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Abstract

This paper presents the heat and mass transfer performance of an air-cooled, multi-tube hydrogen
storage device with plate fins and LaNis as a hydriding alloy. The effects of number of tube rows, bed
thickness and ratio of pitch distance to tube diameter (s/d) on the sorption performance of the device
are reported. The influence of operating parameters such as air velocity and temperature on hydrogen
sorption is also presented with emphasis on charging time and total system weight.
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1 INTRODUCTION

Hydrogen storage devices are classified into
liquid-cooled/-heated devices and air-cooled/-heated devices.
Performance of liquid-cooled devices is widely investigated,
whereas studies on air-cooled systems are relatively scarce. In
these devices, heat and mass transfer augmentation are accom-
plished by suitable internal and external enhancements. Different
internal heat transfer enhancements such as aluminium foam [1]
and hydride compacts with binder systems such as aluminium/
expanded graphite [2,3] are reported in the literature. In essence,
they improve the effective thermal conductivity of hydride beds.
MacDonald and Rowe [4,5] studied the effects of external con-
vection on the thermodynamic behaviour in an air-cooled metal
hydride tank. Their preliminary analysis confirmed the signifi-
cance of external enhancement structures such as fins on overall
heat transfer performance. This was verified by a numerical
model, which revealed that when hydrogen is discharged by a
pulsed mass flow rate demand, a finned tank is able to maintain
a higher supply pressure.

Two common types of fins envisaged for the heat transfer
augmentation in metal hydride devices include radial fins and
plate fins. A recent study by the authors [6] dealt with the per-
formance simulation of tubular storage device with radial fins.
Compared with radial fins, plate fins are simple, compact,
economic and rugged. Moreover, a multi-tubular storage
device with plate fins is expected to perform better than a
bundle of individual radial-finned tubes. The present paper
deals with the sorption characteristics of tubular hydrogen
storage devices with plate fins giving due importance on char-
ging time and system weight.
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2 THE PHYSICAL MODEL

Figure 1 illustrates a tubular metal hydride storage device with
plate—fins and cylindrical tubes. The tubes are made up of
stainless steel and are sufficiently strong to withstand the mech-
anical and thermal stresses during hydrogen sorption within
the alloy bed. Porous sintered filters of cylindrical shape are
located centrally within the hydride bed for uniform distri-
bution of hydrogen. Annular region between the tube and filter
is filled with hydrogen storage alloy. The plate fins are made up
of aluminium, which ensures good heat transfer properties at
low weight. All tubes are similar and spaced uniformly in a
staggered configuration. Air is passed uniformly over the fins to
remove the heat generated during the sorption process.

The above-mentioned configuration is adopted in the
present study because it is well known that heat dissipated by
the fin surface for a fixed fin volume is higher when the tubes
are arranged in equilateral triangular configuration [7]. The
tube bundle may be considered as an array of similar triangular
cells in a 2D plane. The geometric definition of triangular cell
is representative of its hydrogenation performance under speci-
fied operating conditions and known as the fundamental tri-
angular cell as illustrated in Figure 2.

Important geometric parameters used to characterize the
fundamental triangular cell of the above-mentioned configur-
ation include bed thickness (b, in m), tube diameter (d, in m)
and s/d ratio (where s refers to pitch distance, in m). Each
paramater corresponds to a particular physical aspect of heat-
controlled sorption process. Bed thickness at specified thermal
conductivity controls the hydride bed heat transfer. Tube diam-
eter and s/d ratio determine the external convective heat
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Figure 1. Schematic of tubular metal hydride storage device with plate fins.
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Figure 2. Schematic of fundamental triangular cell of air-cooled hydrogen
storage device with plate fins.

transfer to the air stream. Packing the bundle of tubes at opti-
mized s/d ratio and bed thickness ensures maximum heat
transfer at specified operating conditions.

The heat and mass transfer performance of each cell
depends on the corresponding conductive and convective heat

26 International Journal of Low-Carbon Technologies 2010, 5, 25—-34

transfer conditions. However, any two geometrically similar
cells render same performance at identical operating con-
ditions. Therefore, in a rectangular array of similar triangular
cells, individual elements in any cell row (CR) deliver equal
performance. The above statement holds true for tube rows, in
which all tubes in any particular row show equal hydrogen-
ation rates. However, the performance across different rows
shows substantial variation in hydriding rates owing to vari-
ations in operating conditions.

3 PROBLEM FORMULATION

Simplified treatment of sorption process in metal hydride beds
necessitate the following assumptions being made:

(i) Hydrogen is an ideal gas because the pressure within the
bed is moderate.

(ii) Plateau slope and hysteresis factors of LaNis are not
large enough to have any significant effect on absorption
[8]. Therefore, the effects of hysteresis and plateau slope
for LaNis are not accounted in simulation.
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(iii) Pressure variation and associated gas movement inside
the metal hydride bed is not very significant and the
effect of convection inside the bed is negligible. LaNis is
a low-temperature hydriding alloy. Hence, radiation heat
transfer inside the bed is not significant. Conduction is
the prominent mode of heat transfer within the bed.

(iv) The hydride bed has uniform porosity. Brittle metal
hydride materials upon cyclic hydrogenation asymptoti-
cally reach a minimum particle size [9]. Therefore, effect
of powdering and variation in porosity is more pro-
nounced in the early stages of absorption. After a certain
number of charge—discharge cycles, the variation in por-
osity with time is insignificant.

(v) The hydride bed is assumed to be a homogeneous and
isotropic porous media where permeability, effective
thermal conductivity and mass diffusivity of bed are
independent of position and direction.

(vi) Local thermal equilibrium exists between the gas and
solid within the bed. Non-local thermal equilibrium
effects are confined to the reactor wall and hydrogen
filters. However, its overall effect on the performance of
the device is minimal [10]. In most bulk portions of the
bed, local thermal equilibrium is still valid. Therefore, it
may be justified in simulation.

(vii) Thermo-physical properties such as thermal conduc-
tivity, dynamic viscosity and permeability of the bed are
considered independent of bed temperature, pressure
and concentration.

Important conservation equations valid in different compu-
tational domains are represented subsequently.

3.1 Mass balance of metal

Hydrogen entering the alloy bed through filters is absorbed
and forms the metal hydride. Transient changes in hydride
density are attributed to both absorption reaction and diffusive
transport due to spatial variation in concentration. As listed
under assumptions, a constant value of porosity is taken.
Conservation of mass for the solid phase of the reactor in
cylindrical coordinates is expressed in the following form:

L
(1 S)E—(l e)m + (1 S)Drar<r 81’)

1 0 (0p, v 9 (Op
_S)Dr_28_0<89)+(1 8)D32(8z>

(1)

where & is porosity, p density of the hydride (in kg m ™), in
amount of hydrogen absorbed (in kgm™>s™ "), D diffusivity
(in m? s~ 1Y), r radial coordinate (in m) and 6 is the polar coor-
dinate (in rad).
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Diffusivity D may be represented by the Arrhenius
expression [11].

—H,

D = Dy exp (ﬁ) (2)
where H, is activation enthalpy (in eV), kg Boltzmann constant
(8.617x10 eV K™ ') and T is temperature (in K).

Transient variation in density on the left-hand side of
Equation (1) is expressed as sum of four terms on the right-
hand side. The first term represents the mass of hydrogen
absorbed due to reaction. The remaining terms represent diffu-
sive transport due to spatial gradients in concentration.
Convection term is neglected.

3.2 Absorption kinetics
The amount of hydrogen absorbed is directly related with the
reaction rate, and given by the following equation [12]:

= exp( ) n (pi) (bw-p) )

where C, is a material-dependent constant, E, is the activation
energy of the material (in Jmol™"), pe is the density of
hydride at saturation. The change in volume, if any, due to
hydrogen absorption is not considered in the computation of
density of the bed. The equilibrium pressure (P.q, in pa) is
determined by the van’t Hoff relationship as given below:

B
lnpeq =A — ? (4)

where A and B are van’t Hoff constants.

3.3 Energy balance of hydride bed

Heat generated due to exothermic reaction causes associated
spatial temperature imbalances within the bed. Energy conser-
vation equation of the bed could be expressed as given below:

( )ﬂ_klﬁ ory L0 (0T
PD)e gy =5 or\"ar ) T 2 90\ 06

o (0T . 0
+keaz<az> —(1—8)77’1AH

where ¢, is specific heat (] kg ' K™'), t time (in s), k. effective
thermal conductivity (in Wm ™' K) and AH is the change in
heat of formation (in J kg™ ').

Equation (5) assumes the existence of local thermal equili-
brium between the solid and gas within the bed. Hence, the
heat transfer between the two phases is omitted. Radiation
heat transfer to the ambient is also neglected. Heat of for-
mation of hydride represents the source term in the above
equation.
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Effective volumetric heat capacity is represented by the
following expression:

(PCo)e = (epncon + (1 — &)pycps) (6)

where H refers to hydrogen.
Effective thermal conductivity is expressed as given below:

ke = eky+ (1 — &) kg (7)

Initial and boundary conditions: initially, the pressure and
temperature of reactor bed are assumed to be uniform.
Therefore,

p=ps; T=To; p=p, att=0 (8)
The tube wall is impermeable to hydrogen, and heat flux conti-
nuity is applied at the inner wall. Convective mass flux bound-
ary conditions are valid at the porous walls of the filter and it
is assumed to be adiabatic for heat transfer. The boundary

conditions may be expressed below in the following form:

Filter tube wall (r > 0):

o,y LT ®
P = Pin; ar

Reactor tube inner wall (+ > 0):

I, _,

or 7 or

(10)

—n- (—kVT)=n-(—kVT) (11)
where P in is inlet pressure (in P,), n is normal direction to
the interface.

3.4 Energy balance of base tube and fin

Exothermic heat generated within the metal hydride bed is
transferred to the fluid stream through the base tube and fin.
Energy balance equations of the base tube and fin, respectively,
are given below:

OT, (10 [/ 0T, 1 0*T, 0T,
—=k|-=r— ——t = 12
(Picp) ot ! |7 Or (r 8r> + 2 06° 022 (12)

Ty (10 ([ OT¢ 10°Ty  O*Ty
— e | == r=— — 13
(Prpr) Ot f |7 Or (r 6r) + 2 06 + 0z? (13)

Initial and boundary conditions:

Ty=Tyo and T;=Try, att=0 (14)
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where T, is tube temperature (in k) and T; is fin temperature
(in k).

Heat flux continuity conditions are valid at all interface
boundaries. It may be expressed as given below:

Tube/fin outer walls(t > 0): (15)
—n-(=kVT) =n- (—k;VTy + pycpettTy)

—n- (=kVT;) =n-(—ksVTy + pycpgutTy) (16)

Tube-fin interface(tr > 0):
—n- (—kth[) =n- (_kaTf)

3.5 Momentum balance of air stream

Navier—Stokes equations describe the gas (air) flow through
the finned tube flow passages. The density (pg in kg m ) and
viscosity (ug in m s~ ') changes of air due to temperature vari-
ations are assumed to be constant.

Qu, _@+ qux+82ux+62ux
Peor = “ox Tl T a2 oz
[ Ou, Ou, 814;1
— P,

(18)

Uy ——+

ox Moy T

ou,  Op O*u, O'u, O'u,

Pegr = oy Mg[@xZ T oz

Ou, Ou, Ou,
_pg[uxa“ruya—y‘i‘uzg} (19)

ou, _@+ 82u2+02uz+82uz

Peor = "oz Mo T 92 T a2

Ou, Ou, 6u2} (20)

‘%PE*WE*W&
where u, is dynamic viscosity of air (in P, s).

3.6 Energy balance of air stream

The following equation describes the energy balance of air
stream passing over the fin assembly. Conduction heat loss
from the storage device is equal to the convective heat gain by
the air stream.

oT, oT, oT,
(chpg) a_tg = _(chpg“x) 8_xg - (chpg”y) a—yg

oT,
- (chpg uz) 87;

(21)

Initial and boundary conditions:

Ty=Tgo att=0 (22)
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Number of elements = 35155

Figure 3. Computational mesh of 3D model in COMSOL MULTIPHYSICS®.

An appropriate rectangular prismatic sub-domain represents
the fluid stream. Fluid velocity and temperature at the inlet of
the sub-domain are known. Convective heat flux conditions are
applied at the exit. Symmetry conditions are assumed at the
exterior boundaries. No slip conditions are valid at the walls.

Air inlet (r > 0):
Uy = Uin; Uy = 0; u, = 0; Tg = Tgin

Air exit (t > 0):

24
P=7po; g-n=pycpeTeu-n 24

4 SIMULATION METHODOLOGY

The simulation of the metal hydride bed as per the above for-
mulation is realized using COMSOL MULTIPHYSICS® com-
mercial code. Symmetry of the physical model enables the
resulting computational model to be less memory intensive.
The metal hydride bed, base tube, fin and fluid stream are
modelled as separate sub-domains. The model is drawn using
AutoCAD® drafting package and duly imported for further
processing. Relevant physics and material properties are
applied to different sub-domains. The convection—diffusion,
non-isothermal flow and general heat transfer modules define
the mass, momentum and energy conservation equations,
respectively. Suitable multi-physics coupling and boundary
conditions needs to be defined at the physics settings. Once
the physics of the problem is duly defined, a mesh of suitable
element quality is generated with suitable control parameters.
The resulting model after mesh generation is shown in
Figure 3. Solving the model with a set of non-linear equations
demands the application of time-dependent, iterative solvers
for proper convergence. Generated data after post-processing

provide sufficient insights into the hydriding characteristics of
the device.

5 RESULTS AND DISCUSSION

LaNis, a well-documented storage material at low/moderate
operating temperatures, is considered for the present simu-
lation. The reaction rate of LaNis is extremely fast and the
alloy performance is limited by heat transfer in most cases.
Reaction kinetics and thermo-physical properties of LaNis are
given in Table 1. Parameter ranges of geometric and operating
parameters employed in the present simulation are given in
Table 2.

5.1 Mechanism of hydrogen sorption

Air enters the finned-tube metal hydride device at specified
temperature and velocity and passes through the intermediate
passages before it leaves out of the bundle. While passing over
the tubes and fins, the air stream picks up the heat generated
within the hydride bed. Consequently, the air gets heated up
progressively from the inlet to the exit and its temperature
rises. In the meanwhile, hydriding takes place within the bed
and the reaction in each tube is rate limited by the surround-
ing air temperature. Higher air temperature in the vicinity of
the hydride bed leads to lower reaction rate and vice-versa.
Therefore, the gradual temperature rise along the stream leads
to gradual reduction in sorption rate in successive tube rows.
Figure 4 depicts the temperature and concentration profiles of
the storage device at different time intervals. The gradual vari-
ation of temperature and the corresponding differences in con-
centration at different tube rows may be observed in the
surface plot. It may be observed further that the stream gets
cooled up gradually with associated delay in charging in differ-
ent tube rows downstream the air flow.
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The hydrogen sorption during initial stages of reaction is
dependent more on material than on heat transfer. The reac-
tion kinetics of the material is invariably fast in the initial
stages and the rate of temperature rise of hydride bed is found
to be more drastic. Temperature rise is found to be severe near

Table 1. Thermo-physical properties of LaNis and hydrogen [11,13].

the filter. The extent of heat-affected zone gradually diminishes
with time, indicating the increasing role of heat transfer. A lot
of disparity may be observed among different tube rows in the
rate of shrinkage of the high-temperature region. First row
cools down much faster compared with other rows and a

Table 2. Parameter ranges used in simulation.

Parameters LaNis Hydrogen Parameter Range
Density (kg m?) 8200 0.0838 at NTP  Initial temperature of hydride bed (K) 300
Specific heat (Jkg™' K1) 419 14 890 Temperature of hydrogen at inlet (K) 300
Effective thermal conductivity (Wm ™' K™ ") 1.2 0.12 Supply pressure of hydrogen (bar) 15.0
Activation energy (J mol 1) 21179.6 — Air temperature at inlet (K) 300
Constants in Equations (2), (3) and (4) Face velocity of air stream (m s h 0.5-3.5
Dy (m*s™) 34 %1077 — Bed thickness (mm) 2.5-6.5
C, 59.187 — Thickness of fin (8, mm) 1
A 12.99 — s/d ratio of tubes 1.25-2.5
B 3704.59 — Number of rows 2-4
Activation enthalpy (eV) 0.29 — Fin pitch (mm) 4

d) 240 s

e) 300 s

1.9

(x10* molm™)
1.925

300

360 K

Figure 4. Temperature profile of air and concentration profile of hydride bed at different time intervals (p = 15 bar, Tg;, = 300K, s/d =2, b= 5.5 mm,

u= 1 m/s).
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Figure 5. Rate of hydriding of finned tube bundles arranged at different s/d
ratios and number of rows; (a) two rows, (b) three rows and (c) four rows.

gradual reduction in cooling rate may be observed among suc-
cessive rows.

The impact of heat removal rate on hydriding is exemplified
by the spatial variation of concentration with time. One may
observe a growing reaction front, which progresses gradually
from the tube wall to the filter. The rate of progress of the
above front differs among different rows. The rate of traverse
of the front is the highest in the first row followed by successive
rows in order. Conversely, preceding rows get saturated much
faster compared with successive rows down-stream. The relative
rate of advance of the reaction front in different tube rows may
be aptly substantiated with the heat transfer rate.

5.2 Effect of geometric parameters on hydrogen
sorption

Figure 5 shows the effect of s/d ratio on the rate of hydrogen
sorption in finned tube metal hydride device arranged in differ-
ent rows. The convective transport of the rejected heat depends

Performance simulation of air-cooled hydrogen storage device
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Figure 6. Rate of hydriding of finned tube bundles at different bed thicknesses
and number of rows; (a) two rows, (b) three rows and (c) four rows.

on the prevailing flow conditions within the flow passage.
Reducing s/d ratio increases the mean fluid temperature inside
the passage that reduces the overall heat transfer rate from the
hydride bed. On the contrary, heat transfer coefficient on the
air side increases when s/d ratio decreases [14]. However, its
effect on hydriding is found to be marginal. Lower heat transfer
rate lowers the hydriding rate. In essence, reducing s/d ratio
reduces the hydriding rate of the device and requires higher
charging time. Further, the temperature of the air increases pro-
gressively down-stream of the flow. As a result, the rate of
hydriding decreases progressively for successive rows, with the
first row exhibits the highest rate. For the above reason, arrange-
ment of tubes with too many numbers of rows is not preferred
unless space limitations play an important role. However, the
disparity observed between different rows is either absent or
marginal at the initial phases of reaction where it is controlled
predominantly by the intrinsic kinetics of the storage alloy.

The effect of bed thickness on the rate of hydrogen sorption
for the above device is shown in Figure 6. As already pointed
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Figure 7. Effect of air flow velocity on rate of hydriding of finned tube
bundles arranged in different number of rows; (a) two rows, (b) three rows
and (c) four rows.

out, hydriding in the initial stages is controlled by the intrinsic
reaction kinetics and hence the difference is found to be mar-
ginal among different cases. Heat transfer become rate control-
ling in the subsequent stages of reaction where bed thickness
plays an important role. Thicker beds offer higher thermal
resistance compared with thinner ones. Therefore, heat transfer
and hydriding rate in thicker beds are poorer than their
thinner counterparts. Consequently, more charging time is
required for thicker beds. Disparity in hydriding rates among
different tube rows is evident in the present case as well. It
owes further to the progressively lowered heat transfer per-
formance in successive rows.

5.3 Effect of operating parameters on hydrogen
sorption

As already discussed, reaction kinetics is the sole factor control-
ling the rate of hydriding during the initial phase of reaction
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Figure 8. Effect of inlet air temperature on rate of hydriding of finned tube
bundles arranged in different number of rows; (a) two rows, (b) three rows
and (4) four rows.

whereas the rest of the reaction is controlled by heat transfer.
Convective heat transport controls the rate of hydriding in air-
cooled devices and it depends on the external flow conditions
prevailing in the flow field. Effect of flow velocity on the con-
vective heat transport and rate of hydriding is discussed in the
following paragraphs.

Figure 7 shows the effect of flow velocity on the hydriding
performance of the device. It may be observed that increasing
the flow velocity is favourable for faster rate of hydriding.
However, improvement is found to be marginal for higher vel-
ocities. It is due to the fact that external heat transfer is no
longer a rate controlling factor beyond a certain flow velocity.
The above observation further suggests the existence of a
mutual correlation between the heat transfer characteristics of
the hydride bed and the external convective flow. Arrangement
of tubes in rows may be reasonable from the point of view of
space limitations. However, the sorption performance deterio-
rates due to increased heat pick up and associated temperature
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Figure 9. Effect of s/d ratio on charging time at different bed thicknesses.
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Figure 10. Effect of s/d ratio on charging time for devices with different
number of tube rows.

rise of heat transfer media as it passes over the tubes. The
above problem may be remedied to a certain extent with
enhanced flow velocity.

Hydrogen sorption in metal hydride bed is controlled by
the differential in supply pressure and equilibrium pressure.
Increasing the bed temperature increases the equilibrium
pressure. Heat gain by air at successive rows increases the
temperature of the hydride bed and thereby decreases the sorp-
tion rate. Effect of inlet air temperature on the rate of hydro-
gen sorption at different number of tube rows is shown in
Figure 8. Increasing the inlet temperature of air increases the
hydride bed temperatures in each row. It decreases the hydrid-
ing rate and the effect is nearly uniform in all rows.

5.4 Effect of geometric parameters on charging
time and system weight

The merit of a hydrogen storage device may be judged based
on two important performance parameters, namely, charging
time and system weight. Effect of geometric parameters on the
above parameters for a typical case with storage capacity of
0.1 kg of hydrogen at 90% charging is discussed in the follow-
ing paragraphs.

Effect of s/d ratio on charging time at different bed thick-
ness for a finned-tube metal hydride device with four rows is
shown in Figure 9. Charging time required in all different cases
reduces as s/d ratio increases. The above result is in agreement

Performance simulation of air-cooled hydrogen storage device
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Figure 11. Effect of s/d ratio on weight of the device at different bed
thicknesses.

with previous results, where the rate of hydriding increases
with s/d ratio. Thicker beds require more charging time com-
pared with their thinner counterparts. Further, the variation in
charging time is more pronounced for thicker beds. The above
effect may be attributed to the increased relevance of external
heat transfer in thicker hydride beds.

Figure 10 shows the effect of s/d ratio on charging time for
different number of tube rows. As explained earlier, heat
pick-up of heat transfer fluid leads to progressively poor overall
heat transfer in succeeding rows. Therefore, the device with
more tube rows requires more charging time. Moreover, rel-
evance of fluid temperature is increasingly felt in the last two
rows, visibly affect the performance of storage devices with
more number of tube rows.

Charging time and system weight are equally important
factors in several mobile and portable applications. In most
cases, they are mutually contradicting as the enhancement of
one leads to loss of the other. Figure 11 shows the effect of s/d
ratio on device weight at different bed thickness. An increase in
s/d ratio reduces the charging time at the expense of additional
system weight incurred due to larger fin area. Reducing the fin
volume is found to be an effective strategy to reduce the overall
system weight. Application of thinner fins may be effective in
reducing the overall system weight, keeping the charging time
unaffected. Bed thickness is the foremost factor in deciding the
total system weight. Thinner beds at constant weight of alloy
requires the device to be longer, leading to additional weight
incurred due to tubes, filters and fins. The above effect
seems apparent from the above figure. Therefore, the bed needs
to be sized carefully without hampering the charging
requirements.

6 CONCLUSIONS

Heat and mass transfer simulation of air-cooled, cylindrical,
multi-tube metal hydride hydrogen storage device with plate
fins is carried out with LaNis as the storage alloy. The rate
of hydrogenation of the device is affected by the combined
influence of bed thickness and s/d ratio, indicative of the

International Journal of Low-Carbon Technologies 2010, 5, 25-34 33

020z aunr g} uo 3sanb Aq 0G20G2/5/1/GAoBISqe-a]oEAd|ll/Woo dno-olWwepese//:sdly Woly peapeojumod



G. Mohan et al.

mutual correlation between hydride bed heat transfer and
convective transport of the rejected heat. Addition of mul-
tiple tube rows reduces the overall sorption performance of
the device. Air velocity and temperature are two important
operating parameters that control the sorption rate. Influence
of s/d ratio and number of tube rows on hydriding is found
to be less pronounced compared with bed thickness, but
cannot be neglected. Bed thickness and tube diameter are
two important geometric parameters that control the char-
ging rate and system weight. Minimization of total system
weight needs the optimization of above parameters at speci-
fied storage capacity, charging rate and space constraints for
a given application.
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