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a b s t r a c t

The design of the adsorbent bed is one of the most important issues for the performance of an adsorption
heat pump (AHP). It also directly affects the weight and space could be one of the most important draw-
backs. In this context, a numerical model is developed for a radial adsorbent bed assisted with microwave
heating. The effect of adsorbent bed thickness and the particle size while microwave heating is active
during the desorption process of an unconsolidated adsorbent bed are investigated. The adsorbent/adsor-
bate pair is taken as silica gel RD and water. The average temperature/concentration and the duration of
the whole process in 2D radial bed during the adsorption/desorption processes are plotted for different
geometrical configurations and compared if it is regenerated with microwave heating. Numerical results
showed that desorption process decreases 95% for 40 mm bed thickness if the microwave heating is
active instead of conventional heating. The increment of particle size caused to decrease performance
indices of an AHP due to intraparticle mass transfer resistance.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Heat pumps are one of the most common devices used for
refrigeration. Heat pumps are classified into two groups; mechan-
ically and thermally driven heat pumps. Adsorption heat pump
(AHP) which is a kind of thermal heat pump is a promising system
due to its ability for recovering heat from the thermal source at
low-temperature levels and providing cooling and/or heating
effects. It has advantages such as being environmentally friendly,
having no vibration and lower operating costs.

A reason for having a low cooling efficiency of an AHP is the
slow heat and mass transfer in adsorbent bed. Many researchers
focus on accelerating the heat and mass transfer in the adsorbent
bed. There are many methods for accelerating the heat and mass
transfer in an adsorbent bed such as the use of fins or metal addi-
tives [1–5].

The adsorbent’s poor thermal conductivity has a direct influ-
ence on the heat transfer, whereas an indirect effect on the mass
transfer is possible in the bed. A survey of the literature revealed
that although the thermal conductivity of the adsorbent was
improved by different methods, the performance of the adsorption
heat pump could not be improved by using new high thermal con-

ductive adsorbents or using two or more adsorbent beds. Thus,
there remains an obstacle in the practical application of the AHP
[6–8].

In recent years, dielectric heating systems, or microwave heat-
ing systems, have started to be used more frequently than conven-
tional heating systems due to their various advantages, such as:
having high heating rate, providing material selective, non-
contact, precise and controllable heating, transferring energy
rather than heat and providing compact equipment [9]. The studies
on the use of microwave or dielectric heating systems for the
adsorbent bed in order to improve the heat pump performance
get the attention of the researchers. Kumja et al. [10] modeled
the microwave regenerated rectangular plate adsorbent bed. Their
model revealed that the coefficient of performance (COP) of the
microwave driven cycle was higher than the conventional one.
Demir [11,12] investigated the effect of microwave regenerated
adsorbent bed on the performance of the AHP numerically and
experimentally. A numerical analysis of the heat and mass transfer
in an adsorbent bed during an AHP cycle was performed with both
conventional and microwave heating regeneration methods. The
experimental results revealed that the COP of the designed system
is 1.14 for 35 min operation time of microwave oven [12].

The aim of this study is to investigate the performance of micro-
wave heating on the performance of an AHP. The adsorbent bed
design should focus on the highest COP and SCP values. The SCP
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value is inversely correlated with the duration of the process
including; isobaric adsorption, isosteric heating, isobaric desorp-
tion, and isosteric cooling processes. In order to achieve this aim,
experiments were performed with microwave assisted adsorbent
bed heating. The two-dimensional radial design is numerically
investigated in order to validate the numerical solutions with
experimental data. Based on the validated numerical solutions,
the influence of microwave on the SCP and COP of the adsorbent
bed for different bed and particle thicknesses are analyzed. The
thicknesses of the bed are changed and the duration of all pro-
cesses are calculated for both normal cycle and the microwave
assisted cycle during desorption process. The total process dura-
tion is calculated for each bed thickness; 20, 30, 40, and 60 mm
where the inner radius is 70 mm for all. The SCP and COP values
are also calculated for microwave assisted bed for the adsorbent
particle radius varied from 0.5 to 2 mm.

2. Method

A cylindrical geometry was chosen for adsorbent bed. The
heat and mass transfer through four processes of an AHP cycle
are analyzed for the two-dimensional radial adsorbent bed
designs with 3 microwave ports (Fig. 1). Mass transfer in a gran-
ular adsorbent bed occurred within the adsorbent particle and in
the voids between the granules (i.e., intra-particle and inter-
particle mass transfer). The adsorbate (i.e., water vapor) flowed
from the surface of the inlet (R = Ri = 70 mm) towards the outer
surface of the bed (R = Ro). The bed thicknesses such as 20, 30,
40, and 60 mm are chosen and the influence of microwave heat-
ing is analyzed in terms of process time. These bed thicknesses

values (30–60 mm) were decided according to experimental
setup and previous results of experiments. The height of bed
was kept constant at 19 cm.

The conservation of mass and energy equations, Linear Driving
Force (LDF) model and Darcy Law equations are solved to find tem-
perature, water concentration, water vapor velocity and pressure
in the adsorbent bed for the entire cycle for different bed thick-
nesses. The ideal gas equation is used to relate the water vapor
pressure with its density and temperature. The mechanisms of
heat and mass transfer in a granular adsorbent bed were compli-
cated; hence, some assumptions must be made in order to estab-
lish the governing equations. The following assumptions were
made in this study:

� the lumped capacitance method is chosen and the thermal
resistance of the adsorbent granules was neglected

� the temperature of the adsorbent granule was equal to the tem-
perature of the surrounding adsorbate

� the thermal properties of the adsorbent particles and the adsor-
bate were constant

� the rate of heat transfer at the adsorbate inlet surface, R = Ri,
was negligible

� the microwave system was a monochromatic wave of trans-
verse electric (TE10) mode operating at a frequency of 2450
MHz and had no variation of the field inside the dielectric
material

� the absorption of microwave energy by the cavity (including
air) and sample container was neglected

� the walls of a circular waveguide were assumed as perfect
conductors

Nomenclature

Cp specific heat of adsorbent, kJ kg�1 K�1

Dbed effective diffusivity of adsorbate in adsorbent bed, m2

s�1

Deff effective diffusivity, m2 s�1

DK Knudsen diffusivity, m2 s�1

Dm molecular diffusivity, m2 s�1

D0 reference diffusivity, m2 s�1

E electromagnetic field intensity, V m�1

Ea diffusional activation energy, kJ kmol�1

f frequency, MHz
h heat transfer coefficient, kWm�2 K�1

Kinh inherent permeability of adsorbent bed, m2

Kapp apparent permeability of adsorbent bed, m2

K0 pre-exponential constant, kgW kgS�1 kPa�1

M molecular weight of adsorbate, kg kmol�1

n linear driving force relationship constant
P pressure, kPa
Po electromagnetic heat generation term, kWm�3

R radius of bed, m; ideal gas constant, kJ kmol�1 K�1

rp radius of bed adsorbent, m
T temperature, K
t time, s
b Toth constant
v adsorbate velocity, m s�1

W average adsorbate concentration, kgW kgS�1

W1 adsorbate concentration in equilibrium, kgW kgs�1

W0 limiting adsorbate capacity of adsorbent, kgW kgs�1

Wm monolayer adsorbate capacity of adsorbent, kgW kgs�1

Greek symbols
q density, kg m�3

DH heat of adsorption, kJ kg�1

Dt time interval, s
u porosity
er relative dielectric constant
e0 permittivity of free space
k thermal conductivity, kWm�1 K�1

l adsorbate viscosity, N s m�2

r collision diameter for Lennard-Jones potential, A0

X collision integral
s tortuosity
h angular dimension

Subscripts
ads adsorption
app apparent
cyc cycle
des desorption
eff effective
ev evaporation
init initial
o outer
i inner
ref refrigeration
s adsorbent
sat saturation
v adsorptive
l adsorbate
1 equilibrium; surrounding
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