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Abstract

This paper presents a one-dimensional model describing the combined heat and mass transfer during the adsorption/desorption of water
vapor into/from a zeolite layer in a small-scale adsorption heat pump. The model is utilized to study the dynamics of both adsorption and
desorption processes as well as to examine the influence of both the layer thickness and the volume of the vapor phase of the adsorber/desorber
heat exchanger on their time requirements. The model equations have been numerically solved using the software packet gPROMS (general
PROcessModelingSystem) [http://www.psenterprise.com/gPROMS]. The duration of the adsorption process is found to be generally longer
than that of the desorption process, depending on the zeolite layer thickness. Reducing the layer thickness by 50% results in a reduction to
25% in the duration of the adsorption process and to about 33% of the desorption process. In order to get reasonable power densities from
an adsorption heat pump using zeolite layers, the layer thickness must not exceed 2.5 mm. Moreover, the volume of the vapor phase of the
adsorber/desorber heat exchanger has to be minimized, in order to minimize the unavoidable losses of the coefficient of performance of the
periodical adsorption heat pump due to the pre-cooling as well as the pre-heating phases. 2002 Éditions scientifiques et médicales Elsevier
SAS. All rights reserved.
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1. Introduction

Adsorption-based technologies hold the potential for re-
placing chlorofluorocarbon (CFC)-based refrigeration and
heat pump systems, thereby replacing ozone-depleting work-
ing fluids. One of the most interesting working pairs for ad-
sorption heat pumps (AHPs) is zeolite–water. This working
pair is non-poisonous, non-flammable and, moreover, has no
ozone depletion potential.

The adsorption of water vapor into a porous solid adsor-
bent, such as zeolite, results in the release of the heat of ad-
sorption. Accordingly, the temperature of the adsorbent par-
ticle rises, which reduces its adsorptive capacity. Therefore,
the heat of adsorption has to be removed before a further va-
por mass transfer into the adsorbent may take place. Thus,
the rate of vapor adsorption in zeolite is mainly controlled
by both heat and mass transfer mechanisms within the zeo-
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lite bed [2,3]. The evaluation of the heat and mass transfer
rates accompanied with such an adsorption process is, there-
fore, very important in designing and optimizing the opera-
tion of an adsorption heat pump.

Zeolite can be utilized in different forms in designing
the adsorber/deorber heat exchanger of an AHP. Making
use of zeolite in the form of powder is unfavorable since
the coupled heat and mass transfer inside a pulverized
zeolite bed is insufficient [4]. Investigations carried out on
adsorption beds using zeolite pellets [5–7] showed that the
initial adsorption rate is high due to the large surface area
of the zeolite bed. However, the poor thermal conductivity
of zeolite beds (0.15 W·m−1·K−1 [8]) and the poor contact
between the zeolite pellets and the heat exchanger wall
results in a steep drop in the adsorption rate. This leads to
long cycle times and, consequently, to a low thermal output
of the heat pump.

Alternatively, zeolite layers could be linked directly to the
heat transfer area, resulting in higher thermal conductivities
than zeolite beds. One disadvantage of these layers is the
smaller mass transfer area compared to granules. The low

1290-0729/02/$ – see front matter 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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Nomenclature

a1–a6 parameters of Eq. (10)
A cross-sectional area of the zeolite layer . . . . m2

AMaP cross-sectional area of macropores . . . . . . . . m2

dMaP diameter of macropores . . . . . . . . . . . . . . . . . . . m
Dgeo geometrical diffusion parameter . . . . . . . . . . . . m
DKn Knudsen diffusion coefficient . . . . . . . . . . . . . . . s
h enthalpy . . . . . . . . . . . . . . . . . . . . . . . . . . . KJ·kg−1

Kn Knudsen number
ṁ mass flow rate . . . . . . . . . . . . . . . . . . . . . . . kg·s−1

ṁ′′ mass flux (mass flow rate per unit
area) . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·s−1·m−2

Mg molecular weight of gas . . . . . . . . . . . kg·kmol−1

P pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mbar
Rm universal gas constant . . . . . . . . kJ·kmol−1·K−1

S thickness of zeolite layer . . . . . . . . . . . . . . . . . . m
t time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
u specific internal energy . . . . . . . . . . . . . . kJ·kg−1

V volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m3

x water uptake
Z spatial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

α heat transfer coefficient . . . . . . . . . . W·m−2·K−1

φ relative humidity of zeolite
λ thermal conductivity of zeolite

layer . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−1·K−1

Λg free length of path . . . . . . . . . . . . . . . . . . . . . . . . m
ρ density of loaded zeolite . . . . . . . . . . . . . kg·m−3

µMaP tortuosity factor
ψMaP porosity of zeolite
χ relative water uptake

Subscripts

ave average value
c crystal
MaP macropore
O initial value
∞ final value
v vapor
W wall
Z spatial coordinate
zeo, dry dry zeolite

diffusivity of the solid may dominate the adsorption process
[9].

It is, therefore, the aim of this work to clarify these
questions by investigating the combined heat and mass
transfer during the adsorption/desorption of water vapor
into/from a zeolite layer. Moreover, the presented simulation
model is used to examine the influence of both the zeolite
layer thickness and the volume of the vapor phase of the
adsorber/desorber heat exchanger on the dynamics of a
small-scale zeolite–water AHP.

2. The considered adsorption heat pump

Adsorption heat pumps can be built up with a various
number of heat exchangers. As a central component of the
adsorption heat pump, the adsorber determines the operating
characteristics of the heat pump with regard to both energetic
process quality and attainable power density. The considered
heat pump consists of the components condenser, evapora-
tor, adsorber/desorber and their connecting piping. In the va-
por piping, non-return valves have been integrated. During
the adsorption phase, depicted in Fig. 1, the adsorber heat
transfer medium (AdHTM) connects the heating net to the
adsorber heat exchanger (AdHEX). The pressure decreases
and the refrigerant vapor flows from the evaporator to the
adsorber through the evaporator non-return valve.

During the desorption phase, both switching valvesS

have to be reswitched to connect the AdHEX with the burner.

In this high pressure phase, the evaporator non-return valve
is closed and the condenser non-return valve is opened to
connect the desorber with the condenser.

Condenser and evaporator are connected to each other
through a throttling valve, which, during the adsorption
phase, supplies the evaporator with the refrigerant stored in
the condenser. Consequently, the evaporator can be designed
as a falling film evaporator. This throttling valve has to be
closed during the desorption phase.

3. Mathematical model

In this section, the set of equations describing the model
of the combined heat and mass transfer in a zeolite layer will
be illustrated. Fig. 2 shows the discretisation of the zeolite
layer. The following basic assumptions were made:

(1) The heat and mass transfer problem is considered to be
one-dimensional.

(2) All infinitesimally small zeolite sub-layers are consid-
ered to be phases in thermodynamic equilibrium.

(3) The heat content within the vapor phase can be ne-
glected for the density ratio between vapor and liquid
phase is very small. At the working temperature and
pressure of 100◦C and 100 mbar respectively, for ex-
ample, the density ratio between vapor and liquid is ap-
proximately 5.0× 10−5.

(4) The zeolite layer and the adsorbed water are considered
to be incompressible.
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Fig. 1. Schematic presentation of the considered adsorption heat pump.

Fig. 2. Discretisation of the zeolite layer.

(5) The mass transfer within the zeolite layer is determined
by the macropore diffusion of water vapor.

3.1. Energy balance

The energy balance for the zeolite layer, including the dif-
fusive enthalpy rate of the absorbed vapor, can be formulated
as follows [10]:

∂

∂t

(
ρ(x) · u(x,T )) = ∂

∂z

(
λ · ∂T

∂z

)
− ∂

∂z

(
ṁ′′

v · hv
)

(1)

Where u(x,T ) represents the specific internal energy
of wetted zeolite, which is a function of both the water

uptake x and the prevailing zeolite temperatureT , and
ṁ′′

v is the mass flux of the adsorbed water vapor. The
temperature dependence of the internal energy is expressed
in terms of the specific heat capacity of water loaded zeolite,
while the uptake dependence is represented by the partial
differential internal energy of the adsorbed water [11]. The
partial differential internal energy is, in turn, defined, for an
incompressible adsorption system, as the difference between
the enthalpy of water vapor and the differential isosteric heat
of adsorption.

3.2. Mass balance

The continuity equation for each sub-layer can be formu-
lated as follows [12]:

∂ρ

∂t
= −∂ṁ′′

v

∂z
(2)

3.3. Mass transfer

Depending on the prevailing pressure and temperature
and the diameter of the macropores, the mass transfer
of water vapor into the pores of zeolite is influenced by
various mechanisms [3]. The dominating mechanism can be
estimated from the Knudsen numberKn which describes
the ratio of the free length of pathΛg of gas molecules to
the diameter of the macroporesdMaP and is given by:

Kn = Λg

dMaP
(3)

The share of free mass flow exceeds that of Brownian
movement of the vapor molecules (Knudsen Diffusion) if
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the Knudsen number is less than 0.1 [3]. With a diameter
of the macropores of around 600 nm and typical working
pressures and temperatures of a zeolite–water heat pump, the
Knudsen number is always greater than 0.5. This implies that
the dominating mechanism of mass transfer of water vapor
in the zeolite structures is the Brownian movement.

From the kinetic gas theory, the mass transfer rate of
water vapor through the macropores can be expressed,
according to [12–14], as:

ṁv =AMaP · DKn

µMaP
· ∂p
∂z

(4)

with

AMaP=A ·ψMaP (5)

and

DKn = 4

3
· dMaP ·

√
Mg

2 · π ·Rm · T (6)

The mass transfer rate is directly proportional to the
pressure gradients in thez direction, the cross-sectional
area of the macroporesAMaP, the diffusion coefficientDKn

and inversely proportional to the tortuosity (or labyrinth)
factor µMaP which depends on the pore structure of the
zeolite. The Knudsen diffusion coefficientDKn is described
in terms of the diameter of the macroporesdMaP and the
Brownian movement of the vapor molecules. In Eq. (7), the
porosity of the zeolite particlesψMaP, the diameter of the
macropores and the tortuosity factor are combined to give
the geometrical diffusion parameterDgeo:

Dgeo= ψMaP · dMaP

µMaP
(7)

A geometrical diffusion parameter of 3.0 × 10−7 m is
obtained fordMaP = 600 nm,ψMaP = 0.5, andµMaP = 1.0
[3].

Combining Eqs. (4)–(7), the mass fluxes of adsorbate can
be expressed as:

ṁ′′
v = ṁv

A
=Dgeo· 4

3
·
√

Mg

2 · π ·Rm · T · ∂p
∂z

(8)

3.4. Heat transfer

The heat transfer within the zeolite layer is expressed in
terms of the effective thermal conductivityλ which takes
into account the porosity of the zeolite particlesψMaP.

λ= λc · (1−ψMaP) (9)

where the thermal conductivity of the zeolite crystalλc =
0.58 W·m−1·K−1 [3].

3.5. Adsorption equilibrium data

According the second assumption, all infinitesimally
small zeolite sub-layers are considered to be phases in

thermodynamic equilibrium. The adsorption equilibrium
data of the considered adsorbent/adsorbate pair (zeolite–
MgNaA/water) are described by the following isotherm
equation, developed by Dawoud [11].

x

a1
= a2 · [(a3/

√
T )exp(a4/T )] · p

1+ [(a3/
√
T )exp(a4/T )] · p

+ (1− a2) · {[(a5/
√
T )exp(a6/T )] · p}2

1+ {[(a5/
√
T )exp(a6/T )] · p}2

(10)

The parameters of this equation are given in Table 1,
according the range of the relative humidity of zeoliteφ,
which is defined as the ratio between the equilibrium vapor
pressure of the adsorbed waterp and the saturation vapor
pressure of water at the zeolite temperatureT .

3.6. Density

Neglecting the volume of the adsorbed water in zeolite,
the density of the water loaded zeolite can be expressed as
follows;

ρ = ρzeo,dry · (1+ x) (11)

whereρzeo,dry is the density of dry zeolite. It is taken to be
equal 535 kg·m−3 [15].

3.7. Relative water uptake

The relative water uptakeχ defined as:

χ = xave− xo

x∞ − xo
(12)

is the ratio of the time dependent quantity of the adsorbed
water, per kg of dry zeolite, to the maximum possible ad-
sorbable quantity, which is related to the operating condi-
tions of the AHP and the adsorption equilibrium data of the
considered zeolite–water system. The average water uptake
xave is the integrated uptake over the zeolite layer thickness.

3.8. Conservation of mass in the vapor phase

The time rate of decrease of the mass of water vapor, in
the vapor phase, is equal to the adsorbed mass flow rate of
water vapor on the top of the zeolite layer.

∂mv

∂t
= −ṁ′′

v(s) ·A (13)

Table 1
Parameters of Eq. (10)

Parameter φ < 0.01 φ � 0.01

a1 0.171 0.319
a2 0.233 0.710
a3 1.069E–07 3.084E–08
a4 8704.2 6901.3
a5 5.192E–08 2.613E–10
a6 6751.5 7171.5
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3.9. Pressure estimation in the vapor phase

The ideal gas behavior is assumed for the water vapor
phase.

pv · Vv =mv ·Rv · Tv (14)

4. Boundary and initial conditions

4.1. Boundary conditions

4.1.1. Heat transfer
The heat transfer from the zeolite layer to the heat

exchanger wall is assumed to take place with a wall heat
transfer coefficient ofαW = 280 W·m−2·K−1 [16].

−λ · ∂T
∂z

∣∣∣∣
Z=0

= αW · (TW − T |z=0) (15)

The energy exchange between the outer-most zeolite sub-
layer and the vapor phase is assumed to be purely due to the
diffusive enthalpy flow of the adsorbed water vapor. In other
words, the heat transfer by convection as well as radiation
with the vapor phase is neglected. The relevant boundary
condition to the energy equation can, thus, be formulated as:

∂T

∂z

∣∣∣∣
Z=S

= 0 (16)

4.1.2. Mass transfer
Regarding the mass transfer within the zeolite layer, it is

assumed that there is no mass transfer from the bottom of
the zeolite layer. The pressure in the vapor phase is set equal
to the pressure at the outermost segment of the zeolite layer.

∂p

∂z

∣∣∣∣
z=0

= 0 (17)

p|z=s = pv (18)

4.2. Initial conditions

The zeolite layer has initially a homogeneous temperature
and water uptake, and accordingly, a homogeneous equilib-
rium vapor pressure distribution.

5. Solution method

For the very fact that periodically operating adsorption
heat pumps work under transient conditions, the model equa-
tions expressed above are coordinate and time dependent. To
consider the coordinate dependency, the zeolite layer is dis-
cretised into balance elements in theZ-direction (Fig. 2).
The gPROMS package [1] has been used for the system
modeling and simulation. The system of partial differential
an algebraic equations (PDAEs) presented above is written
directly in gPROMS using its high-level modeling language

[17] and is then solved using the method of lines family of
numerical methods. This involves the automatic discretisa-
tion of the distributed equations with respect to all spatial
domains, which results in mixed sets of time-dependent ordi-
nary differential and algebraic equations (DAEs). The result-
ing DAE system is then solved by gPROMS’ built-in DAE
solver. In this paper, among the various discretisation tech-
niques available with gPROMS, the centered finite differ-
ence (CFDM) and the orthogonal collocation on finite ele-
ment methods (OCFEM) are tested.

6. The simulated processes

The simulated adsorption process starts directly after
completing a desorption/condensation phase, during which
the zeolite layer reaches the homogenous equilibrium con-
ditions given in Table 2. The vapor pressure is then equal to
the condenser pressure of 85.0 mbar. Reswitching the two
S-valves in Fig. 1, the AdHEX is thus connected with the
heating net, and the wall temperature is assumed to have a
sudden drop from 180◦C to 50◦C. This results in cooling
the zeolite layer and leads to the adsorption of some wa-
ter vapor and, consequently, a reduction of the vapor pres-
sure. As soon as the vapor pressure decreases below the
condenser pressure, the condenser non-return valve is closed
and the adsorber works as a closed system. The further ad-
sorption results in further decrease of the vapor pressure un-
til it reaches the evaporator pressure. At this time, the so-
called pre-cooling phase is completed, the conditions for the
adsorption process under constant evaporator pressure are
reached and the adsorber starts working as an open system.
The adsorption process continues until the relative water up-
take reaches 0.95.

The desorption process starts from the end of the ad-
sorption phase with the starting conditions listed in Table 3.
The AdHEX is to be connected to the burner and the wall

Table 2
Fixed parameters, initial and boundary conditions of the adsorption process

Mass of dry zeolite 42 g
Volume of vapor phase 10 liters
Initial uptakexo 0.075
Initial temperature of zeolite layer 180◦C
Initial vapor pressure 85.0 mbar
Wall temperature 50◦C
Evaporator pressure 8.7 mbar

Table 3
Fixed parameters, initial and boundary conditions of the desorption process

Mass of dry zeolite 42 g
Volume of vapor phase 10 liters
Initial uptakexo 0.227
Initial temperature of zeolite layer 50◦C
Initial vapor pressure 8.7 mbar
Wall temperature 180◦C
Condenser pressure 85.0 mbar
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Fig. 3. Temperature distribution over the zeolite layer thickness with the
time as a parameter.

temperature is assumed to have sudden change to 180◦C,
which results in desorbing some water vapor from zeolite
layer and, consequently, increasing the vapor pressure. At
this moment, the evaporator non-return valve is closed and
the desorber works as a closed system until the vapor pres-
sure reaches the condenser pressure. At this time, the so-
called pre-heating phase is completed. The condenser is as-
sumed to be designed to hold the vapor pressure at a constant
level of 85.0 mbar during the rest of the desorption process,
which then continues until the relative water uptake reaches
0.05.

The volume of the vapor phase of the adsorber/desorber
heat exchanger is taken to be 10 liter. This is quite high for
the considered mass of 42 g of zeolite. However, the effect
of this volume on the duration of pre-cooling, adsorption,
pre-heating and desorption phases will also be investigated
in detail.

7. Results

7.1. Degree of discretisation and discretisation methods

The discretisation methods along with the degree of
discretisation have been tested on an adsorption process
having the initial and boundary conditions listed in Table 2.
For a zeolite layer thickness of 10 mm, a minimum grid of 40
intervals or elements was required for CFDM and OCFEM,
respectively, to give identical courses of time variations in
pressure, temperature and water uptake. A grid of twenty
five intervals or elements was required for a layer thickness
of 5 mm. However, the discretisation with the OCFEM
requires 160% as much CPU-time as that required for the
same problem when discretised with CFDM. Therefore, the
CFDM is applied through the rest of this work.

Fig. 4. Pressure distribution over the zeolite layer thickness in the first 160
seconds of the adsorption process.

7.2. Adsorption process

7.2.1. Temperature distribution
The variation of zeolite temperature over the zeolite layer

thickness at some selected time instants, for a zeolite layer
of 10 mm thickness being discretised in 60 intervals using
CFDM, is shown in Fig. 3. The temperature of the lower-
most zeolite sub-layer decreases sharply in the first second
to 128◦C, while that of the outer-most sub-layer starts to
decrease after 10 s. The temperature distribution reaches
nearly its steady state after 4000 s.

7.2.2. Pressure and uptake distributions
Fig. 4 shows the pressure distribution over the zeolite

layer thickness in the first 160 s of the adsorption process. At
the bottom of the zeolite layer and due to the sharp decrease
in temperature, within the first second shown in Fig. 3, the
vapor pressure decreases sharply to 20 mbar. This decrease
in pressure is faster than that in temperature due to the
exponential dependence of the equilibrium vapor pressure
on the zeolite temperature at a constant water uptake [11]. As
the temperature wave reaches the top of the layer after 10 s,
the pressure starts to decrease from there on. After 160 s, the
pre-cooling phase is terminated, and the vapor pressure at
the outer-most sub-layer reaches the evaporator pressure of
8.7 mbar. This pressure is assumed to be held constant, due
to a proper evaporator design, for the rest of the adsorption
process. Fig. 5 shows the uptake distribution over the zeolite
layer for the first 200 s of the adsorption process. It can be
seen that the variation in the uptake distribution within the
first 10 s of the adsorption process is purely a redistribution
of the adsorbed water within the zeolite layer. Due to the
resulting high pressure gradient (see Fig. 4) from the high
temperature gradient (see Fig. 3) near the wall of the heat
exchanger, the water adsorbed around the middle of the layer
moves towards the wall. This explains the rapid increase of
the uptake near the wall in the first 100 s. This, in turn, results
in a negative pressure gradient and consequently in a new
redistribution of the adsorbed water. The negative pressure
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Fig. 5. Uptake distribution over the zeolite layer thickness in the first 200 s
of the adsorption process.

Fig. 6. Pressure distribution over the zeolite layer thickness after 160 s from
the beginning of the adsorption process.

gradient is shown in detail in Fig. 6 after 500 s. In other
words, water is transferred from the bottom of the zeolite
layer to the middle of it.

Fig. 6 shows also the further time variation of pressure
distribution over the zeolite layer thickness during the rest of
the adsorption process. Near the top of the layer, the pressure
decreases sharply from 160 s to 200 s due to the fast decrease
in temperature during this time (see Fig. 3). This results in
a high pressure gradient, and consequently an increase in
the rate of adsorption. This explains the jump in the uptake
distribution near the top of the zeolite layer between 160 s
and 200 s depicted in Fig. 5 as well as that between 200 s
and 500 s in Fig. 7. This high rate of adsorption, which
consequently means a high uptake, results, once more, in a
decrease in the pressure gradient near the top of the layer
after 500 s, which is to be taken from Fig. 6. After this time,
the pressure gradient decreases gradually until the end of the
adsorption process.

The movement of the adsorbed water from near the wall
to the middle of the zeolite layer lasts, as shown in Fig. 7,

Fig. 7. Uptake distribution over the zeolite layer thickness after the first
200 s of the adsorption process.

Fig. 8. Temperature distribution over the zeolite layer thickness during the
desorption process.

until 6000 s. After this time, and due to the propagation
of the uptake wave from the top of the layer, the uptake
begins to increase once more near the wall. After 11460 s,
the relative water uptake reaches the value of 95% and the
adsorption process is terminated.

7.3. Desorption process

7.3.1. Temperature distribution
The time variation of the temperature distribution over

the considered zeolite layer in the last section for the given
parameters, initial and boundary conditions given in Table 3,
is shown in Fig. 8. Due to the sudden increase of the wall
temperature, the temperature of the lowest zeolite sub-layer
increases sharply within the first second to 95◦C. After
100 s, it reaches 163◦C. On the other hand, the temperature
of the highest sub-layer starts to increase after 20 s. The
temperature over the zeolite layer thickness reaches nearly
its final distribution after 2000 s.
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Fig. 9. Pressure distribution within the zeolite layer during the desorption
process.

7.3.2. Pressure and uptake distributions
The pressure and uptake distributions during the desorp-

tion process are shown in Figs. 9 and 10, respectively. Dur-
ing the first 20 s, the equilibrium vapor pressure within the
lowest sub-layer reaches 144 mbar, while that at the outer-
most sub-layer remains unchanged.

Simultaneously, and as shown in Fig. 10, the uptake re-
duction at the lower-most sub-layer is compensated by an
uptake increase in the middle of the zeolite layer. This
implies that, during this time interval, the adsorbed wa-
ter near the heat exchanger wall migrates to the middle
of the zeolite layer, while that in the middle migrates, in
turn, to the top of the layer, without effectively desorb-
ing any water to the vapor phase. After 50 s, the propa-
gated uptake wave reaches the top of the layer and shows
its impact by reducing the uptake under that at the be-
ginning of the desorption process. The next presented up-
take wave, after 100 s, shows once more an increase in
the uptake at the top of the layer. This could be ex-
plained as a result of the accumulation of the internally des-
orbed water near the top of the layer up to this time in-
stant.

After 117 s, as shown in Fig. 9, the pressure at the outer-
most sub-layer reaches the condenser pressure of 85 mbar,
which means the end of the pre-heating phase. After this
time instant, the condenser non-return valve is opened (see
Fig. 1). Due to a proper condenser design, this condenser
pressure is assumed to be held constant for the rest of the
desorption process. In the mean while, the pressure at the
lower-most sub-layer has reached its maximum value of
207 mbar. This indicates, that the maximum driving force
to the considered desorption process is reached after 117 s.
After this time instant, both pressure and uptake decrease
gradually with time. After 2300 s, the relative water uptake
reaches the value of 5%, and the desorption process is to be
terminated.

Fig. 10. Uptake distribution during the desorption process.

7.4. Effect of zeolite layer thickness

Table 4 gives the effect of zeolite layer thickness on
the duration of both adsorption and desorption processes
discussed in Section 6. Comparing Figs. 6 and 9 reveals
that the pressure gradients during the adsorption phase are
clearly smaller than those during the desorption phase. The
pressure gradient at the end of the pre-cooling phase, or
in other words at the beginning of the adsorption phase,
amounts to 8.5 mbar (see Fig. 6). After finishing the pre-
heating phase, the desorption phase begins with a pressure
gradient of about 120 mbar (see Fig. 9). As these pressure
gradients are the main driving forces for both adsorption
and desorption processes, the duration of the adsorption
process is about 5 to 1.8 times that of the desorption process
depending on the thickness of the zeolite layer. Reducing the
layer thickness by 50% results in reducing the duration of the
adsorption process to about 25% and that of the desorption
process to 33%. As the heat gain, which can be coupled
from the considered heat pump process at the considered
operating conditions is constant, the power density of the
adsorption heat pump process is inversely proportional to
the cycle time. This leads to the conclusion that in order to
get reasonable power densities from an AHP using zeolite
layers, the layer thickness must not exceed 2.5 mm.

Table 4
Effect of zeolite layer thickness on the duration of both adsorption and
desorption processes

Zeolite layer Duration of adsorption Duration of desorption
thickness [mm] process [s] process [s]

10 11460 2300
5 2890 665
2.5 740 214
1.25 197 76
0.625 56 30
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7.5. Effect of the volume of the vapor phase of the
adsorber/desorber heat exchanger

The volume of the vapor phase of the adsorber/desorber
heat exchanger has its direct impact on the duration of both
pre-cooling and pre-heating phases. This can be taken from
Table 5 for two selected thicknesses of the zeolite layer,
namely, 10 and 2.5 mm. The volume of the vapor phase has
been changed from 10 to 0.01 liter for the considered zeolite
mass of 42 g. The durations of both pre-cooling and pre-
heating phases decrease with decreasing the volume of the
vapor phase and attain asymptotically their minimum values,
which depend on the zeolite layer thickness, at the volume
of 0.01 liter. The duration of the pre-cooling phase attains,
for example, the minimum values of 93 and 8.71 s for the
layer thicknesses of 10 and 2.5 mm, respectively.

The volume of the vapor phase of the adsorber/desorber
heat exchanger is directly proportional to the mass of
water vapor contained in this volume according to the ideal
gas behavior formulated by Eq. (14). During both pre-
cooling and pre-heating phases, the vapor pressure within
the adsorber/desorber has to be changed from the condenser
to the evaporator pressure, and vice versa, respectively. This
means that, during the pre-cooling phase, an amount of
water vapor, which is directly proportional to the volume
of the vapor phase, has to be adsorbed before the vapor
pressure reaches the evaporator pressure and the actual
adsorption process begins. This occurs also but in the
opposite direction during the pre-heating phase. This implies
that the adsorption process starts effectively with a higher
water uptake and that the desorption process begins actually
with a lower water uptake than those uptakes, which can
be obtained if the volume of the vapor phase may ideally
vanish. The real adsorption heat pump process will thus
operate between those two actual uptakes. According to the

Table 5
Effect of the volume of the vapor phase of adsorber/desorber heat exchanger
on the duration of both adsorption and desorption processes at two different
thicknesses of the zeolite layer

Zeolite layer Volume of Duration of adsorption Duration of desorption
thickness vapor phase process [s] process [s]

[mm] [1] Pre-cooling Total Pre-heating Total

10 10 160 11460 117 2297
5 125 11570 94.36 2298.33
2 105 11643 79.62 2298.98
1 99 11670 74.17 2299.24
0.5 96 11683 71.26 2299.43
0.1 94 11686 68.81 2299.52
0.01 93 11697 68.23 2299.59

2.5 10 13.83 736.7 12.31 211.68
5 11.24 745.2 9.98 211.79
2 9.72 750.7 8.50 211.84
1 9.22 752.7 7.97 211.87
0.5 8.96 753.7 7.69 211.89
0.1 8.76 754.6 7.46 211.91
0.01 8.71 754.8 7.41 211.92

analysis of Westerfeld [16], the coefficient of performance
(COP) of the AHP-process is directly proportional to the
difference between those two uptakes. The decrease in the
effective water uptake difference, from the ideal one, is
termed, accordingly, as the unavoidable losses of the COP
due to the volume of the vapor phase. At the considered
operating conditions of the AHP, these losses amount to 12%
and 0.3% for the volumes of the vapor phase of 10 and 0.1
liter, respectively, and are not dependent on the thickness of
the zeolite layer. This means that the volume of the vapor
phase of the adsorber/desorber heat exchanger of the AHP
has to be minimized in order to minimize such unavoidable
losses of the COP. The volume of the vapor phase of the
adsorber/desorber heat exchanger must not exceed 2 liters
per kg of zeolite in order to keep these unavoidable losses of
coefficient of performance under 0.3%.

Decreasing the volume of the vapor phase results also in
a very slight increase in the duration of the total adsorption
as well as desorption processes. This is remarkable during
the adsorption process with a volume of the vapor phase
of 10 liter and a thickness of the zeolite layer of 10 mm,
where the duration of the process is quite long. This can be
explained by the increase in the effective water vapor uptake
difference, which has to be adsorbed under the conditions
of small pressure gradient (see Fig. 6), with decreasing the
volume of the vapor phase.

8. Conclusions

A one-dimensional model for the combined heat and
mass transfer during the adsorption/desorption of water
vapor into/from a zeolite layer of an adsorption heat pump
has been presented. The model is utilized to study the
dynamics of both adsorption and desorption processes as
well as to examine the influences of both the layer thickness
and the volume of the vapor phase of the adsorber/desorber
heat exchanger on these dynamics. The model equations
have been numerically solved using the software packet
gPROMS, which has proved itself as a powerful tool for
modeling and simulating such a dynamic adsorption heat
pump process.

The duration of the adsorption process is found to be 5
to 1.8 times that of the desorption process, depending on the
zeolite layer thickness. Reducing the layer thickness by 50%
results in a reduction to 25% in the duration of the adsorption
process and to about 33% of the desorption process. In order
to get reasonable power densities from an AHP using zeolite
layers, the layer thickness must not exceed 2.5 mm.

The volume of the vapor phase of the adsorber/desorber
heat exchanger has to be minimized, in order to minimize
the unavoidable losses of the coefficient of performance of
the adsorption heat pump during both the pre-cooling and
the pre-heating phases. These results have to be considered
for designing the adsorber/desorber heat exchanger of an
adsorption heat pump.
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