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A computational study of a metal hydride cooling system working with MmNiy ¢Alp 4/
MmNi, ¢Feg 4 hydride pair is presented. The unsteady, two-dimensional mathematical
model in an annular cylindrical configuration is solved numerically for predicting the time
dependent conjugate heat and mass transfer characteristics between coupled reactors. The
system of equations is solved by the fully implicit finite volume method (FVM). The effects
of constant and variable wall temperature boundary conditions on the reaction bed
temperature distribution, hydrogen concentration, and equilibrium pressures of the
reactors are investigated. A dynamic correlation of the pressure-concentration-tempera-
ture plot is presented. At the given operating temperatures of 363/298/278 K (Tw/Twm/Tc), the
cycle time for the constant and variable wall temperature boundary conditions of a single-
stage and single-effect metal hydride system are found to be 1470.0s and 1765.6s,
respectively. The computational results are compared with the experimental data reported
in the literature for LaNig g1Mno 26Alo.13/Lao6Y0.4Nis gMng, hydride pair and a good agree-
ment between the two was observed.

© 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Metal hydrides can be effectively utilized as working materials
in a number of thermal machines which can contribute
significantly towards the environmentally clean energy tech-
nologies. These systems use low grade thermal energy, for
example, waste heat from industries, solar energy and heat
from exhaust flue gases to produce high quality thermal
energy and cooling outputs. Metal hydride heat pump (MHHP)
is one of the promising applications of metal hydrides, which
can be tailored to provide heating and cooling or temperature
upgrading over a wide range of input and ambient tempera-
tures. Development and optimization of such devices require
highly sophisticated computational design methods. The
major limitations of these devices are high initial cost of the
hydride alloy and difficulty in achieving optimized heat and
hydrogen transfer in the reaction bed.

* Corresponding author. Tel.: +91 361 2582673; fax: +91 361 2690762.

Nishizaki et al. [1] modelled a chemical hydride heat pump
consisting of four reactors of LaNi4 ;Al 3/LaNis hydride pair.
They formulated the equation for the coefficient of perfor-
mance (COP) of MHHP by introducing the sensible heat
exchange factor between the reactors. Ron [2] designed and
built a MHHP that used waste heat of exhaust gases as the
heat source temperature for a bus air-conditioner. Bjurstrom
and Suda [3] carried out both experimental and numerical
investigations of MHHP. Lee et al. [4] constructed a prototype
of a MHHP operating between ZrgoTig CrooFe;1 as high
temperature and Zr oTio 1Cro ¢Fe; 4 as low temperature alloys.
They found that the plateau pressure and reaction kinetics
could be controlled by changing the relative composition of Cr
and Fe. Gopal and Murthy [5] numerically investigated
a single-stage metal hydride cooling system working with
ZrMnFe/MmNi, sAly s hydride alloy pair using a one-dimen-
sional model. They studied the performance characteristics of
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Nomenclature

C Reaction rate constant, s *

Cp Specific heat, J/kgK

E Activation energy, J/mol H,

K Permeability, m?

me Mass flow rate of the heat transfer fluid, kg/s
m Mass flow rate of hydrogen, kg/m>s

M, Molecular weight of hydrogen, kg/kmol
n Number of moles of hydrogen, mol

P Pressure, bar

Q Heat interaction, W

To Outer radius of the reactor, m

Ry Universal gas constant, J/mol K

t Time, s

T Temperature, K

u Velocity, m/s

U Overall heat transfer coefficient, W/m?K
\ Volume, m?

X Hydrogen concentration, (H/M ratio)

Z Length of the reactor, m

Greek symbols
¢, bo Slope factors
8 Hysteresis factor

AS Entropy of reaction, J/mol H, K
AH Enthalpy of reaction, J/mol H,
0 Density, kg/m>

A Thermal conductivity, W/mK
€ Porosity

g Dynamic viscosity, kg/ms

vg Kinematic viscosity, m?%/s
Subscripts

a Absorption

A High temperature reactor

B Low temperature reactor

d Desorption

e Effective

eq Equilibrium

f Fluid, Final

f Heat transfer fluid inlet

fo Heat transfer fluid outlet

g Gas

i Inner

m Metal

max Maximum

min Minimum

P Connecting tube

ss Saturation solid

the system by varying the bed thicknesses, thermal conduc-
tivity and overall heat transfer coefficient. But their numerical
model was limited to thin beds and did not include the effect of
convection heat transfer in the energy equation. Subse-
quently, the same research group conducted the experiments
[6] with the same metal hydride pair for comparing their
numerical results. Kang and Kuznetsov [7] carried out the
thermal modelling of a metal hydride chiller using LaNis sAly s/
LaNis hydride pair. Kim et al. [8] presented the thermodynamic
analysis and experimental investigation of a metal hydride
heat pump with different combinations of refrigeration and
regeneration alloys. They showed that ZrggTio,CrogFes ./
Zro gTip o,MnFe hydride pair provides the highest COP of about
1.59 with the refrigeration temperature near 0 °C. Fedorov
et al. [9] presented the simulation of a MHHP using
LaNiy sAlp 2sH,/TiFep gMng ,H, hydride pair without consid-
ering the effect of hysteresis and plateau slope on the pressure
concentration isotherm (PCT). Jang et al. [10] developed an
unsteady one-dimensional mathematical model of MHHP
system using ZroTio1CrooFeq.1/ZrooTig15CrogFe14s hydride
pair. They observed that the hydrogen pressure and hydrogen
flow rate are considered to be the main controlling parame-
ters. Recently, Ni and Liu [11] and Qin et al. [12] conducted
experiments using  LaNi, 6:MNg 26Al0.13/La0,6Y0.4Nig sMng »
hydride pair at 393-473/293-323/263-273 K (Ty/Ta/Tc) temper-
ature range for developing air-conditioner using exhaust gas
from an automobile.

Though many investigators have concentrated on the topic
of metal hydride based cooling system [1-12], the commercial
usage of the metal hydride heat pump does not seem to be
feasible. This is probably due to poor heat and mass transfer
characteristics of metal hydride and high initial cost of the
alloys. The literature survey shows that most of the studies on

metal hydride heat pump systems are experimental investi-
gations [2-4,6,8,11,12]. Only few studies focused on the
mathematical models [5,7,9,10]. However their scopes are
limited by the use of one-dimension model without consid-
ering the effect of hysteresis and plateau slope [5,7,9,10].
Further a variation in the heat transfer fluid temperature and
reactor mass are not accounted in these models.

In this paper, we present the time-dependent, two-
dimensional conjugate heat and mass transfer model of the
paired reactors. This model includes the effects of convective
heat transfer, variation in the cooling fluid temperature along
the axial direction, pressure drop inside the reactors and
hysteresis effect and plateau slope in the PCT.

2. Physical model and principle of operation

Fig. 1 shows a schematic of a single-stage and single-effect
MHHP used for producing the refrigeration effect at low
temperature, Tc. It consists of a pair of two reactors A and B
filled with MmNisgAlps and MmNis¢Feos hydride alloys,
respectively. Dimension of each reactor is 475.0 mm length
and 30.0 mm outer diameter. A filter is used at the inner most
tube of 12.0 mm diameter. It distributes the hydrogen gas
uniformly throughout the reactor and prevents the hydride
particle from being carried away by the hydrogen gas during
the desorption process. Metal hydride is filled in the space
between the inner tube and the filter section. The cooling fluid
flows around the outer periphery of the tube of 1.5 mm gap.
These two reactors are coupled by a connecting tube with
a control valve through which hydrogen gas can flow freely
between the reactors when the valve is opened. The dimen-
sions of the connecting tube are taken as 300.0 mm length and
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Fig. 1 - Schematic diagram of coupled metal hydride reactors.

3.0 mm internal diameter. Fig. 2 shows the operating cycle on
the van’t Hoff plot. It consists of four processes and they are
explained below.

2.1. Process ab

Initially, the reactor A is fully hydrided (Xmax) and B is fully
dehydrided (Xmin) at their respective operating temperatures
of Ty and Ty. Two reactors are coupled by a connecting tube
with a valve (Fig. 1). Since the operating valve is initially
closed, the equilibrium pressure difference exists between the
reactors. Once the valve is opened, due to the difference in
pressure, hydrogen gas starts to desorb from the reactor A by
taking heat from the reaction bed and heat transfer fluid, and
reactor B starts to absorb hydrogen gas by rejecting the heat of
absorption to the reaction bed and heat transfer fluid. This
process continues till the fixed amount of hydrogen gas
transfers from reactor A to reactor B.

2.2. Process bc

During this process, the valve between reactors A and B is
closed and no hydrogen transfer between the reactors takes

40
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30 4 H, MmNi, (Al ,/MmNi, (Fe ,
QM
251
ot
<
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g Reactor A Reactor B
A 15 Qc
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2.6 2.8 3 32 3.4 3.6 3.8
1000/T (K)

Fig. 2 - van’t Hoff plot for a single-stage and single-effect
metal hydride heat pump.

place. Only the heat transfer takes place between the hydride
bed and the cooling/heating fluids. This process is continued
till the reactors A and B reach Ty and Tc, respectively.

2.3. Process cd

Once the reactors A and B reach the medium and low
(refrigeration) temperatures, the valve between the reactors is
opened. Due to the existence of pressure difference, the
hydrogen starts to desorb from the reactor B at temperature T¢
by extracting the heat of desorption from the reaction bed and
heat transfer fluid, yielding refrigeration effect. Simulta-
neously, the hydride A absorbs this hydrogen by rejecting the
heat of absorption to the reaction bed and cooling fluid at the
medium temperature, Ty, This process continues till the fixed
amount of hydrogen is transferred (same as during process
ab).

2.4. Process da

During this process the valve is closed. Reactors A and B are
sensibly heated to Ty and Ty, respectively. Thus a first cycle
operation is completed.

3. Problem formulation

The dependence of the equilibrium pressure, P.q on the
reciprocal of the absolute temperature, 1/T, which is an
important characteristic of the two hydrides, is shown in
Fig. 2. A pair of hydrides to be used in a heat pump should be
selected according to the required range of equilibrium pres-
sure conditions at points a, b, c and d at the design high,
medium and low temperatures Ty, Ty and T¢, respectively
(Fig. 2). Table 1 shows the enthalpy and entropy of reactions of
the selected metal hydride pair during both absorption and
desorption processes.
The following assumptions are made in the modeling.
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Table 1 - Thermo-physical properties of metal hydride
alloys.

Alloys AH (kJ/mol Hy) AS (J/mol H;, K)
Absorption Desorption Absorption Desorption

MmNisAlys  —29.0 ~27.8 ~108.7 -107.2

MmNi,¢Feos  —25.2 —24.7 ~104.5 ~105.4

1. Hydrogen is considered to be a perfect gas.

2. Initially at process ab, the hydride beds of reactors A and B
are in equilibrium with hydrogen gas.

3. Heat transfer through the hydride bed is assumed by two-
dimensional conduction and convection. The effect of
radiation is negligible.

4. The thermo-physical properties of the metal hydride, such
as, reaction enthalpy and entropy, thermal conductivity
and specific heat capacity are independent of temperature,
concentration and hydrogen pressure.

5. Pressure and temperature inside the connecting tube are
independent of space but are time dependent.

6. The reactors are assumed to be well insulated and no heat
transfer takes place between them and to the surroundings.

Initially, the system is in equilibrium which depends upon
the temperature and concentration of the hydrides. The
equilibrium pressures of the reactors are calculated using
van’t Hoff equation [1].

Peq = 10° exp %—ﬁ—f—&-(q&iq&o) tan{n(%—%)} i% (1)
where, ¢ and ¢, denote the slope factors and g the hysteresis
factor, ‘+’ and ‘—’ denote the absorption and desorption
processes, and X and X¢ denote the concentration at the given
time (t) and final concentrations of the hydrogen.

Gas pressure and temperature in the connecting tube
immediately after opening the valve are given by

Py aVa +P,5Vs

Pyp=-88"0 " "857% 2

gp Va+ Vs @
NnaTa +ngTs

—_AATTB'E 3

gP Na + Np 3)

where, Py o Va, Pgp and Vg are the gas pressures and volumes
of the reactors A and B, respectively. Since the hydrogen is
assumed to be a perfect gas, the number of moles of hydrogen
in reactors A and B are calculated using the perfect gas law

B RuTA7

PBVB~
_ 4
BT R.Ts ()

na

The number of moles of hydrogen and gas temperature and
pressure in the connecting tube at any time during the
hydrogen transfer (absorption and desorption processes) are
calculated using the following equations

Ngtist = Ngt +Na — Na (5)

(ng.t - na)Tg‘a + ndTg.d
ng.t —Na +Ng

Tg.t+6t =

Ng t 5tRuTg trot
P = g a et 7
it Va+ Vg +Vp ( )

ng: Ng and n, respectively denote the number of moles of
hydrogen in the connecting tube immediately after opening
the valve, number of moles of hydrogen desorbed from the
reactor A and number of moles of hydrogen absorbed in
reactor B during time t = 6t.

As stated in the physical model, the operating cycle
consists of two hydrogen transfer processes (ab and cd ) and
two sensible heat transfer processes (bc and da). The heat and
mass transfer rates during the processes ab and cd are esti-
mated by simultaneously solving continuity, momentum and
energy equations in both the reactors. The heat transfer rates
during the processes bc and da are estimated by solving only
the energy equation.

3.1. Process ab

During this process, hydrogen is desorbed from the reactor
A by taking the heat of desorption from the heat transfer
fluid at Ty and absorbed at reactor B by releasing the heat
of absorption to the heat transfer fluid at Ty. The
computational modelling of this process is discussed
below.

3.1.1. Reactor A (desorption)
Mass flux (mass flow rate per unit volume) during the
desorption of hydrogen is given by [16]

—E Pega — Pgrst
my = Cq €Xp (R Ti) ( 3 P Ag - )Pm.A 8)
u eq,

where, p, 4 is the density of hydride at any given time t and Pg
is the gas pressure in the connecting tube at any given time
found in Eq. (7).

Assuming thermal equilibrium between the hydride bed
and hydrogen, a combined energy equation is considered
instead of separate equations for both solid and gaseous
phases [13]:

oT — AH
(pCP)eE + (pCp) U.VT = A V°T — ma M, T(Cog —Com)| (9)
where
(/)CP)e: (spCp)g-i-((l - S)pcp)m (10)
and the effective thermal conductivity
e = ehg + (1 — &) m. (11)
The hydrogen mass balance is expressed as
a(p —
¢ (atg) +V(pgUg) =mMa (12)

where p, denotes the density of the hydrogen gas in the
reactor A during the desorption process. Hydrogen density is
determined using the perfect gas law. Velocity of hydrogen
gas (ug) is calculated using the Darcy’s law [13]

U = P, (13
Mg

By substituting the density (pg) and velocity (ug) of the gas in

Eq. (12) the gas pressure (P,) inside the reactors are determined

using the following equation
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Mg\ 0P, (eMPg\ 0 (1\ K 0 0Pg\ K o (0P,

— 4+ —l=s)|—"——|7r—) ———(— | =Ma.
R.T) ot R, Jot\T) wgror\"or )~ »; 0z\ oz
(14)

3.1.1.1. Initial and boundary conditions. Initially at time t=0,
the density of the metal hydride, temperatures of the metal
hydride and hydrogen gas and hydride concentration are
assumed to be uniform throughout the reactor

Pma(ZT) = pssi Tma(z,7) = Tga(z,7) = Tu; Xa(z,7) = Xmaxa-
(15)

The left and right boundaries of the reactors are assumed to be
adiabatic

oT oT
a—z(z, 1,t), o= 0; a—z(z, rt), ,=0 (16)

and at bottom wall (along the porous filter)

Pg(z,15,t) = Pg. (17)

The cooling fluid flows through the outer peripheral tube and
therefore the convective boundary condition is applied atr=r,
oT

7’135(27 To, t) = U(Tz.ro,t - Tf) (18)

where, T(,,, ) and Trare the temperatures of the hydride bed at
the outer radius and heat transfer fluid, respectively.

In the above-mentioned boundary condition, the variation
of cooling fluid temperature along the axial direction is
negligible. However, in the practical case the cooling fluid
temperature varies along the axial direction. Therefore in the
present work, the variable wall temperature condition is also
considered using the following equation [17]

d

d_ctz = mep,f (Tfo — Tﬁ). (19)

The heat transfer rate is proportional to the mass flow rate
and difference in the cooling fluid inlet and outlet tempera-
tures. The heat transfer rate can also be calculated by using
the logarithmic mean temperature difference method [18]. By
equating these two equations, the temperature variation of
the cooling fluid in the axial direction can be calcuated using
the following equation

17exp<f ua )] (20)

ms Cp.f

Tto = Tt + [Tzror — Tsi)

3.1.2. Reactor B (absorption)
The mass flux of hydrogen absorbed is expressed as [16]
_ —Ea Pgtrat
mp = C, exp <RuTB> 1n<Peq.B ) (pss - pm.B)' (21)

The equilibrium pressure is calculated from Eq. (1). The rise in
temperature of the reactor B is found out by using the energy
equation as given below

oT — AH
(pCp) o7 + (pCp) U VT = A V*T + Mg | —— — T(Cpg — Cpm) |-

at g M,

(22)

The hydrogen mass balance during the absorption in the
reactor B is expressed as

d(pg)

ot

+ v(pgu‘g’) = —ms. (23)

Hydrogen gas pressure in the reactor B is found in the same
way as for reactor A using Eq. (14).

3.1.2.1. Initial and boundary conditions. Initial conditions of
the reactor B at time t =0 are given as

Tmp(z,7) = Tga(z,7) = Tm;  X8(2,7) = Xming-

(24)

Pmp(Z,7) = pi;

The boundary conditions used in the reactor A are the same as
for the reactor B. The initial condition stated above is used
only at the first cycle.

3.2. Process bc

During this process, only the sensible heat transfer takes place
between the hydride bed and the heat transfer fluid and no
mass transfer takes place. Therefore, the governing equations
for reactors A and B become

oT -
(pcp)eg + (pCp) U .VT = A V?T. (25)

The initial conditions of the sensible cooling processes are
used as the final conditions of the previous desorption/
absorption process.

3.3. Process cd

During this process, hydrogen is transferred from reactor B to
reactor A at low pressure. The initial condition of this process
is the final condition of the process bc of the respective reac-
tors. The governing equations and boundary conditions used
in this process are similar to those for process ab.

3.4. Process da

In the sensible heating process, the reactors A and B are
heated to temperatures Ty and Ty, respectively. The final
condition of this process is the initial condition of the next
cycle of process ab.

4. Solution methodology

The solution of the above-mentioned mathematical model is
obtained using the fully implicit finite volume method. The
solution procedure of this system begins with the process ab
and ends with the process da, so that the simulation of one
complete cycle is carried out. Initially, the metal hydride heat
pump is in the equilibrium and pressures inside the reactors A
and B are found using Eq. (1). Once the valve is opened,
hydrogen gas is desorbed from the reactor A and it is absorbed
in the reactor B. This process is continued until a predefined
quantity of hydrogen gas is desorbed from reactor A. The
coupled heat and mass transfer processes (ab and cd) are
assumed to be converged when the difference between the
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predefined amount of hydrogen and cumulative amount of
hydrogen transfer is less than 0.0001 g. The sensible heat
transfer processes (bc and da) are assumed to be converged
when the difference between the heat transfer fluid temper-
ature and average bed temperature is less than 0.1 K. To find
the variation in cycle time for both constant and variable wall
temperature boundary conditions the average hydride bed
temperature is calculated at z/Z =0.95. The end conditions of
the sensible heating process are taken as the initial conditions
of the first process of the next cycle. The cycle is repeated
(minimum 10 cycles) till processes reach stable state and then
the computed values are presented.

Fig. 3 shows the grid independence study by considering
the effect of three different grid sizes on the concentrations in
reactors A and B. It can be concluded that there is no signifi-
cant change in the profile for a grid size more than 41 x 41.
Hence the results reported in the subsequent section are by
using the grid size of 41 x 41.

5. Results and discussion

The MmNi, ¢Alp o/MmNiy, gFeg 4 hydride pair is chosen for the
detailed investigation of a single-stage and single-effect
MHHP because the reaction kinetics data of the two hydrides
are relatively well known and these hydrides are appropriate
in the required temperature ranges. Hydrogen absorption/
desorption characteristics for these two alloys have already
been studied [14,15,17]. Design and operating data, properties
and constants used for the present computational study of the
two hydrides are reported in Table 2.

5.1. Validation of mathematical model

For the validation purpose, the reactor geometry used by Ni
and Liu [11] is chosen and mathematical modelling is per-
formed accordingly. The hysteresis and plateau slope of the
PCT for the corresponding high and low temperature alloys
are determined from the experimental data reported by Ni
and Liu [11]. The cycle time for the processes at different heat
source temperatures, thermal conductivity and bed thickness
of the reactors are selected based on the experimental
conditions reported by Ni and Liu [11]. Figs. 4 and 5 show that

0.9

0.8 1
g 077 —31x31
et --- 41 x41
§ 067 —-51x51
T (s MmNi, (Al ,/MmNi, (Fe, ,
s Ty =363 K, Ty, = 298 K
1
% 04 1 Te=278K
© s A, = 1.6 W/mK

02

0.1

0 200 400 600 800 1000 1200 1400 1600
Cycle time (s)

Fig. 3 - Grid independent test.

Table 2 - Design and operating data, properties and
constants used for numerical analysis.

High/low temperature MmNiy, ¢Alp o/MmNiy ¢Feg 4
hydride bed

High temperature (Ty) 363K

Medium temperature (Ty) 298K

Low temperature (T¢) 278 K

Effective thermal conductivity (Ac) 1.6 W/mK

Porosity (¢) 0.5

Specific heat capacity (Cp) 419 J/kgK

Density of solid (pm) 8400 kg/m?>

Bed thickness (r, — 13) 0.0075 m

Mass flow rate of heat transfer 0.006944 kg/s
fluid (mg)

Properties of hydrogen

Thermal conductivity 0.127 W/mK
of hydrogen (4g)

Specific heat of hydrogen (C; ) 14,283 J/kgK

Density of hydrogen (pg) 0.0838 kg/m?

the predicted temperature profiles of the regeneration and
refrigeration alloys at different source temperatures ranging
from 388 K to 423K for LaNi4_61Mno_26A10_13/La0_6Yo_4Ni4_8Mno_2
hydride pairs match reasonably well with the experimental
data of Ni and Liu [11]. A small deviation between the present
computations and the experimental data is due to the
assumed values of the reaction rate constant and the experi-
mental uncertainties used in the present study. These data are
not reported in the literature [11].

5.2. Effect of convective boundary conditions on the
hydrogen absorption and desorption rates

Fig. 6 shows the variations of hydride concentrations in
reactors A and B over a cycle for both constant and variable
wall temperature boundary conditions. The concentration
limits are fixed based on the PCT plot so that the minimum
desorption hydride pressure of hydride A at Ty is higher than
the maximum absorption pressure of hydride B at Ty Based
on the above-mentioned conditions the concentration limits
are fixed as 0.2-0.8. It is observed from Fig. 6 that the model

430 LaNi, 6;Mng 55Al ;5/La,6Y o JNig gMng
Ty =305 K, Te = 293 K
4101 A = 1.3 W/mK
Q 390 1 ===~ Experimental results [11]
- Present numerical results
2 370 —— T, =388K
£
£ 3501
£
£ 330
[l
310 A
290 1 T, =388 K T, =403K T, =423K
270

0 500 1000 1500 2000 2500 3000 3500 4000
Cycle time (s)

Fig. 4 - Validation of the predicted regeneration alloy
reaction bed temperature profiles at different source
temperatures.
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Fig. 5 - Validation of the predicted refrigeration alloy
reaction bed temperature profiles at different source
temperatures.

with the variable wall temperature condition takes 1765.6 s for
completing a cycle, whereas the model with the constant wall
temperature condition takes only 1470 s.

It is seen that for the constant wall temperature boundary
condition, the average concentration inside the reactor varies
only in the radial direction. However in the variable wall
temperature boundary condition, pressure, concentration and
bed temperature vary in both axial and radial directions [17].
During process ab, the hydrogen starts to desorb in the reactor
A in its high temperature regions and hence, hydrogen starts
flowing towards the filter. Due to the supply of heat transfer
fluid from the left boundary, the reactor temperature is higher
on the left boundary than that on the right boundary. Hence,
the concentration decreases faster on the left boundary than
on the right boundary. Therefore, the desorption for the
variable wall temperature condition takes more time than
thatin the constant wall temperature boundary condition. It is
observed from Fig. 6 that desorption of hydrogen (during
process ab) at high temperature is faster than that at low
temperature (during process cd ). This is because the pressure
difference in process ab is much higher than that during the
process cd. Therefore, the reaction rate is faster and change in

0.9
Reactor A
0.8 1 = T
0.7 1
Q Reactor A
~ 0.6 1 —— Reactor B
= .
£ 0.5 1 L ‘ MmNi, ¢Aly /MmN, ¢Fe, ,
g Ty =363 K, Ty =298 K
= B
g 04 Te=278K
S
g 0.3 - . Z\,e= 1.6 W/mK
&)
024 >t To=s=-.L
Reactor B
0.1 1 Constant wall temperature condition
--=-=- Variable wall temperature condition

800 1000 1200 1400 1600 1800 2000
Cycle time (s)

0 . . .
0 200 400 600

Fig. 6 - Effect of convective boundary conditions on hydride
concentrations.

concentration with time is sharper during the first half cycle.
For a given effective thermal conductivity, bed thickness and
specific heat capacity, the time taken for sensible heat trans-
fer processes are calculated. Times taken for all the processes
are listed in Table 3. The difference in cycle times for the
constant and variable wall temperature boundary conditions
is found to be approximately 5 min.

5.3. Effect of convective boundary conditions on the
hydride bed temperature

Fig. 7 shows the variation in average bed temperatures of high
and low temperature reactors over a cycle. It is observed that
due to the poor thermal conductivity of the hydride bed the
required amount of heat is not transferred from/to the heat
transfer fluid. Hence the fall/rise in temperature of the reactor
bed occurs as soon as the process starts, and it reaches the
heat transfer fluid temperature gradually. It is observed that
the difference in the equilibrium pressure between the reac-
tors leads to rise/drop in temperature at the initial stages. The
lowest average bed temperature obtained in process cd at
reactor B for the constant and variable wall temperature
boundary conditions are 271K and 269.1 K, respectively.

5.4. Effect of convective boundary conditions on the
hydride equilibrium pressures

Fig. 8 shows the hydrogen pressures in reactors A and B for
both constant and variable wall temperature boundary
conditions. Initially the system is in equilibrium with respect
to the reactors A and B. Once the valve between the reactors is
opened, due to the pressure difference, hydrogen starts to
desorb from the reactor A and it is absorbed in the reactor B by
releasing heat of absorption. This process continues till both
the pressures reach the equilibrium condition as illustrated in
Fig. 8. It is observed from Fig. 8 that this process terminates at
15 bar at the end of 315 s for the constant wall temperature
condition and 411s for the variable wall temperature
boundary condition.

During the sensible cooling process, the reactor A cools
down from 363K to 298 K and similarly reactor B cools from
298K to 278 K. Hence the pressures of the high and low
temperature reactors decrease to 2.1 and 7.2 bar, respectively.

Table 3 - Comparisons of cycle time for constant and
variable wall temperature boundary conditions.

Sl.  Processes Constant Variable Difference
No wall wall in time (s)
boundary boundary
condition (s) condition (s)

1  Process ab 315.1 411 95.9
Sensible cooling 99.9 126.3 26.4
(Process bc)

Process cd 954.8 1108.3 153.5

4  Sensible 100.2 120 19.8
heating
(Process da)

Total cycle time 1470 s 1765.6 s 295.6s
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Fig. 7 - Effect of convective boundary conditions on hydride
bed temperatures.

Similarly, in process cd the hydrogen transfer takes place from
B to A. This process terminates when both the reactors reach
the equilibrium condition. Finally the heating process
completes the cycle and the pressures of reactors reach the
initial condition for continuing the next cycle.

5.5. Effect of convection boundary conditions on heat
interaction

The heat interaction (cooling/heating) between hydride bed
and heat transfer fluid for a complete cycle time is shown in
Fig. 9. Initially, the variation in the heat transfer fluid
temperature is zero. Due to the exothermic/endothermic
processes, heat is carried away/supplied to the reactors and
their temperatures increase/decrease drastically and become
zero at the end of the processes. It is observed from Fig. 9 that
the change in the heat transfer fluid temperature during the
process ab reaches the maximum value within 20s. The
maximum fall and rise in the fluid temperatures between inlet
and outlet of the reactors A and B are 9.6 K and 6.5 K (corre-
sponding to the heat interactions of 278 W and 188 W),
respectively. Similarly in process cd, the maximum rise and
fall in fluid temperatures at reactor A and B are 3.3K and 5K,
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Fig. 8 - Effect of convective boundary conditions on hydride
bed pressures.

1200
MmNi, (Al, /MmNi, (Fe, , Reactor A
Ty =363K, T,=298 K Reactor B
R I P
A.=1.6 W/mK

400 4

Hear supplied ~ Cooling effect

1400 1600 1800 2000

800 1000 1200

400 | Cycle time (s)

Heat interaction (W)
(=]

-800 1

-1200

Fig. 9 - Effect of convective boundary conditions on heat
interactions.

respectively, at 587 s. In the processes ab and cd, the heat of
desorption is more than the heat of absorption. This is mainly
due to the heat interaction that takes place at around atmo-
spheric conditions during the absorption of hydrogen at
processes ab and cd.

5.6. Dynamic PCT characteristics of the metal hydride
heat pump

The actual dynamic behaviour of metal hydride heat pump
considering the variable wall temperature boundary condition
under the operating temperature limits of 363/298/278 K is
illustrated in Fig. 10. A large deviation between the dynamic
and static van’t Hoff plots is observed. It is seen from Fig. 10
that the path followed in the high temperature and low
temperature reactors are indicated as ABCDEFA and abcdefa,
respectively. ABC shows the dehydriding process, CD the
sensible cooling, DEF the hydriding and FA the sensible
heating process. Similarly the hydriding, cooling, dehydriding
and heating processes are represented in reactor B. Initially
during the dehydriding process ABC, the pressure, tempera-
ture and concentration decrease drastically. The temperature
of the hydride bed increases and reaches the heat transfer
fluid temperature gradually as shown in Fig. 10. But the
pressure still decreases and reaches the pressure equilibrium
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Fig. 10 - Dynamic van’t Hoff plot of the heat pump.
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with low temperature reactor. Fig. 10 shows that the pressures
at points C and c are approximately equal to 15 bar. At the
same time the concentration in the high temperature reactor
decreases to 0.2. Similarly, the changes in pressure, temper-
ature and concentration at low temperature reactor are
shown in Fig. 10 at points a-b-c. During the sensible heat
transfer processes (cooling/heating) the concentration
remains same for both the reactors. At the end of the sensible
cooling process, pressures at reactors A and B are indicated at
point D and d, respectively. When the valve between the two
hydride beds is opened, dehydriding starts at low temperature
reactor indicated by d—e-f. The lowest temperature obtained
at point e is 269.1 K. This process stops when both the reactor
pressures reach the equilibrium condition as shown in Fig. 10
at points F and f. During the process da, hot fluids are supplied
to the reactors A and B for rising their temperatures to Ty and
Twm, respectively.

6. Conclusions

A computational study of a metal hydride heat pump working
with MmNig ¢Alp o/MmNi, ¢Feg 4 hydride pair is presented. A
comparison is performed between the computations and
experimental data reported in the literature for the high
temperature and low temperature reactors for a complete
cycle at different heat source temperatures ranging from
388 K to 423 K. A reasonably good agreement between the two
was observed. The effects of the constant and variable wall
temperature boundary conditions on the hydrogen concen-
tration and pressures at two reactors are studied. The
computations reveal that the difference in cycle times for the
constant and variable wall temperature boundary conditions
is found to be approximately 5 min for 363/298/278 K oper-
ating temperatures. The lowest refrigeration temperature
obtained is 269.1 K for the variable wall temperature boundary
condition. The actual dynamic van’t Hoff plot of the metal
hydride heat pump is studied. A large deviation is observed
between the static and dynamic van’t Hoff plots. The heat
interaction (cooling/heating) between the hydride bed and
heat transfer fluids is also studied for a complete cycle.
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