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Metal hydride (MH) is one of the highly effective hydrogen storage solutions that offer relatively low temperature-
pressure working conditions and high volumetric hydrogen density. However, it has a less favorable mobility
application due to its gravimetric density. In this study, a triply periodic minimal surface (TPMS) is implemented
in the reactor design to withstand the mechanical load. In addition, it can also be adopted as a part of the body
frame to compensate for its weight. Reactors are having different wall thicknesses (1, 2, and 3 mm), and TPMS
structure types (gyroid, Schwarz D, and Schwarz P) are designed and analyzed to accommodate the same
amount of hydrogen storage capacity. The ability to withstand working pressure and load is then investigated
with finite element analysis. Pressure drops and heat transfer performance are calculated with computational
fluid dynamics (CFD). It is found that using the mobility application scenario, TPMS gyroid with 1mm wall
thickness can withstand the working conditions and 5,000 N compressive strength mechanical load. The CFD
results also indicated that the fluid inside the proposed gyroid reactor design is swirled and mixed even at a low
flow rate with a pressure drop of 325.4 Pa. Based on this finding, TPMS-based structure MH reactor can be
considered a promising novel way to store hydrogen in mobility applications.

1. Introduction

Hydrogen is found as an economically viable energy storage solution for a wide variety of usage, including the
mobility sector (Shin et al., 2019) and stationary scenarios (Gray et al., 2011). Based on its high heating value
(HHV), hydrogen has a very high gravimetric energy density (142 MJ/kg), up to three times higher than
conventional carbon-based fuels (Mazloomi and Gomes, 2012). However, storing hydrogen in its natural form
needs an unpractical amount of space since its volumetric energy density is low. Other storage solutions, like
compressed or liquid forms, have safety concerns alongside the economic and energy-intensive disadvantages.
Metal hydrides (MHs) are regarded as a feasible method for hydrogen storage because of the superiorities of
large volumetric density (Yang et al., 2012) compared to other solutions like liquid and compressed hydrogen.
Although MH is considered an excellent candidate to store hydrogen stationarily, there are concerns about the
usage of MH in the mobility sector due to its low gravimetric hydrogen density (Lototskyy et al., 2017).

MH is formed by a metal compound that experiences the sorption of hydrogen. Pressure-composition-
temperature (PCT) relation curve could be used to explain this phenomenon. An initial solid solution of metal (a
phase) is formed just before the hydrogen pressure, and concentration start to increase. MH formation (3 phase)
starts to form during that condition, and once a and B phases are in equilibrium, the curve forms a plateau
(Nguyen and Shabani, 2021). This reaction can be expressed as Eq(1).

X
M+ SHy & MHy + Heat (1)

M represents metal/intermetallic alloy, and MHx is the MH product with x acting as a hydrogen ratio. The
absorption in MH is an exothermic reaction, while desorption is an endothermic reaction. This leads to saturation
in temperature and pressure during the a+3 phase; it is required to keep at a certain level so the absorption and
desorption reaction can be maintained. In this case, pressure control and thermal management are critical to
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keeping reactions occurring. It is correlated strongly to the performance of metal hydride of its capacity and
reaction time of storing and releasing hydrogen.

The use of MH offers a viable solution for storing hydrogen with low pressure/temperature conditions, high
volumetric density, reversibility of absorption/desorption processes, and high storing safety mechanisms
(Lototskyy et al., 2017). To facilitate both absorption and desorption of hydrogen, MH needs to be stored at a
vessel or reactor. The design of the MH reactor has been found to be important for the storage system to ensure
good performance, including capacity (density), reaction time for absorption and desorption, and safety (Harries
etal., 2012). Several approaches to increasing the performance of MH has been conducted, including increasing
the number of heat exchanger surface area with increasing heat pipes size (Liu et al., 2014), applying fins or
extended heat transfer surfaces (Gkanas et al., 2016), and adopting metal foam (Laurencelle and Goyette,
2007).

The process that occurs inside the reactor can be interpreted as governing equations. These equations have
been successfully implemented in our previous study (Lesmana and Aziz, 2021), and they consist of the volume-
averaged energy balance equation, volume-averaged mass balance equation, and reaction kinetics of MH. Our
previous study also implemented a novel way to increase surface area density by adapting TPMS gyroid
architecture to further increase the reaction rate of absorption.

TPMS can be generated mathematically from constrained cell shapes patterned asymmetrically in 3D space.
The common traits of many forms of this geometric group are that they have two intertwining networks of spaces
that also make zero mean curvature. These properties have been used in a heat exchanger (Li et al., 2020),
and it has been observed that it can cause large turbulence kinetic energy that is favorable to heat transfer
enhancement, although with the cost of high-pressure loss. TPMS that has been classified can be described by
using the following expression, which is Schwarz P in Eq(2), gyroid in Eq(3), and Schwarz D in Eq(4). Figure 1
shows the visualization of each equation.

cos(x) + cos(y) + cos(z) 2)
cos(x).x sin(y) + cos(y).* sin(z) + cos(z).x sin(x) 3)
sin(x).* sin(y).* sin(z) + sin(x).* cos(y).* cos(z) + cos(x).x sin(y).* cos(z) + cos(x).x cos(y).x sin(z) 4)

h |

(a) (b) (c)

Figure 1: Visualization of (a) Schwarz P, (b) Gyroid, and (c) Schwarz D.

Due to its characteristics, TPMS has been investigated to be applied in many scenarios, like structural
engineering (Feng et al., 2019), mass transfer (Thomas et al., 2018), and heat exchanger (lyer et al., 2022).
The idea of this study comes from current knowledge on both topics in TPMS and MH reactor, which is
combining TPMS characteristics and MH reactor design to realize an optimum reactor that could achieve low
storing pressure and temperature, high safety, and high energy volumetric density. In addition, it also could be
utilized as a load-bearing structure; it can replace the existing structural parts, like the frame and case for the
mobility devices (cars or trains). To the authors’ best knowledge, there is almost no investigation on MH reactor
that implement strength characteristic and the idea of TPMS architecture adaptation for MH reactors, besides
the authors’ previous works that focus on mathematical kinetics models (Lesmana and Aziz, 2021). Adapting
TPMS structure into MH reactor could improve hydrogen storing performance in MH due to the surface area
density of TPMS that helps increase heat exchange performance. The capability of TPMS to bear mechanical
load also could be utilized to directly reduce the negative effect of low gravimetric density of MH if used as a
replacement of frame or structural integrity parts. In this study, mechanical behavior and fluid dynamic analysis
are evaluated to determine the capability of the TPMS reactor that is designed to be applicable in most of the
frame cases as a cylindrical tube form, with three different wall thicknesses based on three different TPMS
architectures, which are Schwarz P, Gyroid, and Schwarz D.



903

2. Method

To determine the capability of the MH reactor that adopts TPMS architecture, a structural mechanic analysis
using a finite element method (FEM) and computational fluid dynamics (CFD) are implemented. Samples of the
3D model are prepared using Ansys SpaceClaim, and internal TPMS structures are generated. Each model is
generated with the same overall volume (tube shape with dimensions of @54 mm x 76 mm) and chamber width
(12 mm), as shown in Figure 2. Table 1a shows the geometrical properties of the generated model named with
model |dent|f|cat|on (ID) with different TPMS and their properties.

® & 0 ¢ 2 &

Figure 2: Reactor model generated of (a) gyroid, (c) Schwarz D, and (e) Schwarz P, alongside their respective
half-cut section (b, d, and f).

2.1 Strength analysis

Based on the previously mentioned models, the mesh model is then composed for each design, as shown in a
1 mm sample of each TPMS design in Figures 3a to 3c. Strength analysis of the reactor is conducted in an
ANSYS software package based on FEM. The boundary loads (5,000 N compression load) and fixed support
are then applied, as depicted in Figure 3d. Material properties of Al-Si10-Mg (Young modulus of 64 GPa and
yield stress of 256 MPa) are adopted since it is the most used material for metal additive manufacturing method
(Ishfaq et al., 2021) that is currently considered the only process that could produce TPMS design.

2.2 CFD analysis

CFD analysis is conducted with the same model of the reactors. However, to simplify the calculation, the HE
liquid boundary is extracted, as shown in Figures 4a to 4c. The governing equations are implemented in this
CFD analysis with time-dependent terms of the conservation of mass, momentum, and energy equation. These
equations are the built-in function of the Ansys CFX solver. Assumption of constant wall and HE inlet
temperature and HE mass flow rate was made.

Fluid flow on this reactor is expected to be turbulent, and, in this case, a time-averaged model is used with
Reynolds Averaged Navier Stokes (RANS) equation. Turbulence model of realizable k-€ model and first-order
discretization scheme is chosen in this study. The discretization scheme is selected for pressure, while the first-
order upwind scheme is selected for momentum, dissipation rate, and turbulent kinetic energy. Convergence
criteria are based on residuals that measure the total imbalance of a conserved variable in each control volume.
Boundary conditions, as shown in Table 1b, are assigned in the models based on the scenario of heating MH
to represent desorption with the HE temperature profile extracted from the previous study (Lesmana and Aziz,
2021).

To ensure mesh independence results, a mesh independence study is conducted using three grid systems for
every model ID on a 1 mm wall thickness variant until no significant changes in the numerical result are
observed. Table 2 shows the results from the mesh independence test, and mesh configuration number 2 is
selected due to its excellent balance performance between computational cost and numerical accuracy.

Table 1: (a) Reactor design properties and (b) CFD boundary conditions of HE flowing into HE chamber.

Model ID Wall Surface Structural TPMS MH reactor operating Value
thickness  area volume condition
(h) (mm)  (mm?) (mm?3) Outlet nozzle pressure O
Gyroid_1mm 1 49,971.3  25,372.9 (gauge pressure)
Gyroid_2mm 46,957.7 47,9224 Wall temperature (K) 300
Gyroid_3mm 443066 68,004.9 Inlet temperature (K) 473.15
Inlet mass flow rate (m/s) 10
SchwarzD_1mm 55,789.8  28,067.8 Fluid Air

2

3

1

SchwarzD_2mm 2 51,931.7 53,155.2

SchwarzD_3mm 3 48,511.4 75,466.7

SchwarzP_1mm 1 49,984.6 25,261.1

SchwarzP_2mm 2 48,798.6 54,013.5
3

SchwarzP_3mm 43,4239 66,854.1
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Table 2: Mesh independence test results

Model ID Mesh Configuration Mesh Mesh Average Pressure

Number Nodes Elements at Outlet (Pa)
Gyroid_1mm 1 136,545 342,122 1,013.3

2 98,773 250,289 1,0114

3 70,478 184,356  1,4121
SchwarzD_1mm 1 126,170 423,652 1,432.2

2 93,408 314,572  1,430.1

3 82,572 191,485 1,381.1
SchwarzP_1mm 1 127,971 330,693  3,223.3

2 87,859 219,892  3,2431

3 56,535 140,418  3,091.5

(b)

C

( ) L> Fixed Constrain
(d)

Figure 3. FEM mesh generated for (a)

Gyroid_1mm, (b) SchwarzD_1mm, and (c)

SchwarzP_1mm. Loads and constrain

applied on the model (d)

3. Results and discussion

(b)

(©

Figure 4. Boundary condition of liquid for CFD
analysis extracted from the model of (a) Gyroid_1mm,
(b) SchwarzD_1mm, and (c) SchwarzP_1mm with
their generated mesh alongside the detailed view on
mesh to show the wall boundary layer on outlet side.

Based on geometry data and HE fluid chamber volume data, Figure 5 shows the comparison of each model’s
volume alongside their respective wall thickness. Based on the MH chambers volume, Schwarz D with 1 mm

wall thickness shows the highest MH capacity, followed
average, Schwarz D has 22 % higher MH capacity than
because, during the design process, the symmetrical

reactor to strategically position the inlet along with the T
can be maximized.

by the same architecture with 2 mm wall thickness. On
Schwarz P and 44 % more than gyroid design. It occurs
nature of the TPMS Schwarz D helps in modeling the
PMS pattern so that the amount of MH chamber volume
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Figure 5. Comparison of volume characteristics of each reactor design.
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Az Static Structural

Equivalent Stress
Type: Equivalent (von-hMises)
Unit: MPa
0.029033 Max 177.58 Max
E 0.023808 157.86
0.022582 13814
— 0.019356 11842
0.01613 L 98,684
78.973
(@) (b) (c)

A: Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

0.012904
0.0096778
0.0064519
0.0032259
0 Min

59.251

39,529
10,308
0.085914 Min
(a) (B)

()

Figure 6. Structural deformation from (a) 1 mm, (b) Figure 7. Von-mises distribution from (a) 1 mm, (b)
2 mm, and (c) 3 mm wall thicknesses of gyroid, 2 mm, and (c) 3 mm wall thickness of gyroid,
Schwarz D, and Schwarz P (from top to bottom) schwarz D, and Schwarz P (from top to bottom)
architecture MH reactor. architecture MH reactor.

By observing the FEM results from Figures 6 and 7, the risk of material failure can be reduced by adopting a
thicker wall. However, the smallest wall thickness that is implemented in this study (1 mm) shows that the
proposed model can withstand the applied compressed load. It is also observed that the maximum value of
stress is concentrated on the edge of the reactor, especially on the Schwarz P designs.

The results of TPMS upon fluid flow from the CFD analysis are shown in Figure 8. One of the characteristics of
TPMS is zero mean curvature that allows the flow to move freely in any direction. The velocity profile shows
uniform flow speed across the reactor except on the narrow side of the Schwarz P design, which increases with
smaller passages. Furthermore, a noticeable drop in fluid velocity is observed on the Schwarz P design. All
velocity profiles and fluid paths show eccentric helical motion on multiple parts of the reactor, with Schwarz P
showing the least amount visible. Although this will introduce a pressure drop in higher Reynolds flow, this can
enhance the heat transfer that helps the absorption and desorption of hydrogen be sustained so that the reaction
rate will increase. Table 3 also shows pressure drop measured from differences in pressure on inlet and outlet
for each model ID.

Table 3: Pressure drop of each model
Model ID Pressure Drop (Pa)

Velocity
6.

i1 Gyroid_1mm 325.4
Gyroid_2mm 284.7

i) Gyroid_3mm 213.5
B SchwarzD_1mm 218.0
s SchwarzD_2mm 198.5
SchwarzD_3mm 186.8

) . . ) Lo . SchwarzP_1mm 116.0
Figure 8. Fluid flow velocity profile of HE liquid in gyroid SchwarzP_2mm 108.6

with (a) 1 mm, (b) 2 mm, and (c) 3 mm wall thicknesses,
Schwarz D with (d) 1 mm, (e) 2 mm, and (f) 3 mm wall SchwarzP_3mm 93.8
thicknesses, and Schwarz P with (g) 1 mm, (h) 2 mm, and

(i) 3 mm wall thicknesses.

4. Conclusion

Mechanical and HE fluid dynamics behavior of TPMS MH reactor design on gyroid, Schwarz D, and Schwarz P
architectures on different wall thicknesses have been numerically evaluated. In this study, the Schwarz P reactor
design could store 44 % more than gyroid, but it has the lowest compression load capability and low mixing fluid
flow feature with an average velocity of below 1.7 m/s on a 3 mm wall thickness model. A study on pressure
drop also shows that due to the straight channel of Schwarz P, the pressure drop shows a lower amount than
the other model, only 93.8 Pa on the 3 mm wall thickness design and 116 Pa on the 1 mm design. The gyroid
has the lowest MH capacity, but it shows a good performance in mechanical attributes and fluid mixing while
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minimizing the decrease of fluid velocity, although it suffers from the highest pressure drop of 325.4 Paon a 1
mm wall thickness design.

However, to some degree, all the proposed reactor design shows great usability for MH reactor. In addition, the
structures of the TPMS MH reactor, which may also be used as a system structure because of its strength, can
be manufactured using already accessible manufacturing technologies, such as additive manufacturing.
Although the cost of additive manufacturing still becomes the bottleneck for mass production, there has been a
promising trend toward cheaper additive manufacturing in the last decade.

The idea of utilizing the TPMS MH reactor for mobile application and adapting it within structural parts, like
chassis, cover, and frame, has become a promising solution. It enables further expansion of the hydrogen
utilization with safe, high volumetric, and gravimetric densities and energy-efficient TPMS MH hydrogen storage
reactor design. Future study of TPMS MH reactor on numerical analysis of kinetics together with
thermodynamics of MH and HE liquid that is validated with experimental results to get a real-life performance,
such as hydrogen charging and discharging time, becomes further development of this idea.
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