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ABSTRACT: This study develops and systematically evaluates a hierarchical tree-shaped finned-tube heat exchanger
designed to enhance hydrogen absorption in porous metal-hydride (MH) storage reactors. The proposed architecture
combines geometrically nested primary, secondary, and tertiary tubes with branched fins to redistribute cooling
capacity from the reactor core towards peripheral regions where localized reaction dead zones develop. A validated
two-dimensional transient model, incorporating Darcy-law porous-media flow, heat transfer between the MH bed and
the aluminium heat-exchanger structure, and LaNis hydriding kinetics, is employed to compare a series of discrete
heat-exchanger geometries. The effects of tube-spacing ratio @, primary-tube radius ry, tube-radius ratio f3, secondary-
fin included angle 0, fin-angle ratio y, and fin-extension distance § are examined under a common heat-exchanger
structure volume fraction of ¢ < 15%. The optimized configuration reduces the hydrogen absorption time from 490 s
to 287.5 s, corresponding to a 41.33% reduction. In particular, extending the fins towards the reaction dead zones
further reduces the absorption time from 329 s to 287.5 s, while increasing the heat-exchanger volume fraction by only
2.36 percentage points. Response-surface analysis provides further insight into the geometric interactions, revealing
a statistically significant coupling between 6 and y (R? = 0.954, overall p < 0.001), which governs the positioning
of tertiary fins and the associated local heat-conduction pathways. The results demonstrate that the performance
enhancement arises not simply from increasing heat-transfer area, but from spatially matching the heat-removal
architecture to the heterogeneous reaction field.

KEYWORDS: Tree-shaped finned-tube bundle; porous media flow; heat and mass transfer; metal hydride; hydrogen
absorption process; numerical simulation

1 Introduction

Under the dual context of addressing climate change and advancing the energy transition, hydrogen
has emerged as a pivotal component of national energy strategies worldwide, owing to its clean, low-carbon
nature and superior gravimetric heating value [1]. As an energy storage medium, hydrogen provides
critical support for the deployment of renewable energy systems [2]. Recent advances in optimized
heat-transfer structures have further demonstrated the potential of metal hydride reactors for efficient
solid-state hydrogen storage [3]. Among current mainstream hydrogen storage routes, gaseous storage
suffers from safety concerns and low volumetric density, whereas liquid storage [4] is penalized by the
parasitic energy demand of cryogenic liquefaction. In contrast, solid-state hydrogen storage [5-7] based on
the reversible absorption and desorption reactions of metal hydride (MH) materials combines high safety
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with superior volumetric density. However, the strongly exothermic nature of hydrogen absorption [8,9],
together with the intrinsically low thermal conductivity of MH powders, gives rise to pronounced internal
temperature gradients and reaction dead zone that severely constrain absorption kinetics. Optimizing
the heat-exchange structure has accordingly been identified as the most effective route to enhancing MH
reactor performance [10,11].

A number of enhanced heat-exchange architectures have been proposed along this line. Bao et al. [12]
developed a three-dimensional multiphysics model of a multi-tubular MH reactor and defined a dimen-
sionless number N to determine when the coolant temperature variation must be resolved, identifying the
effective thermal conductivity of the bed as the most sensitive design lever. Meng et al. [13] proposed and
experimentally validated a mini-channel MH reactor whose reaction rate exceeds those of conventional
tubular and disc reactors under identical thermal boundary conditions. Kudiiarov et al. [14] comprehen-
sively reviewed state-of-the-art heat-exchanger geometries for MH reactors and reported that combined
helical-tube plus helical-fin configurations shorten hydrogenation time by more than 25%. Raju et al. [15]
scaled the multi-tube concept up to a 50 kg industrial reactor, achieving 1.29 wt% H; in 2060 s and identifying
the supply pressure as the dominant charging-rate determinant. The parametric framework underpinning
these multi-tube studies traces back to Mohan et al. [16], who first established that the bed thickness—
rather than bed capacity itself—is the dominant rate-controlling parameter and identified an optimum
container-radius-to-pitch ratio ry/s = 5. Beyond pure tube-bundle designs, hybrid schemes decoupling heat
storage from heat rejection have attracted growing attention: Nyamsi et al. [17] coupled a LaNis core with
a paraffin Phase Change Material (PCM) jacket and reduced the charging time by 48.6% via multi-objective
optimization of the PCM melting temperature, while Bai et al. [18] adopted tree-shaped longitudinal fins in
a cylindrical LaNi; reactor and cut the time to 90% saturation by 20.7% through a genetic-algorithm-based
geometry optimization. The design schemes, dimensions, governing equations, operating conditions and
reported performance gains of these works are compiled in Table 1.

Recent studies further suggest that the synergistic layout of finned-tube bundles and the systematic
screening of design/operating parameters can push MH reactor performance beyond that of individual
heat-transfer enhancements. Chang et al. [19] proposed a spiral-finned MH reactor and identified an
optimum configuration with 8 fins, a spiral cycle of 1, and a fin thickness of 1 mm, achieving a 29.8%
reduction in hydrogenation time compared with conventional longitudinal fins under equal storage density.
Gkanas et al. [20] compared plain embedded tubes, transverse-finned tubes, and longitudinal-finned tubes in
an up-scaled cylindrical LaNis reactor, and demonstrated that 60 plain embedded tubes can be equivalently
replaced by only 12 longitudinal-finned tubes at comparable hydrogenation kinetics, highlighting the
disproportionate benefit of hierarchical extended surfaces over merely increasing tube count. Adopting a
complementary system-level perspective, Parida et al. [21] developed a computationally efficient dynamic
model—over 300 times faster than the corresponding full-field model while retaining accuracy within
+8%—and applied it to screen alloy pairs for a dual-stage MH hydrogen compressor, showing that an
ABs—-AB, combination best balances compression ratio, hysteresis loss, and isentropic efficiency.

In summary, the rational design of tube bundles and fin structures can significantly enhance the thermal
performance of MH hydrogen storage reactors. Tree-shaped longitudinal fins, in particular, provide a larger
total heat-transfer area and more uniform temperature distribution than conventional longitudinal fins.
However, the structural complexity of tree-shaped fins remains a challenge. To address this, heat-exchanger
tubes can be integrated within the tree-shaped fin architecture to form a “tree-shaped finned-tube bundle”
that simplifies the structure while preserving high reaction rates. Based on this concept, the present study
proposes a tree-shaped finned-tube bundle reactor. An established two-dimensional transient CFD model is
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employed to compare a series of discrete hierarchical geometries with different tube spacings, tube-radius
distributions, fin-angle arrangements, and fin-extension distances. This study investigates the influence of
geometric parameters on temperature uniformity and the evolution of reaction dead zone, aiming to reveal
the intrinsic correlation between hierarchical heat-transfer structures and hydrogen storage performance.
In addition, given that these geometric parameters are not necessarily mutually independent, a response-
surface analysis is further performed on the existing parametric datasets to examine potential interactive
effects among selected parameter pairs, thereby extending the analysis beyond a purely single-factor
framework. The results provide a physical basis for the geometric design and comparative assessment of
hierarchical heat-exchange structures in MH reactors. The hydrogen absorption behavior of an MH reactor
is intrinsically governed by the coupled interaction among reaction heat release, temperature evolution, and
absorption kinetics. Owing to the exothermic nature of hydrogen absorption, inadequate heat removal leads
to a continuous rise in bed temperature, which elevates the equilibrium pressure according to the Van’t
Hoff relation and thereby reduces the reaction driving force under a fixed hydrogen storage pressure. As a
consequence, regions located farther from the heat-exchanger structure are more susceptible to thermal
deterioration, and may gradually develop into reaction dead zone characterized by low reacted fraction
and sluggish hydrogen absorption. In this context, the function of the tree-shaped finned-tube bundle
lies in reconstructing the heat-transfer paths within the MH bed and improving the spatial distribution of
heat-removal capacity, rather than solely increasing the heat-transfer area.

It should be emphasized that the governing equations adopted in this study are established formulations
widely used for LaNis-based MH reactors and are not claimed as methodological innovations. The originality
of the present work instead lies in three aspects: (1) the integration of primary, secondary, and tertiary
cooling tubes with a branched fin network to form a hierarchical heat-removal architecture; (2) the
comparative CFD-based assessment of several discrete geometries under a common structural volume-
fraction constraint; and (3) the identification of persistent reaction dead zone from the reacted-fraction field,
followed by the targeted extension of fins toward these thermally disadvantaged regions. The interaction
between the secondary-fin angle and the fin-angle ratio is also quantified to clarify their coupled influence
on the tertiary conduction paths.

Table 1: Summary of representative studies on heat-transfer-enhanced metal-hydride reactors reviewed in the introduction.

Reactor/Heat- Material and Operatin,
Ref. Authors (Year) Exchanger o P & Key Performance Result
. Conditions
Configuration

[12] Bao et al. (2013)

Cylindrical multi-tubular
reactor with 5 cooling
tubes and 4 H,-injection
tubes.

3-D porous-medium model;
LaNis/MmNi, ¢Fey 4;

Pin = 0.8-4.5 MPa;

Ty = 293 K;

h = 1000 W/(m?-K).

HTT temperature variation
is negligible for N > 0.01;
increasing Aeg from 1.09 to
7.5 W/(m-K) reduces the
absorption time by about
50%.

[13] Meng et al. (2013)

Rectangular mini-channel
reactor with 36-81
uniformly distributed
parallel channels.

3-D porous-medium model
with experimental
validation; LaNis;

p =0.6-1.0 MPa;

Ty =293 K;

h =1000-3000 W/(m?*K).

The mini-channel
configuration outperforms
Disc and tubular reactors
and provides a more
Uniform reacted-fraction
distribution.
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Table 1: Cont.
Reactor/Heat-
ial .
Ref. Authors (Year) Exchanger Matel:lz} and Operating Key Performance Result
. Conditions
Configuration
3-D porous-medium model; ) .
> Aé6-inch h9
Industrial multi-tubular 50 kg LaNi, ; Al 3; 6 .1nc reactor V.Vlt ?
. cooling tubes achieves
. reactor with 40-136 p = 5-35 bar;
[15] Raju et al. (2019) . . 1.29 wt%;
cooling tubes arranged in Ty = 293-308 K; .
s H, uptake in 2060 s at 30 bar
3-6 concentric stacks. HTF flow and 298 K
rate = 10-35 L'min ™. ’
2-D -medi l;  Bed thick is th
Multi-tubular reactor with Porous medium model; ed t lckness s L .e
a trianeular tube LaNis; dominant geometric
[16] Mohan et al. (2007) & p = 8-15bar; parameter; r;/s = 5 gives the
arrangement and a central
as-distribution filter Ty =293-323K; best performance among the
& ’ h = 500-1500 W/(m*K). investigated cases.
Igal\:5 arle;;?i;g;zounded Coupled MH-PCM transient A PCM melting temperature
[17] Nyamsi et al. (2023) yap . . model; paps/Paes = 10/1.5 bar;  of 42-43°C reduces the
annulus reinforced with S
. RT35 paraffin PCM. charging time by 48.6%.
transverse aluminum fins.
Central cooling tube with . The selected tree-fin
oo 2-D porous-medium model; .
branched longitudinal tree LaNi.: geometry reduces the time
[18] Bai et al. (2021) fins; branch length, width, Too ;’9 3K to 90% saturation by 20.7%
and angle treated as = = relative to straight
. . vi=0.2ms '; p=8bar. o
design variables. longitudinal fins.
Transient porous-medium Eight fins, one spiral cycle,
model; LaNis; and 1 mm fin thickness
Central filter tube pa = 0.6-1.4 MPa; reduce hydrogenation and
19 h 1. (202 i ith multipl P ’
(1] Chang et al. (2023) :qil;gipceod “Z: ﬁ?su tiple pa = 0.06-0.14 MPa; dehydrogenation times by
P pp : T, = 293.15 K; 29.8% and 29.2%,
T4 =353.15K. respectively.
Transient porous-medium o1
Twelve longitudinal-finned
Up-scaled cylindrical model; LaNis and Ti-Zr-Mn welve ‘ongiuiing linne
reactor with plain tubes AB,; tubes provide kinetics
[20] Gkanas et al. (2016) ’ » comparable to 60 plain
transverse-finned tubes, or  p,ps = 15 bar; .
o X tubes; 16 finned tubes give
longitudinal-finned tubes. T, = 20°C; .
T 130°C the fastest hydrogenation.
des = .

(21]

Parida et al. (2024)

Zero-dimensional lumped
model for single and
coupled reactors in a
two-stage MH hydrogen
Compressor.

ABs/AB; alloy pairs;
ps = 5-20 bar;

Tobs = 298 K;

Tues = 313-343 K.

The model is over 300 times
faster than the 2-D model
with +8% accuracy; the
AB;—AB; pair gives the best
overall trade-off.

Notes. HTF = heat-transfer fluid; PCM = phase-change material; MH = metal hydride. Only the principal geometric features,
operating conditions, and performance results are listed.

2 Model Construction

This study employs LaNis as the hydrogen storage material and aluminum for the heat exchanger
tubes. The relevant thermophysical properties are listed in Table 2. Given the complexities associated with
heat and mass transfer in metal hydride (MH) beds, the calculations are simplified based on the following
assumptions [22-24]:

(1) The MH is uniformly distributed and isotropic. (2) The thermophysical properties of the material
remain constant, independent of temperature and pressure. (3) Hydrogen is considered an ideal gas.
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(4) Hydrogen and the MH are in local thermal equilibrium. (5) Convective and radiative heat transfer within
the bed are neglected. (6) The expansion of the MH during the hydrogen storage process is neglected.
(7) The hydrogen pressure within the MH bed is treated as spatially homogeneous in the reaction kinetics
formulation. The rationality of this simplification can be verified by an order-of-magnitude analysis based
on Darcy’s law. (With the permeability K = 1 x 10~® m? the hydrogen dynamic viscosity pg = 8.9 x 10~° Pa-s,
the bed height L = 0.06 m, and a representative superficial velocity v ~ 8.9 x 10~° m/s obtained from the
averaged hydriding rate, the pressure loss along the bed is on the order of Ap = 0.48 Pa. Compared with the
charging pressure of 1 MPa, this loss is negligibly small (Ap/p ~ 4.8 x 10~7), which confirms that neglecting
the intra-bed pressure non-uniformity introduces no meaningful error into the kinetic source term).

2.1 Controlling Equations for Metal Hydride Beds

The MH bed is described using a porous medium model. The continuity equation for hydrogen within
the porous medium is expressed as follows [25]:

9Ipg - ;

e +V-(pgu) = m (1)
peM

Pe = Tpr (@)

In this formulation, ¢ represents the porosity of the MH bed, and p; signifies the hydrogen gas density,
which is determined via the ideal gas equation of state. The r1 denotes the mass source term, representing
the rate of hydrogen mass exchange per unit volume. The term u denotes the filtration velocity of hydrogen
through the porous matrix, while p, and M, signify the instantaneous gas pressure and the molar mass of
hydrogen, respectively.

Correspondingly, the mass evolution of the solid metal hydride phase, accounting for the phase
transformation during the hydrogenation process, is governed by the following continuity equation [26]:

0

Ps
1_
1-e—

= —m (3)

here, ps refers to the transient density of the MH during the absorption process. The hydriding kinetics of
the LaNis alloy are mathematically formulated as follows [27]:

_Ea
(2 )on( e

The sign convention adopted herein defines m as negative during hydrogen absorption, ensuring

consistency between the sink term in Eq. (1) and the source term in Eq. (3). In the kinetic formulation, C,
denotes the absorption rate coefficient, E, represents the activation energy for the absorption reaction,
and ps gt is the saturated density of the metal hydride, and T signifies the local temperature of the metal
hydride bed. Furthermore peq represents the thermodynamic equilibrium pressure during the hydrogenation
process, which is directly governed by the Van’t Hoff relationship [28]:

B

ln(peq) = A—? (5)

In this expression, A and B are material-specific constants characteristic of the LaNis alloy.
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Although the hydrogen pressure within the MH bed is assumed to be uniform for the evaluation of
the reaction source term, Darcy’s law is retained to describe the macroscopic seepage velocity associated
with the small pressure difference between the hydrogen inlet plenum and the reacting bed interior. The
resulting velocity field is then substituted into the convective terms of the continuity equation (Eq. (1)) and
the energy equation (Eq. (8)). This treatment is consistent with the modeling approach widely adopted in
previous numerical studies on low-temperature metal hydride reactors [29,30]. The gas transport through
the porous MH matrix is described by Darcy’s law. The permeability of the porous medium, K, which
characterizes the hydraulic resistance of the bed, is calculated as follows [31]:

N K
Hg

Throughout this work, u is defined as the Darcy (superficial) velocity of hydrogen in the porous MH
bed, and enters the convective terms of Egs. (1) and (8) accordingly. Where K is the hydraulic permeability
of the MH porous media bed, which is calculated as [32]:

2.3
dps

= oG )

Specifically, d,, refers to the mean particle diameter of the hydride powder. Thermal dynamics within the
reactive bed are characterized by the local thermal equilibrium (LTE) assumption. The energy conservation
for the coupled gas-solid system is formulated as [33]:

oT . ... _(AH
(pcp)eﬁa + (pcp)gu VT = AegV*T + m(Mg — T(cp,g — cp,s)> (8)
Within Eq. (8), AH corresponds to the reaction enthalpy of the hydride formation. The effective
volumetric heat capacity and the effective thermal conductivity of the composite bed are represented by
(pcp)eft and Aegr, respectively, which are defined as:

(Pcp)eff = E(Pcp)g +(1- 5)<Pcp)s )

At = €dg + (1= )A (10)

Regarding the constituent phases, (pcp), and (pc;)s signify the heat capacities of the gaseous hydrogen
and the solid MH, while A, and As denote their respective thermal conductivities. For the solid domain
comprising the aluminum heat exchanger tubes and the tree-shaped fins, where only heat conduction
occurs, the energy conservation equation is simplified to [18]:

aT
<pCP)AIE = VAT (11)

where (pc,)al is the heat capacity of aluminum and A4 is the thermal conductivity of aluminum.
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Table 2: Main parameters of the model [23,34,35].

Parameters Unit LaNi; H, Al
Initial density p, kgm™ 7164 0.089 2719
Density of saturated metal hydride pg g kgm™ 7259 - -
Specific heat capacity C, J(kgK)™! 419 14,890 871
Thermal conductivity A W-(m-K)™ 24 0.1672 202.4
Particle size d, wm 63 - -
Activation energy E, J-mol™ 21,170 - -
Van’t Hoff constant A - 12.99 - -
Van’t Hoff constant B - 3704.59 - -
Relative molecular mass M kg-mol™ 0.432 0.002 -
Porosity ¢ - 0.5 - -
Hydrogen absorption rate constant C, s! 59.187 - -
Reaction enthalpy change AH Jmol™! —31,000 - -
Gas constant R Jmol -K! - 8.314 -
Dynamic viscosity j kg-(m-s)™! - 8.41-107° -
Hydrogen pressure p bar - 8 -

2.2 Initial and Boundary Conditions

The initial temperature, hydrogen pressure, and metal hydride density in the MH bed are assumed to
be spatially uniform and remain constant at the initial stage.

pg = posT = To = T ps = po (12)

The side walls as well as the upper and lower surfaces of the hydrogen storage reactor are treated as
adiabatic boundaries, and no mass transfer is allowed between the reactor and the external surroundings.

oT a
- = 0,% = 0 (13)
on an

Heat is exchanged between the MH bed and the finned heat exchanger tubes embedded in the reactor,
and the heat-transfer interfaces satisfy the thermal coupling condition. Moreover, the no-slip condition is
imposed at the fluid-solid interface. The boundary conditions at the walls of the heat exchanger tubes are
defined as follows:

s~ 020 = h(-Ta) (149)
on an

Eq. (14) defines the convective heat-transfer boundary condition at the interface between the inner
wall of the aluminum heat-exchanger tube and the HTF. Here, h is the convective heat-transfer coefficient,
T a1 is the reference bulk temperature of the HTF, fixed at 293.15 K, and T is the local temperature of the
inner tube wall. A value of h = 2000 W/(m?K) is adopted for all heat-exchanger tubes. The equivalent
HTF flow rates corresponding to this value of h, together with the resulting maximum inlet-to-outlet
temperature rise, are quantified in Section 2.4 to verify the use of a constant HTF bulk temperature in the
two-dimensional model.
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2.3 Performance Metrics

To quantify the overall hydrogen absorption progress within the reactor, the volume-averaged reacted
fraction X is introduced. It is defined as the ratio of the currently absorbed hydrogen mass to the maximum
hydrogen storage capacity under fully saturated conditions. The expression is formulated as follows:

X = ﬁs — Pemp

Ps,sat — Pemp

(15)

where p, represents the instantaneous volume-averaged density of the MH bed during the dynamic
absorption process, kg/m?; py is the initial density of the MH, kg/m?; and ps s, denotes the maximum
saturated density of the fully hydrided MH, kg/m®. The overall hydrogen absorption time, , is defined
as the time required for this volume-averaged reacted fraction X to reach 0.9. The hydrogen absorption
process is generally considered practically saturated when the reacted fraction increases to 0.9.

The expression for the heat exchanger structure volume fraction (¢) is given by Eq. (16):

v,
o = 2L x100% (16)
VR
where V) is the volume occupied by the tree-shaped finned-tube bundle and the heat exchanger fluid
within the MH region, m?; Vy is the total volume of the MH region before embedding the heat exchanger

structure, m>.

2.4 Geometric Model

Fig. 1a illustrates the three-dimensional schematic of the proposed tree-shaped finned-tube bundle
hydrogen storage reactor. The system is configured as a vertical cylindrical vessel with a height of 80 mm.
A primary finned tube is positioned along the reactor axis, while auxiliary finned-tube bundles are arranged
in a hierarchical tree-like pattern toward the periphery. The sum of the fin length and the heat exchanger
tube diameter at each level equals the reactor radius (25 mm), with the tube spacing, tube radius, and fin
angles following a geometric progression. Despite this structured arrangement, reaction dead zone with
sluggish kinetics persist in the initial design. To mitigate the impact of these reaction dead zone, fins are
extended into regions with low reacted fraction, as depicted in the optimized configuration in Fig. 1b.

Hydrogen enters from the top of the reactor and permeates the porous MH bed. The external reactor
wall is treated as an adiabatic boundary; thus, the exothermic reaction heat is dissipated solely via conduction
through the bed and subsequent transfer through the finned tubes to the heat transfer fluid (HTF). To
assess the validity of neglecting the axial temperature variation of the heat-transfer fluid, the corresponding
HTF flow rate and maximum bulk-temperature rise were evaluated using the prescribed convective heat-
transfer coefficient. For water at approximately 293.15 K, the relation Nu = hD/ A, together with the Hausen
correlation for the thermally developing laminar flow in the secondary tubes and the Gnielinski correlation
for the primary tube, gives equivalent mean velocities of approximately 0.375 m/s in the 4 mm-diameter
secondary tubes and 0.433 m/s in the 8 mm-diameter primary tube. The corresponding total volumetric
and mass flow rates of the HTF are approximately 2.155 L/min and 0.03584 kg/s, respectively.

The maximum possible axial temperature rise was theoretically evaluated at the instant of the most
intensive heat release during hydrogen absorption. At this instant, the total heat-transfer rate integrated
over all heat-exchanger tube boundaries in the one-third two-dimensional computational domain was
939.46 W per unit axial length. After accounting for the actual reactor length of 80 mm and the threefold
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circumferential symmetry, the corresponding total heat-transfer rate of the complete reactor was 225.47 W.
Based on the fundamental energy balance between the convective heat transfer rate and the sensible heat
capacity of the HTF, the resulting maximum HTF temperature rise is approximately 1.50 K. This value
is lower than 2 K even under the most severe heat-release condition. The axial temperature variation
of the HTF is therefore sufficiently small relative to the temperature variation within the MH bed, and
a representative radial cross-section can reasonably be employed as the computational domain. Similar
studies have also shown that the coolant-temperature gradient reaches its maximum during the period of
peak reaction heat release and decreases continuously thereafter as the hydriding rate declines [22].

The two-dimensional geometry of the reactor is depicted in Fig. 1¢c,d, with the corresponding geometric
parameters summarized in Table 3. In this study, both the heat exchanger tube wall thickness and the fin
thickness are set to 0.5 mm, and the reactor radius is 25 mm. The hierarchical arrangement is governed
by the following geometric constraint: Ly + aLy + a’Ly = 25 mm where Ly denotes the base length and «
represents the common ratio of the geometric progression.

A comparative CFD-based analysis is conducted for a series of discrete geometric configurations rather
than a formal global optimization over a continuous design space.

Tree-shaped finned-tube bundle
(Aluminum)

Porous MH bed (LaNis)

(a) (b) ()

(d)

Figure 1: Geometric model and structural parameters of the reactor: (a) 3D reactor model showing the porous MH

bed and aluminum heat-exchanger structure; (b) baseline tree-shaped finned-tube bundle; (¢) configuration after
reaction-dead-zone-oriented fin extension; and (d) definition of the geometric parameters.
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Table 3: Model geometric dimension parameters.

Parameters Hidden Meaning Unit Workplace
D Reactor wall thickness mm
L, Spacing between the primary and secondary heat exchanger tubes mm

Common ratio for the variation in heat exchanger tube spacing: aL, represents are
the spacing between the secondary and tertiary heat exchanger tubes, and a*L,

a . . : ; .
denotes the distance from the axis of the tertiary tube to the outer side of its
corresponding tertiary fin.
To Radius of the primary heat exchanger tube mm
8 Common ratio for the variation in heat exchanger tube radius: fr, and f%r, are the
radii of the secondary and tertiary heat exchanger tubes, respectively.

0 Secondary-fin included angle

Common ratio for the variation in fin included angle: y 6 is the included angle of the
Y tertiary fins.
r Radial distance from any point in the cylindrical reactor’s cross-section to the center mm
s Distance from the outer edge of the fin to the point with the lowest reacted fraction m

within the reaction dead zone

2.5 Computational Methods and Model Validation

To reduce the computational cost while preserving the principal geometric characteristics of the
proposed heat-transfer structure, a one-third sector of the reactor cross-section was selected based on the
circumferential symmetry of the finned-tube bundle. The resulting computational domain was treated as a
two-dimensional planar domain consisting of the porous LaNis bed, the aluminum heat-exchanger tubes
and fins, the symmetry boundaries, and the external reactor wall. The HTF was not modeled as an explicit
fluid domain; instead, its thermal effect was represented by a convective boundary condition imposed on
the inner surfaces of the heat-exchanger tubes. The initial temperatures of both the LaNis; bed and the
HTF were set to 293.15 K. A convective heat-transfer coefficient of 2000 W-W/(m?K) and an HTF bulk
temperature of 293.15 K were prescribed at the tube-wall boundaries. The external reactor wall was treated
as adiabatic, while symmetry conditions were imposed on the two radial boundaries. The LaNi; bed was
modeled as an isotropic porous medium with a porosity of 0.5 and an effective thermal conductivity of
2.4 W/(mK).

The computational domain was discretized in ANSYS ICEM CFD using an unstructured, predominantly
triangular mesh generated with the patch-dependent, quad-dominant meshing strategy. Local refinement
was applied around the aluminum fins, heat-exchanger tube walls, narrow gaps, and geometric junctions,
where relatively steep temperature gradients were expected. The mesh was gradually coarsened toward the
outer region of the LaNis bed to reduce the computational cost. The adopted mesh contained 12,002 trian-
gular elements and 5634 nodes. The maximum element sizes in the MH-bed and finned-tube regions were
3 mm and 0.12 mm, respectively. Five global smoothing iterations were performed with a target quality
value of 0.20. The resulting element-quality values ranged from 0.461986 to 0.997534, with no elements
below the prescribed threshold.

The governing equations were solved in ANSYS Fluent 2021 R1 using a transient pressure-based solver.
Pressure-velocity coupling was handled using the SIMPLE algorithm, and spatial gradients were evaluated
using the least-squares cell-based method. The pressure term was discretized using the second-order
scheme, while the density, momentum, and energy equations were discretized using the second-order
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upwind scheme. A first-order implicit formulation was adopted for temporal discretization. Convergence
at each time step was assessed using the absolute residuals of the continuity, x-velocity, y-velocity, and
energy equations, with the convergence criterion set to 1 x 1078 for all monitored equations.

Jemni et al. [24] experimentally examined the performance of a hydrogen storage reactor containing
422 g of LaNi; and recorded the temperature variations at several specified positions inside the reactor.
According to the results reported by Chung et al. [35], the effect of thermal convection in the MH bed can
be reasonably neglected when the volume expansion of the metal bed is not taken into account. In the
present study, the mathematical model is mainly employed to describe the temperature distribution in the
bed and the dynamic evolution of the reacted fraction during hydrogen absorption. Since the bed expansion
is not considered, the thermal convection term is omitted. In the validation process, the degree of saturation
of the metal hydride alloy is evaluated using the volume-averaged reacted fraction, as defined in Eq. (15). In
the field of metal hydride hydrogen storage, the absorption process is generally considered to have reached
practical saturation when this reacted fraction attains a value of 0.9. Fig. 2 illustrates the validation of the
proposed hydrogen storage model, including a comparison of the temperature-rise profile at test point A
based on the experimental results of Jemni et al., as well as a comparison between the reacted fraction curve
reported by Chung et al. and the numerical results obtained in this work. When the temperatures of the heat
transfer fluid were 293 K and 313 K, the maximum deviation in system temperature was below 1.5%, while
the maximum deviation in reacted fraction remained below 1%. These results demonstrate that the proposed
mathematical model is capable of accurately capturing the evolution behavior and overall variation trends of
both the temperature field and the reacted fraction within the reactor during the hydrogen storage process.
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Figure 2: Model validation of the MH hydrogen storage reactor: (a) comparison between experimental and simulated
local bed temperature evolutions at a representative point (r = 15 mm, z = 25 mm) under different heat transfer fluid

temperatures; (b) comparison of reacted fraction evolutions under different heat transfer fluid temperatures.

The grid-independence test shown in Fig. 3 was conducted using the baseline secondary tree-shaped
finned-tube configuration. The tertiary tree-shaped finned-tube bundle investigated in the subsequent
sections was developed from this baseline geometry by adding a third hierarchical level of heat-exchanger
tubes and fins. Both configurations employ the same governing equations, material properties, initial
and boundary conditions, meshing criteria, and numerical schemes. Therefore, the mesh size and local
refinement strategy determined from the secondary configuration were also applied to the subsequent
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tertiary configurations. The geometric dimensions and hierarchical relationships of the baseline and tertiary
configurations are provided in Fig. 1 and Table 3.

The analysis was performed on an arbitrary radial section of the reactor. The computational domain
included both the MH bed and the finned heat exchanger tube region. Unstructured triangular meshes
were generated in ICEM. Owing to the central symmetry of the finned-tube bundle, a one-third geometrical
model was employed for mesh discretization, as shown in Fig. 3a. The grid independence test shown in
Fig. 3b reveals that when the number of mesh elements increased from 12,002 to 18,441, the relative error
in the hydrogen absorption time, 7, corresponding to an average reacted fraction of 0.9, was less than
0.15%. Therefore, the mesh with 12,002 elements was adopted in the subsequent simulations. In this mesh
system, the maximum element sizes in the MH bed region and the finned-tube region were 3 mm and
0.12 mm, respectively.
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Figure 3: Computational mesh and grid-independence study for the baseline secondary tree-shaped finned-tube

configuration: (a) computational mesh; and (b) grid-independence verification.
3 Results and Discussion

It should be clarified that the retained values of a, B, y, 0, ry, and § were obtained through sequen-
tial single- or paired-parameter CFD comparisons under the prescribed geometric and volume-fraction
constraints, with the hydrogen absorption time 7 used as the primary performance criterion. Therefore,
the reported parameter combination represents the best-performing case among the investigated discrete
configurations rather than a mathematically proven global optimum.

The geometric parameters investigated in this study—the tube spacing ratio («), the tube radius
ratio (f) with primary tube radius (ry), the secondary-fin included angle (6) with fin angle ratio (y), and
the fin extension distance (§)—follow directly from the structural definition of the tree-shaped finned-
tube bundle rather than being arbitrarily chosen. The spacings, tube radii, and fin angles at successive
hierarchical levels are prescribed by geometric progressions, with «, 8, and y serving as the common
ratios for tube spacing, tube radius, and fin angle, respectively, all governed by the geometric constraint
Ly + aLy + a*Ly = 25 mm. The scanned ranges of each parameter are bounded by the volume fraction
constraint ¢ < 15%. The constructal theory framework established by Bejan [36] and extended to three-
dimensional convective assemblies by Alebrahim and Bejan [37] provides the theoretical backdrop for this
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hierarchical parameterization, demonstrating that optimal tree-like heat transfer geometries emerge from
the minimization of thermal resistance subject to volume constraints. A closed-form analytical solution of
this type is not available for the present system owing to the coupled reaction kinetics, porous-media flow,
and conjugate heat transfer involved; the parameter study is therefore conducted numerically.

Numerical simulations were conducted under a constant hydrogen storage pressure of p = 8 bar, a heat
transfer fluid temperature of T; = 293.15 K, and a convective heat transfer coefficient of h = 2000 W/(m?K).
Two-dimensional schematics of the MH hydrogen storage reactors with different heat exchanger configura-
tions are presented in Fig. 4, including secondary tree-shaped finned-tube bundles, tertiary tree-shaped
finned-tube bundles, conventional tube bundles, and single finned tubes. The volume fraction for all
four configurations was maintained at 12.36%, with the tube bundle distribution identical to that of the
tertiary tree-shaped configuration. The temporal evolution of the reacted fraction for these reactors is
shown in Fig. 4e. The results indicate that the tertiary tree-shaped finned-tube bundle exhibits superior
performance, with a hydrogen absorption time of 490 s. Compared to the conventional tube bundle, single
finned tube, and secondary tree-shaped bundle, the absorption time was reduced by 35.44%, 41.03%, and
54.44%, respectively, significantly enhancing the reactor’s performance. The initial geometric parameters
for this baseline configuration are: Ly = 8.33 mm, Ly = 8.33 mm, a’Ly = 8.34 mm, ro = 4 mm, Bro =2 mm,
B%ro =1 mm, 0 = 55°, and y0 = 41°. Therefore, further parametric comparison focusing on the geometric
parameters of the tertiary tree-shaped finned-tube bundle (Fig. 4b) is essential. The superior performance
of the tertiary tree-shaped finned-tube bundle may be attributed to its more effective coordination between
heat transfer path reduction and spatial distribution of cooling capacity. In the conventional tube bundle,
although multiple heat exchanger tubes are introduced, the absence of extended fins limits the penetration
of the high-conductivity structure into the surrounding MH region. In the single finned-tube configuration,
the enhancement effect is mainly concentrated near the reactor center, whereas the peripheral region
remains subject to substantial heat accumulation. By comparison, the tertiary tree-shaped configuration
integrates distributed heat exchanger tubes with hierarchical fins, thereby extending the high-conductivity
network deeper into the MH bed. This structural feature reduces the effective conduction distance over
a wider domain and contributes to a more uniform temperature field, which is favorable for maintaining
hydrogen absorption in regions that would otherwise evolve into reaction dead zone.

The present study conducts a comparative CFD-based assessment of a series of discrete tree-shaped
finned-tube geometries. The investigated geometric variables are the tube-spacing ratio «, the primary-
tube radius ro, the tube-radius ratio 8, the secondary-fin included angle 0, the fin-angle ratio y, and the
fin-extension distance 8. The investigated configurations satisfy a heat-exchanger structure volume fraction
of ¢ < 15%, the geometric relation Ly + aLy + a?Ly = 25 mm, and fixed fin and tube-wall thicknesses of
0.5 mm. Each configuration is evaluated using the hydrogen absorption time, the volume-averaged reacted
fraction, the average bed temperature, and the spatial extent of the reaction dead zone. The parameter
values retained for subsequent comparisons correspond to the best-performing cases within the discrete
ranges examined; they should not be interpreted as a mathematically proven global optimum over the
complete multidimensional design space. To minimize the variation in the MH mass during optimization,
this study explores the influence of fin length, tube radius, and fin angles at each stage on the hydrogen
absorption time for the tertiary tree-shaped configuration, while constraining the volume fraction of the
heat exchanger structure to below 15%. The objective is to minimize the hydrogen absorption time 7,
with reaction dead-zone mitigation serving as the governing physical mechanism rather than a separate
objective function.
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Figure 4: Comparison of various heat exchanger configurations and their hydrogen absorption kinetics: (a) sec-
ondary tree-shaped finned-tube bundle; (b) tertiary tree-shaped finned-tube bundle; (c) heat exchanger tube bundle;
(d) individual finned tube; (e) profiles of average reacted fraction versus time.

3.1 Effect of Heat Exchanger Tube Spacing Common Ratio on Hydrogen Storage Performance

The temporal evolution of the average bed temperature and reacted fraction under various geometric
ratios « is illustrated in Fig. 5. During the initial heating stage (0-100 s), the differences in temperature
distribution among different  values are relatively minor. This is because the reaction driving force is
primarily governed by the differential between the actual hydrogen pressure and the equilibrium pressure
corresponding to the bed temperature. As the reaction proceeds into the cooling stage (t > 100 s), the initial
average bed temperature increases with «, though the slope of the temperature curve becomes steeper.
In the later stages of the reaction, the average temperature decreases as « increases. This phenomenon is
attributed to the fact that a smaller « leads to a higher concentration of fins and tubes near the reactor axis,
resulting in a lower average temperature early on. Conversely, as « increases, the length of the primary fins
decreases while the lengths of the secondary and tertiary fins increase, thereby enhancing the uniformity of
the heat exchanger distribution within the bed. This increased uniformity reduces the thermal conduction
distance from the MH to the heat exchanger tubes, allowing the reaction heat to be dissipated more rapidly
to the HTF, which accelerates the temperature drop and enhances the hydrogen absorption rate in the
later stages.

Fig. 6 presents the contour plots of the temperature and reacted fraction distributions within the
hydrogen storage reactor at t = 500 s for different « values. As « increases, the areas of high-temperature
regions and incomplete reaction zones (i.e., reaction dead zone) gradually diminish, and the temperature
distribution becomes more uniform. At lower « values, extensive high-temperature reaction dead zone
persist near the reactor wall and the symmetry boundaries, while the temperatures of the finned-tube
bundles and the adjacent MH are significantly lower, with the hydrogen storage nearing saturation. As
« increases, the temperature in the vicinity of the heat exchanger tubes rises slightly but remains below
approximately 311.4 K, while the extent of the high-temperature regions on both sides is markedly reduced.
For instance, at « = 0.8, the reaction dead zone temperature exceeds 334.4 K with a reacted fraction below 0.3.
In contrast, at « = 1.2, the bed temperature near the symmetry boundary significantly drops to 316-325.2 K,
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the reacted fraction consistently exceeds 0.6, and the overall area of the reaction dead zone near the wall is
substantially contracted.
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Figure 5: Effects of heat exchanger tube spacings on the hydrogen absorption performance: (a) evolution of average
reacted fraction; (b) evolution of average bed temperature.
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a=1.1

Figure 6: Temperature and reacted fraction distribution contour plots in the hydrogen storage reactor at 500 s with
different heat exchanger tube spacing ratios.

Fig. 7 illustrates the variation of the fin volume fraction as a function of the geometric ratio « for the
tube spacing. As « increases from 0.8 to 1.1, the fin volume fraction rises from 11.26% to 12.85% accordingly.
For a values of 0.8, 0.9, 1.0, 1.1, and 1.2, the corresponding hydrogen absorption times are 600.0 s, 532.5 s,
490.0 s, 466.0 s, and 455.5 s, respectively, exhibiting a consistent downward trend as « increases. Compared
to the case with a = 0.8, the configuration with & = 1.1 results in a significant 22.33% reduction in hydrogen
absorption time, while the volume fraction increases by only 1.59%. Further increasing « from 1.1 to
1.2 yields an additional, but comparatively marginal, 2.31% reduction in absorption time. It should be noted
that 7 decreases monotonically with & over the entire tested range (0.8-1.2), and @ = 1.2 in fact yields
the lowest absorption time (455.5 s) among all sampled values; @ = 1.1 is therefore not a true extremum
of 7 within this range, but rather the point beyond which the marginal benefit of further increasing o
diminishes substantially—a = 1.1 alone captures 92.7% of the total reduction achieved between « = 0.8 and
a = 1.2. Given this pronounced diminishing return, together with the increased structural complexity of
further narrowing the tertiary fin and tube dimensions at higher «, @ = 1.1 is adopted as the working value
for subsequent sections rather than the value that strictly minimizes T within the tested range.
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Figure 7: Fin volume fraction versus common ratio « for different heat exchanger tube spacings.

3.2 Effect of Heat Exchanger Tube Radius on Hydrogen Storage Performance

It should be noted that the number of investigated f values varies with ry because all geometric
configurations were required to satisfy the prescribed heat-exchanger structure volume-fraction constraint
of ¢ < 15%. For relatively large primary-tube radii, a further increase in f rapidly increases the volumes of
the secondary and tertiary tubes, causing some geometric combinations to exceed the allowable volume
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fraction. These infeasible cases were therefore excluded before the CFD calculations, resulting in fewer
data points for some values of ry.

Fig. 8 illustrates the variation of the hydrogen absorption time as a function of the tube radius ratio
B under different primary tube radii rg. Generally, the hydrogen absorption time exhibits a downward
trend as the value of f increases. This is attributed to the fact that, when the primary tube radius remains
constant, an increase in the ratio f leads to larger radii for the secondary and tertiary tubes. Consequently,
the heat transfer capacity of the finned-tube bundle is enhanced, which accelerates the absorption kinetics
and reduces the overall absorption time. In contrast, increasing r( results in a significant extension of the
hydrogen absorption time. This occurs because, under the volume fraction constraint imposed in this study,
an increase in r( necessitates a reduction in the radius of the tertiary tubes. Furthermore, the mass of the
MH in the regions surrounding the tertiary tubes is substantially higher than that near the primary and
secondary tubes. This imbalance weakens the localized cooling effect of the finned-tube bundle. Therefore, a
larger ry would require even larger tube radii to effectively strengthen the thermal dissipation performance
of the finned-tube bundle.
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Figure 8: Hydrogen absorption time versus radius ratio  for different primary tube radii.

When f increases by an increment of 0.1, the magnitude of the reduction in hydrogen absorption
time varies across different primary tube radii (r(). For instance, at rp = 4 mm, increasing f from 0.5 to
0.6 reduces the absorption time by 87 s; however, at ry = 1 mm, increasing § from 1.1 to 1.2 results in a
reduction of only 65 s. This suggests that as the primary tube radius decreases, the incremental change in
the heat exchanger tube volume per 0.1 increase in f diminishes, thereby reducing the sensitivity of the
hydrogen absorption rate to the tube radius ratio.

Fig. 9 illustrates the variation of the tree-shaped fin volume fraction as a function of the tube radius
ratio f for various r0 values. For ry = 2.5, 3, and 3.5 mm, the volume fraction rises significantly with S,
exceeding the 15% threshold at higher f values. This is attributed to the fact that the secondary and tertiary
tubes, which are more numerous, are predominantly distributed toward the periphery of the reactor. As
grows, the radii of these tubes increase significantly, leading to a rapid surge in the total volume fraction.
Furthermore, the volume fraction trends upward with f across all ry values, as a higher § directly increases
the volume of the secondary and tertiary tubes. Notably, for cases where ry = 1, 1.5, 2, and 4 mm, the
volume fractions are similar at their respective optimal f values, yet the resulting hydrogen absorption

times exhibit substantial differences.
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Figure 9: Tree-shaped fin volume fraction versus radius ratio  for different primary tube radii.

Fig. 10 presents the contour plots of the temperature and reacted fraction distributions within the
reactor at 300 s under optimal f§ values for different primary tube radii, ry. Using the best-performing
value for each rj significantly impact the internal temperature field and reacted fraction. As shown in
Fig. 10a, the high-temperature regions gradually expand with an increase in ro. When ry = 1.5 mm, the
internal temperature ranges from 298 K to 306.8 K. However, as r( increases to 2.5 mm and 3.5 mm, the area
of the high-temperature region grows, the average bed temperature rises, and the extent of the reaction
dead zone correspondingly expands.

Fig. 10b illustrates the reacted fraction distributions at 300 s for various ry values. As r( increases, the
regions with a high reacted fraction diminish significantly. For ry = 1.5 mm, the reaction is more complete
across a larger area, resulting in the shortest hydrogen absorption time of 341.5 s. Conversely, as ry increases
to 2.5 mm and 3.5 mm, the reacted fraction drops, and the area of incomplete reaction dead zone increases
markedly. This occurs because, in a cylindrical reactor, the mass of the MH increases with radial distance,
necessitating a larger tube diameter to reinforce the cooling effect of the finned-tube bundle. A smaller
primary tube radius allows for a broader adjustment range for § while maintaining a low volume fraction.
However, if the primary tube radius is excessively small, achieving high performance requires a significantly
larger B, which inevitably leads to an unacceptable surge in the volume fraction. The combined influence
of ry and f reflects the competition between local heat removal enhancement and the overall allocation
of high-conductivity material within the reactor. An increase in f enlarges the secondary and tertiary
heat exchanger tubes, thereby strengthening the cooling capacity in the outer MH region, where the local
conduction path is longer and the surrounding MH inventory is larger. This contributes to suppressing
peripheral heat accumulation and restricting the expansion of reaction dead zone. In contrast, an excessive
increase in ry under a constrained volume fraction leads to an over-allocation of heat exchanger volume to
the central region, while limiting the dimensions of the outer branches. Since the outer region is more prone
to thermal accumulation, such a redistribution is detrimental to the global hydrogen absorption performance.
Therefore, the optimal tube radius design is governed not by the maximization of an individual tube size,
but by the appropriate radial allocation of heat exchanger capacity across different hierarchical levels.

Among the discrete combinations examined, the configuration with ry = 1.5 mm and f = 1.2 exhibits
the shortest hydrogen absorption time of 341.5 s while satisfying the prescribed volume-fraction constraint.
This combination is therefore retained as the reference geometry for the subsequent comparisons.
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Figure 10: Contour plots of temperature and reacted fraction distributions at t = 300 s under different primary tube
radii (ro) with optimal f. (a) Temperature distribution; (b) reacted fraction distribution.

3.3 Effect of Secondary-Fin Included Angle on Hydrogen Storage Performance

This section investigates four different secondary-fin included angles, specifically 8 = 50°, 55°, 60°, and
65°, to determine the optimal fin angle ratio, y, and its influence on the absorption time. Since only the
angles are modified, the volume fraction of the heat exchanger remains constant in this section.

The hydrogen absorption times under various y values are presented in Fig. 11. The simulation results
indicate that for secondary-fin included angles of 50°, 55°, 60°, and 65°, the shortest absorption times are
achieved when y is 0.9, 0.7, 0.6, and 0.7, respectively.

400

V22 y-0.6 G222 =0.1 G224 y=0.8
V=09 Gz y=1.0 G224 y=1.1

Y

Absorption Time/s
O
: N
AT

ATy

300

(o))
(=]
° o
(v}

50 55
Included angle of secondary fins 6 /

Figure 11: Hydrogen absorption time under different secondary-fin included angles 6 and fin-angle ratios y.

For 0 = 50°, the absorption time initially decreases to 367 s when y = 0.9 and then gradually increases
as y rises. A similar trend is observed for 0 = 55°, where the minimum time is 341.5 s at y = 0.7. For
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0 = 60°, the absorption time increases with y, achieving a minimum of 329 s at y = 0.6. When 6 = 65°, the
shortest time is 330 s at y = 0.7. The variations in 8 and y dictate the spatial uniformity of the fins and tubes
within the bed; under otherwise identical conditions, a more uniform distribution yields a faster hydrogen
absorption rate.

Fig. 12 displays the temperature and reacted fraction contours at 300 s for the optimal configuration
where 0 = 60°, y = 0.6, ry = 1.5 mm, and f = 1.2. Prior to angle-parameter comparison with 8 = 55°, the bed
temperature near the heat exchanger tubes was maintained at approximately 315 K, the area with a reacted
fraction near 1 was restricted, and distinct, large reaction dead zone persisted at the reactor periphery.
Following angle-parameter comparison with 6 = 60°, the temperature in most regions near the tubes drops
to approximately 300 K, the highly reacted area expands significantly, and the reaction dead zone area is
noticeably reduced.

The configuration with 6 = 60° and y = 0.6 yields the shortest absorption time and is thus selected
for further study. Compared to the pre-optimization state, the absorption time is reduced from 341.5 s to
329 s without altering the volume fraction. Compared to the baseline before radius and angle-parameter
comparison, the absorption time is reduced by 29.4% with only a marginal 1.9% increase in volume fraction.
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Figure 12: Contour plots of physical fields at t = 300 s under conditions of y = 0.6, ry = 1.5 mm, and f§ = 1.2 for

different 0: (a) temperature distribution; (b) reacted fraction distribution.

3.4 Comparative Assessment of Fin Extensions toward Reaction Dead Zone

The temporal evolution of the temperature and reacted fraction distributions for the optimized reactor
is shown in Fig. 13. After the geometric modification, the bed temperature stabilizes around 310 K, and the
regions achieving a reacted fraction between 0.9 and 1 are substantially enlarged, demonstrating excellent
cooling and heat transfer efficacy. Nevertheless, sluggish reaction dead zone still persist at the reactor
periphery. To eliminate these zones, this study proposes extending specific fins into these regions and
investigates the effect of the extended fin length on performance.
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Figure 13: Contour plots of physical fields in the optimized dendritic finned-tube bundle reactor at t = 100, 200, and
300 s: (a) temperature distribution; (b) reacted fraction distribution.

Fig. 14 presents the reacted-fraction distribution extracted along a fixed sampling line near the outer
reactor wall in the global Cartesian x-direction. The sampling line is parallel to the x-axis, with x = 0
corresponding to the reactor axis; positive and negative x-values denote positions on the two sides of
the reactor axis. Several local minima are observed in the profile, corresponding to reaction dead zones
with relatively slow hydrogen absorption and an adverse effect on the overall absorption performance.
These reaction dead zones are mainly located near x = +24.14, £20.92, +20.69, and +9.88. To shorten the
heat-conduction paths between these regions and the high-conductivity structure while minimizing the
additional fin volume, fins are extended from the nearest existing fins or heat-exchanger tubes toward the
corresponding locations.
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Figure 14: Reacted-fraction distribution along a fixed sampling line parallel to the global cartesian x-axis near the
outer reactor wall.
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Similarly, Fig. 15 shows the radial variation of the reacted fraction at the symmetry boundary. A
distinct reaction dead zone is evident at ' = 9.5 mm, which detracts from overall efficiency. Consequently,
an extended fin is introduced here using the same approach.
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Figure 15: Radial profiles of reacted fraction at the symmetry boundary of the reactor.

Fig. 16 presents the temporal variation of the reacted fraction for different distances §, between the
extended fin tip and the reaction dead zone center. For § = 0, 1, 2, and 3 mm, the absorption times are
284.0 s, 287.5 s, 294.0 s, and 306.5 s, respectively. Compared to configurations with § = 2 mm and § = 3 mm,
the setup with § = 1 mm reduces the absorption time by 2.21% and 6.19%. This demonstrates that extending
fins into reaction dead zone effectively curtails absorption time. This behavior can be interpreted in terms
of local thermal resistance regulation. In the reaction dead zone, the heat released by hydrogen absorption
cannot be transferred efficiently to the heat exchanger structure, leading to persistent local temperature
elevation, a corresponding increase in equilibrium pressure, and a reduction in the reaction driving force.
By extending the fins toward these low-reacted-fraction regions, the local conduction path is shortened and
the heat accumulated in the surrounding MH can be removed more effectively, thereby restoring hydrogen
absorption activity in these thermally disadvantaged regions. It is also noted that the fin tip does not need
to coincide exactly with the point of minimum reacted fraction. When § is reduced to 1 mm, the dominant
high-temperature region can already be effectively intercepted, whereas a further decrease in § yields only
a marginal reduction in hydrogen absorption time while introducing additional occupation of the MH
region. This accounts for the existence of an optimal value at § = 1 mm. When 6 < 1 mm, further reduction
in § yields negligible performance gains. Therefore, § = 1 mm represents the preferred trade-off among
the investigated values. Compared to the reactor before reaction-dead-zone-oriented fin extension, the
absorption time is shortened by 12.77%, at the cost of a mere 2.36% increase in volume fraction.

The temperature and reacted fraction contours at 300 s for § = 1 mm are shown in Fig. 17. The internal
temperature distribution becomes highly uniform, the high-temperature regions shrink significantly, and
the majority of the bed cools to between 297.6 K and 320.6 K. Simultaneously, regions with a reacted fraction
between 0.9 and 1 dominate the bed, confirming that extended fins successfully enhance heat transfer,
promote complete reactions, and neutralize the impact of reaction dead zone.
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Figure 16: Evolution of average reacted fraction versus time for different distances between the fin tips and the

reaction dead zone.
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Figure 17: Contour plots of physical fields at t = 300 s with § = 1 mm: (a) temperature distribution; (b) reacted

fraction distribution.

Consequently, the reactor exhibits superior hydrogen storage performance when § = 1 mm. Compared
to the configuration before reaction-dead-zone-oriented fin extension, the hydrogen absorption time is
reduced by 12.77%, while the volume fraction increases by only 2.36%.

In a prior study [18], genetic algorithm optimization of a tree-shaped finned-tube reactor with a volume
fraction of 10%, a convective heat transfer coefficient of 1500 W/(m*K), a hydrogen storage pressure of 8
bar, and an HTF temperature of 293 K resulted in 1620 s to reach an average temperature of 300 K, and a
total absorption time of 1180 s. In contrast, as shown in Fig. 18, the optimized reactor in the present study
reduces these times by 1203 s and 865.5 s, respectively, with only a 9.01% increase in volume fraction.
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Figure 18: Comparison of hydrogen absorption time and the time to reach an average bed temperature of 300 K for

different reactor configurations.

It should be noted that the sequential CFD-based parametric comparison presented in Sections 3.1-3.4
follows a sequential, single- or paired-variable scanning strategy, in which each geometric variable (or pair
of variables) is optimized in turn while the remaining variables are held at their previously determined
values. This approach is consistent with common practice in CFD-based metal hydride reactor studies—
including Mohan et al. [16], Bai et al. [18], Gkanas et al. [20]—where each parameter combination requires
a full transient multiphysics simulation and an exhaustive joint scan over all six geometric variables
is computationally prohibitive. Consequently, the reported parameter combination represents the best
configuration identified along the explored sequential path, rather than a formally verified joint optimum
over the complete six-dimensional design space. The potential consequence of this simplification—namely,
that variables optimized at an earlier stage may not remain optimal once later-stage variables are fixed—is
partially examined in Section 3.5 through a response-surface analysis of the (6, y) pair, and a fully crossed
design of experiments over all geometric variables is identified as a necessary extension for establishing a
rigorous joint optimum in future work.

3.5 Interaction Effects among Geometric Parameters: a Response Surface Analysis Based on
Existing Data

The single-factor analyses presented in Sections 3.1-3.3 isolate the individual effect of each geometric
parameter on the hydrogen absorption time 7, but they do not establish whether these parameters act
independently or interactively. To further elucidate the nature of these dependencies, a quadratic response-
surface model was constructed by multiple linear regression analysis of the existing parametric datasets
obtained in Sections 3.2 and 3.3, expressed in the general form:

T = by + byxy + byxy + bsx1xy + baxi? + bsxy? (17)

where x; and x; denote the corresponding pair of geometric variables. This analysis applies only to
parameter pairs for which multi-level joint data are available, that is, pairs whose levels were varied
concurrently within the same set of simulations. For a parameter investigated by a strictly one-factor-at-
a-time scan, such as the tube spacing common ratio & examined in Section 3.1, no data exist from which
an interaction term can be estimated. Among the six geometric parameters considered in this study (e, g,
ro, 0, v, 9), only the pair (0, y) satisfies both the multi-level joint-data requirement and the independence
requirement, and is accordingly examined in the following analysis. The pair (r¢, ) is not analyzed here
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because, under the volume-fraction constraint (¢ < 15%) imposed throughout the parametric study, the
feasible range of f narrows monotonically as r( increases (e.g., f = 1.1-1.5 at o = 1 mm but § = 0.5-0.6 at
ro = 4 mm), so that the two variables are constrained to vary along a near one-dimensional manifold rather
than as two independent design factors. Their individual influences have therefore been reported through
the single-factor discussion in Section 3.2.

For the secondary-fin included angle 6 and the fin angle ratio y examined in Section 3.3, a complete
4 x 6 factorial dataset comprising 24 data points was available. The corresponding response surface is
expressed as:

(6, y) = 1729.42 — 37.930 — 632.64y + 8.350y + 0.2546% + 115.85)2 (18)

with an R? = 0.954 and an overall F-test significance of p < 0.001. All regression coefficients, including the
linear, quadratic, and interaction terms, were found to be statistically significant (p < 0.01), confirming that 6
and y exert a coupled, rather than additive, influence on 7. This finding is consistent with the trend already
noted in Section 3.3: the optimal y minimizing 7 shifts from 0.9 to 0.7, 0.6, and back to 0.7 as 6 increases
from 50° to 65°. Were the two parameters independent, the optimal y would remain constant across all
0 levels; the observed shift therefore constitutes direct empirical evidence of the interaction captured by
Eq. (18). Fig. 19 presents the corresponding response surface and contour plot, in which the minimum-7
region forms a curved trough in the (6, y) plane, oriented obliquely with respect to both coordinate axes
rather than aligned with either of them, indicating genuine parameter coupling that cannot be detected
through a one-factor-at-a-time scan. This interaction follows directly from the geometric definition of the
two parameters: since y# represents the included angle of the tertiary fins, 8 and y jointly, rather than
separately, determine the spatial uniformity of the fins and tubes within the bed discussed in Section 3.3.
Because the tertiary tubes are located toward the periphery of the bed, where reaction dead zone tend
to develop, the tertiary fin position set by y8 directly governs the local conduction path between this
peripheral region and the heat exchanger structure, thereby affecting the bed temperature near the tubes
and the extent of the high-reacted-fraction area, as observed in Fig. 12. For a fixed y, the same increment in
y corresponds to a different absolute change in the tertiary fin angle depending on 6, so that its effect on
the local conduction path—and consequently on temperature uniformity and the extent of reaction dead
zone—differs across 8 levels. This geometric coupling accounts for the non-monotonic shift of the optimal
y described above.

Figure 19: Response surface and contour plot of the hydrogen absorption time 7 as a function of the secondary-fin
included angle 6 and the fin angle ratio y: (a) fitted quadratic response surface with simulation data points (black

markers); (b) corresponding contour plot.
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As shown in Fig. 19a, the fitted quadratic surface descends monotonically from the upper-left corner
(6 =50°, y = 1.1, 7 = 368.5 s) toward the lower-right corner (8 = 65°, y = 0.6, T = 330.5 s), exhibiting distinct
curvature along both axes rather than a planar tilt. In the contour projection, the iso-T lines form a family
of curved, obliquely-oriented arcs whose principal axis is misaligned with both coordinate directions,
in which the minimum-t region forms a curved trough in the (0, y) plane rather than a band aligned
with either coordinate axis, indicating genuine parameter coupling that cannot be detected through a
one-factor-at-a-time scan.

Taken together, these results confirm that the secondary-fin included angle and the fin angle ratio
interact significantly in governing the hydrogen absorption time. For the remaining geometric parameters,
either the volume-fraction constraint (in the case of § and ry) or the one-factor-at-a-time sampling strategy
(in the case of «) precludes a statistically meaningful interaction analysis with the present dataset. A fully
crossed design of experiments incorporating all six geometric variables is identified here as a direction for
future investigation.

4 Conclusion

This study conducted a comparative CFD-based analysis of several tree-shaped finned-tube bundle
geometries for a porous LaNi; metal-hydride reactor. Using LaNi5 as the storage medium, a 2D numerical
model was established to analyze the effects of geometric parameters—such as tube spacing, tube radius, and
fin angles—and to mitigate reaction dead zone via extended fins. The primary conclusions are as follows:

(1) Increasing the tube spacing ratio, «, monotonically shortens the absorption time over the tested range
(0.8-1.2). a = 1.1 was adopted for subsequent optimization as it captures 92.7% of the achievable
reduction (22.33% relative to « = 0.8) at a modest 1.59% increase in volume fraction, beyond which
further increasing a to 1.2 yields only a marginal additional benefit (2.31%).

(2) Increasing the tube radius ratio, 5, generally enhances the reaction rate. Under optimal f conditions, a
smaller primary tube radius, ry, improves temperature uniformity and constricts reaction dead zone.
Among the investigated combinations, ry = 1.5 mm and f§ = 1.2, provide the shortest absorption time
of 341.5s.

(3) The secondary and tertiary fin angles dictate the spatial uniformity of the heat exchangers within the
bed. Among the investigated angle combinations, 6 = 60° and y = 0.6 yields the shortest absorption
time of 329 s, representing a 29.4% reduction from the pre-optimized state, with a marginal volume
fraction increase of 1.9%.

(4) Extending fins directly into reaction dead zone effectively enhances storage performance. When the
distance from the extended fin tip to the lowest reacted fraction point is § = 1 mm, the absorption
time is reduced by 12.77% compared to the unoptimized dead-zone state, with only a 2.36% increase in
volume fraction.

(5) A response-surface analysis based on the existing parametric dataset reveals a statistically significant
interactive effect between the secondary-fin included angle, 6, and the fin angle ratio, y, on the
hydrogen absorption time (R? = 0.954, p < 0.001), confirming that the two parameters exert a coupled,
rather than additive, influence on reactor performance.

In summary, the comparative analysis demonstrates that the geometric arrangement of the tree-shaped
finned-tube bundle strongly affects the radial distribution of heat-removal capacity, the development of
local hot regions, and the evolution of reaction dead zone. From a mechanistic perspective, the enhancement
achieved by the tree-shaped finned-tube bundle originates from the hierarchical redistribution of heat
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transfer paths and cooling capacity within the MH bed, which suppresses local heat accumulation, alleviates
the development of reaction dead zone, and maintains favorable conditions for hydrogen absorption
throughout the reactor. Beyond these individual parameter effects, the response-surface analysis further
demonstrates that the secondary-fin included angle and the fin angle ratio interact significantly in governing
reactor performance, indicating that the geometric design of tree-shaped finned-tube bundles should account
for such parameter coupling rather than relying solely on single-factor optimization. The findings of this
work furnish quantitative design guidelines and a scalable structural template for the fluid-dynamic and
heat-transfer optimization of MH-based solid-state hydrogen storage reactors, and are of direct relevance
to engineering scenarios including on-board hydrogen storage for fuel-cell vehicles, distributed hydrogen
refueling stations, and renewable-energy-coupled hydrogen storage systems. It should be pointed out that
the present study is restricted to the hydrogen absorption process of a LaNis-based laboratory-scale reactor,
whereas the desorption behavior, long-term absorption-desorption cycling, scale-up effects in multi-tube
parallel configurations, and experimental verification of the proposed geometry fall beyond the current
scope and will be systematically addressed in our subsequent research.

Acknowledgement: Not applicable.

Funding Statement: This work was supported by the Natural Science Foundation of Shandong Province of China
(No. ZR2023ME025).

Author Contributions: Haozhe Zhang: conceptualization, methodology, software, investigation, formal analysis,
data curation, visualization, writing—original draft; Shengjie Wang: investigation, validation, formal analysis;
Jiajia Song: data curation, investigation, visualization; Zeqi Chen: software, validation, visualization; Suoying He:
methodology, resources, writing—review & editing, supervision; Ming Gao: conceptualization, funding acquisition,
project administration, writing—review & editing, supervision. All authors reviewed and approved the final version
of the manuscript.

Availability of Data and Materials: The data supporting the findings of this study are available from the corre-
sponding author upon reasonable request. No new materials were generated in this study.

Ethics Approval: Not applicable.
Conflicts of Interest: Given his role as an Editorial Board Member of this journal, Suoying He had no involvement

in the peer review of this article and had no access to information regarding its peer review. Full responsibility for the
editorial process for this article was delegated to another journal editor. The authors declare no conflicts of interest.

Nomenclature

Abbreviations Va Average hydrogen storage rate,
g/min

MH Metal hydride Vbes Volume occupied by heat transfer
structure, m*

LTE Local thermal equilibrium Vos Total MH region volume without
heat transfer structure, m?

CFD Computational fluid dynamics X Reacted fraction, —

RSM Response surface methodology Greek symbols

Symbols o Common ratio of heat exchanger
tube spacing, —

A Van’t Hoff constant for hydrogen f Common ratio of heat exchanger

absorption, — tube radius, —
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B Van’t Hoff constant for hydrogen y Common ratio of fin included angle,

absorption, K —

Ca, Hydrogen absorption rate constant, ¢ Fin extension distance, mm

1/s

¢ Specific heat capacity, J/(kg-K) AH Heat of reaction for hydrogen ab-

sorption, J/mol
d, MH particle size, pm £ Porosity, —
E. Activation energy for hydrogen ab- 6 Secondary-fin included angle, °
sorption, J/mol

H Height of the upper hydrogen re- A Thermal conductivity, W/(m-K)
gion, mm

K Permeability of the porous MH bed, 1, Dynamic viscosity of hydrogen,
m? kg/(m:-s)

Ly Spacing between the primary and p Density, kg/m®
secondary heat-exchanger tubes,
mm

aLy Spacing between secondary and ter- 7 Hydrogen storage time, s
tiary heat exchanger tubes, mm

a?Ly Distance from the tertiary tube axis ¢ Heat transfer structure volume frac-

to the tertiary fin outer edge, mm tion, %

m Total mass of absorbed hydrogen, g = Subscripts and Superscripts

m Volumetric hydrogen mass source 0 Initial

term, kg/(m>-s)

M Relative molecular mass, kg/mol a Absorption

p Pressure, Pa Al Aluminum

R Gas constant, J/(molK) be Corrugation period

r’ Radial distance from the reactor eff Effective

axis, mm
ro Primary heat-exchanger tube ra- eq Equilibrium
dius, mm
Bro Secondary heat exchanger tube ra- f Fluid
dius, mm
Bro Tertiary heat exchanger tube radius, g Gas
mm

t Time, s ref Reference

T Temperature, K S Solid

u Hydrogen superficial velocity in the  sat Saturation

MH bed, m/s
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