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The heat and mass transfer equations governing an adsorbent bed in an adsorption
heat pump and the mass balance equation for the adsorbent particles in the adsorb-
ent bed were solved numerically to simulate the cycle of a basic adsorption heat
pump, which includes isobaric adsorption, isosteric heating, isobaric desorption,
and isosteric cooling processes. The finite difference method was used to solve the
set of governing equations, which are highly nonlinear and coupled. The pressures
of the evaporator and condenser were 2 and 20 kPa, respectively, and the regener-
ation temperature of the bed was 403 K. Changes in the temperature, adsorptive
pressure, and adsorbate concentration in the adsorbent bed at different steps of
the cycle were determined. The basic simulated cycle is presented in a Clausius-
Clapeyron diagram, which illustrates the changes in average pressure and tempera-
ture of the adsorbent bed throughout the cycle. The results of the simulation
indicated that the most time-consuming processes in the adsorption heat pump cycle
were isobaric adsorption and isobaric desorption. The high thermal resistance of the
bed slows down heat transfer, prolonging adsorption and desorption processes.
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Introduction

Adsorption heat pumps (AHP) have gained a considerable amount of attention in
the past two decades. Despite the many advantages of AHPs, the industrial market
for adsorption heat pumps is narrow due to several important limitations. The main
drawback of AHPs is their low specific heating and cooling powers (SHP/SCP),
which are attributed to slow heat and mass transport in the adsorbent bed. The ther-
mal conductivities of solid adsorbents are generally low, and the voids between gran-
ules cause discontinuities within the adsorbent bed. Moreover, the adsorption heat
pump must be operated under vacuum; as a result, experimental studies are difficult
and expensive. The simulation of heat and mass transport in an adsorbent bed
provides information that can be used in the design of an adsorption heat pump.
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Moreover, the results of theoretical studies can be used to optimize the parameters of
an adsorbent bed and to achieve maximum specific heating and/or cooling powers
(Ulkii, 1986, 1991; Demir et al., 2008).

Two types of transfer processes occur in a granular adsorbent bed, including
intra-particle and interparticle heat and mass transfer. Intra-particle heat or mass
transfer refers to heat or mass transport within an adsorbent particle, while interpar-
ticle heat or mass transfer is the transportation of heat or mass through the voids
between particles. A survey of the literature reveals that many numerical studies have
been conducted on heat and mass transfer in the adsorbent bed of an adsorption heat
pump. For instance, Sakoda and Suzuki (1986) simulated heat and adsorbate trans-
fer in the adsorbent bed of a solar-powered adsorption heat pump. Interparticle heat
and mass transfer resistances were neglected, and the linear drive force (LDF)
method was used to determine the concentration of the adsorbate in the adsorbent
particles. By conducting a numerical study based on interparticle heat transfer resis-
tence, Chahbani et al. (2002) determined the effects of intra-particle mass transfer
kinetic models on the results of a simulated adsorption cooling machine. Ben Amar
et al. (1996) investigated the effects of cycle time, permeability, and regeneration
temperature on the specific cooling power of an AHP and numerically solved the
coupled heat and mass transfer equations of the system by considering interparticle
heat and mass transfer resistance. The effects of the operating conditions and geo-
metrical parameters of the adsorbent bed on the performance of an adsorption heat
pump were numerically investigated by Leong and Liu (Leong and Liu, 2004; Liu
and Leong, 2005). In their study, the AHP was based on zeolite 13X-water pair,
and the adsorbent bed was a hollow cylinder. The adsorbent particles were located
between the outer and inner metal tubes of the cylinder and interparticle heat and
mass transfer resistances were considered in the governing equations. Liu and Leong
(2006) also simulated a novel cascade adsorption heat pump based on zeolite-water
and silica gel-water pairs. Interparticle heat and mass transfer resistance in the bed
was neglected, and a coefficient of performance (COP) of 1.35 and a specific cooling
power of 43 W kg~ were obtained.

Chua et al. (1999) studied the effects of switching of system and cycle time on
the performance criteria of an AHP. During adsorption and desorption, the entire
adsorbent bed was assumed to be at evaporator and condenser pressure, respect-
ively; therefore, interparticle heat and mass transfer resistance were neglected.
However, the thermal capacitance of the heat exchanger was taken into account.
Freni et al. (2008) and Maggio et al. (2009) simulated solar-powered adsorptive
ice makers and solved a time-dependent heat transfer equation for the adsorbent
bed. Restuccia et al. (2004) performed numerical and experimental studies on a
selective water adsorbent used in a solid adsorption chiller. The heat and mass bal-
ance equations for the adsorbent bed were solved by neglecting interparticle heat
and mass transfer resistances in the bed. Demir et al. (2009) studied the effects
of porosity on heat and mass transfer in a granular adsorbent bed during the
adsorption process. The heat and mass transfer equations of the annular adsorbent
bed were solved numerically, and the LDF method was used to determine the
concentration of the adsorbate in the adsorbent particle. Moreover, changes in
the temperature and adsorbate concentration in the bed were determined through-
out the adsorption process.

The adsorption and desorption periods of an adsorption heat pump can be
specified according to the application of the heat pump. For some applications, such
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as the air conditioning in a vehicle, adsorption and desorption periods must be
less than 30 min. Alternatively, to utilize solar energy during the regeneration pro-
cess, the adsorption/desorption period of a solar-powered refrigerator must be
greater than 8 h. In industrial applications where the adsorbent bed is located in a
chimney, the desired adsorption/desorption period may be longer than one day.
In the present study, an adsorbent bed designed for a long-term cycle was studied.

A survey of the literature revealed that the majority of studies focused on the
effects of operational and/or geometrical parameters of the adsorbent bed on the
performance criteria of an AHP. However, to develop methods of accelerating heat
and mass transfer within the bed, detailed studies on the effects of various para-
meters on the mechanism of heat and mass transfer in the adsorbent bed should
be investigated. In the present study, the mechanism of heat and mass transfer in
a granular-type adsorbent bed was analyzed during the four processes of an AHP
cycle. A basic cycle of an adsorption heat pump is considered in the present study.
The governing equations, including heat and mass transfer equations for the
adsorbent bed and mass balance equations for the adsorbent granules, are presented.
Moreover, the cycle is depicted in a Clausius-Clapeyron diagram.

The Cycle of an Adsorption Heat Pump

The cycle of an adsorption heat pump consists of four processes: isosteric heating
(a-b), isobaric desorption (b-c), isosteric cooling (c-d), and isobaric adsorption
(d-a), as shown in Figure 1. In the AHP cycle, cooling effects occur during isobaric
adsorption (d-a) due to adsorbate evaporation, which is caused by the influx of heat
from the environment. Alternatively, heating effects occur during isobaric desorp-
tion (b-c) due to the condensation of the adsorbate, which is caused by the release
of heat to the surroundings. Moreover, heat transferred to the surroundings during
isosteric cooling and isobaric adsorption can also be utilized during the cycle. In
the isosteric heating process (a-b), the adsorbent bed is heated at a constant adsorb-
ate concentration, and the pressure of the bed increases from evaporator to con-
denser pressure. During isosteric cooling (c-d), the adsorbent bed is cooled to
reduce the pressure and temperature of the adsorbent bed at a constant adsorbate
concentration (Demir et al., 2008).
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Figure 1. Thermodynamic cycle of a basic adsorption heat pump.
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Figure 2. Schematic view of the adsorbent bed.

The Annular Adsorbent Bed

The adsorbent bed considered in this study is shown in Figure 2. The adsorbent
granules consist of silica gel grains, and water was used as the adsorbate. The upper
and lower surfaces of the adsorbent bed were insulated, and it was assumed that the
transfer of heat and mass occurred only in the radial direction. The adsorptive could
easily flow through the center of the annulus into the adsorbent bed at a uniform
velocity. The adsorptive (i.e., water vapor) flowed from the surface of the inlet
(R=R;) towards the outer surface of the bed (R =R,). The thermal resistance of
the metal casing of the adsorbent bed was neglected in the numerical analyses.
The inner and outer radii of the annular adsorbent bed were 0.06 and 0.16m,
respectively, and the equivalent radius of the adsorbent granule was 0.0016 m.

Governing Equations

Mass transfer in a granular adsorbent bed occurs within the adsorbent particle and
in the voids between the granules (i.e., intra-particle and interparticle mass transfer).
The mechanism of heat and mass transfer in a granular adsorbent bed is compli-
cated; hence, some assumptions must be made in order to establish the governing
equations. The assumptions made in this study are (1) the size of the adsorbent gran-
ules were uniform; thus, the porosity of the bed was constant; (2) the adsorbed water
was in the liquid phase and the adsorptive behaved as an ideal gas; (3) the thermal
resistance of the adsorbent granules was negligible; (4) the temperature of the
adsorbent granule was equal to the temperature of the surrounding adsorptive;
(5) the thermal properties of the adsorbent particles and the adsorbate were
constant; and (6) the rate of heat transfer at the adsorptive inlet surface, R =R;,
was negligible.
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Based on the above assumptions, the governing equations of the adsorbent bed
were written as:
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oT 1 0 oT 1 0
(@q%ﬁ+mqu)m”WRaRO%m)RaR@W%R”7+%N%e»

(1)

ap, (1\ ow 1 8 -
o (g) P‘YW‘*‘&a—R(RPw”) =0 (2)
OW 15D

Equations (1) and (2) are the heat and mass transfer equations of the adsorbent
bed. As shown in the equations, heat and mass were transferred in the radial direc-
tion of the bed, and the effect of the adsorption rate within the granule was taken
into account by 9W/dt. Equation (3) is the mass balance equation for the adsorbent
granule. The distribution of adsorptive pressure in the bed can be obtained from the
distribution of the adsorptive density by the ideal gas law. By applying the ideal gas
law to Darcy’s law, the following equation used to determine the velocity field of the
adsorptive:

R a(prW)
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The apparent permeability of the adsorbent bed, K,pp, can be calculated from the
following expression (Leong and Liu, 2004):

&u
K,,, = K +——Dp, 5
pp +TP bed ( )

where K is the inherent permeability of the adsorbent bed and can be obtained from
the Blake-Kozeny equation, which is valid for void fractions less than ¢=0.5 (Bird
et al., 2002). The Blake-Kozeny equation can be used to determine the permeability
of a packed column with laminar flow. The present adsorbent bed was considered to
be a packed bed through which water vapor flows due to adsorption and desorption
to/from the adsorbent particle. Therefore, the Blake-Kozeny equation can be used
to determine the permeability of the analyzed adsorbent bed.
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In Equation (5), Dyeq was derived from the two mechanisms of adsorptive diffusion
in the adsorbent bed: Knudsen diffusion and molecular diffusion. The value of Dyyq
can be obtained from the following equations (Kérger and Ruthven, 1992; Leong
and Liu, 2004):
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Dy = 97r,\/T|M (8)
VT3 M
Dy = 0.02628 Y= 9)

The pore radius (r,) of uniform spherical particles in a packed bed can be obtained
from Equation (10) (De Nevers, 1991):

Fp=—— (10)

In Equation (3), W, is the equilibrium concentration of the adsorbate and can be
determined from the following equation (Cho et al., 1992):

P 1/n
Ws = W 11
O(Pm,> (1)

Table 1. Thermophysical properties of adsorbent granule and adsorbate considered
in the present study (Ben Amar et al., 1996; Restuccia et al., 2002; Cussler, 1997)

Parameter Symbol Value
Molecular weight of water, kgmol ! M 18
Density of adsorbent, kgm > Os 670
Specific heats of adsorbent, kJkg ' K™ Cps 0.88
Specific heats of adsorptive at 303K, kJkg ' K™ Cpw 4.178
Specific heats of adsorptive at 330 K, kJkg ' K™ Cpw 4.184
Specific heats of adsorptive at 373 K, kJkg ' K™! Cpw 4217
Specific heats of adsorptive at 360 K, kJkg 'K ! Cpw 4.203
Specific heats of adsorptive at 303 K, kJkg 'K ! Cpv 1.895
Specific heats of adsorptive at 330K, kJkg ' K™ Cpy 1.911
Specific heats of adsorptive at 373 K, kJkg ' K™ Cp, 2.029
Specific heats of adsorptive at 360 K, kJkg ' K™! Cp, 1.983
Thermal conductivity of adsorbent, kW m ' K! As 0.198 x 1073
Thermal conductivity of adsorptive, kWm ™' K™ Aw 1.96 x 107>
Heat of adsorption for water on silica gel, kJkg ™' AHj; 2560
Limiting adsorption capacity of adsorbent, kg, kg, ! Wo 0.552
Linear driving force relationship constant n 1.6
Reference diffusivity, m”s™! Dy 2.54%x 1074
Diffusion activation energy, Jmol ™' E 42x10*
Collision diameter for Lennard-Jones potential, A o 2.641
Collision integral Q 2.236
Boltzmann’s constant (J K~! molecule™") k 1.38 x 1072
Tortuosity T 3
Viscosity of water vapor, kNsm 2 at 303K u 9.09 x 1077
Viscosity of water vapor, kNsm 2 at 330 K u 10.29 x 107°
Viscosity of water vapor, kNsm ™2 at 373K 1 12.02 x 107°
Viscosity of water vapor, kNsm 2 at 360 K I 11.49 x 10~°
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where n is the linear driving relationship constant (Table I). The effective mass
transfer diffusivity of the adsorbent particle is temperature dependent and can be
calculated from the Arrhenius equation (Ben Amar et al., 1996):

Deff = Doe_E/RT (12)
The effective thermal conductivity and the effective thermal capacitance of the bed,
( pCp)clT, can be obtained from the following expressions (Tavman and Akinci, 2000;

Incropera and DeWitt, 1996):

(1—¢) ¢
s Ay

Doy = 7, (13)

(pcﬁ)eff = g(pCP)v + (pCF)A (14)

The thermophysical properties of silica gel and water are provided in Table I (Ben
Amar et al., 1996; Restuccia et al., 2002; Cussler, 1997).

As previously mentioned, the cycle of an adsorption heat pump involves four
processes, namely isobaric adsorption, isosteric heating, isobaric desorption, and iso-
steric cooling. The initial and boundary conditions for each process are presented in
Table II. The cycle begins with isobaric adsorption and continues onto the next pro-
cess. The final values of the dependent variables at the end of each process are the
initial conditions for the following process. The outer surface of the adsorbent bed
was maintained at 300 K during isobaric adsorption and isosteric cooling, and the
temperature of the outer surface of the bed increased to 403 K during isosteric
heating and isobaric desorption. The pressure of the adsorptive was 2.0 and
20kPa at the inner surface of the annulus (i.e., R =R;) during adsorption and
desorption, respectively.

Solution Procedure

The set of equations governing the four processes in the adsorbent bed are highly
nonlinear and coupled. Furthermore, the mass transfer diffusivity of the adsorbent
particles and the apparent permeability of the adsorbent bed are functions of the
temperature and pressure of the system. To solve the governing equations, the equa-
tions were discretized in time and the radial direction of the bed. The finite difference
forms of the convection and diffusion terms were written based on the central differ-
ence scheme, and an implicit method was applied. The energy equation (Equation
(1)) was solved to determine the temperature field in the adsorbent bed. Based on
the temperature field, the mass transfer equation (Equation (2)) for the adsorbent
bed was solved to determine the distribution of the adsorptive density. The pressure
field and velocity distribution in the bed were calculated by applying the values of the
adsorptive density. The first-order differential equation of the LDF method was
solved to determine the changes in the adsorbate concentration in the particle.
Before the time step was increased, an inner iteration was performed until the follow-
ing convergence criterion was satisfied:

.LM —) o (15)

Q" - At
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where n is a step of the inner iteration and ¢ is the temperature and adsorptive
density. The distribution of the grid was uniform, and 10 grids were employed.
The computer code was written in FORTRAN. The following equation was used
to determine the average value of the dependent variables (T, P, py, W) in the bed:

[z 2Ro(R, 1)dR

70 =y (16)

Results and Discussion

Under the initial and boundary conditions provided in Table II, the equations gov-
erning the cycle were solved. The average pressure and temperature of the adsorbent
bed were obtained and plotted in a Clausius-Clapeyron diagram to illustrate the pro-
cesses that make up the cycle (Figure 3). The dashed line shows the ideal cycle, and
the continuous line represents the basic cycle obtained from numerical results. Cycle
1, which was different from cycles 2 and 3, was the startup cycle. The main difference
between cycle 1 and cycles 2 and 3 was observed during isobaric adsorption. The iso-
steric heating, isosteric cooling, and isobaric desorption processes in cycle 1 were
identical to those of cycles 2 and 3. The differences between the adsorption process
of cycle 1 and cycles 2 and 3 was due to the initial conditions. The adsorbent bed was
assumed to be completely dry (i.e., W=0), and the pressure, temperature, and
adsorbate concentration in the bed were uniform at the beginning of the startup
cycle. The heat of adsorption at low concentrations of adsorbate was high, which
increased the temperature of the adsorbent bed. Therefore, the average temperature
of the adsorbent bed reached 373 K during the isobaric adsorption process of the
startup cycle. The results of the adsorption process of cycle 2 (d-a process) were
obtained by applying the final values of isosteric cooling in cycle 1, and the pro-
cedure was continued through cycle 3. As shown in Figure 3, cycles 2 and 3 were
identical; thus, cycle 3 is the permanent cycle, and further cycles would be identical
to cycle 3. Hence, all discussions in the present study are based on the results of cycle
3. As shown in Figure 3(c), the adsorption process was completely isobaric, and the
pressure was maintained at 2kPa. The average adsorbate concentration in the
adsorbent bed increased from 11.5% to 30%. During isosteric heating, the adsorbate
concentration was constant, and the adsorbent pressure increased from 2 to 20 kPa,
which are the pressures of the evaporator and condenser, respectively. The isobaric
desorption process nearly overlapped the ideal process, as shown in Figure 3(c). A
small deviation from the ideal cycle was observed during isosteric cooling due to
the sudden change in the surface temperature of the bed from 403 to 300 K. This
deviation can be ecliminated by increasing the number of grids and reducing the
numerical errors.

The temperature distribution along the radius of the annular bed during the four
processes of the cycle is shown in Figure 4. During adsorption (Figure 4(a)) the tem-
perature of the outer surface of the adsorbent bed was 300 K, and the temperature of
the adsorbent medium was higher than the surface temperature at the beginning of
the adsorption process. The temperature of the adsorbent decreased over time; how-
ever, the temperature of the inner region decreased slowly due to the low thermal
conductivity of the adsorbent bed. After approximately 6 h, the temperature of the
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inner surface of the annulus (i.e., R =R;) began to decrease. The generation of heat
during the adsorption process is another factor that reduces the cooling rate of the
adsorbent bed. The average temperature of the bed decreased to 307 K after 80 h.

As shown in Figure 4(b), the temperature of the outer surface of the adsorbent
bed was set to 403 K during the isosteric heating process. A steep temperature gradi-
ent was observed in the region next to the outer surface of the bed due to the sudden
change in the surface temperature. The temperature of the bed increased over time
and reached 360K after one hour. Moreover, uniform temperature distribution
was observed in most regions of the adsorbent bed during isosteric heating. During
the isobaric desorption process, which is illustrated in Figure 4(c), the outer surface
of the adsorbent bed was maintained at the same temperature as the isosteric heating
process (i.e., 403K). The temperature of the outer region of the annulus bed
increased rapidly; however, the temperature change in the inner region of the bed
was slower due to the poor thermal diffusivity of the adsorbent bed. A portion of
the heat transferred from the outer surface of the annulus to the adsorbent bed
was consumed by the desorption of the adsorbate from the adsorbent particles.
The temperature of the adsorbent bed reached the temperature corresponding to
point ¢ of Figure 3(a) in 70 h. The temperature distribution in the bed during the iso-
steric cooling process is shown in Figure 4(d). Similar to the isosteric heating process,
the temperature in most regions of the adsorbent bed was uniform, and the process
was complete in a short period of time. After one hour, the average temperature of
the adsorbent bed fell to a temperature of T4. As shown in Figure 4, the final tem-
perature distribution of one process is the initial temperature condition of the next
process.

The distribution of the adsorbate concentration along the radius of the bed dur-
ing the four processes of the cycle is shown in Figure 5. Changes in the adsorbate
concentration in the adsorbent bed during the adsorption process are illustrated in
Figure 5(a). In the region adjacent to the outer surface of the bed, where the tem-
perature was relatively low, the concentration of the adsorbate was high. The
adsorbate concentration was high in adsorbent particles located in other low-
temperature regions. During the adsorption process, the average concentration of
the adsorbate in the bed was 30% after 80 h. Figure 5(a) indicates the importance
of heat transfer in the bed. As shown in the figure, the adsorbate concentration in
the bed was strongly influenced by the adsorbent temperature. For instance, the
adsorbate concentration in the inner region of the annulus increased with a decrease
in the adsorbent temperature. Hence, the thermal resistance of the adsorbent bed
controls heat and mass transport in the adsorbent bed.

As shown in Figure 5(b) the average adsorbate concentration during the isosteric
heating process remained constant. The adsorbate concentration in the outer region
of the adsorbent bed was low due to the desorption of the adsorbate at high
temperatures.

The local change in the adsorbate concentration during the isobaric desorption
process is presented in Figure 5(c). The results indicated that the adsorbate concen-
tration in the inner region of the adsorbent bed remained constant during the first 6 h
of the isobaric desorption process because the poor effective thermal conductivity of
the bed reduced the transfer of heat to the inner region of the adsorbent bed.
Furthermore, a portion of the heat transferred to the adsorbent bed was consumed
by desorption of water from the adsorbent particles. Thus, the adsorbate concen-
tration decreased from 0.300 to 0.115kg, kg, ! within 70h. Figure 5(d) illustrates
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Figure 5. Variation in adsorbate concentration along the radius of adsorbent bed; (a) isobaric
adsorption, (b) isosteric heating, (c) isobaric desorption, (d) isosteric cooling.

the distribution of the adsorbate concentration in the adsorbent bed during the iso-
steric cooling process. During isosteric cooling, the adsorbate concentration in the
bed is relatively low, and the average adsorbate concentration remained constant.
Changes in the adsorbate concentration were not observed because OP/OR =0 at
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the inner and outer surfaces of the annulus, and the adsorptive cannot flow to/from
the boundaries of the bed.

The variation in the adsorptive pressure of the bed throughout all four processes
of cycle 3 is shown in Figure 6. The local variation in the adsorptive pressure of the
adsorbent bed during the adsorption process is illustrated in Figure 6(a). As pre-
viously mentioned, the adsorption process is isobaric; however, for adsorptive
transfer to occur, a small pressure gradient in the radial direction of the bed should
exist. During the adsorption process, the pressure of the adsorptive at the inner sur-
face of the annulus (R =R;) remained constant at a pressure of 2.045 kPa. A sudden
decrease in the temperature of the outer surface of the bed at the beginning of the
adsorption process caused a rapid decrease in the pressure of the outer region of
the bed. After one hour, the pressure gradient in the adsorbent bed disappeared,
and the adsorptive pressure in the entire region of the adsorbent bed reached evap-
orator pressure. During isosteric heating and cooling processes (Figures 6(b) and
(d)), a uniform pressure distribution was observed because the adsorbate concen-
tration was constant and adsorptive flow to/from the boundaries of the adsorbent
bed did not occur. The pressure of the bed gradually increased with the increase
in the temperature of the bed during isosteric heating. Similarly, during isosteric
cooling, the pressure of the bed gradually decreased as the temperature of the bed
decreased. Figure 6(c) illustrates the pressure distribution in the adsorber during
the isobaric desorption process. The pressure in the outer region of the annular
adsorber was greater than the temperature of the inner region, causing the flow of
adsorptive from the outer to the inner region of the bed. After 6 h, the pressure gradi-
ent in the adsorbent bed decreased considerably. Although the process was isobaric,
a small pressure gradient along the radius of the adsorbent bed was observed, caus-
ing the flow of adsorptive from the outer region to the inner region of the bed.

Figure 7 shows the variation in the average temperature of the adsorber
throughout the cycle. The dashed line indicates the temperature of the outer surface
of the bed, and the continuous line refers to the average temperature of the adsorber.
In the AHP cycle, isosteric heating and cooling processes were relatively short
(approximately one hour); as a result, these processes are shown as a vertical line
in the graph. The temperature of the outer surface of the adsorber was 300 K during
isobaric adsorption and isosteric cooling processes, and it was maintained at 403 K
during isobaric desorption and isosteric heating. The average temperature of the bed
was approximately 340 K at the beginning of the adsorption process, gradually
decreasing over time to 307 K. After 80h, the average temperature of the bed
decreased to the temperature corresponding to point “a” in Figure 1. The average
temperature of the bed increased to 360 K during the isosteric heating process and
then increased to 400 K during isobaric desorption. As shown in Figure 7, the
majority of the cycle consisted of isobaric adsorption and desorption processes
due to the low thermal conductivity of the adsorbent bed.

The variation in the average adsorbate concentration in the adsorbent bed
throughout the cycle is illustrated in Figure 8. The adsorbate concentration increased
from 0.115 to 0.300 kg,, kg, ! during isobaric adsorption and remained constant dur-
ing isosteric heating. In the isobaric desorption process, water was desorbed from the
adsorbent particles due to the heating of the adsorbent bed, and the average adsorb-
ate concentration was reduced to 0.115kg,, kg L

Figure 9 illustrates the change in the average bed pressure over time during the
four processes of the cycle. As expected, the average bed pressure remained constant
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Figure 6. Change in adsorptive pressure in adsorbent bed; (a) isobaric adsorption, (b) isosteric
heating, (c) isobaric desorption, (d) isosteric cooling.

during isobaric adsorption and desorption processes. The bed pressure increased to
20 kPa during the isosteric heating process and decreased to 2 kPa during isosteric
cooling. As previously mentioned, the durations of isosteric heating and cooling
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Figure 7. Variation in average temperature of bed throughout the cycle.

processes were relatively short; as a result, changes in the bed pressure during these
processes were too steep.

Based on the aforementioned results, high heat transfer resistance caused the
propagation of heat in the adsorbent bed to become slower during adsorption and
desorption processes. As a result, the duration of the cycle in the adsorbent bed
was 150 h. A long adsorption/desorption cycle reduces the cooling power and limits
the practical application of the adsorption heat pump. However, the thermal resist-
ance of the bed can be reduced by decreasing the radius of the adsorbent bed. To
enhance the thermal conductivity of the bed, the size of the adsorbent particles
can also be reduced, which will increase the contact area between granules. More-
over, the use of fin or metal additives can accelerate heat transfer throughout the
adsorbent bed (Demir et al., 2010). Alternatively, an increase in T, or a decrease
in T, (i.e., a narrower cycle) will reduce the duration of the cycle, which may improve
the cooling power. Each aforementioned remedy for the reduction of the duration of
the cycle has limitations. Further studies should be performed to achieve the
maximum amount of adsorption in a minimum amount of time. The duration of
the cycle may be changed from a few seconds for an air-conditioning system to a
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Figure 8. Change in average adsorbate concentration throughout the cycle.
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Figure 9. Variation in average pressure of bed throughout the cycle.

day for special industrial processes. Furthermore, the regeneration temperature
should not exceed operating temperature of the silica gel recommended by the
manufacturer. Moreover, after repetitious adsorption and desorption processes,
the regeneration temperature should not affect the adsorption capacity.

Conclusions

A numerical analysis of heat and mass transfer in an adsorbent bed during an
adsorption heat pump cycle, which includes isobaric adsorption, isosteric heating,
isobaric desorption, and isosteric cooling, was successfully performed. The duration
of the cycle was approximately 152h for the simulated annular adsorbent bed.
Although the cycle consisted of four processes, adsorption and desorption processes
consumed more than 99% of the cycle period. The duration of the cycle was rela-
tively long because the thermal resistance of the adsorbent bed was large. Due to
the porosity of the bed, the adsorptive can flow freely in the voids between particles,
and interparticle mass transfer resistance was not a significant factor. The results
obtained in this study revealed that the thermal resistance of the bed controls heat
and mass transport throughout the bed. A decrease in the thermal resistance of
the bed accelerates heat and mass transport during adsorption and desorption pro-
cesses, reduces the duration of the cycle, and enhances the SCP and SHP of the
adsorption heat pump.
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Nomenclature
Cp
Dy effective diffusivity, m?s~

Dx  Knudsen diffusivity, m*s~
D,  molecular diffusivity, m%s~

specific heat of adsorbent, Jkg 'K
1
1

1
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Dyeq  effective diffusivity of adsorptive in adsorbent bed, m?s™!

Dy reference diffusivity, m?s !

diffusional activation energy, Jmol !

inherent permeability of adsorbent bed, m?
app apparent permeability of adsorbent bed, m’
molecular weight of adsorptive, kgmol !
linear driving force relationship constant
pressure, Pa
radius of bed, m; ideal gas constant, J mol'K™!
radius of granule, m
radius of bed pore, m
temperature, K
time, s
adsorptive velocity, ms™
average adsorbate concentration, kgw - kgg !
~ adsorbate concentration in equilibrium, kgw - kg, !
W, limiting adsorbate capacity of adsorbent, kgw - kg !

ZERAH

ARTE

o]

1

z2= " S

Greek Letters
AHg heat of adsorption, J kg*1

At time interval, s
€ porosity
A thermal conductivity, Wm ' K!

adsorptive viscosity, Nsm >

u
0 density, kgm >

a collision diameter for Lennard-Jones potential, A°
T tortuosity

@ dependent variable

Q collision integral

Subscripts

ads  adsorption
app apparent
eff effective

ev evaporation
1 inner

init  initial

o outer

S adsorbent
sat saturation

v vapor

w water

00 equilibrium
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