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Abstract: Due to its unique chemical structure, hydrogen energy inherently has a high calorific value
without reinforcing global warming, so it is expected to be a promising alternative energy source in the
future. In this work, we focus on nanoconfined hydrogen flow performance, a critical issue in terms
of geological hydrogen storage. For nanopores where the pore scale is comparable to hydrogen’s
molecular size, the impact on hydrogen molecules exerted by the pore surface cannot be neglected,
leading to the molecules near the surface gaining mobility and slipping on the surface. Furthermore,
hydrogen adsorption takes place in the nanopores, and the way the adsorption molecules move
is completely different from the bulk molecules. Hence, the frequently applied Navier–Stokes
equation, based on the no-slip boundary condition and overlooking the contribution of the adsorption
molecules, fails to precisely predict the hydrogen flow capacity in nanopores. In this paper, hydrogen
molecules are classified as bulk molecules and adsorption molecules, and then models for the bulk
hydrogen and the adsorption hydrogen are developed separately. In detail, the bulk hydrogen model
considers the slip boundary and rarefaction effect characterized by the Knudsen number, while the
flow of the adsorption hydrogen is driven by a chemical potential gradient, which is a function of
pressure and the essential adsorption capacity. Subsequently, a general model for the hydrogen
flow in nanopores is established through weight superposition of the bulk hydrogen flow as well as
the adsorption hydrogen, and the key weight coefficients are determined according to the volume
proportion of the identified area. The results indicate that (a) the surface diffusion of the adsorption
molecules dominates the hydrogen flow capacity inside nanopores with a pore size of less than 5 nm;
(b) improving the pressure benefits the bulk hydrogen flow and plays a detrimental role in reducing
surface diffusion at a relatively large pressure range; (c) the nanoconfined hydrogen flow conductance
with a strong adsorption capacity (PL = 2 MPa) could reach a value ten times greater than that with a
weak adsorption capacity (PL = 10 MPa). This research provides a profound framework for exploring
hydrogen flow behavior in ultra-tight strata related to adsorption phenomena.

Keywords: hydrogen; flow capacity; nanopores; adsorption; surface diffusion

1. Introduction

With the current purpose of reducing CO2 emissions and mitigating the greenhouse
effect, intensifying the utilization of clean energy [1,2], like solar energy, wind energy and
hydrogen energy, is urgent. In particular, hydrogen energy is well recognized as a promis-
ing energy source for the future, as its use is totally free of CO2 emissions [3,4]. As reported,
geological hydrogen storage is a practical approach to promoting the development of the
hydrogen industry, and accurately evaluating the hydrogen flow behavior inside favorable
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geological sites is crucial, yet relevant methods are lacking [5]. Meanwhile, in light of the ad-
sorption mechanisms enabling considerably large hydrogen storage, geological sites rich in
nanopores favor efficient hydrogen storage [6,7]. Currently, classic no-slip hydrodynamics
theory, like the Navier–Stokes equation or the Darcy function, is mainly utilized to evaluate
hydrogen flow capacity at the macroscopic scale. And the Knudsen diffusion equation is
always utilized to describe hydrogen flow at the nanoscale [8,9], inherently considering
hydrogen flow’s physics. However, in terms of geological hydrogen storage with a wide
range of pressure and temperatures, hydrogen flow physics could involve a continuum
flow, slip flow or transition flow as well as Knudsen diffusion. Thus, characterizing a
nanoconfined hydrogen flow using solely the Knudsen diffusion equation inevitably leads
to erroneous predictions. Essentially, hydrogen flow under nanoconfinement behaves
completely different from a conventional flow [10,11]. As a result, hydrogen transport
behavior through nanopores is an evident knowledge gap, important to field applications
of geological hydrogen storage. This research intends to shed light on the hydrogen flow
capacity in nanopores, a key aspect of hydrogen storage in ultra-tight strata.

Both the hydrogen storage mode and flow mechanism are responsible for a varying hy-
drogen flow capacity compared to that understood according to the classic hydrodynamics
theory. Regarding the storage mode, the hydrogen molecules inside nanopores are clearly
divided into two types, encompassing adsorption molecules and bulk molecules [12]. In
comparison, there are only bulk hydrogen molecules in large-scale pores. Strong surface–
molecule interactions result in the presence of adsorption molecules, which are a function
of the surface–molecule distance and can be neglected in large pores, widely confirmed by
molecular simulation and experimental observations [13,14]. Regarding the flow mecha-
nism, lots of experimental evidence on the basis of advanced microfluid devices demon-
strates that molecules at the nanopore wall can move at a certain velocity, the so-called
slip phenomenon, quantified by the slip length, directly conflicting with the fundamental
no-slip boundary condition of the aforementioned classic theory [15,16]. Other than that,
it is believed that adsorption molecules can move by hopping from a low-energy spot to
another, showing its dramatic difference from bulk hydrogen [17]. After clarifying the
original reasons leading to the unusual hydrogen flow in nanopores, it is necessary to
establish a model for the hydrogen flow in nanopores instead of utilizing traditional no-slip
methods. In recent years, research dedicated to nanoconfined gas flow has mainly focused
on methane, CO2 and vapor water instead of hydrogen [18,19]. Typically, Beskok and
Karniadakis investigated the gas flow in smooth channels and modified the traditional
Navier–Stokes equation by incorporating the second-order boundary condition [20]. The
modified equation had a good match with the simulation results and experimental data.
Additionally, the impact of pore geometry on gas flow capacity was investigated [21,22].
Unfortunately, models accounting for the slip boundary condition fail to capture the con-
tribution of adsorption gas. After further investigation, there exist four gas flow regimes,
including continuum flow, slip flow, transition flow and Knudsen diffusion [23,24], which
can be classified using the Knudsen number. Tremendous research effort has been dedi-
cated to developing a unified gas flow model that can be applied to the entire Knudsen
number range or, in other words, that can represent these four different flow regimes. Shi
et al. displayed the difference in the flow capacity of different flow regimes and established
a general gas flow model through weight superposition of the continuum flow and Knud-
sen flow [25]. Notably, the weight coefficients proposed have no physical meaning, and
the validity of the general model is still in doubt. Wu et al. demonstrated the inherent
physics leading to the varying flow regimes’ varying Knudsen numbers is the relative
strength between intermolecular collisions and molecule–wall collisions [26]. After that,
the weight coefficients were derived based on the collision probability, and a fully covered
model was proposed according to weight superposition of the slip flow and Knudsen
diffusion. In particular, the proposed model could directly degenerate to slip flow at a
low Knudsen number and Knudsen diffusion at a high Knudsen number, embodying its
rationality from a theoretical viewpoint. Other than focusing on the development of a gas
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flow model, the impacts of residual water, multiple components and effective pore size
shrinkage due to stress dependence have been investigated in detail in recent years [27,28].
The high-pressure physical properties of hydrogen are different from methane, resulting in
the summarized flow behavior of methane not being applicable to nanoconfined hydrogen.
Accordingly, little research has been conducted on hydrogen flow in nanopores, and related
methods for evaluating hydrogen flow in geological storage are extremely lacking. Explor-
ing hydrogen flow behavior in nanopores is urgent. In this paper, the model for hydrogen
flow in nanopores accounts for not only the bulk hydrogen flow mechanism but also the
way adsorption molecules move, so-called surface diffusion. Separately, models for bulk
hydrogen and adsorption hydrogen are established. Adsorption molecules would occupy
a certain area near the nanopore wall; as a result, the area where bulk hydrogen flows
shrinks and is actually less than the original total pore area. The weight coefficients for
surface diffusion and bulk gas flow are determined according to the volume proportion of
the area for adsorption hydrogen and the area excluding the adsorption area, respectively.
After that, a general model for nanoconfined hydrogen flow is established according to
weight superposition of the bulk gas flow and the surface diffusion of the adsorption
hydrogen. After figuring out the hydrogen flow behavior at the nanopore scale, porous
modeling using numerical simulation [29] or multiscale modeling [30] accounting for the
nanoconfined hydrogen flow could characterize the hydrogen flow behavior at the core
scale, which could have direct practical implications for geological hydrogen storage.

The research content is arranged as follows. The physical model displaying the
nanoconfined hydrogen flow physics, including the slip boundary for bulk hydrogen
and the surface diffusion for adsorption hydrogen, is provided first. Then, theoretical
models for the bulk hydrogen flow and surface diffusion are introduced, weight coefficients
based on the volume proportion are derived and a general model for hydrogen flow in
nanopores is developed. After that, the relationships between nanoconfined hydrogen
flow behavior and pressure, temperature and adsorption capacity are revealed. Ultimately,
several conclusions are drawn.

2. Physical Model

Gas flow physics varies a lot across scales, resulting in large discrepancies in flow
capacity, which could correspond to several magnitudes of discrepancy, as reported [31]. As
illustrated in Figure 1, adsorption molecules at the macroscopic scale can be neglected, and
the bulk hydrogen at the pore wall is stationary, the so-called no-slip boundary condition.
Also, the molecular velocity distribution across the macroscopic pore follows a parabolic
curve [32,33]. In comparison, hydrogen molecules tend to accumulate near the microscopic
wall as a result of the strong attraction force due to the pore wall, and an adsorption
phenomenon occurs. The molecules in the middle of the nanopore further from the pore
wall behave exactly like bulk hydrogen. Thus, there are two molecular types (bulk hydrogen
and adsorption hydrogen) inside nanopores. The unique feature to which attention should
be paid is that the bulk hydrogen near the wall gains mobility and can move at a certain
velocity, improving the overall transport efficiency for nanoconfined hydrogen. In addition,
the adsorption molecules hop from a low-energy spot to another along the micropore wall
after activation, mainly driven by the chemical potential gradient. The way adsorption
molecules move is called surface diffusion, a totally new flow physics that conventional
models at the macroscale fail to consider. Meanwhile, it is necessary to elaborate the
magnitude of the difference between microscopic flow and macroscopic flow. Inherently,
gas flow physics can be classified into four types according to the Knudsen number (Kn),
with its definition as the mean free path to the characteristic length (see Equation (2)),
including continuum flow (Kn ≤ 10−3), slip flow (10−3 ≤ Kn < 10−2), transition flow
(10−2 ≤ Kn < 10) and Knudsen diffusion (Kn > 10). Since the slip phenomenon and the
surface diffusion by the adsorption molecules have an insignificant role in affecting the
total flow capacity when the gas flow physics corresponds to continuum flow, the difference
in the flow capacity across different scales is fairly small and can be neglected. With an
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increasing Kn, the contributions from slip and the adsorption molecules become more and
more evident, and the difference cannot be overlooked. As a result, the magnitude of the
difference heavily depends on whether Kn exceeds 10−3 or not, so newly emerging flow
mechanisms like slip and surface diffusion should be considered when Kn is greater than
10−3; otherwise, the classic Navier–Stokes equation still holds.
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The essential reasons why traditional models break down when it comes to nanocon-
fined gas flow are the slip boundary as well as the surface diffusion contributed by the
adsorption molecules. Motivated by the hydrogen flow physics at the nanoscale, research
should incorporate the slip boundary conditions and the surface diffusion mechanism into
a modified bulk gas flow model. Also, key environmental parameters, including pressure
and temperature, affecting the physical properties of the bulk hydrogen and the relative
volume proportion of the adsorption hydrogen, are fully coupled in the developed model.
The interactions between the adsorption molecules and bulk molecules are characterized
according to monolayer adsorption theory.

3. Model Establishment

The essential model framework for nanoconfined hydrogen flow is weight superpo-
sition of the bulk hydrogen flow and adsorption hydrogen surface diffusion. Models for
bulk hydrogen and surface diffusion will be provided below, respectively.

3.1. Nanoconfined Bulk Hydrogen Flow Mechanism

Several boundary conditions have been proposed to capture the gas slip phe-
nomenon [34,35], and it has been demonstrated that a no-slip equation incorporating
the second-order boundary condition permits an excellent fit for the gas flow performance
through a flat nanopore wall. The basic formula for gas slip flow is as follows.

Jbulk =
r2 pM
8µRT

(1 + αKn)(1 +
4Kn

1 − bKn
)

dp
dl

(1)

where Jbulk is the mass flux of the bulk hydrogen flow, Kg/m2/s; r is the nanopore radius,
nm; p is the hydrogen pressure, MPa; M is hydrogen’s molar weight, 2 g/mol; µ is hydro-
gen’s viscosity, cp; R is the gas’s universal constant, 8.314 J/mol/K; T is the temperature,
K; α represents the rarefaction effect, indicating increasing molecule–wall collisions, di-
mensionless; b is a constant related to the applied boundary condition, which is −1 for the
second-order boundary condition; l is the distance in the hydrogen flow direction, m; Kn is
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the Knudsen number, defined as the ratio of the mean free path to the nanopore size [36],
dimensionless.

Kn =
λ

2r
(2)

λ =
µ

p

√
πRT
2M

(3)

where λ is the mean free path of hydrogen, indicating the distance a bulk hydrogen
molecule can move between two adjacent collision accidents, m.

Considering the second-order boundary condition and the weight coefficient of the
bulk gas flow, hydrogen’s mass conductance is contributed to by the bulk flow mechanism.

Jbulk = ξbulk
r2 pM
8µRT

(1 + αKn)(1 +
4Kn

1 + Kn
)

dp
dl

(4)

α = αo
2
π

tan−1(α1Knβ) (5)

where ξbulk is the weight coefficient for the bulk gas flow, defined as the ratio of the
cross-section area where the bulk gas flows to the entire nanopore cross-section area,
dimensionless; αo, α1 and β are constants to represent the rarefaction effect, dimensionless.

Cbulk = ξbulk
r2 pM
8µRT

(1 + αKn)(1 +
4Kn

1 + Kn
) (6)

where Cbulk is the hydrogen flow conductance derived from Equation (4), manifesting
hydrogen’s mass conductance per the pressure gradient, s.

Hydrogen’s viscosity is described as a function of pressure and temperature [37,38];
the formulas below can give satisfactory predictions that have been well validated using
experimental data.

Pr = P/Pc (7)

Tr = T/Tc (8)

µ = µo

[
1 +

A1

T5
r
(

p4
r

T20
r + p4

r
) + A2(

pr

Tr
)

2
+ A3(

pr

Tr
)

]
(9)

where Pc and Tc are the critical pressure and critical temperature, respectively; Pr and Tr
are reduced pressure and reduced temperature, respectively; µo is hydrogen’s viscosity
under standard conditions, which is 0.0087 cp.

3.2. Surface Diffusion of Adsorption Hydrogen

Unlike the bulk hydrogen flow driven by a pressure gradient, the chemical potential
gradient is the main force promoting the surface diffusion of the adsorption hydrogen. In
accordance with the fundamental surface chemistry, the chemical potential is a function
of the gas concentration [39], and the following expression is utilized to evaluate the
concentration of adsorption hydrogen.

Csc =
4θM

πd3
mNA

(10)

where Csc is the adsorption hydrogen concentration, Kg/m3; NA is the Avogadro constant;
dm is the hydrogen molecular size, 0.23 nm; θ is the cover ratio, indicating the ratio of
occupied spots to the entire available spots on the nanopore wall, which has the following
expression, dimensionless.

θ =
p

p + pL
(11)
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where PL is the Langmuir pressure constant for monolayer adsorption theory, and a smaller
PL indicates a stronger adsorption capacity, MPa.

In accordance with the Maxwell–Stefan method, as molecular mobility due to sur-
face diffusion is much less than that due to adsorption–desorption, the gas conductance
promoted by surface diffusion is as follows:

Jsur f ace = Ds
Csc

p
dp
dl

(12)

where Ds is the surface diffusion coefficient, m2/s.
The surface diffusion coefficient is correlated with the hydrogen cover ratio described

by Equation (11), and the surface diffusion coefficient at a cover ratio (Ds
0) of zero has the

following expression.

D0
s = 8.29 × 10−7T0.5 exp(−∆H0.8

RT
) (13)

where ∆H is the isothermal adsorption heat for each instant of hydrogen adsorption activity,
J/mol.

The surface diffusion coefficient at a specified cover ratio can be described as a function
of the surface diffusion coefficient at a cover ratio of zero and the given cover ratio, as
presented below.

Ds = D0
s
(1 − θ) + κ

2 θ(2 − θ) + {H(1 − κ)}(1 − κ) κ
2 θ2

(1 − θ + κ
2 θ)2 (14)

Furthermore, accounting for the weight coefficient of the adsorption hydrogen, the
mass conductance as a result of surface diffusion is as follows.

Jsur f ace = ξsur f Ds
Csc

p
dp
dl

(15)

And the conductance from the surface diffusion is derived below.

Csur f ace = ξsur f Ds
Csc

p
(16)

where Csurface is the conductance contributed by surface diffusion, s.

3.3. Model for Hydrogen Transport Capacity

As clarified in Figure 1, the nanoconfined hydrogen flow consists of the bulk hydrogen
flow and the surface diffusion of the adsorption hydrogen. Models for both the bulk gas
flow and surface diffusion are established, respectively, in this section, while weight coeffi-
cients are derived for weight superposition of the bulk gas flow and the surface diffusion.
In essence, the weight coefficients are obtained according to the volume proportions of
the bulk gas and adsorption hydrogen. As illustrated in Figure 2, assuming uniformly
distributed adsorption hydrogen in the nanopores [40,41], the thickness of the adsorption
hydrogen in the cross-section at a certain pressure and temperature is uniform as well,
described by the following formula.

rd = rH
p

p + pL
(17)

where rd is the thickness of the adsorption hydrogen, nm; rH is hydrogen’s molecular size,
0.23 nm.
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In accordance with Equation (17), the thickness of the adsorption hydrogen is equal to
hydrogen’s molecular size, fitting well with the monolayer precondition, and the thickness
would be increasingly reduced with a decline in pressure.

Excluding the area that the adsorption hydrogen molecules occupy, the size of the area
for the bulk hydrogen flow is as follows.

ra = ro − rd (18)

where ro is the original nanopore size, nm.
The volume proportion for the bulk gas flow is the ratio of the bulk flow area to the

whole cross-section, which has the following expression.

ξbulk =
(ro − rd)

2

r2
o

(19)

ξsur f = 1 − (ro − rd)
2

r2
o

(20)

Based on the weight coefficients and the effective pore size for the bulk hydrogen flow,
the total conductance for hydrogen flow through nanopores is as follows.

Ct = ξbulk
ra

2 pM
8µRT

(1 + αKn)(1 +
4Kn

1 + Kn
) + ξsur f Ds

Csc

p
(21)

To evaluate the nanoconfined hydrogen flow capacity in accordance with the proposed
model, the thickness of adsorption hydrogen should be obtained using Equation (17) first.
Then, the effective pore size for the bulk gas flow and the hydrogen flow conductance
contributed by the bulk gas flow using the effective pore size can be calculated using
Equation (18) and Equation (6), respectively. After that, the hydrogen conductance con-
tributed by surface diffusion is evaluated using Equations (10)–(16). Finally, the total gas
conductance can be obtained through weight superposition of the bulk gas flow and surface
diffusion based on Equation (21).

In order to verify the reliability of Equation (21), two sets of experimental data col-
lected from Zamirian et al. are utilized here [42], which accurately examined the apparent
permeability of N2 and CO2 flowing through different ultra-tight cores. The basic param-
eters for the experiments are provided in Table 1. The pore size falls into the nanoscale,
and the experiments inherently consider a shrinkage in pore size due to the presence of the
adsorption phase, as well as surface diffusion. The experimental data are able to clarify the
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validity of the proposed model. To facilitate comparison, the apparent permeability and
the diffusion coefficient further derived from Equation (21) are given below.

Kt = ξbulk
ra

2

8µ
(1 + αKn)(1 +

4Kn
1 + Kn

) + ξsur f Ds
RTCsc

p2M
(22)

Dt = ξbulk
ra

2 p
8µ

(1 + αKn)(1 +
4Kn

1 + Kn
) + ξsur f Ds

CscRT
pM

(23)

where Kt is the apparent gas permeability, mD; Dt is the apparent diffusion coefficient, m2/s.

Table 1. Parameters used to examine the model reliability.

Gas Type Pore Size Temperature, K Pressure, MPa Possibility for Molecular
Blockage or Migration

Langmuir
Pressure, MPa

N2 3.2 nm 300 K 0.5~3.5 MPa 0.5 4 MPa

CO2 5.6 nm 300 K 0.5~2.7 MPa 0.5 1.7 MPa

Helium-3 10.0 nm 40~400 K ~0 MPa / /

Comparing the apparent permeability predicted using Equation (22) with the experi-
mental data, Figure 3A manifests that the prediction results on the x-axis have a satisfactory
match with the experimental data on the y-axis. Upon analysis, the largest deviation between
the model predictions and the data on N2 or CO2 flow behavior is 12.7%, and the average
difference is only 6.3%, which verifies the reliability of the proposed model. Other than that,
considering the relatively large difference in the kinetic diameters of hydrogen and N2 or
CO2, another dataset for Helium-3’s flow capacity through nanopores is added [8], which
has a similar kinetic diameter to hydrogen. As presented in Figure 3B, the proposed model
has a good match with the results on Helium-3’s flow; the average error is 4.8%, further
highlighting the accuracy of the proposed model. Notably, the proposed model designed for
the nanopore scale may lead to errors when applied to predicting gas flow at the core scale,
as the pore size distribution, spatial geometric topological structure and coordinate number
accentuate its complexity. Also, the gas’s real effects, with varying physical properties of
the gas, particularly under high-pressure conditions, influence the gas flow capacity, which,
however, are not incorporated into the proposed model. In short, the basic framework for
evaluating the hydrogen flow capacity in nanopores is well verified, and some modifications
could be implemented to improve the model accuracy in the future.
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4. Results and Discussion

In terms of geological hydrogen storage inside ultra-tight reservoirs, the influences of
pore size, pressure, temperature and adsorption capacity are identified in detail on the basis
of the proposed model. In order to avoid the discrepancies caused by uncertainty [43], the
basic parameters investigated in this section are listed in Table 2; all the parameter ranges
are sourced from the actual field across the world.

Table 2. Parameters to explore nanoconfined hydrogen flow behavior.

Temperature, K Pressure, MPa Pore Size, nm Langmuir
Pressure, MPa

Adsorption Heat
at Zero Cover
Ratio, J/mol

Molar Weight,
g/mol

320~460 0~50 2~60 2~10 14,000 2

Possibility of
molecular

blockage or
migration

Universal gas
constant, J/mol/k Molecular size, nm Critical pressure,

MPa
Critical

temperature, K

Hydrogen
viscosity under

standard
conditions, cp

0.5 8.314 0.23 1.67 38.2 0.0087

4.1. Nanoscale Pore Size

In this section, temperature and pressure remain unchanged at 400 K and 10 MPa,
respectively. The pore size ranges from 1 to 60 nm. As displayed in Figure 4, the blue
line representing the total conductance indicates that the total hydrogen flow capacity first
declines and then enhances with an increasing pore size. In other words, there exists a
key pore size corresponding to the weakest total conductance, which is approximately
11 nm in this case. This phenomenon conflicts with the traditional principle in macro pores
that the fluid flow capacity increases with an increasing pore size. In order to evidently
show the variation between the total conductance and pore size, the deviation representing
the difference between the total conductance at a certain pore size and that at 2 nm is
illustrated in red in Figure 4. The total conductance at 2 nm may be 2.5 times greater than
that at the weakest flow capacity. When the pore size exceeds 12 nm, the total conductance
increases with an increasing pore size, matching well with the above principle. Therefore,
this demonstrated that an atypical decline in the total conductance with an increasing pore
size takes place inside nanopores of less than 12 nm.

To explore the underlying cause of this atypical decline, the two hydrogen flow mech-
anisms, the bulk gas flow and surface diffusion, are further investigated. As stated in the
establishment of the model, the two mechanisms fully contribute to the total conductance,
and their individual contributions are presented in Figure 5. For a pore size of less than
10 nm, the contribution from surface diffusion is evidently greater than that of the bulk
hydrogen flow. And the surface diffusion becomes more dominant with a smaller pore
size: the contribution of surface diffusion surprisingly reaches 99.1% for 2 nm pores. It
worth noting that the contribution from surface diffusion dramatically reduces with an
increasing pore size, which declines to 1.5% for 60 nm pores. In pores larger than 30 nm,
the surface diffusion actually can be neglected since its contribution is less than 10%, as
applied to macroscopic models of hydrogen flow. Therefore, the total conductance for
small nanopores (less than 10 nm) is mainly governed by surface diffusion, while that for
large nanopores (over 30 nm) is mainly contributed to by the bulk flow mechanism. It is
this difference leading to the weakest total conductance at 11 nm presented in Figure 4.
When the pore size ranges from 2 to 10 nm, surface diffusion plays a key role in affecting
the total hydrogen flow capacity, whose role is reduced with an increasing pore size. On
the contrary, when the pore size exceeds 30 nm, the contribution from surface diffusion
is negligible, and the total conductance is controlled by the bulk gas flow, whose role is
increased with an increasing pore size. As a result, the dominant role of surface diffusion
in <10 nm pores is potentially responsible for our atypical observation. Hence, the flow
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capacity of small nanopores is always underestimated due to the unique surface diffusion
neglected, which actually could be as strong as that of pores larger than 30 nm based on the
proposed model predictions. An accurate prediction of the hydrogen flow in nanopores
should account for the contribution of small nanopores, particularly those smaller than
10 nm.
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Figure 5. Contributions of nanoconfined hydrogen flow mechanism vary with pore size.

4.2. Temperature and Pressure

Since the temperature and pressure of ultra-tight geological sites suitable for hydrogen
storage have wide ranges, their impacts on the nanoconfined hydrogen flow capacity are
worth revealing. The pore size in this section remains unchanged at 10 nm. As displayed in
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Figure 6, when the temperature is 400 K, the total conductance is rapidly enhanced at first in
the 0~10 MPa pressure range, and this increasing gradient declines dramatically at pressures
exceeding 20 MPa. In other words, there are typically two different modes of enhancement
in the total conductance with increasing pressure, and the magnitude of the increase in the
low pressure range (<10 MPa) is much greater than that in high pressure range (>20 MPa)
in this case. In general, the total conductance of hydrogen greatly improves with increasing
pressure. Basically, a high-pressure environment would mitigate the molecular slip at the
boundary, therefore mitigating the total conductance from this viewpoint. On the other
hand, increasing pressure favors the greater contribution of the adsorption molecules, as
demonstrated by the conductance of the surface diffusion over pressure in Figure 6. More
importantly, the bulk flow capacity intensifies, as hydrogen’s density has an almost linearly
increasing correlation with increasing pressure, also demonstrated in Figure 6. The inherent
mechanism behind the rapidly increasing total conductance in the low pressure range
is mainly caused by variations in the surface diffusion capacity depending on pressure.
Also, it can be observed that surface diffusion plays a more prominent role in low-pressure
conditions, and considering the observations in Figure 5, neglecting the contribution from
surface diffusion in small nanopores (<10 nm) at a relatively low pressure would lead to an
evident underestimation of the total hydrogen conductance.
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Figure 6. Nanoconfined hydrogen flow conductance versus pressure.

Basically, the relationship between the total hydrogen conductance and pressure is
mainly dominated by surface diffusion in small nanopores and by the bulk flow mechanism
in large nanopores. As a result, the variation in the total conductance of the hydrogen
flow inside nanopores depending on pressure may change at different pore sizes, which is
confirmed, as displayed in Figure 7. For 30 nm nanopores, the total conductance is always
enhanced with an increasing pressure, and the magnitude of the increase in the low pressure
range (<10 MPa) is greater than that in the high pressure range. Inherently, both surface
diffusion and the bulk flow benefit the nanoconfined hydrogen flow capacity in the low
pressure range; however, surface diffusion gradually has a detrimental effect on mitigating
the total conductance in the high pressure range, as presented in Figure 6. In contrast, the
total conductance in 3 nm nanopores totally coincides with surface diffusion, which would
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increase rapidly at first and then decrease stably with increasing pressure. Therefore, for
nanopores with a pore size of less than about 10 nm, there exists a peak total conductance at
a certain pressure, which is 9 MPa in this investigation. As for geological hydrogen storage,
improving the pressure is an effective approach to reducing the hydrogen flow capacity for
ultra-tight storage sites rich in nanopores less than 10 nm in size. On the contrary, if the
majority of the nanopores are larger than 30 nm, improving the pressure would dramatically
promote the hydrogen flow capacity. Therefore, the pore size distribution of geological
sites that are suitable for hydrogen storage is crucial to the hydrogen flow behavior.
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Figure 7. Total hydrogen flow conductance with different pore sizes versus pressure.

Then, temperature ranging from 320 to 450 K is set to examine its effect on the hydrogen
flow capacity in nanopores. The pressure and pore size are unchanged at 10 MPa and
10 nm in this case, respectively. As illustrated in Figure 8, the conductance from the bulk
flow declines with an increasing temperature, which can be attributed to the following
two reasons. On the one hand, a high temperature would supply more free energy to
the hydrogen molecules and reinforce intermolecular collisions as well as molecule–wall
collisions, promoting the slip phenomenon and improving the bulk flow capacity. On the
other hand, hydrogen’s density declines fast with an increasing temperature, reducing the
bulk flow capacity. Other than that, the reducing density has a stronger influence on the
bulk flow capacity than the increasingly evident slip phenomenon under high-temperature
conditions. The conductance contributed by surface diffusion has a linearly increasing
correlation with the increase in temperature. Enhancing the temperature benefits the
adsorption hydrogen’s activation, which is good for surface diffusion. In this calculation,
the total flow conductance increases as the temperature increases. Similarly, in small
nanopores (<10 nm) where surface diffusion is prominent in affecting the total conductance,
the total conductance increases with an increasing temperature, matching well with the
surface diffusion. On the contrary, the total conductance would decline with an increasing
temperature in >30 nm nanopores, as the bulk flow mechanism dominates. Therefore, the
relationship between temperature and the total hydrogen flow capacity is closely linked to
the pore size distribution.
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Figure 8. Nanoconfined hydrogen flow conductance versus temperature.

4.3. Adsorption Capacity

From a microscopic viewpoint, the attraction force that nanopore walls impose on
hydrogen molecules varies with different surface compositions. Hence, there exists a great
discrepancy in the adsorption capacity of different geological sites suitable for hydrogen
storage. As depicted in Figure 9, four sets of Langmuir curves are used, and the total
hydrogen conductance over the adsorption capacity is investigated. The pore size is set as
5 nm in this calculation.

Processes 2024, 12, x FOR PEER REVIEW 14 of 19 
 

 

 
Figure 8. Nanoconfined hydrogen flow conductance versus temperature. 

4.3. Adsorption Capacity 
From a microscopic viewpoint, the attraction force that nanopore walls impose on 

hydrogen molecules varies with different surface compositions. Hence, there exists a great 
discrepancy in the adsorption capacity of different geological sites suitable for hydrogen 
storage. As depicted in Figure 9, four sets of Langmuir curves are used, and the total hy-
drogen conductance over the adsorption capacity is investigated. The pore size is set as 5 
nm in this calculation. 

 
Figure 9. Hydrogen cover ratio versus adsorption capacity represented by PL. 

As illustrated in Figure 10, since surface diffusion dominates when the pore size is 5 
nm, the total conductance with different PL values almost shows the same variation as 

0

5E-12

1E-11

1.5E-11

2E-11

2.5E-11

320 350 380 410 440

C
on

du
ct

an
ce

, s

Temperature, K

Bulk flow Surface diffusion Total flow

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50

C
ov

er
 r

at
io

Pressure, MPa

PL=2 MPa PL=5 MPa

PL=8 MPa PL=10 MPa

Figure 9. Hydrogen cover ratio versus adsorption capacity represented by PL.

As illustrated in Figure 10, since surface diffusion dominates when the pore size is
5 nm, the total conductance with different PL values almost shows the same variation as
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surface diffusion. The total conductance with a strong adsorption capacity is much greater
than that with a weak adsorption capacity. The peak conductance with PL equal to 2 MPa is
about 10 times that with PL equal to 10 MPa, as demonstrated in Figure 11, manifesting the
significant impact the adsorption capacity can have on the nanoconfined hydrogen capacity.
As a result, there would be a stronger hydrogen flow capacity for geological sites with a
strong adsorption capacity than those with a weak capacity; the magnitude could reach as
surprisingly high as several orders. In light of the variation of the surface diffusion with
pressure, increasing the pressure is a practical method to reduce the total conductance. As
presented in Figure 11, manipulating the pressure from 6 MPa to 50 MPa could reduce the
total conductance when PL is 2 MPa by over 50%. Considering the investigated impact of
temperature on the total conductance, decreasing the temperature could also reduce the
total hydrogen conductance for small nanopores.
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As for geological hydrogen storage, the main pore size of the specified storage site is
crucial, determining the prominent transport mechanism. As for large nanopores (>30 nm),
a low pressure and a high temperature are able to maintain a relatively low total conduc-
tance. In contrast, as for small nanopores (<10 nm), a high pressure and a low temperature
could reduce the nanoconfined hydrogen flow capacity efficiently. A high pressure is able
to reduce the hydrogen flow conductance as a result of a strong adsorption capacity.

Finally, it is necessary to clarify the research novelty accordingly. Although the model
establishment framework including the bulk gas flow and surface diffusion is the same
as that of the methane flow model for shale gas reservoirs, the presented hydrogen flow
behavior in nanopores is completely different from the reported methane flow and the
existing research on nanoconfined hydrogen flow. Notably, the main novelty of this re-
search depends on the nanoconfined hydrogen flow behavior presented in the proposed
model, rather than the proposed model itself, which elaborates the impacts of pressure,
temperature and pore size on the hydrogen flow capacity in nanopores in detail. Com-
pared with the methane flow in shale gas reservoirs, due to the great discrepancies in the
physical attributes between hydrogen and methane, nanoconfined hydrogen flow physics
could be dramatically different from methane flow physics. Apart from the bulk gas flow,
hydrogen’s adsorption capacity is much weaker than that of methane according to our
recent research [44]; thus, it is necessary to explore the hydrogen flow in nanopores with
a relatively weak adsorption capacity. Using the existing model for shale gas reservoirs
fails to reveal the nanoconfined hydrogen flow behavior, which is mainly attributed to the
different physical attributes of the gases, as well as their different adsorption capacities.
Additionally, the majority of the current research describes nanoconfined hydrogen flow
utilizing the Knudsen diffusion equation [8,9,45,46], inherently considering hydrogen flow
physics in nanopores according to Knudsen diffusion, and the relevant Knudsen number is
always greater than 10. The reliability of Knudsen diffusion for nanoconfined hydrogen
flow holds under low-pressure conditions, as the mean free path calculated using Equation
(3) becomes relatively large under low-pressure conditions, leading to the Knudsen number
exceeding 10. However, in terms of geological hydrogen storage, hydrogen’s pressure
could reach as high as several tens of MPa, considerably reducing the mean free path and
the Knudsen number. As a result, the Knudsen diffusion equation adopted by the existing
research for hydrogen flow in nanopores may not characterize the hydrogen flow behavior
during hydrogen geological storage over a wide pressure range. Therefore, the proposed
model in this research, covering the entire Knudsen number range and all four types of gas
flow physics, is a necessary and crucial supplement to the current research on nanoconfined
hydrogen flow. In addition, the reported hydrogen flow behavior in the existing research is
irrelevant given pressure and hydrogen’s viscosity. In summary, the impact of pressure
on nanoconfined hydrogen flow is a novel consideration, as is the studied hydrogen flow
capacity in nanopores in this research.

5. Conclusions

(1) A fundamental framework for nanoconfined hydrogen flow capacity is developed
by coupling the bulk gas flow mechanism and the surface diffusion of adsorption
hydrogen, accounting for the slip boundary and hydrogen’s density and viscosity, as
well as their variation over pressure and temperature. Two datasets of experimental
results validate the proposed framework well with only a 6.3% difference on average.
Also, the proposed model has an excellent match with the diffusion coefficients
of Helium-3, which has a comparable kinetic diameter to hydrogen. In addition,
more relevant underlying mechanisms could be further incorporated to improve the
model accuracy.
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(2) The observation that the total conductance in small nanopores (<10 nm) may exceed
that in large nanopores (>30 nm) is impressive, which conflicts with the conventional
principle according to the classic Navier–Stokes equation. The prominent role surface
diffusion has in small nanopores in affecting the nanoconfined hydrogen flow capacity
is found to be responsible for this impressive observation. Also, the bulk gas flow
would dominate the total conductance and the contribution of surface diffusion can
be neglected in large nanopores.

(3) The contribution of surface diffusion increases rapidly and then reduces stably with
increasing pressure and is enhanced with an increasing temperature. The conductance
contributed by the bulk gas flow almost linearly increases with increasing pressure and
weakens with an increasing temperature. The adsorption capacity has a surprising
influence on the total hydrogen conductance, particularly for small nanopores, and
the conductance with strong adsorption (PL = 2 MPa) could be 10 times as great as
that with a weak adsorption capacity (PL =10 MPa).
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