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ABSTRACT

Fluid flow at nanoscale is closely related to many areas in nature and technology (e.g., unconventional
hydrocarbon recovery, carbon dioxide geo-storage, underground hydrocarbon storage, fuel cells, ocean
desalination, and biomedicine). At nanoscale, interfacial forces dominate over bulk forces, and nonlinear
effects are important, which significantly deviate from conventional theory. During the past decades, a
series of experiments, theories, and simulations have been performed to investigate fluid flow at nanos-
cale, which has advanced our fundamental knowledge of this topic. However, a critical review is still lack-
ing, which has seriously limited the basic understanding of this area. Therefore herein, we systematically
review experimental, theoretical, and simulation works on single- and multi-phases fluid flow at nanos-
cale. We also clearly point out the current research gaps and future outlook. These insights will promote
the significant development of nonlinear flow physics at nanoscale and will provide crucial guidance on
the relevant areas.
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fluid flow at nanoscale is everywhere in our daily life, which is
closely related to various nature and technologies. For example, it
determines hydrocarbon distribution characteristics/recovery effi-
ciencies in unconventional reservoirs [1-10]; soil contamination/
remediation at subsurface [11-13]; gas (H,, CO,, and CH,) geo-
storage capacities, leakage risks, and injection/withdrawal efficien-
cies [14-22]; electrochemical devices and fuel cells performances
[23-25]; drug delivery and targeted therapy [26,27]; wastewater
processing [28-30]; as well as material synthesis [31]. At nanos-
cale, interfacial forces are dominant over bulk forces, and nonlinear
characteristics play important roles; thus, conventional theory is
no longer applicable [32]. During the past decades, massive studies
in terms of experiments, theories, and simulations have been
reported on this topic, while a critical review is still lacking, which
has seriously limited the fundamental understanding of this area.

On this premise, experimental, theoretical, and simulation
works on single- and multi-phases fluid flow at nanoscale were
systematically reviewed. The current research gaps and future out-
look were also clearly pointed out. This comprehensive review may
provide a crucial source for the development of nanoscale nonlin-
ear flow physics and a valuable reference for relevant fields.
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2. Single-phase flow
2.1. Experiments

Since Sumio lijima invented carbon nanotubes (CNTs) in 1991
[33], many researchers have studied single-phase liquid flow
inside CNTs. For example, Majumder et al. [34] inserted thousands
of multiwalled CNTs (with an internal radius of 7 nm and an area
density of 5 x 10'°© cm~2) parallelly inside a solid polystyrene
membrane to study fluid dynamics inside them; the following
was found: D liquids (water, ethanol, isopropanol, hexane, and
decane) flow rates are four to five orders of magnitude faster than
the conventional fluid flow predictions; and @ the slip lengths are
as high as 3.4-68.0 mm, see Table 1. However, these interesting
experimental investigations were unable to indicate the underly-
ing mechanisms of this abnormal phenomenon. From the perspec-
tive of molecular dynamics (MD) simulations, Skoulidas et al. [35]
thought that the intermolecular forces between the gas and CNT
wall are responsible for the observed acceleration behavior.

Subsequently, Holt et al. [36] developed a micro-electrical-me
chanical system, fabricated a CNT (with a radius of 2 nm) array,
filled the gap between CNTs and succeeded in monitoring the in-
situ fluid dynamics. The results demonstrated that (D the gas flow
rate is approximately two orders of magnitude larger than the clas-
sic Knudsen diffusion predictions; @ the water flow rate is approx-
imately 3-4 orders of magnitude larger than the Hagen-Poiseuille
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Table 1
Pressure-driven flow parameters of different liquids through aligned multi-wall CNTSs.
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Liquid Initial permeability (cm®.cm~2.min -bar) Observed flow velocity (cm-s~!-bar™") Expected flow velocity (cm-s~!-bar™') Slip length (mm)
Water 0.580 25.00 0.00057 54.0
1.010 43.90 0.00057 68.0
0.720 9.50 0.00015 39.0
Ethanol 0.350 4.50 0.00014 28.0
Isopropanol 0.088 1.12 0.00077 13.0
Hexane 0.440 5.60 0.00052 9.5
Decane 0.053 0.67 0.00017 3.4
1 bar = 10° Pa.
(H-P) predictions; and @ the slip length is up to 1400 nm, see =T :
Table 2. ———— APINCIAV

However, in the abovementioned experimental studies, the CNT
density across the influx area could not be accurately quantified,
which might cause experimental errors to some extent [37]. Fur-
thermore, capillary end and inertial effects are almost unavoidable
for these CNTs with lengths of several micrometers. Some
researchers thought that the atomic-scale surface roughness of
CNTs and the ordered distribution of fluid molecules at the
sub-nanometer scale are responsible for the enhanced fluid flow
rate [34]. Another possible reason might be the problematic exper-
imental designs, namely before the fluid flows into and out of the
CNTs, the dramatic cross-sectional area change will lead to a signif-
icant fluid rate increase, Fig. 1. However, this hypothesis has not
yet been strictly validated by experiment or theory - which is still
a world-class challenge.

CNT membrane separation technology is widely applied in
wastewater treatment. Tofighy and Mohammadi [38] fabricated a
novel adsorptive membrane to remove nickel ions from water.
Wang et al. [39] applied nanocomposite membranes containing
single-walled CNTs (SWCNTs) and multiwalled CNTs (MWCNTSs)
to remove pharmaceuticals and personal care products (PPCPs) in
water. They noted that the reduced electrostatic repulsion or for-
mation of hydrogen bonds makes the removal of neutral PPCP
molecules greater than that of ions.

With the rapid development of material fabrication and
advanced imaging, micro- and nanofluidics have become impor-
tant platforms to explore the fundamental physics of fluid flow
at micro- and nanoscales [40-44]. Through these platforms, non-
linear phenomena are clearly observed as follows. Cui et al. [45]
found that when the straight tube radius ranges from 3 to
10 pm, the relationship between the flow rate and the pressure dif-
ference for isobutanol and carbon tetrachloride starts to deviate
from the H-P equation. Furthermore, the H-P equation was modi-
fied to consider an exponential relationship between viscosity and
pressure to fit the experimental data with theoretical estimations
[45]. Choi et al. [46] adopted a chemical approach to alter the wet-
tability of channels (with depths of 1-2 pum) for investigation of the
wettability impact, observing that slip flow exists at hydrophobic
surfaces, for example, the slip length is linear with the shear rate,
and the slip length is up to 30 nm at a shear rate of 10° s~!. How-
ever, for a hydrophilic surface, uncertainty about the presence or

Table 2

CNT arrays
Jig

CNT membrane

J
)

Fluid molecules
Connected

7 t.t
° Cross area |4 ©
° °
.o,‘ [ change 2
./

Fig. 1. Illustration of the experimental setup causing the hypothesized error
possibly responsible for the enhanced flow rate in CNTs. APJAC/AV: pressure/con-
centration/voltage difference.

absence of slip phenomena remains [46]. Based on the confocal
microparticle imaging velocity technique, Lumma et al. [47] found
the existence of a slip phenomenon in a straight tube with a radius
of 100 um, and the underlying reason is attributed to the electro-
static forces of particles, consistent with a later study by Jin et al.
[48]. Based on a surface force apparatus, Horn et al. [49] measured
the slip length of an ideally elastic liquid on an ideally flat solid
surface, observing that the liquid extrusion rate is far larger than
the theoretical prediction value. This indirectly indicates the pres-
ence of a slip phenomenon with a slip length of 30-50 nm (which
is approximately 1-2 orders of magnitude larger). The underlying
mechanisms can be attributed to the coupled influences of the
rod-climbing effect, fluid and solid properties, and experimental
approaches.

Very recently, Shen et al. [50] investigated the dynamics of
single-phase gas (N;) flow in quartz microtubes and aluminum

Comparison between the experimental and theoretical flow rates for air and water in various CNT membranes.

Membrane Pore Pore density Thickness  Enhancement over the Knudsen Enhancement over no-slip, Calculated minimum slip
diameter (cm™2) (pm) model (minimum) hydrodynamic flow (minimum) length (nm)
(nm)
DWNT 1 1.3-2.0 <025 x 10 2.0 40.0-120.0 1500.0-8400.0 380.0-1400.0
DWNT 2 1.3-2.0 <025 x 10 3.0 20.0-80.0 680.0-3800.0 170.0-600.0
DWNT 3 1.3-2.0 <025 x 10 28 16.0-60.0 560.0-3100.0 140.0-500.0
Polycarbonate 15.0 6 x 108 6.0 21 3.7 5.1

DWNT: double-walled CNTs.
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oxide nanoporous membranes (Table 3). The experimental results
demonstrated that (D the gas flow rate is approximately one order
of magnitude larger than the H-P theoretical predictions (due to
Knudsen diffusion and slip flow); and @ the slip length decreases
with increasing pressure difference and tube radius (Fig. 2) [50].

The abovementioned experimental studies were all based on
ideal capillary (bundle) flow, without considering the complexity
of actual porous media. In 1944, nanoporous glass (Vycor) was
used to study the flow dynamics of a single-phase of water or ace-
tone by Nordberg for the first time [51]. The relationship between
the flow rate and the pressure difference appeared to be linear,
while details about the experimental techniques and data points
were not clearly reported in this work [51]. Afterward, Debye
and Cleland [52] investigated the flow dynamics of a series of liq-
uid hydrocarbons in Vycor (with a pore radius of 4.0 nm and a bulk
thickness of 1.1 mm) and observed obvious nonlinear characteris-
tics, namely, the coefficient of the flow rate to pressure difference
is continuously changing, and an exponential correlation between
the permeability and viscosity exists (Fig. 3). However, to quantify
these experimental results, the authors simplified the nonlinear
physics and assumed the presence of an adsorption layer, namely,
a layer of immobile liquid molecules are adsorbed on the surface of
nanopores, and that H-P flow is still valid from this layer inward,
thus reducing the effective radius for fluid flow. However, intrinsi-
cally, a series of interfacial forces (e.g., capillary force, van der
Waals forces, disjoining pressure, and line tension) dominate at
nanoscale, and fluid properties (e.g., viscosity and density) deviate
from their macroscopic properties, all of which cause nonlinear
flow physics.

However, the above investigations of single-phase flow in Vycor
were all performed under ambient conditions. Very recently,
Gruener et al. [53] investigated the dynamics of water and hexane
flow in Vycor at high pressure and high temperature, obtaining
similar physics as Ref. [52]. More interestingly, after Vycor became
hydrophobic through alkylation, water was unable to enter Vycor
even at pressures up to 7 MPa.

2.2. Theory

Commonly, there are two methods to describe the strong inter-
facial interactions between fluid and solid at nanoscale (i.e., viscos-
ity modification and force field modification).

In terms of viscosity modification, You et al. [54] and Wang
et al. [55] considered the molecular interactions to establish an
effective viscosity function inside two parallel plates (Eq. (1)) and
a circular tube (Eq. (2)),

& &
e = + m + iy
He =t My T H+y)

(1)
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Table 3
Information about the quartz microcapillary and alumina membrane used.
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Fig. 2. Nitrogen slip length as a function of the pressure difference and alumina
membrane diameter. Reproduced from Ref. [50] with permission.

where p, and p, are the effective viscosity and bulk viscosity,
respectively; ¢ and n are determined by the properties of fluid
and solid; H is the half height of the channel; y is the vertical dis-
tance from the pore wall to the channel center; c is the viscosity
enhancement factor; As and A,, are the Hamaker constants for the
fluid and the wall, respectively; and r is the distance from the wall.

Thomas and McGaughey [56] considered the weights of the
interfacial and bulk fluid viscosities, thus developing an effective
viscosity model (Eq. (3)),

A Ap
:ue_:uix_":ubA_t 3)

where ; is the interfacial viscosity and A;, Ay, and A, are the inter-
facial, bulk, and total areas, respectively. However, y; and A; are dif-
ficult to determine, which has limited the widespread application
and reliability of this model.

Wau et al. [57] developed an empirical correlation between the
interfacial viscosity and contact angle (0) based on experimental
data and MD simulations (Eq. (4)).

B 0.0180+3.25 4)
b

This model was derived semi-empirically and is consistent with
almost 50 literature studies, while it is unable to rigorously reflect
the underlying physical significance.

Furthermore, Zhang et al. [58] considered the influences of
interfacial forces on the interfacial viscosity and combined kinetic
theory to derive a new viscosity model (Eq. (6)),

i _ gy (11nT00Ts By _ gy (1InTO0

0= exp( kT > and T exp( kT (5)
‘wdA; + [, dA

Ue = j:u At.fl’tb b (6)

where pu is the macroscale viscosity; [, is the disjoining pressure;
o1s and oy are the liquid-solid and liquid-liquid Lennard-Jones

Material Diameter Porosity (%) Quantity (N-a—')? Pore length Length—diameter ratio
Quartz microcapillary 6.42 pm 100.00 1.0 4.51 cm 7025
Quartz microcapillary 14.50 um 100.00 1.0 6.54 cm 4507
Lumina membrane 12.50 nm 8.30 2.1 x 10" 45.00 pm 3589
Alumina membrane 26.10 nm 22.20 1.3 x 10" 56.40 pm 2165
Alumina membrane 67.00 nm 26.10 2.3 x 10" 88.10 um 1315
Alumina membrane 89.20 nm 31.70 1.6 x 10'° 93.70 um 1051
Alumina membrane 206.20 nm 31.40 3.0 x 10° 56.40 pm 274
Alumina membrane 292.80 nm 39.30 1.8 x 10° 88.10 pm 301

3 N-a~!: number of pores per unit area.
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Fig. 3. (a) Permeability of Vycor as a function of hydrocarbon viscosity; (b) schematic of flow postulated for small capillaries; (c) velocity profile across the capillary.
Reproduced from Ref. [52] with permission. 1 Poise = 0.1 Pa-s. 7y: the slip velocity; t: the frictional stress; f: the friction factor; a: the cylindrical capillary radius; J: the
thickness of the layer adsorbed at the wall; »: the velocity in the inner cylinder of radius (a — 4); r: the coordinate.

distance parameters, respectively; k is the Boltzmann constant; and
T is the temperature.

In terms of force field modification, the interfacial interactions
are added as an extra acceleration term (g) into the Navier-Stokes
equation (Eq. (7)),

p(u-V)u=—Vp+uVviu +%W(v ‘u)+g (7)

where p is the fluid density; u is the velocity; p is the pressure.

For example, Zhang et al. [59] considered the influence of elec-
trostatic forces (f.) (Eq. (8)), and Zhang et al. [60] considered the
influence of van der Waals forces (fy) (Eq. (9)).

fo=HPelrn (8)

AR| (R + 1+ 14R)Ec(5) + (71 — R — 6Rr2 ) K (5)|
21 (6Rr — 4R°r2 — 4R'rS + 18+ R®)

fv

9)

where z is the valence; q is the charge density; ¢ is the potential dif-
ference; A is the electrical double layer thickness; Ay is the Hamaker
constant; R is the microtube radius; and K. and E. are type I and II
elliptic integrals, respectively.

In terms of the suppressed transport phenomena at nanoscale,
it is reasonable to use the intermolecular forces for the correspond-
ing interpretations [61,62]. However, it is also common to use the
slip flow boundary condition (Eq. (10)) to explain the enhanced
transport phenomena [34]. Davidson and Xuan [63] established a
thermo-electro-hydrodynamic model and discussed the effect of
slip on electrokinetic energy conversion in nanochannels. The elec-
trokinetic device performance can be enhanced in nanochannels
with a high ratio of the slip length to channel height. Jeong et al.
[64] investigated the Couette flow in a nanochannel by combining
the numerical solutions from the continuum region and the parti-
cle region. They indicated that the no-slip condition can be used
only when the channel height is sufficiently large.

Oy
us=b oz

(10)

w

where u; is the slip flow rate; b is the slip length, which is a con-
stant; uy is the flow rate parallel to the tube surface; z is the location
along the normal axis; and du,/dz is the shear rate. Thus, the mod-
ified H-P equation inside a straight CNT will be

nR* Ap 4b
Q=g T (1+%)

(11)

where Q is the actual flow rate; L is the tube length.

Furthermore, Huang et al. [65] derived a relationship between
the slip length and the contact angle (Eq. (12)),
[ (12)

(cosf+1)

where C is a constant. For a hydrophilic CNT, there is no slip flow,
while for a hydrophobic CNT, the slip flow phenomena become
more significant.

2.3. Simulation

MD simulation is almost the most popular technique to simu-
late fluid flow at nanoscale (especially in CNTs) and to compare
the results with the H-P theory. For example, Hanasaki and
Nakatani [66] investigated the dynamics of water transport in a
CNT with a radius of 0.8-2.7 nm and a length of 6.14 nm. The sim-
ulation results showed that the front velocity profile is piston-like,
different from the parabolic shape of the H-P flow; thus, water has
probably started to demonstrate non-Newtonian characteristics
inside the interfacial region. This predicted piston-like velocity
profile is qualitatively consistent with the results of Joseph and
Aluru [67], where water flows inside a hydrophobic CNT with a
diameter of 1.6 nm. Furthermore, the simulated water flow rate
is approximately three orders of magnitude larger than the H-P
predictions, while on the same order of magnitude as that in the
experimental study by Majumder et al. [34]. The underlying rea-
sons for the enhanced flow rate are again briefly attributed to
the ideally smooth surface of CNTs, while how to quantify this sur-
face roughness mathematically remains unknown. Later, Wang
et al. [68] systematically investigated the kinetics of octane in a
5.24 nm nanopore. The velocity profile of octane was parabolic
inside the SiO, plate (Fig. 4). Furthermore, an approximate slip
length of 2.5 nm was estimated to fit the simulation data. In con-
trast, a good fit could not be achieved if only the effect of the bulk
viscosity or apparent viscosity was considered (Fig. 4). However,
once again, the underlying physics remain unclear.

Wang et al. [69] further compared the velocity profile of CH, in
graphene, quartz, and calcite nanopores (Fig. 5). The results
demonstrated that the CH,4 velocity profile is less parabolic for gra-
phene than for quartz, which is less parabolic than that for calcite.
The underlying mechanisms for this difference are attributed to
different surface roughness values and intermolecular interactions.

Recently, Wu et al. [70] systematically investigated the impact
of wettability on water transport inside CNTs with radii of
1.360-2.034 nm at various temperatures. For hydrophilic condi-
tions, the water flow rate is approximately 30% smaller than the
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Fig. 4. Velocity profiles of n-octane in a 5.24 nm quartz nanopore. The red solid line
is a parabolic velocity profile (V;, estimated by a slip model) fit to the velocity
profile (Vyp) predicted by the molecular dynamics simulation. Ls: the slip length;
V(1,pp) and V(i ): predicted from the no-slip H-P equation with the apparent
viscosity and bulk viscosity, respectively; z: the coordinate; v: the velocity.
Reproduced from Ref. [68] with permission.
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Fig. 5. Velocity profiles of CH4 in graphene, quartz, and calcite nanopores. Vg,: the
parabolic fitting to the simulated velocities. Reproduced from Ref. [69] with
permission.

H-P predictions; in contrast, for hydrophobic conditions, the water
flow is at least four orders of magnitude larger than the H-P pre-
dictions. However, the authors did not propose any physical or the-
oretical model to explain these results.

In terms of electrokinetic flow, Movahed and Li [71] performed
a numerical study of electrokinetic transport through a three-
dimensional nanotube in which the Boltzmann distribution of ions
is inapplicable. The Poisson-Nernst-Plank equation, Navier-Stokes
equation, and continuity equations were integrated and solved.
The results showed that the electric potential field, ionic concen-
tration field, and velocity field are determined by the nanochannel
size.

Han and Chen [72] investigated the effects of the width and
wall structure of the nanochannel on ion enrichment by combining
the Poisson-Nernst-Plank equations and Navier-Stokes equation.
When the nanochannel width decreases, the peak concentration
and the peak voltage increase under the same voltage. The peak
concentration is the highest in a nanochannel of the square wave
wall structure.

Engineering xxx (XXxX) XXx

Hsu et al. [73] proposed a modified continuum model to explain
two phenomena that are not observed in microchannels but
demonstrated in MD simulations: D a decrease in the average
electroosmotic mobility at a high surface charge density and @ a
decrease in the channel conductance at high salt concentrations
as the surface charge is increased. Their model improved the pre-
vious electric double layer model and reproduced these
nanochannel-specific phenomena.

Mo and Hu [74] investigated the fluid flow and heat transfer
within a two-parallel-plate microchannel considering the surface
chemical reaction. The chemical reaction was affected by the pH
and ionic concentration; thus, the flow was also influenced. When
considering the slip boundary, the Nusselt number and dimension-
less flow rate decrease by 12% and 50%, respectively.

Li et al. [75] studied the ion transport, fluidic flow, and heat
transfer in nanochannels considering the electroviscous effect.
Based on numerical simulation, the results showed that the chan-
nel height can bring relative errors of 50% and 80% to the local ionic
concentration and potential, respectively. The reason is that the
electric double layers overlap when the channel is narrow.

Understanding the physical and chemical behavior in micro/-
nanopores is of great significance for improving the injection
production efficiency. Zhang et al. [76] investigated the depen-
dence of the competitive adsorption of C1-C2-C3 and C1-C2-
C3-CO, mixtures on rock properties, pore size, and fluid composi-
tion by conducting grand canonical Monte Carlo simulations. In
organic pores, the results showed that C1 can be recovered,
whereas C2 and C3 are trapped. CO, injection into organic pores
performs well in hydrocarbon recovery. Li and Sun [77] quantita-
tively evaluated CO,-enhanced CH,4 recovery by using MD simula-
tion. They found that CH,4 uptake is inhibited by increasing water
and ethane contents. Under a high pressure, the efficiency of CH,
displacement by CO, can be increased when the moisture content
is above 3 wt%. Through MD simulation, Hong et al. [78] studied
the competitive adsorption of asphaltene and n-heptane on quartz
surfaces. Due to strong interfacial energy and polyaromatic ring
interactions, asphaltene is more easily adsorbed on the quartz sur-
face. The surface hydroxyl groups of quartz substrates affect
asphaltene adsorption, resulting in enhancement of the oil flux
through SiO, nanopores.

Gas transport in pores is crucial in the gas storage process. In
addition, gas geo-storage is related to physisorption controlled by
weak van der Waals forces [79]. Sorption includes surface adsorp-
tion, absorption, and capillary condensation [80]. Due to their large
internal surface area, nanopores have a greater gas storage capacity
[81]. By using MD simulation, Wu and Zhang [82] investigated the
gas flow behavior considering the adsorption in nanochannels con-
sisting of illite and graphene. The results showed that a velocity
oscillation exists along the cross-section, and the total gas flux var-
ies with increasing or decreasing absorption.

In the field of soil remediation, Ali et al. [83] investigated the
impacts of NaCl, KCl, and MgCl, on the structure and dynamics
of water at the calcite interface by MD simulation. In the first
and second hydration layers, the well-organized structure of oxy-
gen atoms is broken by these ions, with KCl having the largest
effect. Zhang et al. [84] used MD simulation to study the physical
chemical process in pollutant removal by activated carbons
(ACs). Deprotonated cyclohexanoic acid (DCHA) and heptanoic acid
(DHA) were the research objects. The results indicated that the
hydrophilic head groups of both DCHA and DHA formed hydrogen
bonds with —OH groups. The strong water film greatly reduces the
adsorption of DCHA and DHA.

In summary, previous researchers mainly focused on the veloc-
ity magnitude and profile at nanoscale using MD simulations and
numerical simulations and attempted to explain these simulation
results based on the surface roughness and wettability. However,
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thus far, all the work has been unable to uncover the underlying
fundamentals.

3. Multi-phase flow
3.1. Experiments

Many experimental investigations on multi-phase flow (includ-
ing spontaneous and forced imbibition; drainage) in nanoporous
media, for example, CNTs, Vycor, membranes, and rocks, have been
reported. Specifically, in terms of the capillary rise dynamics inside
straight nanochannels, the spontaneous imbibition height and
square root of time have been demonstrated to show a favorable
linear relationship, regardless of the fluid type (water, ethanol,
and isopropanol) or channel width (27, 50, and 73 nm) [85]. Li
et al. [86] investigated the pore-scale mechanisms of surfactant
(Gemini RF03) enhanced oil recovery (EOR) inside oil-wet quartz
tubes and concluded that the coupled functions of the Marangoni
effect, wettability alteration and interfacial tension reduction are
responsible for EOR.

The Patrick Huber research group from Hamburg University of
Technology systematically investigated spontaneous imbibition
dynamics in Vycor. For example, Huber et al. [87] observed a good
linear relationship between the spontaneous imbibition mass and
square root of time for water, C15 and C24 in Vycor. Similar to
the single-phase flow in Vycor, the authors herein also assumed
that the effective radius for fluid flow is reduced by one molecular
adsorption layer and that from this layer inward, the classic Lucas-
Washburn (L-W) equation is valid. Furthermore, Gruener and
Huber [88] investigated the influence of temperature on Vycor
(with dominant pore radii of 7 and 10 nm) (Fig. 6). A higher tem-
perature can cause faster spontaneous imbibition, which is attrib-
uted to the freezing function at the front. Furthermore, Gruener
et al. [89] combined gravity analysis and optical and neutron imag-
ing to explore the influence of the hydrocarbon chain length on the
spontaneous imbibition dynamics (Fig. 7), finding that D when the
carbon number is 60, the observed spontaneous imbibition rate is
larger than the predicted L-W rate, indicating the presence of slip
flow or shear viscosity reduction; and @ with increasing sponta-
neous imbibition distance, the front roughness also gradually
increases.
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Although Vycor is an ideal material to investigate spontaneous
imbibition physics in nanoporous media, its intrinsic hydrophilic-
ity is not always applicable in nature. As carbon materials became
increasingly popular in energy and environmental areas, Pan et al.
[90,91] started to investigate the dynamics of water and silicon oil
spontaneous imbibition in nanoporous carbon scaffolds (Fig. 8). For
nanoliter droplet imbibition, as shown in Fig. 8(a) [90], the sponta-
neous imbibition rate has a linear relationship with time, and con-
tact line pinning occurs, which is inconsistent with L-W theory.
More interestingly, when the contact angle is larger than 90°, spon-
taneous imbibition dynamics can still occur, and the underlying
mechanisms are attributed to capillary condensation. For bulk liq-
uid spontaneous imbibition [91] in the absence of evaporation, as
shown in Fig. 8(b), the spontaneous imbibition height has a linear
relationship with the square root of time, following L-W theory.
However, in the presence of evaporation, as shown in Fig. 8(c)
[91], this relationship significantly deviates from linear. In contrast
with Vycor, a clear adsorption layer was not observed in the nano-
porous carbon scaffold.

For the purpose of understanding the gas-water two-phase
flow physics in CNTs, the Yury Gogotsi research group used envi-
ronmental scanning electron microscopy (ESEM) to systematically
visualize the in-situ gas-water meniscus evolution dynamics and
phase behavior (Figs. 9 and 10) [92,93]. For example, Gogotsi
et al. [92] fabricated a multiwall CNT with two ends closed and
85% H,0, 7% CO,, and 7% CH,4 sealed inside. With increasing tem-
perature, the liquid water gradually evaporated into the gaseous
state, and the three-phase contact angle slightly increased (though
still smaller than 90°), as shown in Figs. 9(a) and (b); furthermore,
a liquid water film was found to form on the rough CNT internal
surface, as shown in Fig. 9(c). Subsequently, Rossi et al. [93] suc-
cessfully visualized the dynamics of a water film inside a carbon
nanopipe with one end open, finding that the water film thickness
increases as the pressure increases, while it decreases as the pres-
sure decreases (although hysteresis is observed), as shown in
Fig. 10.

Based on the ETEM and ESEM observations, the surface of the
CNTs is hydrophilic, which is in significant contrast to common
sense. However, how electron radiation will change the local tem-
perature and surface properties of CNTs, thus impacting the
observed results, remains unclear.
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Reproduced from Ref. [88] with permission.
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Fig. 7. (a) Liquid hydrocarbon spontaneous imbibition ability as a function of carbon number; and (b) spontaneous imbibition of n-tetradecane into Vycor with dimensions of
4.55 mm x 4.55 mm x 15.00 mm. Reproduced from Ref. [89] with permission.
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Very recently, Anand et al. [94] succeeded in finding the exis- when the channel height was 230 nm, the deformation of silicon
tence of a water precursor film inside a silicone nanoporous net- posts was not observed, as shown in Fig. 11(d); when the channel
work in liquid-phase TEM (Figs. 11(a)-(c)). More specifically, height was 285 and 380 nm, water-silicon interactions deformed
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(c)

Fig. 9. (a, b) Gas-water two-phase flow physics at different temperatures, and (c) existence of a liquid film next to the rough surface, all visualized by ETEM. T,: the initial
temperature; Ty: the heating temperature. Reproduced from Ref. [92] with permission.
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Fig. 10. Dynamic behavior of a water plug close to the open end of the tube at (a) 5.5 Torr (1 Torr = 133.322 Pa), (b) 5.8 Torr, (c) 6.2 Torr, (d) 5.8 Torr, (e) 5.7 Torr, all visualized

by ESEM. Reproduced from Ref. [93] with permission.
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the silicon posts, while water filling recovered their original shape,
as shown in Figs. 11(e) and (f).

Precise ionic transport through biomimetic nanochannels has
been studied in biosensors and drug delivery devices [95]. Ferrati
et al. [96] reported a nanochannel membrane with geometrically
defined channels as small as 2.5 nm that achieves constant drug
delivery in vivo. The in vitro and in vivo analysis of the membrane
proved the flexibility of the technology. Romano-Feinholz et al.
[97] used MWCNTs with diameters of 23 and 25 nm to study the
drug delivery process and demonstrated the positive effects of
these MWCNTSs.

Micro/nanochannels can also be used to prepare membranes
with flexible geometries. This flow-assembly technique is versatile
and biologically friendly [98]. Shakeri et al. [99] presented a
microfluidic device that can generate desired two-dimensional
(2D) and one-dimensional (1D) gradients simultaneously. The fea-
sibility of the microfluidic device was proven by finite element
simulation. Based on the in-situ formation of biopolymer

membranes, Gu et al. [100] developed [100] developed a microflu-
idic gradient generator. They analyzed the gradient-driven flow
speed and showed that the measured velocity profiles are consis-
tent with those generated by hydrodynamic models.

In the areas of shale oil and gas, scholars have performed a large
amount of work on the physics of gas-water and gas-oil transport
in natural rocks and artificial models. Wang et al. [101] observed
the oil/gas phase behavior in nanoporous rocks by applying
nanofluidic devices to visualize the phase change of alkane. They
reported that the vaporization of the liquid phase is much weaker
in nanochannels than in microchannels. To study the spontaneous
imbibition in ultra-tight nanoporous media, Akbarabadi et al. [102]
constructed a new device consisting of a miniature fluid-injection
module and a high-resolution X-ray imaging system. They first
provided experimental evidence of oil/brine imbibition in ultra-
tight rock at the pore scale.

For visual micro/nano multi-phase flow experiments, the glass
porous media micromodel is crucial and widely used. Xu et al.
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[103] developed a special fabrication method for glass micromod-
els. The real porous media and flow characteristics can be well
represented by their micromodels. Deglint et al. [104] compared
the macro- and microcontact angles of distilled water on different
samples. The results indicated that the microcontact angles are sig-
nificantly different from the macrocontact angles. The micro-
contact angles have a wider range and depend on the grain compo-
sition. Qiao et al. [105] investigated the unsteady-state gas—water
flow in tight cores and discussed it through water layer theory and
an effective flow radius model. They demonstrated the threshold
for the onset of continuous nonwetting phase fluid intrusion (ISTP)
in a gas displacement experiment. The water movement in the
inner layer of the weakly bound water zone located in the narrow
throats determines the criticality of gas intrusion when the
injection pressure < ISTP.
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For details, it is suggested to refer to previous review articles,
for example, Refs. [106,107]. Several representative works con-
tributed by our own research group will be introduced next.

To investigate the fundamental mechanisms of fracturing fluid
loss in shale gas reservoirs, Pan et al. [1,108] developed a new
method that can mitigate the influences of rock heterogeneity
(Fig. 12(a)). The experimental results showed that osmotic pres-
sure is an important mechanism for fracturing fluid loss, for exam-
ple, for an organic-rich shale sample from the Canadian Duvernay
formation, up to 13% fracturing fluid loss is caused by osmotic
pressure (Fig. 12(b)).

Whether a threshold pressure gradient (TPG) exists in shale for-
mations is still controversial [109-111]. The TPG is commonly
believed to be a function of time and space, which is influenced
by the rock properties, fluid saturation distribution, and fluid-rock
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Fig. 12. (a) Schematic of the new experimental workflow for investigating the impact of osmotic pressure on the fracturing fluid loss in clay-rich unconventional reservoir
samples; and (b) impact of osmotic pressure on spontaneous countercurrent imbibition in clay-rich Duvernay D1 and D2 samples. Reproduced from Ref. [ 1] with permission.
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interactions. In addition, the relative permeability is an important
parameter for two-phase flow and is a function of the pressure,
temperature, saturation history, flow rate, wettability, and fluid
properties [111]. However, measuring this parameter in tight and
shale rocks is still a great challenge. In light of the current limita-
tions of the underlying fundamentals, Zhu [112] considered
multi-phase fluids as a mixed fluid and derived a thermodynamic
equilibrium formula including interfacial evolution, mass transfer,
and phase mixing, which is a valuable supplement to multi-phase
flow theory.

3.2. Theory

To modify the conventional two-phase flow theory to accom-
modate the characteristics occurring at nanoscale, Zhang [113]
made an appropriate modification to the force fields and derived
a flow rate decrease coefficient #, that includes the influences of
van der Waals forces and compressibility (Eq. (13)),

KAy [12 16 4
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where k is the compressibility coefficient and ¢ is the thickness of a
molecular layer.

For the process of water flooding for EOR, the flow rate is
u = up(1+#y), where u and up are the actual and H-P predicted
flow rates, respectively.

In contrast, Wang [114]| made corresponding modifications to
the viscosity term in the motion equation to describe the process
of piston-like water flooding for the EOR process, as shown in Eq.
(14):

1d
My ar

where u, is the water film flow rate; ¢ is the modification factor for
the water vapor flow rate; and u,, is the steam flow rate.

Prior to the derivation of Eq. (14), the authors made three
assumptions, namely, the existence of water film adsorption (high
viscosity region) on the hydrophilic tube surface, the occupation of
gas in the center of the tube (slip flow region), and the sandwiching
of bulk water (H-P flow region) between the water film and the gas
(Fig. 13) [114].

However, Egs. (13) and (14) did not consider the influence of
spontaneous imbibition driven by capillary pressure. To address
this, Zhang et al. [115] introduced a new model (Eq. (15)) to
describe the process of gas-water spontaneous imbibition under
the influence of a precursor film (Fig. 14). For a hydrophilic
nanotube, the water precursor film can be formed by strong
water-wall interactions, while the fluid dynamics in the internal
region follow the L-W model very well,

Aip;
Le=L— (L +Lf)Abpb

Ny = (13)

Ap

g - sun)] =52 (14

(15)

— Water film

I - .1k water
Gas

Fig. 13. Divided gas and water regions. Reproduced from Ref. [114] with
permission.
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Fig. 14. Divided gas, water, and precursor film regions. Reproduced from Ref. [115]
with permission.

where L; is the spontaneous imbibition distance; L¢ is the meniscus
length along the precursor film; and p; and p, are the densities for
the interfacial and bulk fluids, respectively.

In addition, to incorporate the influence of the dynamic contact
angle, Tian et al. [116] properly modified the capillary pressure (p.)
equation, as shown in Eq. (16):

_ 2'))ow
BReq

where y,,, is the interfacial tension; f is the dimensionless geomet-
rical factor; Req is the effective pore radius; 0.q and 64 are the equi-
librium and dynamic contact angles, respectively; o is the molecular
interaction constant; and Ca is the capillary number.

Furthermore, the authors derived a more comprehensive model
to describe the fluid dynamics at the nanoscale, including interfa-
cial forces, inertial effects and others; see Eq. (17).

De cosfy with cosf4 = cos leq — aCa (16)

Pe+ AP = Pe + Py + Pa + Pg + Py (17)
_ 2

Pr=3v? (18)

V=" (€OS Ocq — €OS 0q) /¢ (19)

where p, is the capillary end effect; p, is the inertial term; p, is the
viscous term; p, is the gravitational term; py is the friction term; { is
the contact line friction coefficient; R is the pore radius; and v is the
spontaneous imbibition rate.

3.3. Simulation

To date, many numerical simulations on multi-phase flow at the
nanoscale have been reported. Liu et al. [117] investigated the phy-
sics of H,0-CH4 two-phase flow in hydrophilic quartz nanopores
(with a 10 nm width). The simulation results demonstrated that
(D water tends to form a water film; @ at low pressure, a water
film-CH4-water film sandwich structure can form; and @ at high
pressure, CH4 mainly exists in a gas bubble state surrounded by
water. Surprisingly, a linear Darcy’s law can be used to describe
the abovementioned physics, which is attributed to the disappear-
ance of the slip effect caused by gas-water friction. However, this
hypothesis has not yet been validated by experiments. Xu et al.
[118] studied the effect of wettability on H,O-CH,4 two-phase flow
in nanopores with a pore size of 6 nm (Fig. 15). The simulation
results indicated that water molecules tend to form a water film
to cover the hydrophilic pore surface, thus suppressing the gas slip
flow and shifting the flow into viscous flow. In contrast, water
molecules tend to accumulate together to form clusters inside
the hydrophobic nanopores, and the slip effect will be dominant.
These results are qualitatively consistent with the MD simulation
results of Zhang et al. [119].

Gong et al. [120] investigated the effect of water saturation on
CH,4 adsorption on the kerogen surface. The results indicated that
the CH, adsorption capacity decreased from 1.2 to 0.6 mmol.g~!
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Fig. 15. Effect of wettability on H,0-CH,4 two-phase flow in nanopores with a pore
size of 6 nm. S,,: water saturation. Reproduced from Ref. [118] with permission.

with increasing water content. The work of Zhan et al. [121] on the
molecular simulation of oil-water two-phase flow in quartz nano-
pores produced a new hydrodynamic flow model considering the
fluid distributions, heterogeneous fluid properties, liquid-wall
interactions, and liquid-liquid slip. They noted that the enhance-
ment of oil flow due to liquid-liquid slip in nanopores cannot be
ignored. Furthermore, Zhang et al. [122] investigated water-C8
and water-C10 two-phase flow in a calcite nanopore with a radius
of 5 nm. At low water saturation, a water-oil-water layered struc-
ture was formed, while at high water saturation, a water bridge
appeared. In addition, the front velocity had a piston-like profile
(instead of a parabolic profile); thus, slip flow probably plays a role
herein, which contradicts the classic Darcy flow, consistent with
other MD simulations [123,124]. Ho and Wang [125] examined
the velocity characteristics of the C8-scCO,-H,0 (sc: super critical)
mixture inside hydrophilic mica and hydrophobic kerogen. In
hydrophilic nanopores, scCO, and water can absorb onto the sur-
face, while C8 is located in the center. In hydrophobic nanopores,
water has no influence on C8 mobility, while CO, can mix with
C8 to reduce its viscosity and increase its flow rate. Considering
the multicomponent characteristics of crude oil, Xu et al. [126]
compared the dynamics of H,0-C10 and H,0-C3 + C6 + C10 inside
a quartz nanopore. For the former system, a classic water slip flow
was predicted, and the CH, flow rate was increased by 20%; for the
latter system, up to a 5 m-s~! slip velocity was observed. However,
the fundamental reason was not provided in this work [126].

Ghazimirsaeed et al. [127] conducted a finite-volume-method
numerical simulation of the droplet-based chemical bioreaction
in a microreactor. The microchannels were serpentine and
designed to be trapezoidal, triangular, and circular to study the
effect of the aspect ratio. The results showed that the rectangular
microchannel is the most useful. Chemical reactive flow is also
common in formation acidification. Jia et al. [128,129] established
a two-scale continuum model to calculate the mass conversion
between solid and liquid phases and employed the Naiver-Stokes—
Darcy equation to describe fluid flow. The model can be used to
analyze a 2D acidizing process [130]. Their simulation results
showed that the model can give a reasonable optimum acid injec-
tion rate and present typical dissolution patterns.

4. Research gaps and future outlook

Based on the abovementioned discussions, some gaps currently
exist as follows:
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(1) Current experimental investigations mainly use engineer-
ing and/or natural (nano)porous materials as media. However,
engineering materials are usually unable to bear high pressure
conditions, while natural rocks are usually heterogeneous. Thus,
so far, experimentally, rigorous investigation of the fluid flow at
the nanoscale has been impossible. Another challenge is to monitor
the dynamics with high frequency and resolution. Moreover,
experimental study of three-phase flow at the nanoscale is still
lacking at present. Artificial nanoscale models cannot fully reflect
the real situation, and their scales are difficult to diversify.

(2) Currently, theoretical studies are mainly conducted through
modification of the equations or boundary conditions. However,
thus far, whether the continuity assumption is valid remains
uncertain. Many studies have provided control equations
(Nernst-Planck and Navier-Stokes equations) for electrokinetic
flow, but obtaining analytical solutions is difficult. Furthermore,
the atomic and interfacial forces must be physically considered
in future studies.

(3) Currently, the most popular method to study this topic is
MD simulations. However, these simulations almost cannot be val-
idated by experiments. The wettability and slip effects still have
large uncertainties. For multi-field problems, conventional numer-
ical simulations still suffer from unstable convergence and high
computational complexity.

To address these limitations and close the abovementioned
gaps, the following works are suggested:

(1) More advanced techniques and instruments to measure
fluid flow at the nanoscale should be developed, and more repre-
sentative nanoporous materials that can withstand high pressure
should be synthesized. The artificial micro/nanochannels should
replicate real flow conditions and be as reusable as possible. These
works are necessary to promote fundamental development of the
fluid mechanics at nanoscale.

(2) The theory on fluid mechanics at nanoscale is still in its
infancy. The multi-field coupling processes and mechanisms must
be considered to complete this theory. Appropriate simplified con-
ditions can be applied to search for general solutions to the flow
control equations as much as possible to improve the application
of theory.

(3) New numerical simulation techniques that consider the real
nanoscale physics and interactions must be developed, and the
fluid flow dynamics must be simulated under in-situ conditions.
Advanced algorithms can be explored to improve numerical simu-
lation methods, reduce the time consumption, and improve the
accuracy.

5. Conclusions

Fluid flow at nanoscale is closely related to nature and technol-
ogy. This paper has systematically reviewed single- and multi-
phases flow at nanoscale in terms of experiments, theory and
simulation. The following conclusions are drawn:

(1) Experiments, theory and simulations all demonstrated that
the H-P equation is invalid for single-phase flow at the nanoscale;
and the relationship among the slip length, shear rate, and wetta-
bility has been given. Appropriate modifications to the fluid viscos-
ity, momentum equation and boundary conditions to include the
interfacial interactions can be made.

(2) Wettability is an important parameter that plays a role in
fluid flow at nanoscale. A hydrophilic nanopore surface reduces
fluid flow, while a hydrophobic nanopore surface enhances fluid
flow.

(3) Gas-water and oil-water two-phase flows at the nanoscale
are strongly influenced by fluid-solid interactions; thus, nonlinear
characteristics are obvious, for example, the TPG dramatically
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increases and a stagnant adsorption layer forms on the nanopore
surface. For the oil-water two-phase system, the front profile is
piston-like instead of parabolic, which is caused by slip flow.

These insights will promote the significant development of non-
linear fluid mechanics and will provide important guidance for the
relevant areas in nature and technology.
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