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Abstract

A new transient two-dimensional model for the simulation of a combined heat and mass recovery adsorption cooling

cycle based on the zeolite NaX/water working pair is proposed in this paper. The model describes the transfer phenomena

in the adsorber in detail and is solved by control volumemethod. Internal and external mass transfer limitations which are

neglected by many researchers are considered in the model since they have significant effects on the performance of the

adsorption cooling cycle. The numerical results show that the combined heat and mass recovery cycle between two

adsorbent beds can increase the coefficient of performance (COP) of an adsorption cooling system bymore than 47% com-

pared to the single bed cycle. This numerical model can be used in system optimization and design of adsorption cycles.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The most effective refrigerant, chlorofluorocarbons

(CFCs), used in traditional vapor compression refriger-

ation systems are not environment friendly because they

contribute to the depletion of the ozone layer and have a

role in the greenhouse effect. Although other alternatives

such as HCFCs and HFCs have less ozone layer deple-

tion effect, they do have the potential of global warming.

These environmental protection reasons intensify the re-

search efforts on the development of both ozone layer

and global warming safe refrigeration technology.
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The environmental-friendly adsorption cooling sys-

tem is an attractive alternative to the conventional

vapor-compression cooling system. However, the wide-

spread application of adsorption systems is limited by

its rather low coefficient of performance (COP), low spe-

cific cooling power (SCP) and long cycle time. In order

to improve the performances of the adsorption cooling

system, some advanced cycles have been proposed and

investigated, such as the continuous cycle [1], the forced

convection cycle [2] and the thermal wave cycle [3]. The

forced convection cycle and thermal wave cycle are both

capable of achieving high COP values. However, these

systems are inherently more complicated and are not

suitable for actual engineering application. The continu-

ous cycle which incorporates heat and mass recovery cy-

cles is verified to be a simple and effective method to

improve the thermal performance [4]. The function of
ed.
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Nomenclature

Cp specific heat (Jkg�1K�1)

COP coefficient of performance

d particle diameter (m)

D0 reference diffusivity (m2s�1)

De equivalent diffusivity in the adsorbent parti-

cles (m2s�1)

Dg diffusivity of water vapor (m2s�1)

Dk Knudsen diffusivity (m2s�1)

Dm molecular diffusivity (m2s�1)

ED energy parameter in adsorption equilibrium

equation (K)

Ek equivalent activation energy (Jmol�1)

K permeability of adsorbent bed (m2)

Kap apparent permeability (m2)

L length of adsorbent bed (m)

Le latent heat of vaporization (Jkg�1)

m mass (kg)

M molar mass (kgmol�1)

n normal vector of boundary surface

P pressure (Pa)

q adsorbed amount (kgkg�1)

r radial coordinate (m)

rp average pore diameter (m)

R universal gas constant (Jkmol�1K�1);

adsorber radius (m)

S boundary surfaces for adsorber

SCP specific cooling power (Wkg�1)

t time (s)

tc cycle time (s)

th heat recovery time (s)

tm mass recovery time (s)

T temperature (K)

u vapor velocity in axial direction (ms�1)

uf fluid velocity (ms�1)

�uf average fluid velocity (ms�1)

u vapor velocity vector (ms�1)

v vapor velocity in radial direction (ms�1)

z axial direction (m)

Greek symbols

DH heat of adsorption (Jkg�1)

e total porosity

ea macro-porosity

ei micro-porosity

k thermal conductivity (Wm�1K�1)

l viscosity (Nsm�2 )

q density (kgm�3)

r collision diameter for Lennard-Jones poten-

tial (Å)

s tortuosity

X collision integral

Subscripts

a adsorbed phase

a1 begin of adsorption phase

a2 end of adsorption phase

ap apparent

c condensing; cooling

e evaporating

eq equivalent

ev evaporator

f external heating exchange fluid

g water vapor

g1 begin of generation phase

g2 end of generation phase

h heating

in inlet fluid

m metal tube

s adsorbent
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the heat recovery cycle is to recover the thermal

energy from the temperature difference between the

two adsorbent beds while mass recovery can increase

the cycled refrigerant mass, which leads to improved

performance. In order to achieve higher performance,

mass recovery and heat regeneration can be simultane-

ously employed.

The thermodynamic investigation of a two-bed heat

and mass recovery adsorption cycle has been carried

out in recent years by several researchers [4–6].

Although they obtained some good results, their models

gave only the COP values without any information of

the transient heat and mass transfer. Numerical studies

for intermittent cycle single bed systems with combined

heat and mass transfer were performed by many investi-
gators to predict the thermal performance of such sys-

tems [7–9]. However, these studies also did not take

into account the transient heat and mass transfer proc-

esses in these advanced cycles. Poyelle et al. [10] pro-

posed a simple one-dimensional numerical model for a

heat and mass recovery adsorption-based air condition-

ing cycle. Mass transfer limitations were taken into ac-

count in their model. By assuming a parabolic pressure

profile through the adsorbent bed, the average pressure

inside the adsorbent was predicted. Although their mod-

el fitted the experiment data very well, there was a need

to specify some empirical parameters a priori. This

paper presents a two-dimensional heat and mass transfer

model of a combined heat and mass recovery adsorption

cycle.
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Fig. 1. A basic intermittent adsorption cooling cycle. (a) Schematic diagram, (b) Clapeyron diagram.
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Fig. 2. Schematic diagram of two-bed adsorption refrigeration

system with heat and mass recovery.
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2. Background of adsorption cooling systems

The basic intermittent adsorption cooling cycle is

composed of an adsorber alternately connected to a con-

denser and an evaporator (see Fig. 1(a)). The whole

process consists of four phases. The Clapeyron diagram

(lnP vs. �1/T) as shown in Fig. 1(b) can be used to an-

alyze the operation of an adsorption heat transformer.

During the first phase a–b, the adsorber containing a

high concentration of adsorbate is heated at a constant

adsorbed amount (qmax) from its initial temperature of

Ta2 to a temperature Tg1. For the second phase b–c,

the vapor pressure in the system is equal to the condens-

ing pressure Pc and desorption begins at Tg1 with the

valve opened. The adsorbate desorbed from the adsorb-

er is cooled to a temperature Tc until it condenses in

either a water or air-cooled condenser. During the first

two phases, the external heat system provides an amount

of heat Qh. As the maximum temperature of the cycle is

reached, the valve is closed and the adsorber is cooled

down at a constant adsorbed amount (qmin) during the

phase c–d. For the last phase d–a, the valve is opened

and the adsorbate begins to evaporate from the evapora-

tor and is adsorbed at constant pressure (Pe). During the

last two phases, the adsorber will release heat with the

amount of Qc to the external cooling systems. Two

parameters, namely, the coefficient of performance

(COP) and the specific cooling power (SCP) are used

to assess the performance of a refrigerator. These are de-

fined as follows:

COP ¼ Qev

Qh

ð1Þ

SCP ¼ Qev

ms � tc
ð2Þ

where Qev is cooling production at the evaporator

and is thus given by Qev=ms(qmax�qmin)[Le(Te) �
Cpg(Tc� Te)], ms is the total mass of the adsorbent

and tc is the time of adsorption cycle.
3. System description

The adsorption cooling system based on the zeolite

NaX/water pair modeled in this paper is shown in Fig.

2. This system consists of six major components includ-

ing two adsorbers, external heat and cooling systems, a

condenser and an evaporator. Compared to the one-

adsorber system, a two-adsorber cycle provides cooling

on a more continuous basis (see Fig. 3). At the beginning

of this two-bed cooling cycle, the adsorbent bed is at the

state of point a and another bed is at the state of point

c in Fig. 3. The mass recovery phase then starts. The two

adsorbers are interconnected directly and the refrigerant

vapor will flow from the high-pressure to the low-pres-

sure adsorber. This process is maintained until the two
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beds reach the same pressure (points e and e 0) and the

two adsorbers are disconnected. Subsequently, the heat

recovery phase is carried out from point e to point f

for adsorbent bed 1 and from point e 0 to point f 0 for

the other bed. During this phase, no heat is supplied

by the external heating systems and the amount of heat

of Qr is exchanged between the two adsorbers. Finally

the two adsorbent beds are connected to the external

heating or cooling system, respectively. It can be seen

in Fig. 3 that the cycle refrigerant mass will increase

through the mass recovery cycle compared with the

basic cycle, which leads to an increased value of Qev.

Fig. 3 also shows that the amount of heat from external

heat source Qh will decrease by using a heat recovery

phase between the two adsorbers. Therefore, the COP

will be increased for the combined heat and mass recov-

ery cycle compared to the basic cycle (see Eq. (1)).
4. Mathematical modeling

A schematic of the adsorber is shown in Fig. 4. The

adsorber is a hollow cylinder, which encloses a metal

tube for the purpose of heat exchange between the solid

adsorbent, and heating or cooling fluid within the tube.

The adsorbate gas transfers heat to or from the adsorber.

The following assumptions are made:

(1) The adsorbed phase is considered as a liquid, and

the adsorbate gas is assumed to be an ideal gas.

(2) The adsorbent bed is composed of uniform-size par-

ticles and has isotropic properties.

(3) The properties of the fluid, the metal tube and

adsorbate vapor are constant.
(4) There are no heat losses in the adsorption cycle.

(5) The thermal resistance between the metal tube and

the adsorbent bed is neglected. This is consistent

with the findings of Zhu and Wang [11] who

showed that the contact thermal resistance is equiv-

alent to a 0.4 mm thick adsorbent used in our

model.

(6) The flow of heat exchange fluid is assumed to be

fully developed laminar flow. The velocity distribu-

tion is parabolic in the radial direction and remains

constant in axial direction.

4.1. Adsorption equations

In most of the previous studies, the equilibrium

adsorption model has been assumed and the mass trans-

fer resistance between solid and adsorbate gas phase

intra-particles is neglected. The LDF (linear driven

force) model was used by Sakoda and Suzuki [12] to

account for mass transfer resistance within the particles

in a silica gel/water cooling cycle. Chahbani et al. [13]

pointed out that the LDF model could be used to de-

scribe mass transfer resistance in the particles for a car-

bon/ammonia cycle. For an adsorption process in zeolite

which follows the Langmuir-type isotherm, the LDF

model can be used with about 15% error compared to

the exact solution [14] when the adsorbed concentration

is close to the equilibrium value. The adsorbent modeled

in this paper is spherical zeolite NaX particles for which

the LDF model is applicable. The model is described by

o�q
ot

¼ 15De

r2p
ðqeq � �qÞ ð3Þ

where �q is the mean adsorbed concentration within the

particle, and qeq is the adsorbed phase concentration

in equilibrium with bulk fluid for zeolite NaX/water pair

defined by the following equation containing three

Langmuir terms [7]:
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qeq ¼
qs;1b1P

1þ b1P
þ

qs;2b2P

1þ b2P
þ

qs;3b3P

1þ b3P
ð4Þ

where qs,k and bk (k=1, 2, and 3) are functions of tem-

perature as follows:

qs;k ¼ a0;k þ
a1;k
T s

þ a2;k
T 2

s

þ a3;k
T 3

s

ðk ¼ 1; 2Þ

qs;3 ¼ 0:267� qs;1 � qs;2
bk ¼ b0;k expðEk=T sÞ

ð5Þ

The values of the parameters in Eq. (5) are given in the

literature [7].

De is the equivalent diffusivity in the adsorbent parti-

cles which can be calculated by the following equation:

De ¼ D0 expð�ED=RT sÞ ð6Þ

where D0 and ED can be obtained from experimental

data available in the literature [15].

4.2. Energy conservation equations

The model describes the process, which is related to

heat transfer between different components of the whole

cooling system and mass transfer of refrigerant vapor in

adsorber. The energy equations for different component

of the two adsorbers can be developed as follows:

The energy balance on the thermal-fluid system

yields:

oðqfCpfT fÞ
ot

þ ufoðqfCpfT fÞ
oz

¼ o

oz
kf

oT f

oz

� �
þ 1

r
o

or
rkf

oT f

or

� �
ð7Þ

The energy balance for the metal tube:

oðqmCpmTmÞ
ot

¼ o

oz
km

oTm

oz

� �
þ 1

r
o

or
rkm

oTm

or

� �
ð8Þ

The energy balance for the adsorbent:

ðqsCps þ qsqCpa þ eqgCpgÞ
oT s

ot
þ
oðqgCpguT sÞ

oz

þ 1

r
o

or
ðrqgCpgvT sÞ

¼ o

oz
keq

oT s

oz

� �
þ 1

r
o

or
rkeq

oT s

or

� �
þ qsDH

o�q
ot

ð9Þ

where subscripts f, m and s denote the heat exchange

fluid, metal tube and adsorbent, respectively.

4.3. Mass conservation equations

The overall mass conservation in the adsorber is

oeqg

ot
þr � ðqguÞ þ qs

o�q
ot

¼ 0 ð10Þ

and the water vapor velocity u can be defined by the

Darcy�s equation:
u ¼ �Kap

l
rP ð11Þ

where Kap is the apparent permeability which can be ob-

tained by considering the viscous flow and diffusion as

follows [9]:

Kap ¼ K þ eal
sP

Dg ð12Þ

The inherent permeability of the porous media, K, can

be obtained from the semi-empirical Blake–Kozeny

equation [16]:

K ¼ e3a 	 d2

150	 ð1� eaÞ2
ð13Þ

The diffusivity of water vapor, Dg in Eq. (12) can be rep-

resented by the following equation [17]:

Dg ¼ 1=ð1=Dm þ 1=DkÞ ð14Þ

where

Dm ¼ 0:02628

ffiffiffiffiffiffiffiffiffiffiffiffi
T 3=M

p
Pr2X

ð15Þ

and

Dk ¼
2rp
3

8RT
pM

� �1=2

¼ 97rp
T
M

� �1=2

ð16Þ

Substituting Eq. (11) into Eq. (10) for simplicity of cal-

culation, we obtain

o eM
RT P
� �
ot

¼ o

oz

qgKap

l
oP
oz

� �
þ 1

r
o

or

rqgKap

l
oP
or

� �
� qs

o�q
ot

ð17Þ

The initial and boundary conditions are listed below to

complete the numerical formulation of the problem.

Initial conditions:

For t ¼ 0 T fðz; rÞ ¼ T cin;

Tmðz; rÞ ¼ T sðz; rÞ ¼ T a2; P ¼ P e ðAdsorber 1Þ ð18Þ

For t ¼ 0 T fðz; rÞ ¼ Tmðz; rÞ ¼ T sðz; rÞ ¼ T g2; P ¼ P c

ðAdsorber 2Þ ð19Þ

Boundary conditions:

oT f

oz

����
z¼0

¼ oT f

oz

����
z¼L

¼ 0

during mass recovery phase ð20Þ

T f1jz¼0 ¼ T f2jz¼L; T f2jz¼0 ¼ T f1jz¼L

during heat recovery phase ð21Þ

T f jz¼0 ¼ T hin

when connected to external heating system ð22Þ
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T f jz¼0 ¼ T cin

when connected to external cooling system ð23Þ

oTm

oz

����
z¼0

¼ oTm

oz

����
z¼L

¼ 0 ð24Þ

oT s

oz

����
z¼0

¼ oT s

oz

����
z¼L

¼ oT s

or

����
r¼R

¼ 0 ð25Þ

P 1jz¼0 ¼ P 1jz¼L ¼ P 1jr¼R ¼ P a

during mass recovery phase for adsorber 1 ð26Þ

P 2jz¼0 ¼ P 2jz¼L ¼ P 2jr¼R ¼ P a

during mass recovery phase for adsorber 2 ð27Þ

oP
oz

����
z¼0

¼ oP
oz

����
z¼L

¼ oP
or

����
r¼R

¼ 0 ð28Þ

P jz¼0 ¼ P jz¼L ¼ P jr¼R ¼ P e

when connected to evaporator ð29Þ

P jz¼0 ¼ P jz¼L ¼ P jr¼R ¼ P c

when connected to condenser ð30Þ

where the symbols with subscripts 1 and 2 represent the

properties of adsorber 1 and 2, respectively. Otherwise,

these boundary conditions are suitable for the two ad-

sorbers. Pa is the pressure in the space between the

adsorbent and the shell during mass recovery phase,

and it is assumed to be equal for the two adsorbers dur-

ing the mass recovery phase. During mass recovery

phase, the water vapor will be transferred from adsorber

2 to adsorber 1, and the whole system is closed. Thus,

the total mass flux for the system is zero and is presented

as:

tS1qgu � ndS þtS2qgu � ndS ¼ 0 ð31Þ

where S1 and S2 are the boundary surfaces for the two

different adsorbers, respectively and n is the outward

normal vector of the surface area. Substituting Darcy�s
equation into Eq. (31), we have

tS1qg

Kap

l
rP � ndS þtS2qg

Kap

l
rP � ndS ¼ 0 ð32Þ

Pa can be calculated from Eq. (32) by using an iteration

technique.
5. Numerical method

The governing equations are solved by using the

finite volume method described in detail by Patanker

[18]. In the computational domain, a two-dimensional,

non-uniform and staggered grid is used with a control

volume formulation. The convection terms are discre-
tized by using the power law scheme, the diffusion terms

are discretized by the central difference scheme and the

unsteady terms are discretized by the forward difference

scheme. This algorithm provides a remarkably success-

ful implicit method for simulating heat transfer in fluid

flow. The discretized equations are solved by the line-

by-line procedure, which is the combination of the

Tri-Diagonal Matrix Algorithm (TDMA) and the

Gauss–Seidel iteration technique.

Under-relaxation factors are employed to avoid

divergence in the iterative solution of strongly nonlinear

phenomena. The under-relaxation factors for the pres-

sure and temperature are set to 0.5 and 0.8, respectively.

The influence of time step and grid size on the model

results was analyzed to assess whether the time step and

grid size employed are acceptable. A non-uniform mesh

with a large concentration ranging from 10·40 to

30·100 grids and a time step ranging from 0.01 to 1 s

was set up. The difference at different average tempera-

ture and pressure for 24·40 and 30·100 grids was

found to be less than 5%. The difference at different aver-

age temperature and pressure between the 0.1 and 0.01 s

time steps is less than 5%. Based on the analysis above, a

time step between 0.01 and 0.1 s and 24· 40 grids were

chosen to ensure the reliability of the results. The con-

vergence criterion used in this method is 10�6.
6. Numerical results and discussion

A computer program was written based on the

numerical methodology mentioned above to solve the

model. Some parameters and operative conditions of

the given base case used in the model are listed in the

Table 1.

6.1. Analysis of mass recovery phase

The mass recovery phase is expected to accelerate the

circulation and enhance the performance of the cycle. By

using the mass recovery process, the quantity of refriger-

ant (Dm) in the evaporator is increased. The entire quan-

tity of the cycled refrigerant can be written as:

Dm ¼ msðqmax � qminÞ ¼ msDq ð33Þ

where Dq is the adsorbed amount change during the

cooling cycle, which is given by Dq=Dq0+dq. dq is the

increase in adsorbed amount due to using mass recov-

ery.

As mentioned in Section 3, the mass recovery phase

starts with the connection with two adsorbers. The

refrigerant vapor will be transferred from adsorber 2

to adsorber 1 because of the difference in pressure of

the two adsorbers. This phase will end when the same

pressure is obtained in the two adsorbers. The variations

of the average pressure for both adsorbers with time are



Table 1

Parameter values and operating conditions used in the model

Name Symbol Value

Average velocity of heating transfer fluid �uf 1 ms�1

Adsorption temperature Ta2 318 K

Generation temperature Tg2 473 K

Fluid inlet temperature during heating Thin 493 K

Fluid inlet temperature during cooling Tcin 298 K

Evaporator temperature Te 279 K

Condenser temperature Tc 318 K

Density of adsorbent qs 620 kgm�3

Specific heat of adsorbent Cps 836 Jkg�1K�1

Thermal conductivity of adsorbent ks 0.2 Wm�1K�1

Heat of adsorption DH 3.2·106 Jkg�1

Particle diameter d 0.2 mm

Internal radius of metal tube R0 0.020 m

External radius of metal tube R1 0.021 m

External radius of adsorbent bed R 0.036 m

Length of adsorbent bed L 0.60 m

Macro-porosity of adsorbent bed ea 0.38

Micro-porosity of adsorbent particle ei 0.42

Mass recovery time tm 55 s

Heat recovery time th 2700 s
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shown in Fig. 5. From Fig. 5, the pressure in the low

temperature adsorber (adsorber 1) increases to a maxi-

mum value in a very short time. At the same time, the

pressure change in the high temperature adsorber (ad-

sorber 2) is not as large. When the two adsorbers are

connected, the refrigerant is transferred from adsorber

1 to adsorber 2. The mass of refrigerant vapor will in-

crease rapidly and cannot be adsorbed in time in adsorb-

er 1 because of intra-particle mass transfer limitation for

adsorption process. This will lead to a rapid increase in

the pressure. Compared with adsorber 1, adsorber 2 has

higher diffusivity because of its higher temperature (see

Eq. (6)). Thus, the intra-particle mass transfer resistance

in adsorber 2 is smaller than that of adsorber 1 resulting
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Fig. 5. Variation of average pressure with time during the mass

recovery phase.
in a lower pressure change in the high temperature ad-

sorber. With increasing time, the refrigerant vapor will

be adsorbed in the adsorbent and tends toward the equi-

librium state with adsorbed phase. Therefore, the pres-

sure will decrease slowly. Fig. 6 shows the variations

of average adsorbed amount of the two adsorbers with

time during the mass recovery phase. From Fig. 6, the

adsorbed amount of adsorber 1 increases and adsorber

2 decreases with time during the mass recovery phase,

and both the adsorbed amounts will tend to a constant

value. It can also be seen that the adsorbed amount

change for adsorber 1 is almost equal to that of adsorber

2. This also verifies the accuracy of the results because

the entire system is closed and total mass flux is zero

(Eq. (31)). The trend of pressure variation with time
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(Fig. 5) is very different from the trend of increase in ad-

sorbed mass (Fig. 6) because of internal mass transfer

limitation. The mass transfer process happens very

quickly. The 99% adsorbed amount is completed in less

than 35 s. This means that the performance can be im-

proved by using a mass recovery phase without signifi-

cant increase in the cycle time.

6.2. Results of combined heat and mass recovery cycle

In this section, the numerical simulation results of the

adsorption cooling cycle with combined heat and mass

recovery phase are presented.

The profiles of temperature, pressure and adsorbed

amount of adsorbate with time are shown in Figs. 7–9.

From Fig. 7, it can be seen that temperature increases

rapidly during the mass recovery phase. The adsorption

process carried out during the mass recovery phase and

the adsorption heat released to adsorbent has caused the
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Fig. 7. Variation of average temperature with time for the

whole cycle.
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Fig. 8. Variation of average pressure with time for the whole

cycle.
adsorbent temperature to increase. The same figure also

shows that the slope of the heat recovery phase will

lower than that of the basic cycle phase. For the heat

recovery phase, the temperature gap between the two

adsorbers is not high compared to the gap between the

adsorber and external heat source or heat sink. The var-

iation of pressure shown in Fig. 8 is similar to the ideal

case. The pressure becomes a constant after a rapid and

significant change for every half cycle. It can be deduced

from Fig. 9 that the adsorbed amount will be almost a

constant after mass recovery until the adsorber is con-

nected to either the evaporator or condenser. The quan-

tity of refrigerant vapor is also increased by the mass

recovery phase as can be seen from the same figure.

Fig. 10 shows a comparison between a combined heat

and mass recovery adsorption cycle and a basic cycle. It

can be easily seen that the gap of the two isosteric lines is

increased. See phases a–b and c–d in Fig. 1. This means
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Fig. 10. Comparison of combined heat and mass recovery

adsorption cycle and basic cycle.
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that more refrigerant vapor is recycled compared with

the basic cycle leading to an increase in cooling power

produced. From Fig. 10, it can be seen that pressure is

not a constant during the isobaric adsorption phase

(see phase d–a in Fig. 1) for the basic cycle. Marletta

et al. [9] suggested that this phenomenon may be the re-

sult of mass transfer limitation. However, for a cycle

incorporating a combined heat and mass recovery

phase, this phenomenon is not obvious. The effect of

mass transfer limitation is reduced. When the adsorber

is connected to the evaporator, the temperature gap be-

tween adsorber with HXF for heat and mass recovery

cycle is smaller than that for a basic cycle. Hence, the

mass flux of vapor from the evaporator to the adsorber

of this advanced cycle is smaller than that of the basic

cycle. Based on the same permeability, the pressure gra-

dient in the adsorbent bed of this advanced cycle is also

smaller than that of basic cycle. Thus, the average pres-

sure in the heat and mass recovery cycle is closer to the

ideal pressure.

6.3. Cycle performance

The main aim of using a combined heat and mass

recovery cycle is to improve the system performance.

Table 2 shows the calculated performance for different

cycle types. It can be seen that for a cycle employing

only mass recovery, the values of COP and SCP are both

increased compared with the basic cycle. However, for a

combined heat and mass recovery cycle, the significant

increase in COP (by 47%) is accompanied by a reduction

of about 40% in the SCP.

The results of the numerical simulation for the base

case shown in Table 2 are compared with the results of

Poyelle et al. [10]. For about the same operating temper-

ature, the COP obtained in this study is 0.65, which is

the same as that calculated by Poyelle et al. [10] without

considering mass transfer resistance. Their experimental

COP is 0.41, which is lower than the value obtained in

our numerical study. This can be explained by the fact

that the permeability (10�13m2) of the adsorbent bed

in Poyelle et al�s study is almost 5 times lower than the

permeability used in our model. Their lower COP value

is due to the larger mass transfer resistance of their

adsorbent.

Since the mass recovery phase can be completed very

quickly, the heat recovery time becomes a very impor-

tant control parameter for performances. Fig. 11 shows
Table 2

Performances for different cycle types

Cycle type

Basic cycle

Adsorption cycle with only mass recovery

Adsorption cycle with combined heat and mass recovery
the effect of heat recovery time on the performances of

an adsorption cycle employing heat and mass recovery.

It can be seen that COP increases and tends to a con-

stant value with an increase in heat recovery time. This

is due to the decrease in Qh with an increase of heat

recovery time. The temperature difference between the

two adsorbers will becomes smaller compared with the

temperature difference between the adsorber and exter-

nal heat source. Hence, the heat exchange rate during

the heat recovery phase is small compared to the basic

cycle. The total cycle time will then increase with an in-

crease in the heat recovery time leading to a penalty in

terms of a reduction in SCP (see Fig. 12). Both the
COP SCP/Wkg�1 Remarks

0.44 48.8 tc=7076 s

0.47 52.0 tm=55 s

0.65 27.6
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COP and SCP should be considered in the design of an

adsorption cooling system. For different systems, the

COP and SCP may be assigned different weights depend-

ing on their relative importance. For systems utilizing

waste heat, the SCP is more important as the user is only

concerned with the cooling power produced since the

cost of producing the heat is almost zero. For other sys-

tems, the COP may be more important compared to

SCP. Thus the selection of the operating conditions

should consider the specific demands of the system.
7. Conclusion

A numerical transient model describing an adsorp-

tion refrigeration system based on the zeolite/water pair

and incorporating a combined heat and mass recovery

cycle is proposed in this paper. The resulting heat and

mass transfer balance equations in two-dimensions are

solved by the control volume method. The LDF equa-

tion is used to describe the micro mass transfer limita-

tion in this model.

The mass recovery phase is very short (about 50 s)

compared to the whole cycle time for the specified oper-

ating conditions. By using only the mass recovery cycle,

the COP and SCP can be improved by about 6% and

7%, respectively compared to the basic cycle. The COP

will increase and tend to a constant value while the

SCP reduces with an increase in heat recovery time for

the combined heat and mass recovery cycle. For the

combined heat and mass recovery cycle with the given

conditions, the calculated values of the COP and SCP

are 0.651 and 27.58 Wkg�1, respectively. Although there

is a significant increase in COP (by about 47%) com-

pared to the basic cycle, there is an accompanied reduc-

tion in SCP by about 40%. Therefore, the selection of

the operating conditions should consider the specific de-

mands of the different systems.
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