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Abstract. Porous carbon is one alternatives material to store hydrogen through
adsorption mode known as solid state hydrogen storage (SSHS). The capacity of
this SSHS could be analyzed using volumetric technique, measuring the changing
of pressure at known volume and temperature. The measurement equipment
using this technique is known as sievert type apparatus. In this work heat transfer
analysis was conducted during the design of sievert type apparatus to ensure no
gradient temperature or could spot in the apparatus as well as to analyze the time
vs cooler flow rate for the targeted measurement temperature. Two analyses were
carried out using analytical lumped capacitance method and numerical
computational fluid dynamics (CFD). The findings indicate that increasing the
mass flow rate from 0.01 kg/s to 0.25 kg/s leads to a substantial reduction in
cooling time, decreasing it from 3250 seconds to 250 seconds. However, further
increasing the mass flow rate beyond 0.25 kg/s does not significantly decrease
the cooling time. The maximum heat transfer rate is 700 W and achieving the
target temperature with a coolant flow rate of 50 g/s takes only 380 seconds when
using a numerical approach with CFD, which is faster than the analytical results.

Keywords: Sievert Type Apparatus, CFD, SSHS, Analytical lumped capacitance
method, Poros carbon.

1 INTRODUCTION

The global energy landscape is undergoing a profound transformation, driven by
increasing concerns over climate change, the pursuit of cleaner energy sources, and a
growing demand for energy across the world. As traditional fossil fuels face scrutiny
due to their environmental impact, the need for clean and sustainable alternatives has
never been more critical. Hydrogen is a versatile energy source that can be combusted
to produce heat (without emitting carbon) or used in conjunction with fuel cells to
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produce current. It has the highest energy density (142 MJ/kg) among other energy
sources such as gasoline (45.8 MJ/kg), methane (47.2 MJ/kg), or Lithium battery (0.9-
2.49 MJ/kg). However, storing hydrogen in an economical way is not a simple task [1],
[2]. To be economically feasible hydrogen should be stored under the pressure of 700
bar in the gas phase or cryogenically cooled below 20 K in the liquid phase. The process
of compression and liquefaction would raise concerns in both safety and energy
required for the processes. Solid-state hydrogen storage (SSHS) can be a promising
alternative to storing hydrogen in terms of economical and safety [3].

Hydrogen storage in solid form can be achieved through both adsorption and
absorption processes. In both processes, there are criteria such as gravimetric (2.6 w.t.%
H2) and volumetric energy density (1.7 kg H2/L) for material be feasible for SSHS [4].
Carbon-based material or activated carbon is a promising material for SSHS, trough
adsorption process, with a capacity of up to 5.7 wt% or 1.9 kWh/kg, knowing the energy
density of hydrogen is 33.3 kWh/kg [5]. This energy density is substantially higher than
commercial lithium-polymer batteries which have the energy density of 200-250
Wh/kg. In addition, carbon-based materials are known to have higher hydrogen storage
capacity at low temperatures [6].

To ensure the feasibility of carbon-based materials for SSHS, the measurement of
hydrogen capacity is an important step subsequent the synthesis of material. The
hydrogen adsorption capacity of a SSHS material can be conducted by volumetric
technique. This technique is essentially analyzing the changing of pressure with
knowing volume and temperature [7]. The measurement apparatus using this
volumetric technique is known as Sievert Type Apparatus (STA).

One of the challenges in hydrogen capacity measurement of carbon based SSHS is
the requirement of low temperature measurement subsequent to volume calibration
using helium at high temperature [8]. The highest gradient of measurement temperature
to the ambient temperature might result in the greater error during isothermal
measurement [9]. In some cases, parts of the measurement apparatus have lower
temperature than the rest, known as cold spot, and lead to error during volumetric
measurements [10]. During the measurement, the temperature in the whole chamber
must be maintained uniform and thus the analysis of heat transfer is very essential
during the STA design process.

This paper presents heat transfer analysis on the cooling process during hydrogen
adsorption on carbon based SSHS. The analysis is conducted in two different methods,
analytically using lumped capacitance method, and numerically using computational
fluid dynamics (CFD). The primary goal of this research is to enhance our
understanding of the heat transfer dynamics during the cooling phase of hydrogen
adsorption on carbon-based SSHS. The results will be beneficial for designing,
optimizing, and improving the efficiency of SSHS systems, which have applications in
hydrogen storage for various clean energy technologies. By comparing the results of
analytical and numerical methods, the research aims to provide a comprehensive and
validated analysis of the heat transfer in this specific process, contributing to the
broader goal of advancing hydrogen storage technologies and promoting sustainable
and clean energy solutions.
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2 METHODOLOGY

The heat transfer analysis for the cooling process of hydrogen in the chamber are
conducted using both the lumped analysis approach and computational fluid dynamics
(CFD) simulations.

2.1  Lumped Capacitance Analysis

The lumped capacitance method is a technique used to simplify the analysis of heat
transfer in a system by disregarding internal temperature variations within an object or
system. This method is applicable to objects with specific geometries and properties
that allow this assumption to be made without significant loss of accuracy.

In a system with lumped capacitance conditions, the object or system, i.e. Sievert
reactor, is assumed to possess characteristics referred to as "lumped" or "centralized,"
meaning that the temperature of the object or system is considered to be uniform
throughout its entire volume at a given time. This assumption typically applies to
objects with high thermal conductivity and relatively small geometrical sizes.

Calculations using the lumped capacitance method can be performed by using Eq.

ey
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In Eq. (1), T'is the average temperature of the object (hydrogen and Sievert reactor)
at time 7 (K), T is the temperature of the cooling fluid (K), 7; is the initial temperature
of the object (hydrogen and chamber) at time 7 = 0 (K), 4 is the convective heat transfer
coefficient from the object to the cooling fluid (W/m?2-K), A; is the surface area of the
object (m?), p is the density of the object (kg/m3), V is the volume of the object (m3), ¢
is the specific heat capacity of the object (J/kg-K), and ¢ is the time (in seconds, s).
The convective heat transfer coefficient from an object to a cooling fluid can be
determined using the Nusselt number (Nuy) correlation, as described in Eq. (2) —(3).
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In Eq. (2)-(3), L is the characteristic length (typically defined as L = V/Ay),
representing a characteristic dimension for the heat transfer process. kr is the thermal
conductivity of the fluid (W/m-K), Nu; is the Nusselt number, Re is the Reynolds
number, Pr is the Prandtl number, and a, b, c are empirical constants used in the Nusselt
number correlation equation.

The Reynolds number can be determined based on the properties of the cooling fluid
and its flow velocity, as expressed in Eq. (4).
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In Eq. (4) v is the velocity of the fluid (m/s), D is the ydraulic diameter (m), and u
is the dynamic viscosity of the fluid (Pa-s).
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The Prandtl number can be determined based on the thermal properties of the
cooling fluid, as expressed in Equation

_v o
Pr—a—kf Q)

Where v is the momentum diffusivity (kinematic viscosity, m?/s), a is the thermal
diffusivity (m?/s), and Cp is the specific heat capacity (J/kg-K).

2.2 Computational Fluid Dynamics Analysis

The CFD (Computational Fluid Dynamics) simulation using Ansys Fluent is
employed to model and analyze fluid flow and heat transfer within the chamber and the
cooling fluid system. The steps involved in the CFD simulation of this system are as
follows:

Geometry Model and Domain Creation

The geometry of the chamber and the cooling system is created in a three-
dimensional design, as shown in Figure 1. In this design, solid walls are modeled in 2D
(surface) and will be simulated using the shell conduction method to reduce
computational time.

SS wall

inlet

Fig. 1. Geometry of the chamber and cooling circuit domain in the CFD
simulation.

Grid Generation (Meshing)

In this step, the domain is divided into discrete elements called grids or mesh. These
grids form the points at which the partial differential equations for fluid flow and heat
transfer will be solved. The result of grid generation can be seen in Figure 2.
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Fig. 2. Grid division of the chamber and cooling circuit in the CFD simulation.

Physical Model and Parameters

The continuity, momentum, and energy conservation equations in Ansys Fluent can
be written as in Equations (42) to (44).

0

>tV (r)=0 (6)
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In this simulation, the k-omega SST method is used to solve the turbulence equations
with constant thermophysical properties.

Boundary Condition and Simulation Strategies

The boundary conditions used in this simulation include a mass flow rate of 50 g/s
at the inlet with an inlet temperature of -5 °C. The initial conditions in the hydrogen
chamber are at a pressure of 20 MPa and a temperature of 200 °C. The initial wall
temperature of the chamber is also set to 200 °C. The simulation process uses the
SIMPLE solver in transient mode with a time step of 1 second and a total of 1800 time
steps, resulting in a total transient time of 1800 seconds.

3 RESULTS AND DISCUSSIONS

3.1 Lumped Capacitance Calculation Results

Figure 3 provides a visual representation of the influence of different mass flow
rates on the cooling time within the system. This data is instrumental in understanding
the critical role that mass flow rate plays in the efficiency of the cooling process.
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Upon examination of Figure 3, a striking pattern emerges. As the mass flow rate is
escalated from 0.01 kg/s to 0.25 kg/s, there is a marked reduction in the cooling time
required, plummeting from 3250 seconds to a mere 250 seconds. This significant
decrease in cooling time is a direct consequence of the higher mass flow rate, which
facilitates more efficient heat transfer and, in turn, leads to quicker temperature
reduction within the system.

However, the figure also reveals an intriguing aspect of this relationship. Once the
mass flow rate surpasses the threshold of 0.25 kg/s, further increases do not result in a
substantial reduction in cooling time. In essence, the benefits of a higher mass flow rate
start to plateau, indicating diminishing returns regarding cooling time reduction. This
phenomenon is aptly exemplified when considering a mass flow rate of 0.4 kg/s, which
results in a reduction of the required cooling time to only 200 seconds. While there is a
reduction, it is not as substantial as observed when transitioning from lower flow rates
to the 0.25 kg/s threshold.
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Fig. 3. Effect of mass flow rate on cooling time

This intriguing trend underscores the significance of optimizing the mass flow rate
within the system. While higher flow rates indeed expedite the cooling process, there
comes a point where the additional benefits in terms of reduced cooling time become
less pronounced. Considering the lumped capacitance method used for these
calculations, it's important to acknowledge that this method simplifies the analysis and
makes various assumptions to model the heat transfer process. To ensure the accuracy
of the results, it is advisable to compare the outcomes obtained through the lumped
capacitance method with either more detailed analytical calculations or numerical
methods like Computational Fluid Dynamics (CFD). This comparative analysis can
offer a comprehensive perspective on the cooling process, helping to validate and refine
the results, particularly when dealing with complex heat transfer scenarios.
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3.2 CFD Simulation Results

The results obtained from the lumped capacitance method need to be validated by
comparing them with the results from CFD simulations. Figure 4 displays the
comparison between the lumped capacitance method and CFD simulation results. It can
be seen that the calculations using the lumped capacitance method differ significantly
from the CFD simulation results. This is partly due to the simplification of the heat
transfer process in the lumped capacitance method, which only accounts for the heat
transfer from the chamber to the cooling fluid. In contrast, CFD simulations consider
heat transfer from the chamber to the ambient air through natural convection. The
cooling time needed to reach the target temperature is achieved by 380 s when it is
calculated using numerical approach using CFD and is achieved by 900 s when it is
calculated using analytical approached of lumped capacitance method. The deviation
appeared in this result is due to the simplification approach in the lumped capacitance
method.
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Fig. 4. The transient temperature of the object calculated using lumped
capacitance and CFD

Figure 5 illustrates the change in the heat transfer rate from the chamber to the
cooling fluid. From this figure, it can be observed that at the beginning of the cooling
process, the heat transfer rate increases drastically to reach 700 Watts due to the high
temperature difference between the chamber and the cooling fluid. Afterward, as the
chamber temperature slowly decreases, the heat transfer rate from the chamber to the
cooling fluid also decreases. This graph suggests that with a maximum heat transfer
rate of 700 W, the thermostatic cooling bath in the Sievert apparatus installation needs
to have a cooling capacity of approximately 700 W.
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Fig. 5. The heat transfer rate during cooling process

Figure 6 provides a depiction of the distribution and temperature fluctuations within
the apparatus at distinct time intervals: 100 seconds, 200 seconds, 300 seconds, and 400
seconds. These observations yield valuable insights into the thermal dynamics of the
system. At the 100-second mark, the figure demonstrates a notable decrease in chamber
temperature. This initial reduction is a result of the cooling process, which efficiently
removes heat from the chamber, leading to a more favorable temperature profile. As
time progresses, at the 200-second point, the chamber temperature continues to
gradually decline. By the time 400 seconds elapse, the chamber temperature becomes
remarkably uniform, indicating that the cooling process has been effectively controlled
and that thermal equilibrium is approaching.
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Fig. 6. The temperature distribution during cooling process
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Figure 6 also highlights a critical aspect of the heat transfer mechanism within the
apparatus. The area experiencing the most substantial heat transfer is situated on the
inlet side, specifically the top left corner. This is evident in the lower temperature of
the hydrogen within this region, a clear indicator of enhanced cooling efficiency. The
cooling fluid retains a lower temperature in this specific zone compared to the other
areas, fostering more efficient heat transfer and promoting quicker temperature
reduction.

Conversely, the upper and lower walls of the apparatus exhibit a somewhat delayed
cooling process. Notably, the lower wall experiences a more extended cooling duration.
This phenomenon can be attributed to the absence of direct interaction with the cooling
fluid in this region. Here, the cooling process is predominantly governed by natural
convection interactions with the surrounding environment. As a result, the cooling
process on the lower wall extends over a more protracted period, emphasizing the
significance of the spatial relationship between the cooling fluid inlet zone and specific
sections of the apparatus.

4 CONCLUSION

This paper addresses the analysis of heat transfer in the cooling process during
hydrogen adsorption on carbon-based Solid State Hydrogen Storage (SSHS). The study
employs two distinct methods: an analytical approach using the lumped capacitance
method and a numerical method using Computational Fluid Dynamics (CFD). The
central aim of this investigation is to advance our comprehension of heat transfer
dynamics in the cooling phase of hydrogen adsorption on SSHS with a carbon-based
structure.

The results reveal that an increase in mass flow rate from 0.01 kg/s to 0.25 kg/s
leads to a significant reduction in cooling time, decreasing it from 3250 seconds to 250
seconds. However, elevating the mass flow rate beyond 0.25 kg/s does not produce a
substantial further reduction in cooling time. In addition, The significant discrepancies
between lumped capacitance method calculations and CFD simulations are attributed
to the simplified heat transfer model of the former, which only considers heat transfer
from the chamber to the cooling fluid. The maximum heat transfer rate attains 700 W
and achieving the desired temperature with a coolant flow rate of 50 g/s takes only 380
seconds when employing a numerical approach through CFD, which is notably faster
than the results obtained through the analytical method using lumped capacitance.

In the CFD results, the chamber's temperature experiences a significant reduction
up to 200 seconds and subsequently decreases gradually until, at the 400-second mark,
the chamber's temperature achieves a greater degree of uniformity. The most substantial
heat transfer takes place on the inlet side, particularly at the top left, as evidenced by
the reduction in hydrogen temperature in this region, since the cooling fluid maintains
a lower temperature in this zone in comparison to other areas.
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