distribu-
tions of fluid molecules, while the wetting surfaces such as
crystalline silica are characterized by discontinuous sorp-
tion sites with high affinity for adsorbing fluid molecules.
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Figure 4: (a) Variation of flux values as a function of fluid-wall interaction and fluid-fluid interaction, and (b) graphical representation of
corresponding liquid flow regimes.

Ls

Reference line 
of zero velocity

No slip Partial slip Full slip

Ls = 0 Ls = ∞

Liquid

Solid

LiquidLiquid

Figure 5: Schematic to illustrate liquid slip on a stationary solid
surface.

Table 2: Different flow regimes as a function of liquid/solid binding force.

Interaction between
Flux Flow regime Physics

Liquid-liquid Liquid-solid

Low Low High
Flux independent of solid-fluid
binding force and increases with

decreasing temperature

Surface effects are weak with no liquid adsorption. Flux
is dominated by the temperature-driven friction

between the solid and the liquid

Low High Intermediate
Flux independent of temperature
and dependent on solid-fluid

binding force

Surface effects become strong and liquid adsorption
starts to take place that results in increasing fluid

density close to the solid surface

High Low Intermediate
Flux independent of solid-fluid
interaction and increases with

decreasing temperature

Surface effects are weak with no liquid adsorption. Flux
is dominated by the temperature-driven friction

between the solid and the liquid

High High Low
Flux independent of solid-fluid
interaction and increases with

increasing temperature

Surface effects become strong and liquid adsorption
starts to take place that results in increasing fluid

density close to the solid surface. Flux is enhanced with
increasing temperature as it results in desorption of the
fluid molecules that merge together with the bulk liquid
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Voronov et al. [89] found that the slip length grows if the
surface’s wettability is turned into more wetting by modi-
fying the fluid-wall interfacial energy through affinity
strength parameters. Gao andMcCarthy [119] demonstrated
experimentally that static contact angle of a fluid on a surface
should not be the sole criteria to characterize the nature of
wettability in order to determine the tendency of a liquid to
slip. Instead, they suggested that contact angle hysteresis
should be used to determine the nonwetting vs. wetting
behavior of a surface.

It is believed that Tolstoi [87] was the first person to
propose the liquid slip by linking the macroscopic ther-
modynamics concept at the molecular scale. He quantified
the mobility of liquid molecules with the surface energies
(� σ2c) through spreading coefficient (� c(1− cos θ)) as
follows:

Ls

σ
∼ exp

ασ2c(1− cos θ)

kBT
 − 1, (27)

where α is a dimensionless geometrical parameter of first
order that represents the microcavity area within the solid, σ
is molecular diameter, c is the surface tension between the
liquid and the surface, θ is the equilibrium/static contact
angle, T is the absolute temperature, kB is the Boltzmann
constant. Another theory [85, 120, 121] that describes liquid
slip at the molecular level with thermodynamic equilibrium
uses the Green-Kubo relation and fluctuation-dissipation
theorem (linear regression of fluctuations) and is given by
the following equation:

Ls

σ
∼

D∗

Stc
2
LSρcσ3

, (28)

where D∗ � (Dp/D0), Dp is the collective molecular diffu-
sion coefficient, D0 is the bulk diffusion coefficient, St is
a factor that represents first molecular layer structure, ρc is
the fluid density at the first molecular layer, σ is the mo-
lecular diameter, and cLS is the dimensionless coefficient for
solid-liquid Lennard-Jones potential.

Huang et al. [122] and Sendner et al. [116] studied the
slip length of shear-driven water on various hydrophobic
surfaces using nonequilibrium molecular dynamic simula-
tions (NEMDs). 'ey show that the slip length as a function
of different surfaces (both organic-like silane monolayers
and inorganic-like Lennard-Jones models) can be charac-
terized using the static contact angle (θ) of the surface as
shown below, which they describe as the crucial parameter in
controlling the water slippage:

Ls∝ (1 + cos θ)
−2

. (29)

'e authors demonstrate that their formula can also be
obtained from the linear response theory by using the LJ
fluid-solid energy parameter and the Young-Laplace
equation. 'eir estimated slippage length varies from
a few nanometers to tens of nanometers. 'ey also pro-
posed the following scaling expression for slip length as
a function of liquid depletion length, which they define as
the layer between the water and the solid surface occupied
by the gas:

Ls∝ δ
4
, (30)

where δ is the thickness of liquid depletion and given by

δ � 
∞

0
1−

ρs(z)

ρbs
−
ρl(z)

ρbl
 dz, (31)

where ρs(z) and ρl(z) are the densities of the solid and liquid
along the height of the channel, whereas ρbs and ρbl are the
bulk densities of the solid and liquid, respectively.

Bakli and Chakraborty [123] presented a constitutive
model to describe the nanopore imbibition characteristics of
water as a function of the dynamic slip length using NEMDs.
'eir derived slip length depends on the contact angle and
an acceleration parameter that comes from the pressure
gradients due to capillary forces. 'ey show that for low
acceleration values, their model approaches the model given
by Huang et al. [122]:

Ls �
A1(a)

[1 + cos(θ)]2
−A2(a),

a �
c cos(θ)

ρRL
,

a
∗

�
c cos(θ)

ηL(dL/dt)
,

a
∗
rough � a

∗
smooth + a,

a � 0.35 exp(−0.6N),

(32)

where L is the capillary imbibition length at time t, N is the
parameter representing the surface roughness (lower value
represents higher roughness), a is the imbibition driving
acceleration parameter, a∗ is the dimensionless form of a, a

is a deceleration parameter to mimic flow hindrance due to
surface roughness, and A1(a) and A2(a) are functions of a.

(2) Effect of Shear Rate. 'e effect of shear rate on slip length
has been investigated experimentally by many researchers
[90, 96, 97, 99, 100] and observed to depend on the shear
rate. In such a scenario where slip length is found to depend
on the shear rate, the slip boundary condition proposed by
Navier, and presented earlier, shows a nonlinear behavior
with shear rate. Although several slip length relationships
have been proposed as a function of shear rate, the re-
lationship proposed by Priezjev [98] is an important one as
it accounts for the solid-fluid interaction strength that is
crucial in micro- or nanoporous media. Priezjev [98]
proposed slip length for smooth surfaces as a function of
shear rate that predicts that the slip length increases
nonlinearly with the shear rate for weak solid-fluid in-
teractions provided that the solid-liquid interface forms
a discrete structure, whereas if the solid-fluid interaction
increases, the slip length becomes linearly proportional to
the shear rate:

Qslip �
2
3
ρfxh3

μ
+ 2hVs. (33)
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'e above equation can be normalized in terms of the
no-slip flow rate as follows:

Qslip � Qno−slip 1 + 6
Ls

2h
 , (34)

where fx is an externally applied force in the x direction, ρ is
the fluid density, h is the distance between the confining solid
walls, μ is the fluid viscosity, Vs is the fluid velocity at the
confining parallel walls that can also be written as Vs �

v(−h) � v(h), and Qslip and Qno−slip are the flow rates due to
slip and no-slip boundary conditions, respectively. 'e term
2hVs in the above equation represents the correction to the
flow rate due to slip boundary conditions. Priezjev [98] re-
ported that the fluid viscosity, shown below, was found to
be shear rate ( _c) independent in the range of _c≤ 0.16τ−1,
where τ is the characteristic Lennard-Jones (LJ) time:

μ � (2.2 ± 0.2)ετσ−3, (35)

where ε and σ represent the energy and length scales of the
fluid phase.

(3) Effect of Surface Roughness. Even though most of the
solids are naturally rough at micro- to nanoscale, slip length
of liquid as a function of surface roughness is not well
studied [16, 124]. 'e problem of calculating slip as
a function of surface roughness is challenging [16, 125, 126]
because of four reasons: (i) controlling surface roughness in
a natural and a realistic manner at nanometer scale is not
easy, (ii) surface roughness can introduce changes to some
interfacial properties such as interfacial forces, wettability,
and trapped gases, which may be undesirable, (iii) rough
surface will introduce undulating boundaries that will in-
troduce complexities in making correct interpretations with
respect to varying boundary positions, and (iv) there is no
analytical characterization for the nonperiodic and natural
randomness of surface roughness.

Although several slip length relationships have been
proposed as a function of surface roughness, two relation-
ships by Lund et al. [127] and Misra and Bakli [128] are
discussed here because of their simplicity and effectiveness.

Lund et al. [127] derived an expression of effective slip
length on a surface with periodic roughness in terms of in-
trinsic slip length and contact area of the surface, using steady-
state Stokes flow and homogenization method. 'eir derived
effective slip length represents the harmonic mean weighted
by the area of contact between surface and fluid as follows:

Leff � 

�����
1 + s2

√

Ls


−1

, (36)

where Ls is the intrinsic slip length, s is the slope, and�����
1 + s2

√
� (1/L) 

L

0

�����
1 + s2

√
dx is the arc length of the surface

function over one period, normalized by the length of the
period (L). For a flat surface (s � 0), the above expression
reduces to the intrinsic slip length. 'eir result is applicable
for rough surfaces where L≪ (Ls)min.

Misra and Bakli [128] recently proposed an expression of
effective slip length for slippage of water considering coupled
effect of the surface chemistry and surface roughness by

performing molecular dynamics simulations. 'ey found
that the slip length without surface roughness match closely
with the result of (1 + cos θ)2 proposed by Huang et al. [122]
for smooth surface, while the presence of surface roughness
always reduces the effective slip length as follows:

Leff �
k

(1 + cos θ)2 1 + α∗( )2
,

α∗ �
|f(x, y)−f(x, y)|

N
,

(37)

where k is the constant of proportionality and α∗ is a pa-
rameter that characterizes the roughness of a surface
through its amplitude N and roughness function f(x, y)

that modifies the attractive part of the Lennard-Jones (LJ)
potential.

(4) Electrokinetic Effects. 'e amount of liquid slip on
a surface is found to be affected by the presence of a charged
surface and/or liquids with charged ions such as electrolytes.
'e presence of charge leads to attraction of oppositely
charged ions and repulsion of similarly charged ions, and in
the presence of a charged surface, this leads to the formation
of a charged interfacial layer near the surface. 'e fluid flow
in the presence of charge (also referred to as electrokinetic
phenomenon) is centrally connected to the key concept of
electrical double layer (EDL) that is made up of a stern layer
and a diffuse layer as illustrated in Figure 6. Stern layer is the
width of a layer close to the surface where the underlying
solid surface charge (cations or anions) attracts the opposite
charge of the solvent/liquid to form a layer of highly con-
centrated ions, whereas the diffuse layer is the width of
a layer starting from the stern layer and ending where the
electrokinetic potential goes to zero.

'e electrokinetic effects result in enhanced solid-fluid
interaction close to the surface, which may also influence the
liquid slip flow and consequently the overall fluid transport.
Two examples of electrokinetic flows relevant here are
electro-osmosis (liquid flow induced by application of an
electric field) and streaming currents (electric current in-
duced by application of a pressure gradient).

'e surface-fluid interaction due to electrokinetic ef-
fects is more complex than the surface-fluid interaction
without any charge. Research on this area is sparse due to
limited applications that have surface charge present. Out
of the few models that exist in the literature, models
proposed by Joly et al. [129] and Choudhary et al. [130] are
discussed here because of parameters that are directly
related to the electrokinetic effects and solid-fluid in-
teraction compared to other models where the parameters
are not that apparent.

Joly et al. [129] explored the effect of surface charge to
solid-liquid interfacial friction and its effect on the slip
length boundary condition. 'ey study the hydrodynamics
of liquid coupled with electrostatics within the EDL using
molecular dynamics simulations. 'eir study found that the
presence of surface charge on the solid-liquid interface
enhances the frictional force between the solid-liquid and as
a result decreases the slip length.
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Leff �
Ls

1 +(1/α) σd2( )/e( )
2

lB/d2( Ls
, (38)

where Ls is the slip length without considering surface charge,
α(≈1) is a numerical factor, σ is the surface charge density, d

is the equilibrium distance of Lennard-Jones potential, e is the
elementary charge, and lB (∼0.7 nm in water at room tem-
perature) is the Bjerrum length that represents a length scale
below which electrostatic interactions dominate thermal
effects.

Choudhary et al. [130] studied the liquid slip for
electro-osmotic flow through a nanochannel with hy-
drophobic walls of sinusoidally varying slippage using an
asymptotic theory that uses the ratio of pattern amplitude
(perpendicular to the applied electric field) to the average
slip as a parameter. 'ey proposed the following analytical
expression for effective slip that can be used to design
slip through engineered variations in topography and/or
chemistry:

Leff � Ls − α
2L

2
sks

2


sinh ks (1 + cos θ)

2 cosh ks  + Ls.kssinh ks  

+
cosh ks (1− cos θ)

2 sinh ks  + Ls.kscosh ks  
,

(39)

where Leff is the dimensionless effective slip length due to
electrokinetic effects and Ls is the dimensionless average slip
length (� Ls(x)/h) that is equal to Ls0 1 + α cos(ksx + θ) 

and Ls0 1 + α cos(ksx)  on the top and bottom walls of the
channel with height 2h, respectively. Here, Ls0 is the average
slip length without electrokinetic effects, α is the dimen-
sionless amplitude (� a/Ls0) of the pattern on either walls
charged to facilitate electro-osmosis flow, ks is the wave-
number, and θ is the phase angle between the slip waves on
the two walls.

4. Porous Media Applications in the
Energy Sector

In this section, the above-reviewed knowledge on gas and
liquid flow at micro- to nanoscale is used to critically
examine the modeling gaps in four different porous media
applications from the energy sector and how that can be

improved. Specifically, for each application we provide
a brief introduction in context of its importance, a brief
literature review on that application with the present state
of progress, followed by identification of critical gaps and
proposed approach to improve modeling at micro- and
nanoscale in each application. 'e four applications from
energy sector considered here are (i) electrokinetic energy
conversion devices, (ii) membrane-based water desalina-
tion through reverse osmosis, (iii) shale reservoirs, and
(iv) hydrogen storage, respectively.

4.1. Energy Conversion through Electrokinetics

4.1.1. Introduction. Increasing demand for energy has led to
harnessing of energy from various forms such asmechanical,
chemical, internal, electrical, thermal, etc. and various other
combinations. To utilize these various sources of energy,
micro- and nanofluidics provide the capability of converting
energy from one form to another form to cater to different
applications. Energy conversion is possible through elec-
trokinetics, which is a term used to describe different
transport mechanisms in the presence of an electric field
and liquid flow through a medium. Electrokinetics can be
used for energy conversion in four different ways: (i) drive
liquid by applying an electric potential (electro-osmosis),
(ii) transport and separate particles by applying an electric
potential (electrophoresis), (iii) generate electric potential
by pressure gradient-driven liquid flow (streaming poten-
tial), and (iv) generate electric potential by movement
of charged particles under gravitational or centrifugal
force (sedimentation potential). In particular, micro- and
nanofluidics have found application in converting energy
from heat, electrical, chemical/biochemical, pressure, etc.
to electrical energy using micro- and nanoscale technol-
ogies with a wide range of efficiencies varying from 3% for
streaming potential devices [131] to 60% for micro-fuel
cells [132].

4.1.2. Literature Review. Electric double layer (∼1 nm
thickness) is a common phenomenon in small energy
conversion devices that are increasingly based on nano-
structured materials. As an example to illustrate the scale at
which fluids flow in electrokinetic devices, Figure 7 shows
transmission electron microscope images of carbon com-
posites [133, 134] with application in electrochemical energy
conversion.

'e electrokinetic effects at confined scales result in
enhanced solid-fluid interaction close to the surface, which
may also influence the liquid slip flow and consequently
the overall fluid transport. 'e amount of liquid slip on
a surface is found to be affected by the presence of a charged
surface and/or liquids with charged ions such as electro-
lytes. Two examples of electrokinetic flows relevant here
are electro-osmosis (liquid flow induced by application of
an electric field) and streaming currents (electric current
induced by application of a pressure gradient).

(1) Key Challenge.One of the key challenges in the design
of electrokinetic energy conversion devices is their low

Negatively charged solid surface

Solid surface

+ + + - - + + + - +  -
+ + - - + + - + + +
+ - - + + + - +

Diffusive
layer
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ψzeta

Debye length
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0

Electrical
double
layer Stern layer

Figure 6: Schematic of a flow in a channel with electrokinetic
effects.
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conversion efficiencies. 'e maximum efficiency of energy
conversion (ηmax), which is defined as the ratio of the output
power to the input power, is given as follows:

ηmax �
Poweroutput
Powerinput

. (40)

(2) Governing Equations. 'e mathematical theory used to
model the transport in the presence of chemical potential (due
to surface charge and charged ions in the solution), externally
applied electric potential, and hydrostatic potential is briefly
reviewed below. 'e chemical potential and ionic concen-
trations in the diffuse part of the EDL are governed by the
Poisson-Boltzmann equation as follows:

∇2ψ(y) � −
1
ε
ρ(y) � −

e

ε


N

i�1
zici exp −

eziψ(y)

kBT
  ,

(41)

where ψ(y) is the potential in the EDL due to surface charge
and the charged ions in the solution, y is the radial distance
from the surface of the channel, ρ(y) is the volume charge
density of all the ions present in the neighborhood of the
surface, e is the unit charge, ε is the permittivity of the liquid,
ci and zi are the concentration and the ionic valence of the ith

ionic species, respectively, kB is the Boltzmann constant, and
T is the absolute temperature.

'e Poisson-Boltzmann equation does not have a gen-
eral analytical solution, but its solutions are available for
specific cases [135]. For our interest, we consider the so-
lution for a flat surface with a low potential (ψsurface) at its
surface for which the above equation can be linearized based
on the Debye-Hückel approximation to obtain the following
solution:

ψ(y) � ψsurface exp(−κy),

λD � κ−1 �

��������������

εkBT

NAe2
N

i�1 z2
i ci( 




,
(42)

where κ−1 is called the Debye length (λD) that gives a measure
of the EDL and NA is the Avogadro number. 'e Debye
length is independent of the charge on the solid surface and
increases as the solute ion concentration in the solution
becomes dilute such that λD for a solution without electrolytes
can be considered as infinitely thick. Typical values of λD can
vary from ∼ 3nm to ∼ 300nm for electrolytes with ionic
concentration of 10−2M and 10−6M, respectively [135].

'e above-defined definitions are finally used to describe
the solvent and solute transport in the presence of hydro-
static, chemical, and electric potential within a micro- or
a nanochannel of width 2h as follows.

(i) Solvent Transport. 'e solvent flux across the channel due
to hydrostatic potential and electric potential is the sum of

Figure 7: Transmission electron microscope images of carbon composites for application in electrochemical energy conversion [133, 134].
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the average of the fluxes due to these two potentials and
given as follows [136, 137]:

〈vs〉 �
1
h


h

0
vs(y)dy,

〈vs〉 �
1
h


h

0

1
2η

y
2 − 2hy 

dP

dx
 

√√√√√√√√√√√√√√√√
flow due to

hydrostatic potential

dy

+
1
h


h

0

ε
η

ζ −ψ(y) 
dϕ
dx

 

√√√√√√√√√√√√√√
flow due to

electric potential

dy,

(43)

where 〈vs〉 is the average solvent velocity, ζ is the electric
potential at the slipping plane (also called zeta potential),
ψ(y) is the potential in the EDL, η is the solution viscosity, ε
is the permittivity of the solution, and ϕ is an externally
applied electric potential.

(ii) Solute Transport. 'e solute flux across the channel is
given as the averaged sum of the flux due to hydrostatic
potential, flux due to diffusion, and flux due to electric
potential. 'e solute transport in the presence of these three
mechanisms is also called the Nernst-Planck equation and
given as follows [137–139]:

〈J〉 �
1
h


h

0
c(y)vs(y)
√√√√√√√√
flux due to

hydrostatic potential

dy−
1
h


h

0
D∞

dc(y)

dx
 

√√√√√√√√√√
flux due to
diffusion

dy

−
1
h


h

0

zeD∞
kBT

c(y)
dϕ
dx

 

√√√√√√√√√√√√√√
flux due to

electric potential

dy,

(44)

where 〈J〉 is the area-averaged solute flux, D∞ is the dif-
fusion coefficient of the solute in the free solution, c(y) is the
solute concentration at distance y from the surface, and ze is
the ionic charge.

(iii) Solute Partitioning. Solute ions experience electric,
chemical, and surface forces that vary in magnitude based on
the size and charge on the ions; therefore, this leads to
nonuniform distribution of ions along the width of the
flowing medium. 'is partitioning of the solute ions can be
characterized through the ratio of the average solute con-
centration (〈c〉) to the bulk concentration (c0) in the so-
lution, which is also referred to as the partitioning coefficient
βpart [140]:

βpart �
〈c〉

c0
�
1
h


h−r

∼0
exp −

E(y)

kBT
 dy, (45)

where βpart is the solute partition coefficient that is the
measure of ion permeability-selectivity of the pore, r is the
radius of the spherical solute, and E is the electrostatic

interaction potential. It should be noted that when the
confinement width becomes comparable to the Debye
length, the overlapped EDL gets deformed significantly due
to steric effects and in that case the modified Poisson-
Boltzmann equation must be employed [141]. When the
transport of solute through the medium is strongly de-
pendent on solute size and independent of frictional and
hydrostatic (convective) forces, in that case [137, 142],

βpart � 1−
r

h
. (46)

(iv) Conversion Efficiency.'emaximum efficiency of energy
conversion (ηmax) is defined as the ratio of the output power
to the input power; however, some researchers [143–145]
also use an alternate measure for the conversion efficiency
using a measure called electrokinetic figure of merit [146],
which is based on phenomenological transport equations.
'e following equation is an alternate form for the maxi-
mum efficiency in terms of figure of merit (β):

ηmax �

�����
1 + β


− 1

�����
1 + β


+ 1

, (47)

where β � ((]2σ)/kH). Here, ], σ, and kH are the streaming
potential coefficient, the ion conductivity, and the hydraulic
permeability, respectively.

4.1.3. Critical Gaps and Proposed Approach. About a decade
ago it was hypothesized [147, 148] that the efficiencies of the
energy conversion devices based on electrokinetic effects can
be optimized by enhancing the liquid slip. A theoretical
study by Davidson and Xuan [143] showed that the efficiency
of electrokinetic energy conversion devices is almost a linear
function of slip length for small values of zeta potentials.
Even though there is a consensus that liquid slip plays
a strong role in the device efficiency among the electrokinetic
energy research community, some issues remain in regard to
understanding of slip length as a function of key device
parameters and its relationship with flux.

(1) Slip Length as a Function of Device Parameters. In the
electrokinetic energy research community, performance of
the device is predicted by either completely neglecting the
slip [149, 150] or an assumed value of slip length used by
others [143, 148, 151, 152] that is independent of the surface
and flow conditions. Further, some researchers [153, 154]
suggested that the slip length increases as the surface be-
comes slippery, or in other words slip length increases on
surfaces with low friction coefficient. However, this sug-
gestion is contrary to the observations reported by re-
searchers [155–158] in the field of liquid slip who reported
that the surface friction results in increase in the effective
viscosity that consequently increases the liquid slip length
[156]. 'is result, even though counterintuitive in nature, is
supported by experimental observations [90, 96, 99, 159].
'erefore, as noted by others [160], there is a lack of un-
derstanding about the liquid slip length when it comes to
predicting the conversion efficiencies. Developing the
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fundamental understanding of liquid slip as a function of key
device parameters presents an opportunity of increasing the
efficiency of energy conversion devices by exploiting their
potential of developing large slip lengths. For instance, we
discussed many slip length models earlier as a function of
surface wettability, surface friction, shear rate, surface
roughness, and electrokinetic effects that can be used to
either estimate the slip lengths for a given device or design
the device parameters for a given slip length.

(2) Slip Length vs. Flux. Following theoretical considerations
initiated by some studies [143, 147, 148], it is now believed
by most researchers that the efficiency of energy conversion
devices can be increased by increasing the liquid slip length.
In this regard, some comments were made on how to op-
timally exploit this potential. Having said that, the argu-
ments made in favor of slip are theoretical in nature, and
there are no experimental studies specific to energy con-
version devices that verify the amplified values of conversion
efficiencies predicted theoretically and usually cited by many
authors [137, 153]. 'e objective of this note is to caution
that a theoretical definition of liquid slip where flux is
proportional to the slip length (vx∝ 1 + 6Ls/h) may not be
universally true. To support this hypothesis, we refer to the
experimental study of Liu and Li [75] who measured the flux
and slip length for liquid argon and liquid helium in
nanochannels of various widths and noted that the relation
of slip length to flux was not clear from the data. 'ey
attributed this reason to nonuniform distribution of density
and viscosity of the confined fluid.

4.2. Membrane-Based Water Desalination

4.2.1. Introduction. Currently, there are 4 major sources of
water that can be used for water desalination and treatment,
i.e., produced water from oil and gas wells, brackish
groundwater, municipal wastewater, and seawater, re-
spectively. Out of these, seawater is a source with continuous
and large amounts of saline water that can be potentially
desalinated and supplied to various applications on large
scale as illustrated in Figure 8.

Desalination using the membrane-based reverse osmosis
process is a potentially attractive technology that can be used
to desalinate enormous amount of seawater. Reverse os-
mosis (RO) is considered to be a leading technology for
desalination primarily because of its relatively low cost (one-
half to one-third of the cost of distillation) due to relatively
low energy consumption (1.8 kW·h/m3) that contributes to
about 44% of production capacity in the world [161]. RO
uses a semipermeable membrane to stop the contaminants at
the level of 0.1 nm to 1 nm by applying hydrostatic pressure
to overcome osmotic pressure, which is a chemical potential
developed due to salinity difference of the solvents that
drives the solvent from an aqueous solution of low salt
concentration to an aqueous solution of high salt concen-
tration. In the RO, the movement of solvent from low
concentration to high concentration due to chemical po-
tential is reversed by applying an external pressure.

4.2.2. Literature Review. 'e study by Nair et al. [162] was
the first to discover that graphene oxide has the membrane
properties suitable for desalination, i.e., unique water per-
meation pathway and retention for other gases and
ions/solutes. 'e water flows through the multiple layers of
graphene oxide through two-dimensional capillaries formed
by closely spaced graphene sheets where the salt ions are
retained on the sheets as shown in Figure 9.

Conventional understanding of the flow fluid through
pores suggests that this dual-task is paradoxical in nature,
but development of nanomaterials such as carbon nanotubes
(CNTs), boron nitride nanotubes (BNNTs), and graphene
that show unconventional fluid transport behavior due to
their smallest possible pore volumes combined with ionic
dehydration [163], electrokinetic effects [164], and size ex-
clusion [165] properties provide opportunity for their ap-
plication in optimizing two coupled tasks of desalination
mentioned above. Specifically, high selective-solute re-
tention and high permeability to water is achieved by drilling
sub-nanometer holes through the solid-state nanomaterials
such as graphene by using focus ion beam [166, 167] or
oxygen plasma etching process [168]. 'e water molecules
are too big to pass through graphene’s fine mesh without
making holes/pores in the graphene sheet and poking these
sub-nanometer holes uniformly is another challenge. Ad-
ditionally, in order to drive satisfactory magnitude of water
flux through these nanopores, a large pressure difference is
required that cannot be solely achieved by osmotic pressure.
However, compared to the fine mesh of nanoporous gra-
phene, Nair et al. [162] proposed graphene oxide membrane
as an alternate to the graphene because graphene oxide relies
on its naturally occurring tortuous path to flow out water
(Figure 9), unlike the challenging task of artificially poking
holes through graphene for creating a path to flow out water.
Other than this major advantage of graphene oxide, there are
several other reasons as presented by You et al. [169] that

(1) Oil and gas produced water
(2) Brackish groundwater
(3) Municipal wastewater
(4) Seawater

Sources

Resource recovery
(1) Fuel cells
(2) Bioenergy
(3) Inorganics
(4) Gas cleanup
(5) Produced water

Application
(1) Cooling
(2) Irrigation
(3) Industrial use
(4) Drinking water
(5) Hydraulic fracturing

Wastewater
treatmentDesalination

Figure 8: Role of water in the energy sector.
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make graphene oxide a preferred choice over nanoporous
graphene.

(1) Key Challenge. One of the key design challenges in the
desalination technology using ROmembranes is the binding
of the following two conditions: (i) increasing retention for
selective solutes through sieving using small nanometer-
sized apertures, and (ii) allowing large flux of pure water to
pass through the membrane by increasing membrane per-
meability. 'ese two challenges can be visualized through
a schematic [170] in Figure 10 that shows the nanosized
pores of the graphene membrane and water molecules with
salt are comparable to each other.

Finally, a recent study by Werber et al. [171] questioned
and critiqued the coupled-importance of a high selective-
solute retention, and high water permeability in the de-
salination performance. 'ey suggest that increased water
permeability seems to have little impact on the efficiency and
that increased retention of selective solutes should be the
most important measure for desalination efficiency. 'e
water/salt selectivity tradeoff relationship is based on em-
pirical relationship [172] that is still continued to be used
[173] because of incomplete theoretical understanding of
many physical/chemical processes that occur during de-
salination through membrane-based RO.

(2) Governing Equations. Most of the studies use the simple
convective flux and diffusive flux to model the transport of
water and solute, respectively, through the nanoscale
membranes as reviewed by Werber et al. [174]:

Jw � A ΔP−Δπm( ,

Js � BΔcm,
(48)

where A � (PwVw/δmRgT) and B � (Ps/δm). Here, AandB

are the permeability coefficients for water and solute, re-
spectively, Pw and Ps are the diffusive permeability for water
and solute, respectively, Vw is the molar volume of water, Rg
is the gas constant, T is the absolute temperature, ΔP is the
applied hydraulic pressure difference across the membrane,
Δπm is the osmotic pressure difference across the active
layer, and δm is the active layer thickness of the membrane.
Werber et al. [174] suggest that the coefficients A and B

together define the selective layer performance of nonporous
membranes.

4.2.3. Critical Gaps and Proposed Approach. Despite the
rapid progress made in developing nanomaterials for

membranes, very little research has been performed in
modeling the flow of water and solute retention through
graphene-based membranes. Based on above discussions of
liquid flow at nanoscale, water and solute transport in
graphene-based membranes should be a strong function of
wettability and slip length. 'e strong effect of membrane
wettability and slip length on water permeability and vol-
umetric flux was shown recently by Shahbabaei et al. [175]
and Chen et al. [176], respectively, through molecular dy-
namics simulations. Werber et al. [174] reviewed important
polymeric membrane materials as a measure of controlling
the wettability from an experimental perspective. 'erefore,
in this regard it is important to understand how wettability
may affect the slip length and a method to model the effect of
their coupled behavior on flux.

(1) Coupled Effect of Slip Length and Wettability. Bakli and
Chakraborty (2012) presented a constitutive model to de-
scribe the liquid filling of water in nanopores as a function of
the dynamic slip length that changes with the contact angle
and the fluid acceleration due to pressure gradient as follows:

Ls �
A1(a)

[1 + cos(θ)]2
−A2(a),

a �
c cos(θ)

ρRL
,

a
∗

�
c cos(θ)

ηL(dL/dt)
,

(49)

where Ls is the slip length, L is the water filling length at time
t, N is the parameter representing the surface roughness
(lower value represents higher roughness), a is the imbibition
driving acceleration parameter, a∗ is the dimensionless form
of a, and A1(a) and A2(a) are functions of a.

Parobek and Liu [177] reviewed the wettability of gra-
phene and found that the intrinsic wettability of graphene
based on advancing contact angle measurements suggests
that graphene is a nonwetting (hydrophobic) material and its
wettability is independent of the substrate underneath
graphene and the number of graphene layers. Based on our
earlier discussions, it is known that slip lengths on the order
of tens of nanometers are observed on hydrophobic (non-
wetting) surfaces that can go up to hundreds of nanometers

Figure 10: Schematic of RO membrane with nanopores [170].

L

d

Figure 9: Graphene oxide membrane with nanopores [162].
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[178, 179] for super-hydrophobic surfaces. 'erefore, the
hydrophobic nature of graphene further emphasizes the
need to incorporate the slip length in modeling the flux of
water, which can be obtained using the Hagen-Poiseuille
(HP) equation for cylindrical-shaped capillary or using the
HP equation modified for geometric corrections and slip
flow through capillaries of different shapes:

q � c
π r4 + 4r3Ls( 

8μ
.
1
L0

, (50)

where c is a geometry correction factor [180] to account
for different shapes and eccentricity of capillaries (k � 1,

1.43, and 1.98 for capillaries with circular, square, and
equilateral triangle cross-sections, respectively), r is the pore
radius, μ is the water viscosity, Ls is the slip length, and L0 is
the capillary length within the membrane.

4.3. Shale Reservoirs

4.3.1. Introduction. Shales are unconventional rocks that
are both the source and the reservoir for oil and gas re-
sources. Economical production from shale formations
requires creating hydraulic fractures by pumping large
volume of water (∼2–6 million gallons) at high pressure.
Shale rocks are predominantly composed of consolidated
clay-sized particles with a high organic content [181, 182]
that result in extremely small pore sizes with 80% of pores
in the range of 2 nm to 15 nm [183, 184]. Because of their
extremely small pore sizes, shale rocks present an oppor-
tunity to apply the fundamentals of nanoscale fluid flow
physics over existing conventional theories of porous
media fluid flow.

4.3.2. Literature Review. 'e typical characteristics of a shale
reservoir include low porosity, low permeability [185, 186],
complex network of matrix-fracture systems [187–191], and
heterogeneous mineralogy [181, 182, 192–195], and the
combination of these characteristics presents a unique
challenge in understanding the fluid flow and fluid-rock and
fluid-fluid interactions in these reservoirs. Following theo-
retical considerations, some studies explored the fluid flow
in these reservoirs as a function of convection, slip flow,
Knudsen diffusion [196–201], surface diffusion/sorption
[202–210], rock-mechanics [189, 211–215], and osmosis
[216–218]. Unlike conventional reservoir rocks, shales are
typically oil-wet or mixed-wet as discussed in a review by
Singh [218] for various shale rocks across the world [219–
222].'e wettability of shales cannot be characterized by the
macroscopic method of measuring contact angle because of
the nontrivial effect of line tension in nanopores, and to
account for this effect, a modified contact angle method was
discussed in a review by Singh [218].

Other areas that have recently caught interest due to
their importance in understanding the fluid behavior in
shale or increasing the productivity are (i) spontaneous
imbibition in shales [218, 223–225], (ii) thermodynamic
phase behavior of fluids inside shales as a function of
pressure drawdown during production [226–231], (iii)

alternate fracturing fluids [232–237] for better reservoir
stimulation and to avoid water usage, and (iv) enhancing oil
recovery by injection of fluids [238–240].

(1) Key Challenge. 'e knowledge about fluid flow in shale
reservoirs is still at its infancy compared to our knowledge of
fluid flow in conventional oil and gas reservoirs that has been
rigorously tested over several decades. 'e key challenge in
production from shale reservoirs is developing verifiable
theories that describe flow and mechanics from these ex-
tremely tigh pore spaces, which are heterogeneous in terms
of the mineralogical composition and pore structure.

4.3.3. Critical Gaps and Proposed Approach. Even though
the importance of shale reservoirs as a source of hydro-
carbon production continues to increase with time, the
production of fluids from these reservoirs remain poorly
understood at the pore level and that drives many re-
searchers to look at these problems from continuum per-
spective at the reservoir scale [241]. From a theoretical
perspective, there are many transport mechanisms that seem
to be contributing to the hydrocarbon production from the
shale rocks. A better understanding to characterize those
mechanisms in terms of their contribution to the flow, the
period for which they remain activated, and their likely place
of origin in the reservoir can be useful to optimize the
production from these reservoirs. In this regard, we can
elaborate this into three specific questions: (i) What is the
contribution of each transport mechanism in the total
production? (ii) At what point of time and for how long
during a reservoir’s life do these mechanisms remain acti-
vated? (iii) What is the contribution of different sections of
reservoir, such as matrix, natural fractures, and hydraulic
fractures, in the transport of hydrocarbons?

(1) Reservoir-on-Chip Approach. It is clear from the dis-
cussions in the literature that ultra-tight nanopore structure
of the shales plays a major role in controlling the transport of
fluids and their production, but despite this consensus most
of the experimental studies focus on investigating the fluid
transport from a continuum perspective using core-scale
experiments [219, 242–246]. 'e core-scale investigations
can be employed to explore the flow due to interaction
between matrix and fractures; however, the appropriate way
to investigate nanoscale transport mechanisms would be
through the nanofluidics (e.g., chip-based models) frame-
work. Recently, there has been some effort [159, 226,
247–252] in investigating the transport from nanopores
using some innovative ideas that mimic the heterogeneous
nanopore and fracture network through the reservoir-on-
chip approach as illustrated in Figure 11. A more realistic
network of matrix and fracture mimicking actual core im-
ages can be developed synthetically using micro-CT images,
characterizing the fracture and matrix system in those
images using an image processing software and fabricating
the processed images using standard lithography techniques
[247, 253]. 'e features of fracture network from the CT
images can be patterned and etched using deep reactive ion
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etching. An innovative and sophisticated reservoir-on-chip
model was developed by Gerami et al. [247] to study coal
reservoirs, and a similar approach can be adopted to develop
a reservoir-on-chip model for shale rocks.

(2) Contribution of Liquid Slip to Total Flow. Discovery of
slip flow’s contribution in enhancing performance in other
micro- and nanoscale applications, for instance, energy
conversion devices [143, 148], has been acknowledged with
great enthusiasm by others [153] in their field. However,
similar interest has not been visible in the research com-
munity studying flow from shale reservoirs, despite some
theoretical studies that illustrated the importance of gas slip
in shale [196, 206, 254]. Until now, there have been no
experimental studies to investigate the theoretical contri-
bution of gas slip to the total flux. 'eoretical studies
considering slip flow of oil and its contribution to total flux
are still evading. Perhaps, the major reason why micro- and
nanoscale transport mechanisms such as slip flow have not
been experimentally investigated by shale research com-
munity is because of the general inclination to perform
experiments using continuum scale cores that are not
suitable to investigate the fluid slip. 'erefore, it is suggested
that to study the micro- and nanoscale transport mecha-
nisms in shale rocks, an emphasis must be given to employ
the reservoir-on-chip approach discussed earlier. Following
that, a systematic approach can be adopted to study the

effect of gas and liquid slip on the total flow. As a starting
point, well-established theories on liquid slip can be used to
verify their applicability in shales; for instance, it can be
investigated whether slip length (Ls) for oil varies as Ls∝
(1 + cos θ)−2 in synthetically fabricated chips mimicking
shale rock structure by varying its wettability (θ). If the
surface of the fabricated chip has been characterized with
some roughness function f(x, y), then a modified expres-
sion for slip length accounting for roughness [128] can be
used as follows:

Ls �
k

(1 + cos θ)2 1 + α∗( )2
,

α∗ �
|f(x, y)−f(x, y)|

N
,

(51)

where k is the constant of proportionality and α∗ is a pa-
rameter that characterizes the roughness of a surface
through its amplitude N and roughness function f(x, y).
Now, the flow rate as a function of slip length would be given
as follows:

Qslip � Qno−slip 1 + 6
Ls

2h
 , (52)

where h is the distance between the confining pore walls and
Qslip and Qno−slip are the flow rates due to slip and no-slip
boundary conditions, respectively.

Shale rock with
natural fractures 

Microtomography
images

Reservoir-on-chip
model

Fractures

Matrix

(a)

(b)

Figure 11: Schematic illustrating (a) a reservoir-on-chip framework and (b) a micromodel with a network of fractures and heterogeneous
pores (inset) (adapted after [252] and [248], respectively).

18 Advances in Materials Science and Engineering



(3) Contribution of Evaporation to Water Loss. Hydraulic
fracturing requires injecting large volume of water (∼2–6
million gallons); however, on average, only 6–10% of the
injected water is recovered in the US across all shale plays
[255]. 'is abundant retention of fracturing fluid inside the
shale formations is a cause of major concern because it keeps
the hydrocarbons from flowing out of the reservoir by re-
ducing the relative permeability of the hydrocarbons inside
the formation. Singh [218] reviewed the process of water
uptake by shales and suggested evaporation as one of the
possible mechanisms that may be contributing to loss of water
in shales. To support their hypothesis, they provided three
characteristics associated with shale formations that could
facilitate evaporation of water: (1) gas expansion, (2) water
droplets formed at asperities or cavities in fractures, and (3)
pore confinement. Since the hypothesis of water loss in shales
due to evaporation has not been investigated before, it can be
tested using the reservoir-on-chip approach with the network
of small pores and fractures. Among the three characteristics
noted above that could be facilitating evaporation, gas ex-
pansion seems to be the most intuitive source and can be
mimicked by injecting gas into the water saturated chip with
a network of matrix pores and fractures under reservoir
conditions. 'e process of fabricating such a chip and other
experimental devices needed to test this process can be set up
based on the reservoir-on-chip model developed by Gerami
et al. [247] to study coal reservoirs and shown in Figure 12.

Keeping track of water saturation and its phase change
with time can indicate whether expansion of gas as it moves
from pores to fractures results in evaporating some water.'e
phase change can be studied using direct visual observation of
water phase behavior due to light scattering, a method that
has been reliably tested for vapor detection by Yang et al.
[256] and more recently in the context of shales by Ally et al.
[227] to study the fluid phase behavior in nanopores.

4.4. Hydrogen Storage

4.4.1. Introduction. Hydrogen-based energy is one of the
promising sources of energy [257] because hydrogen is
a zero-emission fuel and can provide solutions to many
versatile problems such as predictable supply that is not
dependent on weather conditions, its capability to integrate
within existing infrastructure developed for other forms of
energy, and its applications in many different industries
[258, 259]. As such, hydrogen-based energy solutions have
versatile applications, such as sources of power [260] (fuel
cells [261]) in transportation [262, 263] and as a commodity
in many industrial processes [264]. Figure 13 shows a gen-
eral illustration of a hydrogen energy system with sources,
production, storage, and its applications. Among all sources
of hydrogen production worldwide, 95% of the hydrogen
production comes from nonrenewable sources [265] such as
natural gas, coal, gasoline, diesel fuels, etc.

Among various steps in the hydrogen energy system,
hydrogen storage is a major challenge and a key enabling
technology for the advancement of the hydrogen energy-
based applications.

4.4.2. Literature Review. Hydrogen can be stored either
physically (as compressed gas or liquid) or chemically (on
the surfaces of solid materials by adsorption or within the
solid materials by absorption). Exploiting hydrogen energy
on commercial scale as planned by the US Department of
Energy through portable power sources, fuel cells, and
transportation requires a compact system that can store
hydrogen on these applications. 'e fundamental difficulty
in achieving this task is low energy density per unit volume
of hydrogen, which means hydrogen needs relatively larger
volume to pack same amount of energy compared to other
fuels.'e storage of hydrogen can be divided in three sectors
[266–269], namely: (i) high-pressured gaseous state, (ii)
cryogenic liquid state, and (iii) solid state. Because of the low
storage efficiency of liquid and gaseous hydrogen, research
efforts to develop storage technologies have focused towards
increasing the density of hydrogen either through chemical
storage technology using new materials [270–273] or
through physical storage using compression [274–276].

Even though some researchers [271] suggest that the
chemical method is more efficient in storing hydrogen than
the physical method, they do not provide a comparison or
a reference to support such a claim. However, Petitpas et al.
[275] provided an objective comparison between the two
storage methods, i.e., physical storage and chemical stor-
age, which suggested that at low pressures the density of
stored hydrogen through the chemical method is signifi-
cantly higher than the density of hydrogen stored through
the physical method. As the pressure is increased, the
density of hydrogen through the chemical method starts to
flatten, whereas the density of hydrogen through the
physical method continues to increase, eventually over-
taking the density of hydrogen stored through the chemical
method at a breakeven pressure beyond which the density
of hydrogen stored through the physical method remains
larger than the hydrogen stored through the chemical
method (Figure 14). 'ey reported that this breakeven
pressure strongly depends on temperature.

Since the choice of hydrogen storage technology would
depend on the end application, Petitpas et al. [275] suggested
that the conditions relevant to a specific application may
supersede the chemistry and physics required to enhance the
hydrogen density. For instance, the added mass of the ad-
sorbent for chemical storage may discourage the use of this
storage technology in the case of weight-sensitive applica-
tions, whereas in the case of storage by compression the use
of higher pressures may discourage its use for some ap-
plications where high pressure is a safety concern. Addi-
tionally, the cryogenic temperature needed for both
techniques could be discouraging in the absence of liquid
hydrogen (or liquid nitrogen for 80K fueling). Petitpas et al.
[275] also compared the use of a “hybrid” system that can
store hydrogen by both compression and adsorbent and
found that they can store 10% to 20% (with metal-organic
framework as the sorbent) more hydrogen compared to
storage by compression alone.

Despite the variation in density of stored hydrogen by
the two approaches, the research on hydrogen storage in past
few years has mostly focused on chemical storage by
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adsorbents because of its expected use in many commercial
and portable applications that may have safety concerns
related to high pressure. 'erefore, below we review the
modeling scheme to store hydrogen by adsorption on po-
rous and deformable materials.

(1) Key Challenge. Increasing the efficiency of hydrogen
storage is one of the major challenges in the application of
hydrogen for consumer applications such as trans-
portation. Figure 15 shows a schematic comparing the
volumetric scale of storage space required for 4 kg of
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Figure 12: Reservoir-on-chip model used to depict the fracture structure in a coal reservoir [247].
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Figure 13: Schematic representing a hydrogen energy system. About 95% of the hydrogen currently produced across the world comes from
nonrenewable sources.
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hydrogen storage in different materials and storage
methods.

(2) Governing Equations. 'e governing equations for the
storage of hydrogen follow the conservation of mass and
energy.

Mass balance:

z ϕρg 

zt
+ ∇. ϕρgu  � −

zsm

zt
,

zsm

zt
�

z (1−ϕ)ρs 

zt
�

zρs
zt
−

z ϕρs( 

zt
,

(53)

where ρg is the hydrogen gas density, ϕ is the porosity of the
adsorbent, u is the hydrogen gas velocity that is computed
using either Navier–Stokes equation or Darcy’s law, sm is the
mass of hydrogen adsorbed or desorbed per unit volume of
the sorbent, and ρs is the density of the sorbent.

Energy balance:

z ρcpT 

zt
+ ∇. ρgcp,guT  � ∇. keff∇T(  +

zsT

zt
, (54)

where ρcp is the effective heat capacity, keff is the effective
thermal conductivity [277], T is the temperature, and sT is
the product of the enthalpy change (as a result of
sorption).

4.4.3. Critical Gaps and Proposed Approach. Even though
the experimental research on developing superior nano-
structured adsorbents [271, 273, 278, 279] for hydrogen
storage continues to increase with time, the same effort has
not been devoted to model the transport of hydrogen in
these nanostructured porous materials. For instance,
transport of hydrogen is modeled using only the continuum
scale transport [277, 280–283] with no contribution of
nanoscale transport mechanisms despite the role of nano-
confinement [273, 284] as an effective strategy in modifying
the hydrogen storage performance. From a theoretical
perspective, transport of hydrogen in nanoporous mediums
is controlled by two more mechanisms (Knudsen diffusion
and slip flow) other than viscous/convective flow, heat
transfer, and sorption (surface diffusion). A better un-
derstanding to characterize the transport mechanisms at
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Figure 15: Schematic representation of the volumetric scale of storage space required for 4 kg of hydrogen with different modes of storage
[259, 268]. Car image is a courtesy of Toyota press information, 33rd Tokyo Motor Show.
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nanoscale in terms of their contribution to the storage and
the operating conditions for which they remain activated can
be useful to optimize the storage of hydrogen in nano-
structured materials. In this regard, we discuss two transport
mechanisms of Knudsen diffusion and slip flow at nanoscale
and how they can be added in the governing equations to
model hydrogen storage.

(1) Accounting for Slip Flow and Knudsen Diffusion in Total
Flux. 'e flow behavior at the continuum regime is governed
by the Navier–Stokes equations; however, as Kn increases
beyond the range of the continuum regime, the no-slip
boundary conditions start to break such that the N-S equa-
tions should be modified to account for slip boundary con-
ditions or molecular models should be employed. Another
transport mechanism that plays an important role when the
mean free path of the gas molecules is larger than or equal to
the pore size is the form of diffusive transport called Knudsen
diffusion. Diffusive transport in micro- and nanopores can
occur through three different mechanisms: (i) bulk diffusion,
(ii) surface diffusion (sorption), and (iii) Knudsen diffusion
[67]. 'e proportion of each mechanism depends on the
magnitude of the Knudsen number (Kn), and for large Kn,
the molecules interact more often with the pore walls than
with each other. Typical nanoporous materials for storing
hydrogen have pore size that can vary from less than 1 nm to

about 10 nm [270, 271, 273, 285, 286] for varied materials
ranging from carbons, zeolites, metal-organic framework
(MOF), complex hydrides, etc., whereas mean free path of
hydrogen molecules at ambient conditions estimated from
kinetic theory is about 160 nm. 'erefore, it is evident from
this comparison that Knudsen diffusion may have an im-
portant role to play in the transport of hydrogen.

(i) Slip Flow and Knudsen Diffusion: 'e convective mass
flow in the presence of slip boundary conditions and dif-
fusive mass flow in the presence of Knudsen diffusion is
given as follows [69]:
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'e solution of the Navier–Stokes equation and slip flow
boundary conditions are used to solve for hydrogen velocity
due to convective flux for two pore shapes of channels and
tubes, respectively, as follows:
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where _mD is the diffusive mass flow, DKn is the Knudsen
diffusion coefficient, s is the characteristic length, p is the
pressure, u is the hydrogen velocity due to convective flux, σu
is TMAC, λ is themean free path, p0 is the outlet pressure,M
is the molar mass, A is the cross-sectional area of the me-
dium, h is the height of the channel-shaped pore, r∗ is the
radius of a cylindrical-shaped pore, l is the length of the
medium, R is the universal gas constant, T is the temper-
ature, and c1, c2, c3, and c4 are constants from integration
of the Navier–Stokes equation.

'e total flux is the sum of the mass flow due to con-
vective flux (including slip flow) and diffusive flux (from
Knudsen diffusion), eventually leading to an effective ve-
locity of hydrogen molecules (ueff ) that can be substituted in
place of u in the mass balance equation for hydrogen:

_m � _mC + _mD,
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5. Conclusions

While there is a consensus in the literature that embracing
nanodevices and nanomaterials helps in improving the
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efficiency and performance, the reason for the better per-
formance is mostly subscribed to the nanosized material/
structure of the system without sufficiently acknowledging
the role of fluid flow mechanisms in these systems. 'is is
evident from the literature review of fluid flow modeling in
various energy-related applications, which reveals that the
fundamental understanding of fluid transport at micro- and
nanoscale is not adequately adapted in models. Incomplete
or insufficient physics for the fluid flow can lead to untapped
potential of these applications that can be used to increase
their performance. 'is paper reviewed the current state of
research for the physics of gas and liquid flow at micro- and
nanoscale and identified critical gaps to improve fluid flow
modeling in four different applications related to the energy
sector.'e review for gas flow focused on fundamentals of gas
flow at rarefied conditions, the velocity slip, and temperature
jump conditions. 'e review for liquid flow provided fun-
damental flow regimes of liquid flow, and liquid slipmodels as
a function of various parameters at micro- and nanoscale.
Regarding porous media applications in the energy sector,
this review identified critical gaps to improve fluid flow
modeling in each of the four different applications. 'e four
applications from the energy sector considered in this review
are (i) electrokinetic energy conversion devices, (ii)
membrane-based water desalination through reverse osmosis,
(iii) shale reservoirs, and (iv) hydrogen storage, respectively.
For electrokinetic energy conversion, it was found that further
improvements can be made in terms of modeling slip length
as a function of key device parameters and its relationship
with flux. For membrane-based water desalination, it was
found that further improvements can be made if water and
solute transport in graphene-based membranes are modeled
by coupling the dependency of wettability and slip length in
addition to typical flux from convective and diffusive flows.
For shale reservoirs, it was found that researchers explore the
issue at continuum scale than at pore scale, which can
generally mask the phenomena contributing to flow from
micro- to nanoscale; in that regard, we proposed using
a reservoir-on-chip approach that can enable capturing the
subcontinuum effects contributing to fluid flow in shale
reservoirs. Additionally, the reservoir-on-chip approach can
be used to estimate the contribution of liquid slip to total flow
and the role of evaporation in the loss of fracturing water in
shales. For hydrogen storage, it was found that further im-
provements can be made by including Knudsen diffusion and
slip in the governing equations of hydrogen storage.

While many experiments have been conducted to un-
derstand the contribution of some mechanisms (e.g., slip
length) at micro- and nanoscale, there are just few studies
that have looked at the combined effect of material prop-
erties and the size of the flowing medium on fluid flow. 'e
coupled effect of material properties and the flow at micro-
to nanoscale is important in shale rocks and electrokinetic
devices where the amount of fluid flux, important for
performance, is controlled by the properties of the material
in addition to the scale of the flowing medium. Future work
on coupled impact of material properties and flowing me-
dium size would be an important contribution for these two
applications.
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dence of slip in hexadecane: solid interfaces,” Physical Review
Letters, vol. 85, no. 5, pp. 980–983, 2000.

[94] J. R. Seth, M. Cloitre, and R. T. Bonnecaze, “Influence of
short-range forces on wall-slip in microgel pastes,” Journal of
Rheology, vol. 52, no. 5, pp. 1241–1268, 2008.

[95] B. Woolford, D. Maynes, and B. W. Webb, “Liquid flow
through microchannels with grooved walls under wetting
and superhydrophobic conditions,” Microfluidics and
Nanofluidics, vol. 7, no. 1, pp. 121–135, 2008.

[96] V. S. J. Craig, C. Neto, and D. R. M. Williams, “Shear-
dependent boundary slip in an aqueous Newtonian liquid,”
Physical Review Letters, vol. 87, no. 5, article 054504, 2001.

[97] C. L. Henry, C. Neto, D. R. Evans, S. Biggs, and V. S. J. Craig,
“'e effect of surfactant adsorption on liquid boundary
slippage,” Physica A: Statistical Mechanics and its Applica-
tions, vol. 339, no. 1-2, pp. 60–65, 2004.

[98] N. V. Priezjev, “Rate-dependent slip boundary conditions for
simple fluids,” Physical Review E, vol. 75, no. 5, article
051605, 2007.

[99] Y. Zhu and S. Granick, “Rate-dependent slip of Newtonian
liquid at smooth surfaces,” Physical Review Letters, vol. 87,
no. 9, article 096105, 2001.

[100] Y. Zhu and S. Granick, “Limits of the hydrodynamic no-slip
boundary condition,” Physical Review Letters, vol. 88, no. 10,
article 106102, 2002.

[101] P. G. de Gennes, “On fluid/wall slippage,” Langmuir, vol. 18,
no. 9, pp. 3413-3414, 2002.

[102] S. Granick, Y. Zhu, and H. Lee, “Slippery questions about
complex fluids flowing past solids,” Nature Materials, vol. 2,
no. 4, pp. 221–227, 2003.

[103] A. C. Simonsen, P. L. Hansen, and B. Klösgen, “Nanobubbles
give evidence of incomplete wetting at a hydrophobic in-
terface,” Journal of Colloid and Interface Science, vol. 273,
no. 1, pp. 291–299, 2004.

[104] J. W. G. Tyrrell and P. Attard, “Images of nanobubbles on
hydrophobic surfaces and their interactions,” Physical Re-
view Letters, vol. 87, no. 17, article 176104, 2001.

[105] O. I. Vinogradova, “Slippage of water over hydrophobic
surfaces,” International Journal of Mineral Processing,
vol. 56, no. 1–4, pp. 31–60, 1999.

[106] X. H. Zhang, N. Maeda, and V. S. J. Craig, “Physical
properties of nanobubbles on hydrophobic surfaces in water
and aqueous solutions,” Langmuir, vol. 22, no. 11,
pp. 5025–5035, 2006.

[107] X. H. Zhang, A. Khan, and W. A. Ducker, “A nanoscale gas
state,” Physical Review Letters, vol. 98, no. 13, article 136101,
2007.

[108] A. Martini, A. Roxin, R. Q. Snurr, Q. Wang, and S. Lichter,
“Molecular mechanisms of liquid slip,” Journal of Fluid
Mechanics, vol. 600, pp. 257–269, 2008.

[109] M. Gad-el-Hak, “Liquids: the holy grail of microfluidic
modeling,” Physics of Fluids, vol. 17, no. 10, article 100612,
2005.

[110] X. Liang, “Some effects of interface on fluid flow and heat
transfer on micro- and nanoscale,” Chinese Science Bulletin,
vol. 52, no. 18, pp. 2457–2472, 2007.

[111] W. Sparreboom, A. van den Berg, and J. C. T. Eijkel,
“Transport in nanofluidic systems: a review of theory and
applications,” New Journal of Physics, vol. 12, no. 1, article
015004, 2010.

[112] C. Cottin-Bizonne, B. Cross, A. Steinberger, and E. Charlaix,
“Boundary slip on smooth hydrophobic surfaces: intrinsic
effects and possible artifacts,” Physical Review Letters, vol. 94,
no. 5, article 056102, 2005.

[113] E. Lauga and M. P. Brenner, “Dynamic mechanisms for
apparent slip on hydrophobic surfaces,” Physical Review E,
vol. 70, no. 2, article 026311, 2004.

[114] A. Lee and H.-Y. Kim, “Does liquid slippage within a rough
channel always increase the flow rate?,” Physics of Fluids,
vol. 26, no. 7, article 072002, 2014.

[115] N. J. Lund, Effective Slip Lengths for Stokes Flow over Rough,
Mixed-Slip Surfaces, 2015, http://researcharchive.vuw.ac.nz/
xmlui/handle/10063/4162.

[116] C. Sendner, D. Horinek, L. Bocquet, and R. R. Netz, “In-
terfacial water at hydrophobic and hydrophilic surfaces: slip,
viscosity, and diffusion,” Langmuir, vol. 25, no. 18,
pp. 10768–10781, 2009.

[117] J.-L. Barrat and L. Bocquet, “Large slip effect at a nonwetting
fluid-solid interface,” Physical Review Letters, vol. 82, no. 23,
pp. 4671–4674, 1999.

[118] U. Raviv, P. Laurat, and J. Klein, “Fluidity of water confined
to subnanometre films,”Nature, vol. 413, no. 6851, pp. 51–54,
2001.

[119] L. Gao and T. J. McCarthy, “Teflon is hydrophilic. Com-
ments on definitions of hydrophobic, shear versus tensile
hydrophobicity, and wettability characterization,” Langmuir,
vol. 24, no. 17, pp. 9183–9188, 2008.

[120] L. Bocquet and J.-L. Barrat, “Hydrodynamic boundary
conditions and correlation functions of confined fluids,”
Physical Review Letters, vol. 70, no. 18, pp. 2726–2729, 1993.

[121] L. Bocquet and J.-L. Barrat, “Hydrodynamic boundary
conditions, correlation functions, and Kubo relations for
confined fluids,” Physical Review E, vol. 49, no. 4,
pp. 3079–3092, 1994.

[122] D. M. Huang, C. Sendner, D. Horinek, R. R. Netz, and
L. Bocquet, “Water slippage versus contact angle: a quasiu-
niversal relationship,” Physical Review Letters, vol. 101,
no. 22, article 226101, 2008.

[123] C. Bakli and S. Chakraborty, “Capillary filling dynamics of
water in nanopores,” Applied Physics Letters, vol. 101, no. 15,
article 153112, 2012.

[124] C. Neto, D. R. Evans, E. Bonaccurso, H.-J. Butt, and
V. S. J. Craig, “Boundary slip in Newtonian liquids: a review
of experimental studies,” Reports on Progress in Physics,
vol. 68, no. 12, pp. 2859–2897, 2005.

[125] C. Cottin-Bizonne, J.-L. Barrat, L. Bocquet, and E. Charlaix,
“Low-friction flows of liquid at nanopatterned interfaces,”
Nature Materials, vol. 2, no. 4, pp. 237–240, 2003.

[126] C. Cottin-Bizonne, C. Barentin, E. Charlaix, L. Bocquet, and
J.-L. Barrat, “Dynamics of simple liquids at heterogeneous
surfaces : molecular dynamics simulations and

26 Advances in Materials Science and Engineering

http://researcharchive.vuw.ac.nz/xmlui/handle/10063/4162
http://researcharchive.vuw.ac.nz/xmlui/handle/10063/4162


hydrodynamic description,” European Physical Journal E,
vol. 15, no. 4, pp. 427–438, 2004.

[127] N. J. Lund, X. P. Zhang, K. Mahelona, and S. C. Hendy,
“Calculation of effective slip on rough chemically hetero-
geneous surfaces using a homogenization approach,”
Physical Review E, vol. 86, no. 4, article 046303, 2012.

[128] C. A. Misra and C. Bakli, “On the comparability of chemical
structure and roughness of nanochannels in altering fluid
slippage,” 2016, http://arxiv.org/abs/1605.02479.

[129] L. Joly, C. Ybert, E. Trizac, and L. Bocquet, “Liquid friction
on charged surfaces: from hydrodynamic slippage to elec-
trokinetics,” Journal of Chemical Physics, vol. 125, no. 20,
article 204716, 2006.

[130] J. N. Choudhary, S. Datta, and S. Jain, “Effective slip in
nanoscale flows through thin channels with sinusoidal
patterns of wall wettability,” Microfluidics and Nanofluidics,
vol. 18, no. 5-6, pp. 931–942, 2014.

[131] Y. Xie, X. Wang, J. Xue, K. Jin, L. Chen, and Y. Wang,
“Electric energy generation in single track-etched nano-
pores,” Applied Physics Letters, vol. 93, no. 16, article 163116,
2008.

[132] S. M. Mitrovski, L. C. C. Elliott, and R. G. Nuzzo,
“Microfluidic devices for energy conversion: planar in-
tegration and performance of a passive, fully immersed H2-
O2 fuel cell,” Langmuir, vol. 20, no. 17, pp. 6974–6976, 2004.

[133] X. Meng, X. Wang, D. Geng, C. Ozgit-Akgun, N. Schneider,
and J. W. Elam, “Atomic layer deposition for nanomaterial
synthesis and functionalization in energy technology,”
Materials Horizons, vol. 4, no. 2, pp. 133–154, 2017.

[134] X. Meng, K. He, D. Su et al., “Gallium sulfide–single-walled
carbon nanotube composites: high-performance anodes for
lithium-ion batteries,” Advanced Functional Materials,
vol. 24, no. 34, pp. 5435–5442, 2014.

[135] C. Zhao and C. Yang, “Advances in electrokinetics and their
applications in micro/nano fluidics,” Microfluidics and
Nanofluidics, vol. 13, no. 2, pp. 179–203, 2012.

[136] D. Burgreen and F. R. Nakache, “Electrokinetic flow in
ultrafine capillary slits,” Journal of Physical Chemistry,
vol. 68, no. 5, pp. 1084–1091, 1964.

[137] W. Sparreboom, A. van den Berg, and J. C. T. Eijkel,
“Principles and applications of nanofluidic transport,” Na-
ture Nanotechnology, vol. 4, no. 11, pp. 713–720, 2009.

[138] W. R. Bowen and H. Mukhtar, “Characterisation and pre-
diction of separation performance of nanofiltration mem-
branes,” Journal of Membrane Science, vol. 112, no. 2,
pp. 263–274, 1996.

[139] W. M. Deen, “Hindered transport of large molecules in
liquid-filled pores,” AIChE Journal, vol. 33, no. 9,
pp. 1409–1425, 1987.

[140] F. G. Smith and W. M. Deen, “Electrostatic effects on the
partitioning of spherical colloids between dilute bulk solu-
tion and cylindrical pores,” Journal of Colloid and Interface
Science, vol. 91, no. 2, pp. 571–590, 1983.

[141] Rajni, J. M. Oh, and I. S. Kang, “Ion size effects on the
osmotic pressure and electrocapillarity in a nanoslit: sym-
metric and asymmetric ion sizes,” Physical Review E, vol. 93,
no. 6, article 063112, 2016.

[142] J. C. Giddings, E. Kucera, C. P. Russell, and M. N. Myers,
“Statistical theory for the equilibrium distribution of rigid
molecules in inert porous networks. Exclusion chromatog-
raphy,” Journal of Physical Chemistry, vol. 72, no. 13,
pp. 4397–4408, 1968.

[143] C. Davidson and X. Xuan, “Electrokinetic energy conversion
in slip nanochannels,” Journal of Power Sources, vol. 179,
no. 1, pp. 297–300, 2008.

[144] S. Haldrup, J. Catalano, M. Hinge, G. V. Jensen,
J. S. Pedersen, and A. Bentien, “Tailoring membrane
nanostructure and charge density for high electrokinetic
energy conversion efficiency,” ACS Nano, vol. 10, no. 2,
pp. 2415–2423, 2016.

[145] X. Xuan and D. Li, “'ermodynamic analysis of electroki-
netic energy conversion,” Journal of Power Sources, vol. 156,
no. 2, pp. 677–684, 2006.

[146] F. A. Morrison Jr. and J. F. Osterle, “Electrokinetic energy
conversion in ultrafine capillaries,” Journal of Chemical
Physics, vol. 43, no. 6, pp. 2111–2115, 1965.

[147] S. Pennathur, J. Eijkel, and A. Berg, “Energy conversion in
microsystems: is there a role for micro/nanofluidics?,” Lab
on a Chip, vol. 7, no. 10, p. 1234, 2007.

[148] Y. Ren and D. Stein, “Slip-enhanced electrokinetic energy
conversion in nanofluidic channels,” Nanotechnology,
vol. 19, no. 19, article 195707, 2008.

[149] F. H. J. van der Heyden, D. J. Bonthuis, D. Stein, C. Meyer,
and C. Dekker, “Electrokinetic energy conversion efficiency
in nanofluidic channels,” Nano Letters, vol. 6, no. 10,
pp. 2232–2237, 2006.

[150] P. B. Peters, R. van Roij, M. Z. Bazant, and P. M. Biesheuvel,
“Analysis of electrolyte transport through charged nano-
pores,” Physical Review E, vol. 93, no. 5, article 053108, 2016.

[151] F. J. Diez, G. Hernaiz, J. J. Miranda, and M. Sureda, “On the
capabilities of nano electrokinetic thrusters for space pro-
pulsion,” Acta Astronautica, vol. 83, pp. 97–107, 2013.

[152] G. Seshadri and T. Baier, “Effect of electro-osmotic flow on
energy conversion on superhydrophobic surfaces,” Physics of
Fluids, vol. 25, no. 4, article 042002, 2013.

[153] L. Bocquet and E. Charlaix, “Nanofluidics, from bulk to
interfaces,” Chemical Society Reviews, vol. 39, no. 3,
pp. 1073–1095, 2010.

[154] C. I. Bouzigues, P. Tabeling, and L. Bocquet, “Nanofluidics in
the Debye layer at hydrophilic and hydrophobic surfaces,”
Physical Review Letters, vol. 101, no. 11, article 114503, 2008.

[155] E. Bertrand, T. D. Blake, and J. D. Coninck, “Influence of
solid?liquid interactions on dynamic wetting: a molecular
dynamics study,” Journal of Physics: Condensed Matter,
vol. 21, no. 46, article 464124, 2009.

[156] S. Lichter, A. Roxin, and S. Mandre, “Mechanisms for liquid
slip at solid surfaces,” Physical Review Letters, vol. 93, no. 8,
article 086001, 2004.

[157] M. R. Stukan, P. Ligneul, J. P. Crawshaw, and E. S. Boek,
“Spontaneous imbibition in nanopores of different rough-
ness and wettability,” Langmuir, vol. 26, no. 16, pp. 13342–
13352, 2010.

[158] S. Supple and N. Quirke, “Molecular dynamics of transient
oil flows in nanopores I: imbibition speeds for single wall
carbon nanotubes,” Journal of Chemical Physics, vol. 121,
no. 17, pp. 8571–8579, 2004.

[159] S. Kelly, C. Torres-Verdı́n, and M. T. Balhoff, “Anomalous
liquid imbibition at the nanoscale: the critical role of in-
terfacial deformations,” Nanoscale, vol. 8, no. 5, pp. 2751–
2767, 2016.

[160] C. Bakli and S. Chakraborty, “Electrokinetic energy con-
version in nanofluidic channels: addressing the loose ends in
nanodevice efficiency,” Electrophoresis, vol. 36, no. 5,
pp. 675–681, 2015.

[161] L. F. Greenlee, D. F. Lawler, B. D. Freeman, B. Marrot, and
P. Moulin, “Reverse osmosis desalination: water sources,

Advances in Materials Science and Engineering 27

http://arxiv.org/abs/1605.02479


technology, and today’s challenges,”Water Research, vol. 43,
no. 9, pp. 2317–2348, 2009.

[162] R. R. Nair, H. A. Wu, P. N. Jayaram, I. V. Grigorieva, and
A. K. Geim, “Unimpeded permeation of water through
helium-leak-tight graphene-based membranes,” Science,
vol. 335, no. 6067, pp. 442–444, 2012.

[163] M. E. Suk and N. R. Aluru, “Ion transport in sub-5-nm
graphene nanopores,” Journal of Chemical Physics, vol. 140,
no. 8, article 084707, 2014.

[164] D. G. Luchinsky, R. Tindjong, I. Kaufman, P. V. E.McClintock,
and R. S. Eisenberg, “Self-consistent analytic solution for the
current and the access resistance in open ion channels,”
Physical Review E, vol. 80, no. 2, article 021925, 2009.

[165] M.'omas, B. Corry, and T. A. Hilder, “What have we learnt
about the mechanisms of rapid water transport, ion rejection
and selectivity in nanopores from molecular simulation?,”
Small, vol. 10, no. 8, pp. 1453–1465, 2014.

[166] C. Dekker, “Solid-state nanopores,” Nature Nanotechnology,
vol. 2, no. 4, pp. 209–215, 2007.

[167] D. P. Hoogerheide, S. Garaj, and J. A. Golovchenko,
“Probing surface charge fluctuations with solid-state
nanopores,” Physical Review Letters, vol. 102, no. 25, arti-
cle 256804, 2009.

[168] S. P. Surwade, S. N. Smirnov, I. V. Vlassiouk et al., “Water
desalination using nanoporous single-layer graphene,” Na-
ture Nanotechnology, vol. 10, no. 5, pp. 459–464, 2015.

[169] Y. You, V. Sahajwalla, M. Yoshimura, and R. K. Joshi,
“Graphene and graphene oxide for desalination,” Nanoscale,
vol. 8, no. 1, pp. 117–119, 2015.

[170] D. Cohen-Tanugi, L.-C. Lin, and J. C. Grossman, “Multilayer
nanoporous graphene membranes for water desalination,”
Nano Letters, vol. 16, no. 2, pp. 1027–1033, 2016.

[171] J. R. Werber, C. O. Osuji, and M. Elimelech, “Materials for
next-generation desalination and water purification mem-
branes,”Nature Reviews Materials, vol. 1, no. 5, article 16018,
2016.

[172] G. M. Geise, H. B. Park, A. C. Sagle, B. D. Freeman, and
J. E. McGrath, “Water permeability and water/salt selectivity
tradeoff in polymers for desalination,” Journal of Membrane
Science, vol. 369, no. 1-2, pp. 130–138, 2011.

[173] H. Zhang and G. M. Geise, “Modeling the water perme-
ability and water/salt selectivity tradeoff in polymer
membranes,” Journal of Membrane Science, vol. 520,
pp. 790–800, 2016.

[174] J. R. Werber, A. Deshmukh, and M. Elimelech, “'e critical
need for increased selectivity, not increased water per-
meability, for desalination membranes,” Environmental
Science and Technology Letters, vol. 3, no. 4, pp. 112–120,
2016.

[175] M. Shahbabaei, D. Tang, and D. Kim, “Simulation insight
into water transport mechanisms through multilayer
graphene-based membrane,” Computational Materials Sci-
ence, vol. 128, pp. 87–97, 2017.

[176] B. Chen, H. Jiang, X. Liu, and X. Hu, “Observation and
analysis of water transport through graphene oxide Inter-
lamination,” Journal of Physical Chemistry C, vol. 121, no. 2,
pp. 1321–1328, 2017.

[177] D. Parobek and H. Liu, “Wettability of graphene,” 2D
Materials, vol. 2, no. 3, article 032001, 2015.

[178] P. Joseph, C. Cottin-Bizonne, J.-M. Benoı̂t et al., “Slippage of
water past superhydrophobic carbon nanotube forests in
microchannels,” Physical Review Letters, vol. 97, no. 15,
article 156104, 2006.

[179] C. Lee, C.-H. Choi, and C.-J. Kim, “Structured surfaces for
a giant liquid slip,” Physical Review Letters, vol. 101, no. 6,
article 064501, 2008.

[180] J. Cai, E. Perfect, C.-L. Cheng, and X. Hu, “Generalized
modeling of spontaneous imbibition based on hagen–
Poiseuille flow in tortuous capillaries with variably shaped
apertures,” Langmuir, vol. 30, no. 18, pp. 5142–5151, 2014.

[181] M. J. Wilson, M. V. Shaldybin, and L. Wilson, “Clay min-
eralogy and unconventional hydrocarbon shale reservoirs in
the USA. I. Occurrence and interpretation of mixed-layer R3
ordered illite/smectite,” Earth-Science Reviews, vol. 158,
pp. 31–50, 2016.

[182] M. J. Wilson, L. Wilson, and M. V. Shaldybin, “Clay min-
eralogy and unconventional hydrocarbon shale reservoirs in
the USA. II. Implications of predominantly illitic clays on the
physico-chemical properties of shales,” Earth-Science Re-
views, vol. 158, pp. 1–8, 2016.

[183] T. J. Katsube, “Petrophysical characteristics of shales from
the Scotian shelf,” Geophysics, vol. 56, no. 10, pp. 1681–1689,
1991.

[184] T. J. Katsube andM. A.Williamson, “Effects of diagenesis on
shale nano-pore structure and implications for sealing ca-
pacity,” Clay Minerals, vol. 29, no. 4, pp. 451–461, 1994.

[185] F. Javadpour, “Nanopores and apparent permeability of gas
flow in mudrocks (shales and siltstone),” Journal of Cana-
dian Petroleum Technology, vol. 48, no. 8, pp. 16–21, 2009.

[186] A. Wasaki and I. Y. Akkutlu, “Permeability of organic-rich
shale,” SPE Journal, vol. 20, no. 6, pp. 1384–1396, 2015.

[187] J. F. W. Gale, S. E. Laubach, J. E. Olson, P. Eichhubl, and
A. Fall, “Natural fractures in shale: a review and new ob-
servations,” AAPG Bulletin, vol. 98, no. 11, pp. 2165–2216,
2014.

[188] H. Singh and J. Cai, “Screening improved recovery methods
in tight-oil formations by injecting and producing through
fractures,” International Journal of Heat and Mass Transfer,
vol. 116, pp. 977–993, 2018.

[189] H. Singh and J. Cai, “A feature-based stochastic permeability
of shale: part 1—validation and two-phase permeability in
a utica shale sample,” Transport in Porous Media, pp. 1–34,
2018.

[190] H. Singh and J. Cai, “A feature-based stochastic permeability
of shale: part 2–predicting field-scale permeability,” Trans-
port in Porous Media, pp. 1–18, 2018.

[191] W. Wei and Y. Xia, “Geometrical, fractal and hydraulic
properties of fractured reservoirs: a mini-review,” Advances
in Geo-Energy Research, vol. 1, no. 1, pp. 31–38, 2017.

[192] L. Chen, Z. Jiang, K. Liu, and F. Gao, “Quantitative char-
acterization of micropore structure for organic-rich Lower
Silurian shale in the Upper Yangtze Platform, South China:
implications for shale gas adsorption capacity,” Advances in
Geo-Energy Research, vol. 1, no. 2, pp. 112–123, 2017.

[193] J. A. Chermak and M. E. Schreiber, “Mineralogy and trace
element geochemistry of gas shales in the United States:
environmental implications,” International Journal of Coal
Geology, vol. 126, pp. 32–44, 2014.

[194] S. Huang, Y. Wu, X. Meng, L. Liu, and W. Ji, “Recent ad-
vances on microscopic pore characteristics of low perme-
ability sandstone reservoirs,” Advances in Geo-Energy
Research, vol. 2, no. 2, pp. 122–134, 2018.

[195] D. Wood and B. Hazra, “Pyrolysis S2-peak characteristics of
Raniganj shales (India) reflect complex combinations of
kerogen kinetics and other processes related to different
levels of thermal maturity,” Advances in Geo-Energy Re-
search, vol. 2, no. 4, pp. 343–368, 2018.

28 Advances in Materials Science and Engineering



[196] H. Darabi, A. Ettehad, F. Javadpour, and K. Sepehrnoori,
“Gas flow in ultra-tight shale strata,” Journal of Fluid Me-
chanics, vol. 710, pp. 641–658, 2012.

[197] F. Javadpour, M. McClure, and M. E. Naraghi, “Slip-
corrected liquid permeability and its effect on hydraulic
fracturing and fluid loss in shale,” Fuel, vol. 160, pp. 549–559,
2015.

[198] M. Kazemi and A. Takbiri-Borujeni, “An analytical model for
shale gas permeability,” International Journal of Coal Ge-
ology, vol. 146, pp. 188–197, 2015.

[199] H. Singh and P. Azom, Integration of Nonempirical Shale
Permeability Model in a Dual-Continuum Reservoir Simu-
lator, 2013, https://www.onepetro.org/conference-paper/
SPE-167125-MS.

[200] H. Singh and F. Javadpour, “A new non-empirical approach
to model transport of fluids in shale gas reservoirs,” in
Proceedings of Unconventional Resources Technology Con-
ference, pp. 1258–1273, Denver, CO, USA, August 2013.

[201] H. Singh, F. Javadpour, A. Ettehadtavakkol, and H. Darabi,
“Nonempirical apparent permeability of shale,” SPE Reser-
voir Evaluation and Engineering, vol. 17, no. 3, pp. 414–424,
2014.

[202] F. Javadpour and H. Singh, “Authors’ reply to comment by
Xu Tang on the paper “Langmuir slip-Langmuir sorption
permeability model of shale”,” Fuel, vol. 181, p. 1096, 2016.

[203] Z.-Z. Li, T. Min, Q. Kang, Y.-L. He, and W.-Q. Tao, “In-
vestigation of methane adsorption and its effect on gas
transport in shale matrix through microscale and mesoscale
simulations,” International Journal of Heat and Mass
Transfer, vol. 98, pp. 675–686, 2016.

[204] E. M. Myshakin, H. Singh, S. Sanguinito, G. Bromhal, and
A. L. Goodman, “Numerical estimations of storage efficiency
for the prospective CO2 storage resource of shales,” In-
ternational Journal of Greenhouse Gas Control, vol. 76,
pp. 24–31, 2018.

[205] D. Orozco and R. Aguilera, A Material Balance Equation for
Stress-Sensitive Shale Gas Reservoirs Considering the Con-
tribution of Free, Adsorbed and Dissolved Gas, 2015, https://
www.onepetro.org/conference-paper/SPE-175964-MS.

[206] H. Singh and F. Javadpour, “Langmuir slip-Langmuir
sorption permeability model of shale,” Fuel, vol. 164,
pp. 28–37, 2016.

[207] J. Wang, L. Chen, Q. Kang, and S. S. Rahman, “Permeability
prediction of organic shale with generalized lattice Boltz-
mann model considering surface diffusion effect,” 2016,
http://arxiv.org/abs/1601.00704.

[208] K. Wu, X. Li, C. Wang, W. Yu, and Z. Chen, “Model for
surface diffusion of adsorbed gas in nanopores of shale gas
reservoirs,” Industrial and Engineering Chemistry Research,
vol. 54, no. 12, pp. 3225–3236, 2015.

[209] T. Wu and D. Zhang, “Impact of adsorption on gas transport
in nanopores,” Scientific Reports, vol. 6, no. 1, article 23629,
2016.

[210] Z. Yang, W. Wang, M. Dong et al., “A model of dynamic
adsorption–diffusion for modeling gas transport and storage
in shale,” Fuel, vol. 173, pp. 115–128, 2016.

[211] P. Cao, J. Liu, and Y.-K. Leong, “A fully coupled multiscale
shale deformation-gas transport model for the evaluation of
shale gas extraction,” Fuel, vol. 178, pp. 103–117, 2016.

[212] H. Wang and M. Marongiu-Porcu, “Impact of shale-gas
apparent permeability on production: combined effects of
non-Darcy flow/gas-slippage, desorption, and geo-
mechanics,” SPE Reservoir Evaluation and Engineering,
vol. 18, no. 4, pp. 495–507, 2015.

[213] K. Wu, X. Li, C. Guo, C. Wang, and Z. Chen, “A unified
model for gas transfer in nanopores of shale-gas reservoirs:
coupling pore diffusion and surface diffusion,” SPE Journal,
vol. 21, no. 5, pp. 1583–1611, 2016.

[214] L. Yang, H. Ge, Y. Shen et al., “Imbibition inducing tensile
fractures and its influence on in-situ stress analyses: a case
study of shale gas drilling,” Journal of Natural Gas Science
and Engineering, vol. 26, pp. 927–939, 2015.

[215] W. Yu and K. Sepehrnoori, “Simulation of gas desorption
and geomechanics effects for unconventional gas reservoirs,”
Fuel, vol. 116, pp. 455–464, 2014.

[216] P. Fakcharoenphol, B. Kurtoglu, H. Kazemi, S. Charoenwongsa,
and Y.-S. Wu, :e Effect of Osmotic Pressure on Improve Oil
Recovery from Fractured Shale Formations, 2014, https://
www.onepetro.org/conference-paper/SPE-168998-MS.

[217] P. Fakcharoenphol, B. Kurtoglu, H. Kazemi, S. Charoenwongsa,
and Y.-S. Wu, “'e effect of chemical osmosis on oil and gas
production from fractured shale formations,” in Fluid Dy-
namics in Complex Fractured-Porous Systems, B. Faybishenko,
S. M. Benson, and J. E. Gale, Eds., pp. 85–97, John Wiley &
Sons, Hoboken, NJ, USA, 2015.

[218] H. Singh, “A critical review of water uptake by shales,”
Journal of Natural Gas Science and Engineering, vol. 34,
pp. 751–766, 2016.

[219] L. Liang, D. Luo, X. Liu, and J. Xiong, “Experimental study
on the wettability and adsorption characteristics of Long-
maxi Formation shale in the Sichuan Basin, China,” Journal
of Natural Gas Science and Engineering, vol. 33, pp. 1107–
1118, 2016.

[220] H. Roshan, A. Z. Al-Yaseri, M. Sarmadivaleh, and S. Iglauer,
“On wettability of shale rocks,” Journal of Colloid and In-
terface Science, vol. 475, pp. 104–111, 2016.

[221] D. Wang, R. Butler, J. Zhang, and R. Seright, “Wettability
survey in bakken shale with surfactant-formulation imbi-
bition,” SPE Reservoir Evaluation and Engineering, vol. 15,
no. 6, pp. 695–705, 2012.

[222] M. Xu and H. Dehghanpour, “Advances in understanding
wettability of gas shales,” Energy and Fuels, vol. 28, no. 7,
pp. 4362–4375, 2014.

[223] Q. Meng, H. Liu, and J. Wang, “A critical review on fun-
damental mechanisms of spontaneous imbibition and the
impact of boundary condition, fluid viscosity and wetta-
bility,” Advances in Geo-Energy Research, vol. 1, no. 1,
pp. 1–17, 2017.

[224] X. Wang and J. J. Sheng, “A self-similar analytical solution of
spontaneous and forced imbibition in porous media,” Ad-
vances in Geo-Energy Research, vol. 2, no. 3, pp. 260–268, 2018.

[225] M. R. Yassin, H. Dehghanpour, J. Wood, and Q. Lan, “A
theory for relative permeability of unconventional rocks with
dual-wettability pore network,” SPE Journal, vol. 21, no. 6,
pp. 1970–1980, 2016.

[226] M. Alfi, H. Nasrabadi, and D. Banerjee, “Experimental in-
vestigation of confinement effect on phase behavior of
hexane, heptane and octane using lab-on-a-chip technol-
ogy,” Fluid Phase Equilibria, vol. 423, pp. 25–33, 2016.

[227] J. Ally, S. Molla, and F. Mostowfi, “Condensation in nano-
porous packed beds,” Langmuir, vol. 32, no. 18, pp. 4494–
4499, 2016.

[228] B. T. Bui, H.-H. Liu, J. Chen, and A. N. Tutuncu, “Effect of
capillary condensation on gas transport in shale: a pore-
scale model study,” SPE Journal, vol. 21, no. 2, pp. 601–612,
2016.

Advances in Materials Science and Engineering 29

https://www.onepetro.org/conference-paper/SPE-167125-MS
https://www.onepetro.org/conference-paper/SPE-167125-MS
https://www.onepetro.org/conference-paper/SPE-175964-MS
https://www.onepetro.org/conference-paper/SPE-175964-MS
http://arxiv.org/abs/1601.00704
https://www.onepetro.org/conference-paper/SPE-168998-MS
https://www.onepetro.org/conference-paper/SPE-168998-MS


[229] A. W. Islam, T. W. Patzek, and A. Y. Sun, “'ermodynamics
phase changes of nanopore fluids,” Journal of Natural Gas
Science and Engineering, vol. 25, pp. 134–139, 2015.

[230] B. Jin and H. Nasrabadi, “Phase behavior of multi-
component hydrocarbon systems in nano-pores using
gauge-GCMCmolecular simulation,” Fluid Phase Equilibria,
vol. 425, pp. 324–334, 2016.

[231] M. Sarvestani, F. Rashidi, and S. A. Mousavi Dehghani, “A
production data analysis model for gas/condensate reser-
voirs,” Journal of Petroleum Science and Engineering, vol. 141,
pp. 52–69, 2016.

[232] R. Barati and J.-T. Liang, “A review of fracturing fluid
systems used for hydraulic fracturing of oil and gas wells,”
Journal of Applied Polymer Science, vol. 131, no. 16, 2014.

[233] T. Jacobs, “Energized fractures: shale revolution revisits the
energized fracture,” Journal of Petroleum Technology, vol. 66,
no. 6, pp. 48–56, 2014.

[234] J. Lu, J.-P. Nicot, P. J. Mickler, L. H. Ribeiro, and R. Darvari,
“Alteration of Bakken reservoir rock during CO2-based
fracturing—an autoclave reaction experiment,” Journal of
Unconventional Oil and Gas Resources, vol. 14, pp. 72–85,
2016.

[235] A. Qajar, Z. Xue, A. J. Worthen et al., “Modeling fracture
propagation and cleanup for dry nanoparticle-stabilized-
foam fracturing fluids,” Journal of Petroleum Science and
Engineering, vol. 146, pp. 210–221, 2016.

[236] L. H. Ribeiro, H. Li, and J. E. Bryant, “Use of a CO2-hybrid
fracturing design to enhance production from unpropped-
fracture networks,” SPE Production and Operations, vol. 32,
no. 1, pp. 28–40, 2016.

[237] Z. Wang, B. Sun, and X. Sun, “Calculation of temperature in
fracture for carbon dioxide fracturing,” SPE Journal, vol. 21,
no. 5, pp. 1491–1500, 2016.

[238] D. Sanchez-Rivera, K. Mohanty, and M. Balhoff, “Reservoir
simulation and optimization of huff-and-puff operations in
the bakken shale,” Fuel, vol. 147, pp. 82–94, 2015.

[239] H. Singh and J. Cai, “A mechanistic model for multi-scale
sorption dynamics in shale,” Fuel, vol. 234, pp. 996–1014,
2018.

[240] P. Zhu, M. T. Balhoff, and K. K. Mohanty, “Compositional
modeling of fracture-to-fracture miscible gas injection in an
oil-rich shale,” Journal of Petroleum Science and Engineering,
vol. 152, pp. 628–638, 2017.

[241] T. W. Patzek, F. Male, and M. Marder, “Gas production in
the Barnett Shale obeys a simple scaling theory,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 110, no. 49, pp. 19731–19736, 2013.

[242] S. A. Hosseini, F. Javadpour, and G. E. Michael, “Novel
analytical core-sample analysis indicates higher gas content
in shale-gas reservoirs,” SPE Journal, vol. 20, no. 6,
pp. 1397–1408, 2015.

[243] H. Roshan, S. Ehsani, C. E. Marjo, M. S. Andersen, and
R. I. Acworth, “Mechanisms of water adsorption into par-
tially saturated fractured shales: an experimental study,”
Fuel, vol. 159, pp. 628–637, 2015.

[244] Q. Sang, Y. Li, Z. Yang, C. Zhu, J. Yao, and M. Dong,
“Experimental investigation of gas production processes in
shale,” International Journal of Coal Geology, vol. 159,
pp. 30–47, 2016.

[245] W. Yuan, Z. Pan, X. Li et al., “Experimental study and
modelling of methane adsorption and diffusion in shale,”
Fuel, vol. 117, pp. 509–519, 2014.

[246] A. Zolfaghari, H. Dehghanpour, M. Noel, and D. Bearinger,
“Laboratory and field analysis of flowback water from gas

shales,” Journal of Unconventional Oil and Gas Resources,
vol. 14, pp. 113–127, 2016.

[247] A. Gerami, P. Mostaghimi, R. T. Armstrong, A. Zamani, and
M. E. Warkiani, “A microfluidic framework for studying
relative permeability in coal,” International Journal of Coal
Geology, vol. 159, pp. 183–193, 2016.

[248] K. He, L. Xu, Y. Gao et al.,Validating Surfactant Performance
in the Eagle Ford Shale: A Correlation between the Reservoir-
on-a-Chip Approach and Enhanced Well Productivity, 2014,
https://www.onepetro.org/conference-paper/SPE-169147-MS.
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