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Abstract: Two dimensional heat and mass transfer are analyzed for hydrogen absorption in a porous
metal bed using cylindrical coordinates. For high cooling rates an annular geometry is selected for the
porous metal bed, and the bed is cooled by fluid on both internal and external surfaces. Absorption
process is analyzed numerically for the porous LaNis metal bed. The variations of the metal hydride
temperature and hydrogen/metal atomic ratio are calculated in the radial and axial directions by using
a Computational Fluid Dynamics (CFD) program. It has been found that hydride formation takes
places near the cold boundaries. The results were also compared with the numerical outcomes given
in the literatare for different geometries.

Key words: Hydrogen Absorption, Hydrogen Energy, Numerical Analysis, Hydride Beds and
Mathematical Model. '

GOZENEKLI METAL YATAKLARDA HIDROJEN
SOGURULMASININ SAYISAL MODELLENMES]

Ozet: Gozenekli metal yataklarda hidrojen gazimin sofurulmasi, iki boyutlu olarak isi ve kiitle
transferi yoniinden silindirik koordinatlarda analiz edilmigtir. Yiiksek sofutma orani igin es merkezli
iki silindir arasindaki gzenekli metal ortam segilmistir ve metal yatak, i¢c ve dis yiizeylerden akiskan
ile sogutulmustur. Gozenekli metal ortam olarak, LaNis metal yatak se¢ildi ve hidrojen sogurulmas
sayisal olarak analiz edilmistir. Radyal ve eksenel yonlerde metal hidrid sicakhik degigimleri ve
hidrojen/metal oranlari bir Sayisal Akigkanlar Mekanigi (SAD) program: kulianilarak hesaplanmistir.
Hidrid olusumu soguk yiizeyler lizerinde daha hizh sekilde meydana geldigi goriilmiistir. Sonuglar
literatiirde verilen farklt geometrilerdeki sonuglar ile karsﬁastlr:lmlstlr

Anahtar kelimeler: Hidrojen Absorbsiyonu, Hidrojen Enerjisi, Sayrsal Analiz, Hidrid Yatak,
Matematik Model.

' Author to whom correspondence should be addressed.

24




NOMENCLATURE

ay the combined advectxon and d:ffuszon i
coefficients L

8, coefficient due to transient advectmn '

Cp specific heat (Jfkg K)

E, activation energy (J/mol) R

h heat transfer coefficient (W/m®K) - =

H/M  hydrogen and metal atomic ratio

heat of reaction (J/mol ) _
thermal conductivity (W/m.EK)

K
m mass of hydrogen absorption 1ate (kg/m s)'
M molecular weight (kg/mol) X
P pressure (Pa) o

T . radial direction (m}

5 inner diameter (m)

Ty outer diameter (m)

R gas constant (I/kg K)

L lengih of the metal bed (m)

1 radial direction (m}

t time(s) o

T~ temperature (K)

v gas velocity (m/s) :

u, radial component of the gas veiocuy (m/s)

U, axial cemponent of the gas veloc:ty (m/s)
0. | density (kg/m®)

¢ generic variable .

$p. . unknown nodal vaiue _
Subscripts

g effective

eq equilibrium

f cooling fluid

g gas

0 initial

§ solid

sat saturated
INTRODUCTION

Hydrogen energy appears to be the best
alternative for the future to replace the fossil fuels,
and it has a wide field of industrial applications.
There  are  theoretical  and  experimental
investigations in literature on several aspects of
hydride storage methods. t is well known that the
hydride formation takes place faster on the cold
boundaries, and therefore the reactor bed should
have wide heat transfer area.

Gopal and Murthy (1992) developed a one-
dimensional mathematical model for heat and mass
transfer in metal hydride bed of annular cylindrical
configuration. While the hydrogen is charged on the
. inmer surface of the duct axially, the bed is cooled
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on the outer surface of the duct by a fluid. Thew
results cover a wide range of alloys and operating
conditions. They used the results to obtain the
correlations for space-average temperature and
concentration in terms of bed properties and
operating parameters. They demonstrated the uee of
these correlations using a LaNiy;Alps bed.

Gopal and Murthy (1995) also carried out
experiments on a cylindrical metal hydride reactor
filled with MmNissAlys powder. The performance
of the reactor during absorption and desorption is
iested at different coolant temperatures. Good
agreement is obtained between the experimental
and predicted heat and mass transfer rates despite
some discrepancies in the bed temperatures.

Mat and Kaplan (2001) studied the metal
hydride formation in a LaNi,¢Sny, porous metal
bed storage tank numerically. Their cylindrical
maodel with a finite length, considers heat, mass
transfer and chemical reaction in the bed. They
have shown that the absorbed hydrogen mass
increases fast at the initial times of the hydriding
process and slows down after the temperature of
reaction bed increases due to heat of reaction. Their
numerical results agree satisfactorily with the
experimental data given by Mayer et af (1987).

Aldas, et al (2002} investigated the heat and
mass transfer, the fluid flow and chemical reactions
in a hydride bed numerically with a general purpose
PHOENICS code. They observed that the hydride
formation takes place faster. near the cooled
boundary walls and slower around the core region
of the bed. It is found that fluid flow affects the
temperature distribution in the system. However, it
does not significantly improve the amount of
hydrogen absorbed.

Mat and Kaplan (2001), and, Aldas and Mat
(2002) analyzed the hydrogen charge in the metal
bed and subsequent hydriding processes in. a
cylindrical porous metal bed: The tank is of 25 mm
radius and 60 mm height and filled with porous
LaNis alloy. Numerical results show that hydrogen
absorption is completed faster near the cooled wall,
while it takes longer at the center.

In this study an annular porous-metal bed is
selected as shown in Figure 1. Considering the
importance of the cooling rate, the metal bed is
cooled on the internal and external surfaces of the
annular duct. Hydrogen is charged in axial

" direction. Vartous materials like B, Mg and LaNi;

can be used for the metal beds. In this study,
however,  only the absorption by the LaNi; was
considered.




BASIC EQUATIONS

The heat and mass transfer and chemical
reaction equations within the hydrogen storage bed
and on the surfaces of the bed are the basic
equations. For hydrogen, the two dimensional
conservation of mass in cyl:ndracai coordmates iS_
written as

(e 13y

J _
de ror Pyt )‘*‘-—"(,o”u:_)m #

Jz

where € is the porosity. Conservation of mass of
porous siorage bed is written as

Ip s |
1€ = m (2)
(- &)L
Darcy’s Jaw is used in the analysis (¢ calculate the
gas velocities

u=-w{~<--VP o (3)
By

where K is the permeability of the pmous medxum

and 11, is the molecular viscosity of hydrogen.

The energy balance equation is writlen as

VoT _1oaf 9Ty of, 8T,
(eC, ) 5T ( k. 5}—)4_ 7 (k" 32. ] (4)
- m(AH MT(C, C:‘" »

where u,, and u, are the velocity components in r

and z directions respectively. pe, Cpes ke 2 and AH
are effective density, specific heat, thermal
conductivity, mass rate of hydrogen absorption and

heat of reaction respectively. {pC,

e, ),

Effective thermal conductivity of the porous storage
bed is calculated using (Jemni et al, 1999);

is wriiten as -
e _ L

ke = gkg + (- ks (6)

* 'where kg and k; are the thermal conductivity of the
gas and solid phases respectively. Jemni and
Nasrallah (1995} has shown that the mass of

W
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hydrogen absorpuon is related to the reaction rate

and defined it by the expression written as

1 = —.C'q.exp(—”f;—.]ln{—]gi}(p# ~-p.) D
: . w )

where C, is the material constant, p,, is the density

of hydrogen saturated solid and p, is the density of
the solid phase, and P,y is the equilibrium pressure

~ and calculated using Van't Hoff equation that is

. - (8)

where A and B are dimensionless and dimensional
material constants. Jemni et al (1999) proposed the
values of A and B as 100.75 aﬁd 31896.25 K for
LaNis, respectively. '

Initial and Boundary Conditions
It is assumed that initially the porous metal bed and
gas have constant temperature and pressure;

Ps=Ps0r Ps=Psos P=Por T=T,, u;=0 att=0 (9)
Annuial storage beci is cooled by liquid coolant at
the temperature of T; and it is charged w1thm the
interval of 1, > r > 1; at constant pressure. Then the

boundary conditions can be wrillen as:

P=P (z,)and T=T(, z,

-%—P(L t) =0 and %«_(;.L r) =

(10)
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Figure 1. The porous metal bed.




There are convective boundary condjtions on
the internal and external surfaces of he: annular
porous hydride bed. The convective poundary
conditions can be writtenras T

~k=—(r, 2 )+ hT () =T, (1)
LN BTGy, 20 =hT; o (12)
a7 e IR
- k-é-z—(r O th b T(r 00 =heegTy, (1)

where h is the heat transfer coefficient on'the inner
and outer surfaces of the hydride bed and taken as
equal to each other. CoE

At the entrance of hydrogen to the metal bed
the other convective boundary condition exists.
This boundary condition is seen in equation. (13).

Mathematical Model

. Schematic representation. of the porous metal
bed is given in Figure 1. Porous metal bed inner
radius and outer radius were selected as 10 mm and
20 mm, respectively. In addition,, length of the
porous metal bed was 30 mm. The. mesh point
distribution of the porous metal bed is shown in
Figure 2. Hydrogen is charged to the porous metal
bed from the bottom surface. Considered system is
axially symmetric and during the solution, first of
all cell size independence test was applied to the
system. Different cell distributions have been tried,
and r direction was divided infto 20 cells ahd z
direction was divided into 60 cells. In the solution
of the problem, number of the mesh points near the
boundaries was much more than the cells. at the
middle of the cylinder. Because of this inequality in
cell distribution, cell centers were in different
positions and therefore geometric ratios were in
different proportions.

NUMERICAL METHOD -

The method of solution involves the
integration of the governing differential equations
“over finite control volume and transforming them
inte a general algebraic .
form, defined as:

ap r mxakqﬁk -E-CI()@; +b (13)
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where. ¢ represents a genetic variable (T, u,, u,), ¢,
is the unknown nodal value, @, is ¢, at an earfier

time, a, is a coefficient due to transient advection,
a represents the advection coefficients and b is a
component of the linearized source term, '
This system of linearized equations is solved
by 2 guess and correct (SIMPLE) algorithm.
PHOENICS is used for the solution and it allows
the user to add the source terms that do not exist in
the program with a code suitable to the logic of the
main program (Versteg and Malalasekera, 1996).
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Figure 2. The cell distribution of porous metal bed. )

Table 1. The properties of LaNis and Hydrogen '
used in the analysis -

LaNis

Density, p (kg/m?) 4200
Specific heat; C, (J/kg.K) 419

Thermal conductivity, k (W/m.K) 1.087

Heat of reaction, AH{I/mol Ha) -10
Hydrogen

Density, p (kg/ m’) 0.0838
Specific heat, C, (J/kg.K) 14.89
Thirmai conductivity, k (W/mK) 0.761147 x
10 .

The heat transfer coefficients were assumed
constant. While the heat transfer coefficient on the
entrance of hydrogen to the metal bed was taken as -
50 W/m*K, the heat transfer coefficient on’ the:




inner and outer surfaces of the duct were taken as
500 W/m”. K. :

RESULTS

The properties of LaNis. and Hydrogen used in
the analysis were assumed to be constant during the

aumerical analysis and are given in Table 1. In the -

analysis, the inlet temperature of the hydrogen and
the initial temperature of the metal hydride bed
were assumed as 20°C. The transient behavior of
the metal hydride bed is {Jbtamed and given in the
figures below.

Variation of temperature of the metal hydride
bed with time at the radial locations of (.01073,
0.01466, 0.01884 m are given for the z/L ratios of
0.1807, 0.602 and (}950 in Flgures 3, 4 and S
respectively. |

Figure 3 is for the /L ratio of 0.1807, and
since the metal hydride bed is cooled on both
internal and external surfaces, .the temperatures
corresponding to r=0.01073 m and r=0.01884 m are
lower than the middle radial location of r=0.01466
m. The small temperature difference between
r=0.01073 m and r=0.01884 m.radial jocations is
mainly due to difference between the heat transfer
areas of the inner and outer surfaces of the duct.

As seen on the figures the variations of
temperature with time at different radial locations
show. similar behavior. At r=0.01466 m the
temperature of the metal hydride bed reaches a
maximum temperature of 329.5 K at the charging
time of 110 s. The temperature difference between
the inner (r=0.01466 m} and outer (+=0.01884 m)
radial positions of metal hydride bed is about 3 K as
shown in Figure 3. The temperature difference
between the radial locations decreases with time
and approaches to zero at about 1500 s.

r=0.01466 m Zl= 0_.1807

r=0.01073 m
a5

r=0.01884 m

800 1000 1200 1400 1606 380G 2060

t{s)

Figure 3. Variation of the metal-bed temperature
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Figure 4. Variation of the metal-bed temperature
with time at LfL'" 0. 602 and dszerent radial
locatmns '

When thé hydrogen charge starts, the heat is
gencrated due to absorption in the metal bed, and
the temperature of the metal bed increases. The heat
is transferred by conduction to the inner and outer
surfaces of the duct in radial direction and also in
the axial direction. The temperamure smus to drop
when the absoxpnon is completed.

" Variation of metal-bed temperature with time
at the axial positions of 2/L.=0.18, 0.60 and 0.95 are
calculated for the radial positions of r=0.01073,
0.01466 and 0.01884 m and given in Figures 6, 7
and 8 zespectxve[y '
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Figure 5. Variation of the metal-bed temperature
with time at different radial locations and at z/L=
0.95.
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Figure 6. Variation of the metal-bed temperature
~ with time at different axial locations and at
r=0.01073 m.

At the radial position of 1=0.01073 m, the
variation of the temperature with time is low at low
zfL. ratios. Similar temperature time. curves are
obtained at the radial locations of 0.01466 and
0.01884 1. .

The meximum temperatures and  the
corresponding times are given in Table 2 at
different z/L. ratios and r-values. As indicated
above, the maximum temperatures are cbtained

Table 2. The maximum temperatures and
corresponding times.

Z/L - .
0.18 0.60 0.95

Tmax t Tmax t Tﬁiax t
K | & ® |6 | K |6

8

2

S |3269 {108 |329.1 | 104 | 328.1 | 156

S

ot

&

p .

S 13205 | 110 |331.9 | 106 | 3308 | 160

E

3

2 3267 | 104 | 3286 | 102 | 3275 | 154

=

ik
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at locations far from the cooled surfaces in radial
direction and at initial time values of the process.
The maximum temperature of 331.9 K is obtained
at 1=0.01466 m and at the z/L ratio of 0.60. It is
interesting that the maximum temperature is
obtained at the z/I ratio of 0.6 among three
selected values, and this may be due to the axial
conduction.

Figure 10 shows that the H/M ratio dec;eases
gradually in axial direction at an earlier time {500s)
and reaches a constant value when the hydrogen
formation is completed eventually,

r= 001466 m.

T(K)

266

600 §00 3000 1200 €400 1600 1500 2008

t(s)

4 200 400

Figure 7. Variation of the metal-bed temperature
with time at different axial locations and at r =
0.01466 m.

For different axial z/L values variation of the
hydrogen and metal atomic ratio (H/M) at the radial
location of r=0.01466, is shown in Figure 9.

330 r=0.01884 m.

1000 1200 1400 1608 TEQ0 2000

t(s)

o 200 4 660 80¢

Figure 8. Variation of the metal-bed temperature .- =
with time at different axial locations and at L
r=0.018844 m.
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Figure 9. Variation of H/M with time at different
z/L values and at 1=0.01466 m.
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Figore 10. Variation of H/M with axial dxrectmn at
different time values. i

In Figure 11, the H/M ratio is high near the
boundaries of metal bed. It shows that high cooling
rates of the metal bed increases the absorption rate.
The hydride formation is minimum near to

1=0.0145m at =300 seconds in I’lgme it, because'

of the low cooling effect.
CONCLUSIONS

‘The hydrogen absorption in an annular LalNig
metal-hydride bed is investigated numerically, and
PHOENICS s used for the numerical solution. -

The numerical results show that the high cooling
rates of porcus LaNis metal bed can be obtained
using the proposed geomeltry in this study. The high
cooling rates increases the hydrogen-absorption rate
up to about H/M=6. Further increase is, however,
limited due to the low thermal conductivity of the
porous LaNig, i.e 1.087 W/m.K.,
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Figure 11. Variation of H/M with radial direction
at different time values.

‘The proposed .geometry in this study has
higher hydrogen ‘absorption rate in comparison- to
the solid-cylinder -configuration cooled -from the
outer surface only as reported by Mat and Kaplan
(2001), and Aldas, et al (2002) and to annular
cylindrical configuration proposed by Gopal and
Murthy (1992), in which the hydrogen was charged
on the inner surface of the duct axially, and the bed
was cooled through the outer surface of the duct-by
a fluid.

Consequently, it can be stated that the high
hydrogen-absorption rate can be obtained by the
porous metal bed that has high thermal conductivity

‘and specific heat, and by the geometry with hwh

cooimv rate as pr (}posed in this work.
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