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ABSTRACT

An adsorbed natural gas storage tank was simulated in this work, with the objective being to
predict the filling time, the filling capacity and the storage efficiency. A high-capacity HKUST-
1 type metal-organic framework was used as adsorbent. The time-dependent phenomenological
model of the adsorbed natural gas storage tank was developed considering mass, momentum and
energy transfers. The cylindrical tank was 1.09 m in length with a radius of 0.15 m, and was
equipped with an inlet hole for gas inflow. The simulation results show that the temperature
increase in the tank due to adsorption heat is very significant. This affects the adsorption ability
of the bed inside the tank, so the storage efficiency is consequently low. For the inlet gas flowrate
of 50 L/min, the storage efficiency is 38% and increases to only 47% at 5 L/min. Corresponding
filling capacities for the two flowrates are not very different, i.e. 89 V(STP)/V and 109 V(STP)/V.
However, the difference in the filling times is extremely significant, which are 16 min at 50 L/min
and 255 min at 5 L/min.
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1. INTRODUCTION

One of currently emerging gas storage technologies is natural gas adsorption using porous
adsorbents, known as adsorbed natural gas (ANG) (Vasiliev et al., 2000; Bastos-Neto et al.,
2005). The technology requires no liquefaction or multistage compression processes. In ANG
technology, natural gas is held in a porous material (adsorbent) at a pressure of 35 atm — 40 atm
(Pupier et al., 2005). The energy density of ANG at 35 atm is proportional to that of CNG at 165
atm (Nie et al., 2016).

The performance of ANG storage is affected by the nature of the microporous solid (Biloe et al.,
2002; Lozano-Castell6 et al., 2002a; Lozano-Castell6 et al., 2002b), the adsorbent size
(MacDonald & Quinn, 1998; Biloe et al., 2001a), the scale of the ANG storage tank (Chang &
Talu, 1996; Biloe et al., 2001b), the natural gas composition (Seki & Sumie, 2001; Pupier et al.,
2005), and the inlet flowrate (Sahoo et al., 2011; Alhamid et al., 2015). During the filling process
of natural gas into a storage tank, the gas undergoes several process stages, each of which has a
mass transfer resistance that decreases the storage capacity. In addition, the heat released during
the adsorption process leads to an increase in the temperature inside the tank, thereby reducing
the storage capacity.

The U.S. Department of Energy has set the total uptake of ANG at 263 V(STP)/V. Experimental
research has been conducted by Peng et al. (2013) to achieve the target using a HKUST-1 type

*Corresponding author’s email: muharam@che.ui.ac.id, Tel. +62-21-7863576, Fax. +62-21-7863515
Permalink/DOI: https://dx.doi.org/10.14716/ijtech.v9i2.1100



Muharam et al. 413

metal-organic framework (MOF) adsorbent. At 65 atm and 298 K, the total methane uptake if the
bed efficiency loss is ignored reaches 267 V(STP)/V, or equivalent to that of CNG at 255 atm.
However, when this adsorbent is applied in a storage tank, the total methane uptake decreases
due to the heat-released and mass transfer resistances. Therefore, the performance of the
adsorbent in an ANG storage tank needs to be tested, either experimentally or through computer
simulation, to discover the total methane uptake.

Computer simulation is a fast and efficient way to determine the performance of a system
(Muharam & Kurniawan, 2016). In the case of ANG storage tanks, it predicts filling
characteristics such as storage capacity, storage efficiency and filling time, which are affected by
temperature rises and mass transfer resistances in the tanks.

Simulation of an ANG storage tank using Norit RGM1 activated carbon adsorbent has been
performed by Sahoo et al. (2011). Their 2-dimensional axisymmetric model considers mass,
energy and momentum transfers. The calculated natural gas storage capacity for the constant
filling flowrate of 1 L/min and the filling time of 120 min is 72.5 V(STP)/V, while the value of
the equilibrium storage capacity is 80.6 V(STP)/V. The maximum temperature increase achieved
in the tank during filling is 27 K.

Simulation of an ANG storage tank using HKUST-1 type metal-organic framework adsorbent
has not been carried out. Therefore, the objective of the present work is to predict the filling
characteristics such as filling time, filling capacity and storage efficiency of an ANG storage tank,
with HKUST-1 as adsorbent, through computer simulation.

2. METHODS

In order to achieve the objective, a 2-dimensional phenomenological axisymmetric model of an
ANG storage tank was developed and solved numerically using COMSOL Multiphysics. The
model considers mass, energy and momentum transfers to meet high accuracy prediction.

The system of the ANG storage tank is a cylindrical tank, as illustrated in Figure 1. Natural gas
enters the tank through a small hole in the front of a smaller cylinder at the upstream of the tank.
The tank consists of two different-size cylinders. The larger cylinder has a radius, Ris, of 0.15 m,
and a height, Lis of 1.09 m. The smaller cylinder has a radius, Rss, of 0.04 m, and a height, Lss of
0.14 m. The inlet hole has a radius, Rio, of 0.01 m. The two cylinders are filled by porous
adsorbent particles as a so-called fixed bed. Natural gas enters through the inlet hole at a constant
flow rate Qin and constant temperature Tin. Since the gas is assumed to be a single component of
methane, it is transported into the bed interstices by convection. For the same reason, no internal
diffusion limitation occurs in the particle pores, so the gas is immediately adsorbed onto the
adsorbent surfaces when it is in the pores. The adsorbed gas is in equilibrium with the gaseous
state. The energy released heats up the bed. Heat removal from the bed is performed by setting
the tank wall at a certain temperature.

The total mass balance through a porous medium is described by the following equation:

0 1
ot r or 0z )

where & is total porosity and pg is gas density.
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Figure 1 Model of ANG storage tank

The axial and radial velocities are defined by Darcy’s law, as follows:
K OP
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where 1 is gas dynamic viscosity, and P is pressure.
The porous media permeability, «, is calculated using the Carman-Kozeny equation (Sahoo et al.,
2011):
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where &, is bed porosity and r, is adsorbent radius.

The total methane intake at standard temperature and pressure (STP), aeq, IS formulated as
follows:
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where ko, AHags and Co for the HKUST-1 adsorbent were obtained by the regression of the
experimental data from Peng et al. (2013).

The heat balance in the ANG storage tank is
oT oT oT 10 ory) o oT
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where (oCp)efr is effective heat capacity, ker radial effective heat conductivity, and ke, axial
effective heat conductivity.
The adsorption heat, Q, is formulated by
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where My is gas molecular weight, and Tstp and Pstp are standard temperature and pressure
(273.15 K, 1 atm).

For the mass transfer equation, all the boundary conditions at the wall are no flux. The boundary
condition at the inlet hole is inlet velocity, Viniet.

Q= (7)

For the heat transfer equation, all the boundary conditions at the wall are

oT
ker . h(Tcxt _T) (8)
or
where Text is the wall temperature.
The boundary condition at the inlet hole is

aT t
kez 5 = ngO J.deT (9)

Tinket

where Vo is inlet superficial velocity.
The heat transfer coefficient across the bed-wall interface, h, is

Nu, k
h=—"2 (10)
dP
where kg is gas heat conductivity, and dp is adsorbent diameter.
The Nusselt number, Nuw, was formulated by Paterson & Carberry (1983) as:
D, )" Pr(0.11Re, +20.64)
Nu,, = 5.73{4] — (11)
d, Re,
where Dy is tank diameter.
The Reynolds number, Rey, is as follows:
v.d
Re, = _Po¥s8p (12)
,U(l_ ‘9b)

where vs is superficial velocity.
The initial valuesatt=0are P =1 atmand T = 298.15 K.

3. RESULTS AND DISCUSSION

3.1. Filling Characteristics

The simulation was carried out to predict filling time, filling capacity and storage efficiency.
Filling time is defined as the time in which the bed pressure reaches 35 atm. Filling capacity is
the total natural gas volume in the tank in a gaseous and adsorbed state when filling is completed.
Storage efficiency is defined as the ratio of filling capacity to maximum capacity at inlet
temperature and 35 atm.

The simulation indicates that for an inlet flowrate of 50 L/min and inlet temperature of 298.15 K,
the filling time is 17.4 min and filling capacity is 97.78 V(STP)/V. Figure 2 shows the pressure
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distribution in the tank at three different times: 5 min, 10 min and filling time. It can be seen that
pressure is almost evenly distributed in the tank from the beginning of the filling. This occurs
because natural gas is assumed to be a single component and its transportation in the bed
interstices is only by convection. No mixing happens, as is the case for multicomponent systems.

Figure 3 shows the temperature distribution in the bed. The increase in temperature immediately
takes place when heat is released. The amount of heat released is proportional to the amount of
gas adsorbed. At 5 minutes and 10 minutes, the maximum temperature increases are 23 K and 54
K, while at the filling time, the maximum temperature increase is 169 K. This situation takes into
account cooling from the tank wall, since it was set to 298 K. This indicates that the cooling
across the tank is ineffective, as it is a packed-bed characteristic. When compared to the
simulation results obtained by Sahoo et al. (2011) with Norit RGM1, the maximum temperature
increase in this study is much higher. In addition to the higher methane adsorption rate on
HKUST-1, which consequently contributes to the higher heat release rate, the thermal
conductivity of MOF is about 0.3 W/m.K (Huang et al., 2007), which is lower than that of Norit
RGM1.
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Figure 2 Pressure distribution for Qi» = 50 L/min
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Figure 3 Temperature distribution for Qi = 50 L/min
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Figure 4 Temperature distribution for: (a) O = 5 L/min; (b) Oin = 50 L/min; and (¢) Oin = 125 L/min
at each filling time

The temperature distribution in the bed at 5 L/min, 50 L/min and 125 L/min for each filling time
is shown in Figure 4. The temperature distribution pattern for the three flowrates is nearly the
same. The higher temperature occurs in the rear section of the bed and the heat released in the
front section of the bed is conveyed by the flowing gas to the rear and accumulates there, so the
temperature in the rear section is higher. For higher flowrates, the maximum temperature increase
is higher than for the lower ones. This is because the fluid mass in the bed increases more quickly
when the flowrate is faster, resulting in a faster increase in pressure. Accordingly, the heat release
due to adsorption is faster. These two factors, i.e. convective heat and adsorption heat, lead to a
rapid temperature rise for high flowrates. At 5 L/min and 125 L/min, the maximum temperature
increases are 136 K and 164 K respectively.

The increase in pressure is slow at the beginning of the filling, as shown in Figure 5 for 5 L/min.
The pressure gradient soars towards the end of the filling, i.e. after 225 minutes. However, this is
not accompanied by a soaring of the adsorbed gas volume at the same time, as shown in Figure
6. This is because the increase in pressure is also accompanied by an increase in temperature, as
seen in Figure 7. When compared to the experimental results in an isothermal condition, i.e. 298
K, the increase in the total gas intake has a lower gradient than the isothermal condition, as shown
in Figure 8. The efficiency loss increases with increasing pressure.

The gas stored in the tank consists of two states: adsorbed and gaseous. Since the final pressure
inside the tube is set to 35 atm, the gaseous state volume per tank volume is the same, regardless
of the flowrate. The simulation result shows that the gaseous state volume is 20 V(STP)/V, which
contributes 22% of the total gas volume for high flowrates. As shown in Figure 9, the adsorbed
state volume is high for the flowrate below 10 L/min. At 5 L/min, the adsorbed state volume is
88 V (STP)/V and the total gas volume is 109 V (STP)/V. At flowrates above 10 L/min, the
temperature effect on the adsorbed state volume is significant.

The profiles of the storage efficiency and filling time are shown in Figures 10 and 11. They have
the same trend, in which both the storage efficiency and the filling time increase significantly
when the flowrate decreases in the range below 20 L/min. A lower flowrate leads to a longer
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filling time. However, the storage efficiency is sufficiently high. In order to achieve a filling
capacity of 109 V(STP)/V, the flowrate should be 5 L/min, with a filling time of 255 min. In these
conditions, storage efficiency is 47%.
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3.2. Cooling Effectiveness

Storage efficiency will be high if the bed temperature is close to the inlet gas temperature. The
temperature increase inside the bed can be suppressed by cooling using cooling media. Four heat
transfer resistances are present during heat removal from the bed to the cooling media: bed
conductive resistance; bed-wall thermal boundary layer; wall conductive resistance; and wall-
cooling media boundary layer. The latter can be suppressed by the convective flow of the cooling
media. Wall conductive resistance can be minimized by the selection of appropriate materials,
while the bed-wall thermal boundary layer can be suppressed by arranging the porous matrix
properties. Bed conductive resistance can be diminished by using an adsorbent with high thermal
conductivity. Therefore, researches on adsorbents for natural gas storage do not only focus on

adsorbents with a high adsorption capacity, but also high cycle usage and high thermal
conductivity.

In this study, bed conductive resistance can be ascertained from the temperature profile in the
radial direction. Figure 12 presents the dynamic temperature profile in the radial direction at a
particular axial position for 5 L/min. As can be seen in the figure, the cooling process has been
continuous since the beginning of the filling. The increasing temperature with time indicates that
the bed heating rate dominates the cooling rate. The low thermal conductivity of the adsorbent
material leads to low molecular heat transfer. The cooling is practically successful up to about 3
cm from the tube wall. This is the reason for increasing the aspect ratio (length to diameter) of
the tank for effective cooling. However, cooling effectiveness remains an area of study because
of the competition between good cooling with a high aspect ratio and high temperature increase
due to high gas adsorption. Gas adsorbed at a temperature which is still low will be desorbed
when the temperature increases due to the heat released, which is a quite complicated process.

4. CONCLUSION

The high-capacity HKUST-1 type metal-organic framework was used as the adsorbent in the
adsorbed natural gas storage tank in this simulation work. It loses efficiency by more than 50%
during filling due to the high temperature increase. At an inlet gas flowrate of 50 L/min, the
storage efficiency is 38% and increases to only 47% at 5 L/min. The filling capacities for the two
flowrates are not very different. However, the difference in the filling times is very significant.
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