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Abstract. The purpose of this paper is to introduce twoRegionHydrideFoam, a newly developed solver
that enables the calculation of hydrogen absorption and desorption reactions in metal-hydrides. This
solver integrates simulations of chemical, thermodynamic, and continuum mechanical processes. The
primary focus is to provide a detailed, locally resolved description of hydrogen loading cycles under
varying temperatures and pressures. We discuss the mathematical model assembled for this purpose and
its implementation in OpenFOAM®. Additionally, precise heat transfer calculations are achieved using
the groovyBC third-party library. The performance and accuracy of the solver are demonstrated through
a parametric study where key system parameters are systematically varied and analyzed. Furthermore,
this paper includes preconfigured example cases to facilitate understanding and application of the solver.
This solver meets the increasing demand for advanced tools in sustainable energy storage and hydrogen
technology research. By expanding the capabilities of OpenFOAM®, it offers a powerful platform for
researchers and engineers to explore and develop innovative solutions within the hydrogen economy.

1. Introduction

1.1. Motivation. Global fossil fuel consumption has surged by 800 % over the past 70 years and has
doubled since 1980 [1]. Energy demand is expected to grow by 1.6 % annually until 2030 [2]. This
increase in energy demand, coupled with the rise in greenhouse gas emissions from fossil fuel use, under-
scores the urgent need to transition to renewable energy sources. Green hydrogen, in particular, holds
significant promise as an energy carrier for the transportation sector and for generating electricity and
heat. Although substantial research and development efforts have been made to harness hydrogen, further
advancements are needed to ensure its safe storage.

Currently, hydrogen storage primarily relies on high-pressure tanks, operating within a pressure range
of [300 bar < py, < 700bar], or alternatively, its liquefied form. Both methods have high energy require-
ments and significant storage losses. Additionally, there are major safety concerns due to the potential
for uncontrolled hydrogen release. In response, the authors are developing hydrogen tanks using an al-
ternative storage method: binding hydrogen in special metals known as metal-hydrides. These storage
systems offer advantages in terms of compactness, operation near ambient conditions, and adaptability
to various temperature-pressure requirements. They provide inherent safety due to low system pressures
and controlled hydrogen release [3]. However, they also have drawbacks, such as low gravimetric en-
ergy densities and complex process control. This complexity necessitates a thorough understanding of
the thermodynamic and technical behavior of metal-hydrides. Effective heat dissipation and supply are
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crucial to ensure that charging and discharging times are within the desired range and that safe opera-
tion is maintained. To address these challenges, a mathematical model of the absorption and desorption
reactions has been developed and implemented as a novel solver in OpenFOAM® .

We believe that metal-hydrides represent a significant advancement in the field of hydrogen storage.
As research progresses, it is likely that a variety of innovative storage concepts will emerge. To facilitate
greater accessibility and usability of metal-hydride simulations for the broader research community, we
have implemented an established mathematical model of the absorption and desorption reactions as a
novel solver within the OpenFOAM® framework. This development provides researchers and engineers
with a powerful tool for conducting detailed simulations and further investigations into metal-hydride-
based hydrogen storage systems.

1.2. Introduction to Metal-Hydrides. The term metal-hydrides encompasses metals, alloys, and in-
termetallic compounds capable of forming a chemical bond with hydrogen. In this study, examples include
Hydralloy C5, which is primarily composed of manganese and titanium, as well as LaNis.! By applying
thermal energy, hydrogen can be released from the metal-hydride [6].

Absorption

Metal (M) + Hydrogen (H) Metal-Hydride (M H) + Thermal Energy (1)

Desorption

During the loading process, gaseous hydrogen is initially adsorbed onto the metal’s surface through
physical adsorption. Under sufficient pressure, the hydrogen permeates the surface, diffuses into the
lattice and forms a solid solution known as the a-phase, where hydrogen is randomly distributed within
the metal lattice. As pressure increases, the hydrogen concentration also rises. However, due to attractive
atom interactions, the a-phase reaches its maximum hydrogen storage capacity [5]. At this point, the
B-phase begins to form, characterized by a higher hydrogen concentration (see Fig. 1 (A)). The Gibbs-
Phase-Rule

F=C-P+2 (2)
can be applied, where C' = 2 represents the number of components (Metal + Hydrogen) and P = 3
represents the number of phases (hydrogen gas + a-phase + -phase). This rule determines the degree of
freedom F = 1, corresponding to the thermodynamic temperature 7. Under isothermic conditions, the
degree of freedom becomes F' = 0, and the conversion from metal to metal-hydride occurs at a constant
pressure, known as the equilibrium pressure poq. The equilibrium pressure indicates the amount of
reversibly storable hydrogen and the required operating pressure. The relationship between temperature
and the corresponding pressure can be represented using pressure-concentration isotherms (PCI), which
can be calculated using the Van’t-Hoff equation

AH AS
n(p) = 2o~ 3)
using p as the system pressure, AH as the enthalpy of formation, AS as the change in entropy during
absorption/desorption, T as the thermodynamic temperature and R as the universal gas constant. By
plotting the pressure plateaus logarithmically against the inverse temperature for each PCI, a material
specific Van’t-Hoff diagram is obtained (see Fig. 1 (A)). The gradient (—AH/R) can be used to determine

the enthalpy of formation AH, which is particularly important for thermal management. It should be

LFurther implementation and research was conducted on: MgHg; MgNi; HWT5800; MmNiFe; MmNiAl
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Figure 1. (A) PCI’s and Van’t-Hoff diagram — adapted from [4]; (B) Isothermal hys-
teresis loop — adapted from [4, 5]
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noted that these idealized pressure-concentration-isotherms deviate from real storage processes (see Fig. 1

(B)).

1.2.1. Slope of Pressure Plateaus. Real metal-hydrides exhibit pressure plateaus with a slope (my). The
material specific slope can be calculated by relating the rate of pressure change d (Inp) to the change in
absorbed hydrogen in terms of number of atoms d (H/M) or in mass percent d (wy):

. — _d(np) _ d(np) o m. - 4np) _ d(np) )
P d(nm/na)  d(H/M) Pod(mu/my)  d(wn)

The slope can vary between absorption and desorption, often fluctuating significantly during both pro-
cesses. The quality of the metal-hydride is crucial, as material inhomogeneity and surface characteristics
play a substantial role in these variations.

1.2.2. Hysteresis. Hysteresis refers to the difference in pressure level between absorption and desorption
pressure plateaus. During the cyclic charging and discharging of metal-hydrides, a hysteresis loop occurs.

1.2.3. Rewversible Capacity. The technically utilizable amount of storable hydrogen in a tank is known as
the reversible capacity [A (H/M), or A (wm),]. This reversible capacity is significantly lower than the
maximum capacity [A (H/M),_ .. or A(wm),,,.)- Storage tank design parameters, such as pressure and
temperature ranges, must be considered as limiting factors.

1.3. State of the Art in Metal-Hydride Simulations. In recent years, significant advancements
have been made in the numerical simulation of hydrogen absorption and desorption by metal-hydrides.
Various models have been developed with the objective of improving the understanding of the kinetics,
thermodynamics, and heat transfer processes involved in these systems. However, we have identified
several limitations and assumptions in existing literature that impact the accuracy and scalability of
these simulations. We will outline these issues in the following paragraphs.

1.3.1. Container Geometries with Limited Customization. A review of the relevant literature reveals
that numerous geometric representations employed in computer-simulated models lack customizability
and frequently fail to reflect the characteristics of their real-world counterparts [7—11]. This is particu-
larly apparent when modeling small, intricate storage tanks. Such limitations can adversely affect the
dependability of simulations and the anticipated expenditures when transferring from laboratory settings
to industrial applications. Our investigation indicates that using commercially available pipes for storage
tanks could provide significant advantages in such scenarios.

1.3.2. Neglect of Outer Wall Influence. A common assumption is that the storage vessel walls can be
treated as adiabatic or infinitely thin [7,9,12-22]. However, in reality, these walls have finite thickness
and specific thermal properties, and may even include surface modifications such as fins, which can
significantly impact heat transfer dynamics. Ignoring these factors can lead to inaccurate predictions of
the system’s thermal behavior. This issue is addressed by using heat transfer equations that account
for the reactor walls, thereby modeling their impact accurately. While the surface modifications can be
implemented using the groovyBC library, this falls outside the scope of the present paper.

1.3.3. Owersimplification of Heat Transfer Mechanism. Many models simplify the heat transport mecha-
nisms by using gradient-based approaches, which do not fully capture the complexities of real heat transfer
processes [7,9,14-16,18, 20,21, 23-26]. These simplified assumptions may overlook critical factors, such
as convective heat transfer and non-linear thermal gradients within the storage vessels walls. As a re-
sult, such simplifications can lead to significant discrepancies between predicted and actual performance,
particularly under dynamic operation conditions.

1.3.4. Disregarding Heat Transfer through the Hydrogen Inlet. It is often overlooked that the hydrogen
inlet can act as either a source or sink for thermal energy [7,9,10,12,18,20,21,25,27]. The heat dissipated
by the hydrogen gas plays a crucial role in the system’s overall thermal management and should not
be underestimated. Ignoring this factor can lead to an underestimation of cooling requirements and an
inaccurate prediction of the system’s overall performance.
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1.3.5. Omitting Expansion Volumes and Filters. The expansion volume above the metal-hydride bed is
frequently treated as a free space, overlooking the presence of filters [7,9,10, 14, 18-23,27,28]. These
filters, which are installed to prevent particle migration, have significantly higher thermal conductivity
compared to metal-hydrides. As a result, they should be incorporated into simulations. Neglecting to
account for filters can lead to incorrect assumptions about heat distribution and thermal management
within the system. To address this issue, a boundary condition has been implemented at the hydrogen
inlet.

2. Numerical Model

The storage and release of hydrogen in real metal-hydride-based storage tanks are investigated nu-
merically. A mathematical model is assembled to describe the reactions (see Eqn. 1). To approximate
the complex transient behavior inside a metal-hydride based storage tank, the following assumptions are
made in the mathematical model:

(1) Hydrogen behaves as an ideal gas;
(2) The temperature and pressure of hydrogen at the inlet are uniform and constant;
(3) The volumetric expansion of the metal-hydride is negligible;
(4) The metal-hydride powder forms an isotropic, homogeneous, and constant-porosity packed bed;
(5) The properties of the metal-hydride remain constant during hydrogen absorption and desorption;
(6) Heat radiation and gravitational force are negligible.

(7) Local thermal equilibrium exists between metal-hydride and hydrogen;
By incorporating these assumptions, the processes in metal-hydride-based storage tanks can be described
using the principles of mass, momentum and energy conservation [7-9,23,26,29-32].

2.1. Conservation of Mass. For the metal, the conservation of mass can be described by

0ps
1- - = m,i
(-2 =5, )
and for hydrogen by:
0
eLE £V - (pgug) = — S (6)

ot
In Eqns. (5,6), the porosity of the metal powder bed ¢, the specific density p, and the velocity vector of
the hydrogen u, are utilized. Both equations describe the change in density during the reaction. The
term Sy, ; represents a source term for absorption

EA a p
Sm a— La- - - -1 *\Ps,sat — Ps 7
, exp( RT) n<pcq7a (Ps.sat = ps) (7)
or a sink term for desorption
Epq D — Peq,d
Sm =Cq- - - . : *\Ps = Ps,em 3
d d - exp ( RT ) ( Peq.d (p Ps,e p) ( )

depending on the system pressure, temperature, and the level of stored hydrogen [19,33,34].> Given
that no reaction can occur in the hydrogen/filter region, the local source term is zero (Sp; = 0). Both
equations consist of three terms to describe the reaction kinetics and thus the rate of hydrogen absorption
or desorption:
(1) The Arrhenius equation incorporates a specific reaction speed constant C;, the activation energy
E4 ;, the universal gas constant R, and the thermodynamic temperature T
(2) The comparison between the prevailing hydrogen pressure p and the equilibrium pressure of the
metal-hydride peq,i;
(3) The saturation level, which is determined by matching the current loading ps to either the satu-
rated state psgar Or the empty state ps emp-
Several approaches can be employed to determine the equilibrium pressure peq ; of metal-hydrides. One
approach is to utilize the Van’t-Hoff equation, which involves the enthalpy AH and entropy AS of
reaction:
AH AS
Peq,a = Peq,d = Pref * €XP (M - R) (9)
One notable drawback of this approach is its disregard for the loading of the metal. Therefore, it is
advisable to employ a more accurate method, such as utilizing polynomial equations. For instance, when

2Indices: s solid, g gaseous, i case indicator (a absorption, d desorption), sat saturated, emp empty
3The differentiation mechanism between absorption and desorption is the subject of Sec. 4.4.
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considering Hydralloy C5 within the temperature range of [0°C < ¥ < 100°C], the equation for the
absorption reaction can be expressed as follows:
peq,a

a
» =exp (a1 + =2 + a3z + a4w1‘3‘1 “+ aswy + aﬁw%{ + a7w13{ + asw?‘{)
ref

T
+ exp (b1 + bawn + bsT + byT? + b5T?)

(10)

Similarly, the equation for the desorption reaction is expressed as:
Peg,d

az 2 3 4
=exp <a1 + =+ a4w1‘3‘1 + aswy + asgwy + arwy + agwy
Dref

T

(11)
+ exp (bl + bowy + b3T + b6w?H)

a;, b;, a are coefficients determined empirically [7].* According to Manai [27], the mass percent of
absorbed hydrogen wy (see Eqn. 4) can be determined by:

Wy = Ps = Psemp 404 (12)
Ps,emp
To characterize the percentage of absorbed hydrogen in the metal, the conversion (or reacted fraction) Z

can be determined by utilizing the initial mass percent of absorbed hydrogen wy o® and the technically
saturated state wy sat-

WH — WH,0

Absorption
WH,sat
0<Z<1, Z = (13)
1+ “H ~ WH0 Desorption
WH,sat

For the absorption of LaNis, the polynomial function, utilizing the coefficients a; is expressed as follows:

AH, AS) _ a0+;ai (ﬁ)] exp [Aga (;_ T;)] (14)

RTe R
9 i
H AHy (1 1
=) |- —— 15
wryon(i) oo [ (7 ) )
The ratio of hydrogen to metal atoms, denoted as H/M (see Eqn. 4) can be determined using the methods
described in references [3,9,29]

Peq,a = DPref * €XP (

And for the desorption:

Peq,d =

H 2. s = FMs,em Ms
H 2 (ps = ps.emp) | (16)
M Mg Ps,emp

using the molar masses of hydrogen (M) and metal-hydride (Ms). Moreover, the saturated density of

the metal can be determined by:

WH sat
s,sat = Ps,emp * | 1 ’ ) 17
P ,sat p s P ( + 100 ( )

A middle ground between the Van’t-Hoff equation and the polynomial equations is the Van’t-Hoff
relationship

B
Peq = DPref * €XP (A - T> (18)

with material constants A and B derived from experimental data [8,17,24, 35].

2.2. Conservation of Momentum. To simplify the conservation of momentum in the pipe, we assume
a laminar flow of hydrogen, where Darcy’s-Law

K

u=-——Vp (19)
Hg

can be applied due to the porous nature of all regions within the tank. Here, K represents the permeability

of the packed bed and
T/K 0.68
=9.05-107%. ( =4 2
te = 9.05- 10 <293> (20)

4For a full list of coefficients see Tab. A.1 in the Appendix.
5wH,0 (absorption) < wpy o (desorption); define which reaction you want to start with in constant/metalHydrideSettings
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the dynamic viscosity of hydrogen [20,27]. By combining Eqn. 19 with the conservation of mass in Eqn. 6
and the Ideal-Gas-Law
p M,
Pe= RT @)

the conservation of momentum can be rewritten as follows:

M, (O0p poT _K B _
cme (- 2%r) =¥ eV = S (22)

This equation provides the time-sensitive rate of change in hydrogen pressure 0p/0t used to calculate the
hydrogen pressure in the next time step [8,19,20,27,36]. Subsequently, the pressure difference between
adjacent cells is calculated and inserted into Darcy’s Law (see Eqn. 19).

2.3. Conservation of Energy. Assuming local thermal equilibrium between the hydrogen and the
packed bed or filter, it is possible to use

oT AH
(PCp)ogr o +V - (pgcpguT) =V - (ke ;VT) + Sm ;- M, — T (cpg— Cpys) (23)

to describe the temperature field. The mass source/sink term is zero for the hydrogen filter area, because
no reactions occur in this region. The porosity-weighted effective heat capacity (pcp)esr,; of the metal-
hydride and hydrogen filter areas (see Fig. 2) is calculated as follows:

(PCp)ost Mim =epgcpgt(1—¢)pscps (24)

(pcp)eﬁ,ﬁlterArea = Efilter Pg Cp,g + (1 - Eﬁlter) Ptilter Cp filter (25)
The effective thermal conductivity Keg ; is determined by:

keff,MH =€ k'g + (1 — E) ks (26)

keﬁ,ﬁlterArea = Efilter kg + (1 - 8ﬁlter) kﬁlter (27)

3. Initial and Boundary Conditions

At the start of a simulation, the initial conditions are assumed to be in thermodynamic equilibrium®

T(xay,zatO) =Ty
ps(®,y,2,t0) = pso
t=to— < pe(x,y,2,t0) = pgo (28)
u(z,y,z,tg) =0
p(z,y,2,t0)  =po

as detailed Appendix B, along with their corresponding boundary conditions. All walls in the system
are impermeable to mass transfer. Boundary values and the rationale for using the third-party library
groovyBC, developed by Bernhard Gschaider [37], are provided in Sec. B.1.

4. Structure of the Solver

This section provides a comprehensive overview of the solver’s structural and functional aspects. The
description of the pipe geometries employed in the simulation is presented initially. Material parameters
and the selection of the method for calculating equilibrium pressure are defined afterwards. Next, it covers
the initialization of simulation parameters in the relevant files. The section then explains the solver’s
decision making process for absorption and desorption. A brief subsection addresses the implementation
of conservation equations. The final part of the section focuses on meshing the different regions, including
a detailed discussion of pressure and temperature exchange between these regions.

6In order to maintain readability, the dependence on the spatial coordinates and time will not be repeated. Spatially and
time variable parameters are to be taken into account accordingly.
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4.1. Geometry Information. The authors propose that future research should focus on scalable pres-
surized storage pipes. Pipes have been shown to possess optimal geometric properties for withstanding
high pressures and facilitating effective heat transfer. To ensure optimal process control, a heat exchanger
can be utilized to introduce or extract thermal energy through a moving medium on the exterior surface.
This approach is applicable across various scales, from individual pipes to pipe-bundle heat exchangers.
Both geometries include a porous filter at the hydrogen inlet and a packed bed of metal-hydride. One of
these designs features an additional central gas channel made from the same filter material used at the
inlet.
Two predefined blockMesh files are located in the system folder of the template case:

(1) blockMeshDict_full: Represents the filled pipe in Fig. 2a.
(2) blockMeshDict_hollow: Represents the filled pipe 4+ gas channel in Fig. 2b

For evaluation (see Secs.5.2 and 5.3.3), two Points, shown in Fig. 2a, are evaluated. Point A is located at
(20mm |0 mm | 20 mm) while Point B is positioned at (20mm | 0mm |50 mm) in a pipe with the length
of 110 mm, a diameter of 48.3 mm, and a simulated wall thickness of 1.06 mm.

To optimize computational time, the pipe’s axial symmetry is leveraged by using a wedge-shaped
mesh (see Fig. 2¢). To simulate a specific pipe configuration, a section named config is inserted at the
beginning of the corresponding blockMesh file. This section is then converted into vertices through inline
calculations.

In the blocks sub-dictionary, it is crucial to correctly name the mesh regions for the metal-hydride area
(metalArea) and the hydrogen/filter area (hydrogenArea).” These explicit names are used by the solver
during mesh initialization (as defined in createMeshes.H) and calculation. The two regions represent the
distinct areas required by the solver for accurate simulation.

4.2. Material Definition. The hydrideMaterialConfig file in the constant folder functions as a data-
base, defining all material parameters required for the simulation. The current entries in this file are
based on literature references.®
The selection of a specific material is made in the metalHydrideSettings file. Here, the heat transfer

parameters must be re-entered and should match the values specified in hydrideMaterialConfig. Further-
more, four different methods of pressure calculation can be chosen:

(1) Van’t-Hoff-Equation (Eqn. 9)

(2) Polynomial equation for Hydralloy C5 (Eqns. (10,11))

(3) Polynomial equation for LaNis (Eqns. (14,15))

(4) Van’t-Hoff-Relationship (Eqn. 18)

"To ensure clarity, the mesh regions are referred to as metalArea and hydrogenArea for convenience, although it should be
noted that these regions may not consist exclusively of the corresponding substances

8The compiled information is taken from [3,7,11,12,18,24,31,38-49] and is referred to in the source code at the corresponding
lines
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Figure 2. Model geometries used — metal-hydride in gray and hydrogen/filter in blue
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To facilitate troubleshooting and case setup correction, the output of intermediate results during simu-
lation can be enabled by using myDebugControl. This feature helps identify and rectify any inaccuracies
in the setup.

4.3. Initialization of Simulation Parameters. The function responsible for reading parameters is
implemented in readDictionaries. H. It reads material parameters from hydrideMaterialConfig and metal-
HydrideSettings, then passes these parameters to the solver for further processing. To initialize the field
variables, the files createMetalFields.H and createHydrogenFields.H, located in their respective mesh
region folders, are used.

initialize Hydride Properties. H serves as a central location for initializing constants, constant field vari-
ables, and starting values. This includes the absorption/desorption constants for the polynomial equilib-
rium pressure calculations (see Tab. A.1 in Appendix A).

4.4. Detection of Absorption / Desorption Reaction. In p_eq. H, the determination of whether
an absorption or desorption reaction occurs is made individually for each cell in the metalArea. The
equilibrium pressure peq is calculated according to the specifications set in metalHydrideSettings. In
simulationControl. H, the pressure of each cell is compared with the equilibrium pressures for absorption
and desorption, as outlined in Listing 1:

(1) Di > Deq,a,i — absorption

(2) Di < Peq,d,i — desorption

(3) Peqd,i < Pi < Deq,a,i — NO reaction
Based on these calculation, support variables such as absorptionAllowed and desorptionAllowed are con-
figured. These auxiliary variables enable the equations to be adjusted to include or exclude specific
terms depending on whether absorption or desorption is permitted in a particular cell, thereby ensuring
accurate modeling of the reactions and their impact on the system.

-
forAll(p, 1)

{

if (p[i] > p-eg-ali])

{ calcHelp_abs[i] = Foam::log(pl[i] / p-eqg.alil);
calcHelp.des[i] = 0;
absorptionAllowed[i] 1;
desorptionAllowed([i] = O0;

I3

else if (p[i] < p-eg-d[i])

{ calcHelp_abs[i] = 0;
calcHelp.des[i] = ((pl[i] - p.eq.d[i])/p-eq.d[i]);
absorptionAllowed[i] = 0;
desorptionAllowed[i] = 1;

I3

else

{ absorptionAllowed[i] = 0;
desorptionAllowed[i] = 0;
calcHelp_abs[i] = O;
calcHelp.des[i] = 0;

}

}

Listing 1. Determination of the auxiliary variables in simulationControl.H

4.5. Implementation of Conservation Equations. The implementation of the conservation equations
is organized by mesh regions, with each region having its own dedicated file. This structure is illustrated
in Listing 2 using Eqn. 5 as an example. In line 4 of this code example, the control of the source and
sink terms is demonstrated through the use of auxiliary variables.

fvScalarMatrix rhoMetalEqgn (
(l-epsilon) = fvm::ddt (rhoMetal)
Sm_a * absorptionAllowed + Sm._d * desorptionAllowed
)i

Listing 2. Metal density calculation in rhoMetalEqn.H
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4.6. Coupling of Mesh Regions. Due to the use of separate meshes for the metalArea and hydro-
genArea, different equations can be applied to each region, allowing for tailored material data such as
porosity or thermal conductivity. However, since the meshes operate in isolation, data exchange at their
interfaces is necessary. Before the simulation begins, collectFaces.H identifies the shared interfaces be-
tween the meshes based on their hard-coded names. It is essential that the meshes adhere to the naming
conventions specified in Sec. 4.1. The script then populates lists with cells adjacent to these interfaces.
When the number of cells on both sides of an interface is equal, pairs of opposing cells are formed.?
Pressure coupling is managed in pressureTransfer.H, as illustrated in Listing 3. This process involves
transferring the pressure of the hydrogenArea cells to faces of the metalArea cells, ensuring that the
pressure, which is imposed at the inlet, is properly propagated throughout the metalArea.

forAll (metalToHydrogenPatch, facei)

{

label IDCellHydrogen = patchCellsHydrogenToMetalPatch[facei];

p-hydrogen.boundaryFieldRef () [hydrogenToMetalPatchID] [facei] =
p-hydrogen[IDCellHydrogen];

p.boundaryFieldRef () [metalToHydrogenPatchID] [facei] =
p-hydrogen [IDCellHydrogen];

Listing 3. Pressure transfer from hydrogenArea to metalArea in pressureTransfer.H

In the simulation, determining the direction of cell temperature transfer between cells is not straight-
forward, complicating the temperature coupling process. To account for the heat released or absorbed
due to reaction, the energy conservation equation for the metalArea is solved at each time step. The script
T_toHydrogen.H handles the transfer of temperature values from the metalArea cells to the boundaries
of the hydrogenArea cells as illustrated in Listing 4. Using these updated boundary values, the energy
conservation equation is then solved for the hydrogenArea. Finally, the temperature values from the
hydrogenArea cells are transferred back to the boundaries of the cells in the metalArea, completing the
temperature coupling process, as shown in Listing 5. This iterative approach ensures that temperature
values in both the metalArea and hydrogenArea are accurately updated, reflecting the heat transfer and
reactions occurring in the system. For a clearer understanding, a solver flowchart is provided in Fig. 3.

forAll (metalToHydrogenPatch, facei)

{

label IDCellMetal = patchCellsMetalToHydrogenPatch|[facei];

T_hydrogen.boundaryFieldRef () [hydrogenToMetalPatchID] [facei] =
T[IDCellMetall;

Listing 4. Temperature transfer from metalArea to hydrogenArea in T_toHydrogen.H

9This applies to all meshes discussed in this paper. For meshes with an uneven distribution of cells, the coupling process
will need to be adjusted accordingly
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forAll

{

(metalToHydrogenPatch, facei)
label IDCellHydrogen = patchCellsHydrogenToMetalPatch[facei];

T_hydrogen.boundaryFieldRef () [hydrogenToMetalPatchID] [facei] =
T_hydrogen [IDCellHydrogen];

Listing 5. Temperature transfer from hydrogenArea to metalArea in T_toMetal. H

Start

T from

Done hydrogenArea to
metalArea
hydrogenArea to
metalArea
Metal Area Hydrogen Area

Calculate wp Calculate pg pe from Calculate pg

Eqn. 12

- —

Calculate peq

Calculate pg

Eqn. 21

PR

Calculate u

» metalArea to > Eqn. 22
hydrogenArea

PR

Calculate pg

Calculate T'

Eqgn. 23

(Sec. 2.1) Eqn. 19 Eqn. 21
each cell: Calculate pg Update: Calculate u
ab-/desorption? Eqn. 5 - (pcp)er Eqn. 24, Eqn. 19
(Sec. 4.4) ¢ Eqn. 20

Y

T from
metalArea to

Calculate T
Eqn. 23

Eqn. 22

hydrogenArea

Figure 3. Flowchart of the solver’s algorithm

5. Evaluation

5.1. Pressure Propagation Analysis. To substantiate the assumption of laminar flow and applicabil-
ity of Darcy’s Law, twelve simulations were conducted with varying pressure settings. In six simulations,
the propagation of hydrogen pressure in the filter area was modeled (see Figs. 4a and 2b). In the remain-
ing simulations, the hydrogen pressure in the filter area was assumed to be uniform and constant (see
Fig. 4b). The results show that the simulated gas propagation inside the filter area cannot be accurately



Development of an OpenFOAM® Solver to investigate the dynamic absorption and desorption processes in metal-hydrides 69

modeled during the first second of the simulation. However, the simulated particle!’ Reynolds number
for times greater than 0.8 s remained within the valid range of Darcy’s-Law of Rep max = 1...10 [50-53].

It is important to note that in practical applications, an immediate pressure change App, from
po = 0.1 MPa to p;, = 4 MPa is unlikely and represents a theoretical scenario. Therefore, the required
compliance with Rep max < 10 for technically reasonable simulations is maintained.

In the simulations with constant pressure in the filter area, the particle Reynolds number only exceeds
Rep max = 10 during the first few milliseconds for the largest pressure increase to pi, = 4 MPa. These
results demonstrate that Darcy’s law effectively describes the gas velocity for the operating conditions
considered in this study. This finding is consistent with the sources previously referenced [7,10,12,14,17,
18,20,23,24]. It is important to note that different charging pressures are used for various metal-hydrides.
For example, an inlet pressure of approximately 0.5 MPa is typical for LaNis, which significantly reduces
the particle Reynolds number, as shown in the accompanying diagrams.

When comparing different pipe geometries, the propagation of hydrogen and its associated gas pressure
significantly influences the conversion rate. Simulating the pressure propagation from the inlet and
applying a constant gas pressure throughout the entire hydrogenArea, with varying step sizes, allows us
to assess simulation accuracy against increased computing time and numerical instabilities.

101y this context, the term particle refers to an individual powder grain that makes up the packed bed of the metal-hydride
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The impact of pressure propagation varies with the pipe’s internal geometry. In the storage pipe
without a gas channel (see Fig. 2a), the effect on the hydrogenArea at the inlet was found to be relatively
minor. Conversely, in the storage pipe with a central gas channel (refer to Fig. 2b), the effect was more
pronounced, but resulted in considerably increased calculation time. Key points to consider are:

(1) Simulating hydrogen propagation helps to analyze the initiation of absorption/desorption pro-
cesses.

(2) After the initial hydrogen propagation, the step size can be gradually increased.

(3) Calculation time can be optimized by assuming homogeneous and constant pressure.

(4) The discrepancy between simulated gas propagation and the assumption of an instantaneous
increase in gas pressure is directly proportional to the length of the simulated storage pipe.

However, in this study, the influence of gas propagation is negligible due to small pipe geometries.
5.2. Studies of Parameter. To demonstrate and validate the solver, a series of parametric studies were

conducted for the absorption and desorption processes of Hydralloy C5. The focus was on the following
operational parameters:

the initial temperature, Tg,
the cooling temperature, T
the inlet pressure, pi,

the heat transfer coefficient, h

Additionally, two material-specific parameters were considered:

e the packed bed porosity e
e the packed bed permeability K
And one geometric parameter:
e the pipe’s wall thickness dw
Parameters not varied in the individual analyses were set as follows:
o Ty =Ty = 293.15K for absorption and Ty = 293.15 K, T, = 340 K for desorption
e h=500W/(m?K)
® pin = 3MPa (absorption) or pi, = 0.1 MPa (desorption).
The evaluation was performed at point B, as introduced in Sec. 4.1. Results of this study are presented

in Figs. 5 and 6 for absorption and Figs. 7 and 8 for desorption. The findings are consistent with those
reported in [7,8,13,16,17,23,27,32-34,54].

5.2.1. Absorption Analysis.

Influence of the Initial Temperature Ty and Coolant Temperature T, (Fig. 5a).

(1) The amount of hydrogen absorbed increases as the coolant temperature decreases [13,23,27,54].

(2) Lower coolant temperatures reduce the equilibrium pressure peq. and extend the absorption
phase [7,16,23,32,33].

(3) The rate of absorption is highly sensitive to temperature. Lower Temperatures result in a faster
reaction rate [13,23,27,54].

(4) Starting the reaction at a higher initial temperature and using a higher coolant temperature leads
to a higher peak temperature during absorption [13,23,27].

Influence of the Hydrogen Inlet Pressure py, (Fig. 5b).
(1) The amount of hydrogen absorbed by the metal-hydride rises with increasing inlet pressure [7,
13,17,23,27,32,34].
(2) Higher pressures lead to a faster reaction rate and an increase in released heat [7,8,13,23,27,32,34].
(3) Increased pressure improves heat transport significantly [8,13,23,27,34].
(4) The cooling process occurs more rapidly at higher pressures, despite the higher peak temperature
[8,13,23,27,34].

Influence of the Heat Transfer Coefficient h (Fig. 5¢).

(1) The absorption rate is strongly influenced by the heat transfer coefficient [13,27].

(2) A higher heat transfer coefficient improves the rate of hydrogen absorption [13,27].

(3) Reaction speed increases proportionally with h and approaches a technical optimal level.
(4) The metal-hydride’s poor thermal conductivity'! limits internal heat transport.

(5) A higher heat transfer coefficient slightly reduces the peak temperature [13,27].

HHydralloy C5: k =1 W/(mK); LaNis: k = 3.18 W/(mK)
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Figure 5. Simulated temperature T" and conversion Z as a function of time and distinct

parameter for Hydralloy C5 (absorption)
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Influence of the Metal-Hydride’s Porosity € (Fig. 6a,).

(1) Higher porosities result in a faster reaction speed and a slight reduction in maximum temperature
[8,34].

(2) Increased porosity significantly enhances cooling performance [34].

(3) Lower porosities extend the absorption phase [8,34].

(4) Higher porosity reduces the overall capacity of the storage system.

Influence of the Metal-Hydride’s Permeability K (Fig. 6b).

(1) Lower permeabilities drastically reduce the reaction speed.

(2) Higher permeabilities lead to an increase on the maximum temperature within the storage pipe.
(3) Permeability has no noticeable effect on cooling performance.

(4) Permeability does not have a significant impact on the amount of hydrogen absorbed.

Influence of the Pipe’s Wall Thickness ow (Fig. 6c).

(1) For the examined wall material (k = 21 W/(m K)), variations in wall thickness within the practical
range (dw < 10mm) have a negligible effect on the absorption reaction

(2) Increasing the wall thickness leads to a higher maximum temperature within the storage pipe
because heat dissipation is slower.

(3) The cooling performance remains unaffected by changes in wall thickness as long as the thickness
remains within reasonable limits.

(4) Wall thickness does not significantly impact the amount of hydrogen absorbed.

5.2.2. Desorption Analysis.

Influence of the Initial Temperature Ty and Coolant Temperature T, (Fig. 7a).

(1) The amount of desorbed hydrogen increases as the coolant temperature rises [23,32,54].

(2) Higher temperatures lower the equilibrium pressure peqq and extend the desorption phase [23,
32,54].

(3) The desorption rate is highly depending on temperature. Higher Temperatures accelerate the
reaction speed [23,32,54].

(4) Starting the reaction at a higher initial and coolant temperature results in a reduction of the
bottom temperature during desorption [23].

Influence of the Hydrogen Inlet Pressure pi, (Fig. 7b).

(1) The amount of hydrogen released by the metal-hydride rises with decreasing pressure [23].

(2) Higher inlet pressures lead to a slower reaction rate and an increase in heat absorption rate [23,32].

(3) Higher pressures significantly improve heat transport.

(4) Lower inlet pressures lead to a significantly stronger desorption reaction and thus to a significantly
greater temperature drop at the start of the extraction process [23,32].

Influence of the Heat Transfer Coefficient h (Fig. 7c).

(1) The desorption rate is strongly affected by the heat transfer coefficient [27].

(2) A higher heat transfer coefficient improves the rate of hydrogen desorption [27].

(3) Reaction speed increases proportionally with h, approaching a technically optimal level [27].

(4) The limiting factor for internal heat transport is the poor thermal conductivity of the metal-
hydride.

(5) A lower heat transfer coefficient raises the minimum temperature in the storage system.

Influence of the Metal-Hydride’s Porosity € (Fig. 8a).

(1) Increasing the porosity results in a higher reaction rate [34].
(2) Lower porosities extend the desorption phase [34].
(3) Higher porosity decreases the capacity of the storage system (not shown in the graphs).

Influence of the Metal-Hydride’s Permeability K (Fig. 8b).

(1) Lower permeabilities drastically decreases the reaction speed.

(2) Higher permeabilities significantly increase the minimum temperature in the storage pipe.
(3) Permeability has no observable effect on the heating performance.

(4) Permeability has a significant impact on the quantity of desorbed hydrogen.
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Influence of the Pipe’s Wall Thickness dw (F'ig. 8c).

(1) For the examined wall material (k = 21 W/(m K)), variations in wall thickness within the practical
range (dw < 10mm) have a minimal impact on the desorption reaction.

(2) Increasing the wall thickness results in a lower minimum temperature in the storage pipe.

(3) The wall thickness has minimal impact on the heat absorption process.

(4) The amount of desorbed hydrogen within the observed time frame is only slightly affected by the
wall thickness, as long as it remains within a reasonable range.

5.3. Additional Demonstration of the Solver’s Capabilities. In addition to the aforementioned
parametric studies, the following three sub-sections highlight three key functionalities of the solver,
namely:

(1) Selection of metal-hydrides by a comparison of absorption reactions of Hydralloy C5 and LaNis
(2) a comparison of pipe geometries, utilizing those presented in Sec. 4.1 in desorption reactions
(3) the cyclic loading and unloading of a storage pipe, comparing Hydralloy C5 and LaNis.

5.3.1. Material Comparison via Absorption Reaction. The behavior of Hydralloy C5 and LaNis is com-
pared, counsidering material-specific absorption pressures (Hydralloy C5: pi, = 3MPa; LaNis: pi, =
0.5MPa). The simulation results are illustrated in Fig. 9. It is crucial to avoid setting the starting
hydrogen density too low, as this can result in inaccurate or incorrect equilibrium pressures due to the
polynomial equations used.

Key observations:

e Initial Absorption Behavior:
(1) After one second, distinct absorption behaviors are evident.
(2) Hydralloy C5 exhibits a defined temperature profile.
(3) LaNi5 shows a temperature change across the entire metal-hydride bed, albeit significantly
lower than that of Hydralloy C5.
e Reaction Dynamics:
(1) Hydralloy C5 demonstrates a stronger and faster exothermic reaction.
(2) Due to the higher loading pressure, Hydralloy C5 achieves a higher temperature and a greater
amount of absorbed hydrogen.
e Core Formation:
(1) After 100 seconds, the formation of a core region is observed for both temperature and
conversion. This is a typical behavior for the absorption of hydrogen in metal-hydrides.
(2) The equilibrium pressure increases with the amount of hydrogen absorbed and the thermal
energy released during the absorption reaction.
(3) Heat generated must first be dissipated via the container walls to the cooling medium so
that the equilibrium pressure drops and further reaction can occur.
(4) Consequently, the wall areas cool more rapidly than the central areas, resulting in a faster
and/or prolonged reaction.

These findings are consistent with investigations conducted by Jiao [13], while other authors have exam-
ined LaNis under longer time periods and higher hydrogen pressures [3,9,16, 25,29, 33,34, 54, 55].

5.3.2. Geometry Comparison via Desorption Reaction. Figure 10 illustrates the comparison of different
inner pipe geometries (see Fig. 2) during desorption using Hydralloy C5. As the hydrogen pressure
decreases, the desorption reaction begins. To fulfill the heat requirements of the reaction, the pipe is
externally heated at a constant temperature of T, = 340 K. The metal-hydride absorbs thermal energy,
resulting in a temperature decrease along the pipe. This effect is further amplified by the presence of
a central gas channel, where the pressure decreases more rapidly throughout the pipe. Consequently,
hydrogen stored in the core of the pipe is released more quickly than in the completely filled storage pipe.
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Figure 7. Simulated temperature T' and Conversion Z as a function of time and distinct
parameter for Hydralloy C5 (desorption)
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Figure 9. Absorption processes of Hydralloy C5 and LaNis;
Left: Temperature T/K; Right: Conversion Z;
Absorption pressures: 3 MPa (Hydralloy) & 0.5 MPa (LaNis)
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Figure 10. Desorption processes of Hydralloy C5 using different pipe geometries;
Left: Temperature T/K; Right: Conversion Z/-;
Desorption pressure: 0.1 MPa (both)
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5.3.3. Comparison of Cyclical Behavior. An exemplary cycle is simulated for Hydralloy C5 and LaNis:

Absorption 200s, Desorption 200s, Absorption 200s, Desorption

using the parameters seen in Tab. 1. Transitions between phases are instantaneous. The analysis focuses
on two locations, Point A and Point B (see Fig. 2a), with results depicted in Fig. 11.

In the initial absorption phase described in Sec. 5.3.1, LaNi5 exhibits a uniform hydrogen distribution
due to a minimal pressure gradient, leading to a lower peak temperature, as shown in Fig. 5b. In
contrast, Hydralloy C5 experiences a delayed absorption reaction because the hydrogen pressure takes
longer to exceed the equilibrium pressure peq, a. This delay results in a significantly higher temperature
due to Hydralloy C5’s much larger absorption constant C, (6 - 10°s™! instead of 59.187s71). At 200s,
LaNi5 reaches a higher conversion due to its lower maximum hydrogen saturation limit (wisat = 1.3 %)
compared to Hydralloy C5’s (wh sat = 1.8%). Additionally, greater porosity in Hydralloy C5 enhances
cooling despite its lower thermal conductivity (Fig. 6a).

Desorption begins at 200s with changes in hydrogen pressure and coolant temperature. Hydralloy C5
experiences a significant slowdown due to a sharp temperature drop, requiring heat conduction to the
interior to accelerate the reaction. In contrast, LaNis maintains a more stable reaction rate due to milder
temperature and pressure drops and superior thermal conductivity. The behavior observed in the second
absorption-desorption cycle is similar to that of the first.

Table 1. Parameters for comparative simulation of cyclical behavior

Hydralloy C5 LaNis

Absorption Pressure Din 3 MPa 0.5 MPa
Desorption pressure Dout 0.1 MPa

Coolant temperature T 293.15 K 340K
Heat transfer coefficient h 1000 W/(m? K)

6. Conclusion

This paper presents twoRegionHydrideFoam, a newly developed solver for the thermodynamic analysis
of metal-hydride absorption and desorption reactions within the OpenFOAM® framework. The solver
employs a comprehensive mathematical model to determine system parameters including the density of
metal-hydride and hydrogen, temperature, absorbed hydrogen, and control variables for each cell. This
approach overcomes the limitations of simplified heat transfer at the boundary conditions often seen in
the literature.

The solver’s functionality has been rigorously evaluated through extensive parametric studies, aimed at
validating its results against established literature. The comparison showed a strong correlation between
the solver’s performance and published findings, with no anomalies or errors detected in the examples
tested.

This version of the solver includes polynomial equations specifically tailored for Hydralloy C5 and
LaNis, while featuring general equations to accommodate other metal-hydrides. Its modular framework
allows for future expansion to incorporate additional functionalities and materials. Analysis of metal-
hydride degradation can be conducted by integrating further parameters into the solver.

The primary objective of this study is to provide the OpenFOAM®-Community with an advanced tool
that supports research in metal-hydride-based hydrogen storage systems. As hydrogen storage research
becomes increasingly crucial, this solver represents a significant advancement in the field.
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Appendix A. Coefficients for Equilibrium Pressure Calculation

Table A.1l. Coefficients used to determine the equilibrium pressure for the absorp-
tion/desorption reaction (see Eqn. 10, Eqn. 11, Eqn. 14, Eqn. 15), taken from [3,7,9,29])

LaNis H Hydralloy C5
Coefficient Absorption Desorption H Coefficient Absorption Desorption
ag —0.34863 0.421 «a 0.5 -0.3
ay 10.1059 —4.114 ay —4.884 30.225
as —14.2442 14.180 as —2374.7 —3312.9
as 10.3535 —13.109 as 3.4129-1073 -
ay —4.206 46 4.557 ay 48.816 —10.078
as 0.962 371 0.166 as —50.404 —14.603
ag —0.115468 —0.592 ag 22.711 12.889
ar 0.005 637 76 0.179 az —7.9717 —6.7934
as - —0.023 as 1.233 1.5872
agy - 1.126 - 1073 b1 —452.34 —59.282
ba 15.522 —4.7339
bs 4.0954 0.13922
by —1.3222-1072 -
bs 1.4406 - 107 -
be - 4743.7

Appendix B. Reasoning for Using groovyBC

In this section, we will explain the reasons for using groovyBC. Additionally, we will discuss the
derivation of the equation used to simulate storage pipes, including their walls.

B.1. Benefits of Using groovyBC. The boundary values for a variable!? X = {T, ps, ps,u,p} are
determined by referencing the value at cell boundary X,.¢ to the value at the boundary Xg. This process
accounts for the gradient V,er(X) and the inverse distance from the cell center to the boundary patch
1/6 [56]:

(29)

Xp=f Xt + (1 f)- [XX + Vref(X)}

1/6
Three different boundary conditions can be distinguished for partial differential equations, which are
incorporated into the calculations using a weighted factor, denoted as f:

(1) The Dirichlet-boundary-condition (f = 1) provides function values.
(2) The Neumann-boundary-condition (f = 0) provides derivative values.
(3) The Robin-boundary-condition (1 > f > 0) provides both function and derivative values.

Since conditions can change during the simulation, it is necessary to continuously adjust the boundary
values. To facilitate this, the third-party library groovyBC, developed by Bernhard Gschaider [37], was
employed to handle heat conduction and convective boundary conditions. This library can read and
evaluate field values of the mesh using user-defined functions, enabling stepwise adjustments of Eqn. 29.
Furthermore, groovyBC can simulate a cross-flow heat exchanger by dividing the external temperature of
the storage pipe into distinct temperature sections. This allows for the simulation of different processes
by changing the boundary conditions.

Figure B.1 illustrates a general heat transfer scenario, encompassing heat transfer within the boundary
cell and its adjacent wall, as well as convective heat transfer. By equating the corresponding heat fluxes,
a mathematical description of the heat transfer phenomenon can be fomrulated:

. . . Kefe

Gconv = {cond,wall = Gcond,cell —7 h (Too - TW) = (TW - TB) ==

ow 1
In Eqn. 30, h represents the heat transfer coefficient. However, since the external wall is not meshed, the
temperature Ty is not included in the computational domain and must be determined using a general

kw

(Tg — Tx) (30)

12Indices: W = outer wall, B = inner wall/boundary, X = cell center, oo = free stream, ref = referencing
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Figure B.1. Convective heat transfer through a boundary cell and an external wall —
adapted from [56]

relation T T T —
. 1— 12 2 — 13 . 1— 43 .
= = == —" th Ri3=R R 31
q Ry Ry3 ¢ R b b3 12 A2 (31)
that incorporates the thermal resistance R [56,57]. By isolating T from Eqn. 30 and applying this
relation, we obtain:

1 B . ke kw + h ow
Tg=—-Tow+—" T th = — 32
B=qyg Tt g Ix with f==-— (32)
When comparing the commonly used gradient approach
oT
—keff ain - h (TX - Too) (33)

with Eqn. 32, it becomes apparent that the gradient approach largely neglects significant heat transfer
parameters. These parameters, however, are crucial and significantly affect heat transfer.

To illustrate this aspect, let’s consider a point within a pipe that has a notable wall thickness. The
point of interest is located at a distance of 3mm from the wall within the metal-hydride bed and 50 mm
from the bottom of the pipe. We will explore this scenario by examining four representative heat transfer
coefficients:

h = {5,10,25, 50, 100, 250, 500, 1000} W/(m?*K)

The simulation results are depicted in Fig. B.2. The gradient approach shows a negligible impact of
the heat transfer coefficient on the simulation results. On the other hand, when considering the pipe wall
and its associated parameters using groovyBC, the expected outcome is observed. Specifically, there is a
proportional increase in cooling power with the heat transfer coefficient, leading to a corresponding rise
in the hydrogen absorption rate.

Additionally, the gradient model predicts a stronger cooling effect, particularly noticeable when com-
paring the graphs for h = 10 W/(m? K). This emphasizes that utilizing Eqn. 32 yields more accurate
results and provides better adjustability for various simulation scenarios.
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Appendix C. Boundary and Initial Conditions for the Hydrogen Area

The following section outlines the boundary and initial conditions required to set up a Hydralloy C5 ab-
sorption simulation in the hydrogenArea. Please note that the values provided for pressure, temperature,
and velocity are intended as examples and may vary based on the specific needs of the user.

Table C.1. Pressure p — Boundary and Initial Conditions

Description Value

internalField uniform 30e5

inlet
type fixedValue
value $internalField
tankWall
type zeroGradient

” (front | back)”

type wedge

hydrogenArea_to_metalArea

type fixedValue
value $internalField

Table C.2. Temperature 7' — Boundary and Initial Conditions

Description Value
internalField uniform 293.15
inlet
type groovyBC
variables k_eff=$epsilon filter*$k_hydrogen+(1-$epsilon_filter)*$k filter
valueExpression 293.15

gradientExpression 0
fractionExpression  1/(1+(k_eff/($h_hydrogen*mag(delta()))))

value $internalField
tankWall
type groovyBC
variables k_eff=$epsilon filter*$k_hydrogen+(1-$epsilon_filter)*$k_filter

valueExpression 293.15

gradientExpression 0

fractionExpression  1/(1+(k_eff/($h_metal*mag(delta())))*(($k-wall+$h_metal*$delta_wall) /$k_wall))
value $internalField

?(front | back)”

type wedge

hydrogenArea_to_metal Area

type zeroGradient
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Appendix D. Boundary and Initial Conditions for the Metal Area

The following section depicts the Boundary and Initial Conditions in the metalArea to setup an Hy-
dralloy C5 absorption simulation.

Table D.1. Pressure p — Boundary and Initial Conditions

Description Value

internalField uniform leb

tankWall

type zeroGradient

” (front | back)”

type wedge

metalArea_to_hydrogenArea

type fixedValue
value $internalField

Table D.2. Gas Density p; — Boundary and Initial Conditions

Description Value
internalField uniform #calc 72.01588¢-3 * 1e5 / (8.3145 * 293.15)”
tankWall
type zeroGradient
”(front | back)”
type wedge
metalArea_to_hydrogenArea
type fixedValue
value $internalField
Table D.3. Metal Density ps — Boundary and Initial Conditions

Description Value

internalField uniform 6109.6

tankWall

type zeroGradient

”(front | back)”

type wedge

metalArea_to_hydrogenArea

type zeroGradient
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Table D.4. Temperature 7' — Boundary and Initial Conditions
Description Value
internalField uniform 293.15
tankWall
type groovyBC
variables k_eff=$epsilon_metal*$k_hydrogen+(1-$epsilon_metal)*$k_metal
valueExpression 293.15
gradientExpression 0
fractionExpression  1/(14+(k_eff/($h_metal*mag(delta())))*(($k-wall+$h_metal*$delta_wall) /$k_wall))
value $internalField
”(front | back)”
type wedge
metalArea_to_hydrogenArea
type fixedValue
value $internalField

Appendix E. Numerical Schemes & Equation Solvers, Tolerances and Algorithms

In this section, we list the numerical schemes (found in fvSchemes) as well as the equation solvers,
tolerances and algorithms (found in fvSolution) used for our simulations.

Table E.1. fvSchemes used in all simulations, both regions

Type Scheme

ddtSchemes
default Euler

gradSchemes
default Gauss linear

divSchemes
default none

laplacianSchemes
default Gauss linear corrected

interpolationSchemes
default linear

snGradSchemes
default corrected
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Table E.2. fvSolution used in all simulations, both regions

Type Configuration
T, p, rtho.*
solver PBiCGStab
preconditioner DILU
tolerance le-7
relTol 0.1

nNonOrthogonalCorrectors 0
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