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Abstract The trend of reducing electricity consumption and environ-
mental protection has contributed to the development of refrigeration tech-
nologies based on the thermal effect of adsorption. This article proposes
a methodology for conducting numerical simulations of the adsorption and
desorption processes. Experimental data available in the literature were
used as guidelines for building and verifying the model, and the calculations
were carried out using commercial computational fluid dynamics software.
The simulation results determined the amount of water vapor absorbed by
the adsorbent bed and the heat generated during the adsorption process.
Throughout the adsorption process, the inlet water vapor velocity, temper-
ature, and pressure in the adsorbent bed were monitored and recorded. The
results obtained were consistent with the theory in the literature and will
serve as the basis for further, independent experimental studies. The vali-
dated model allowed for the analysis of the effect of cooling water tempera-
ture on the sorption capacity of the material and the effect of heating water
temperature on bed regeneration. The proposed approach can be useful in
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analyzing adsorption processes in refrigeration applications and designing
heat and mass exchangers used in adsorption systems.
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Nomenclature
a – amount of adsorbed water vapor, kg/kg
aeq – equilibrium concentration, kg/kg
C – coefficient of inertial resistance, 1/m
cp – specific heat capacity, J/kgK
De – effective diffusion coefficient, m2/s
Dp – diameter of the bed particles, m
D0 – kinematic diffusion coefficient, m2/s
Ea – activation energy, J/mol
H – heat of adsorption, J/kg
k – thermal conductivity of the medium
km – LDF model coefficient, 1/s
P – pressure, Pa
Ps – saturation pressure, Pa
Pv – absolute pressure, Pa
Q – energy source term, W/m3

R – gas constant, J/(molK)
ra – radius of bed particles, m
Si – source term of momentum, N/m3

Sm – source term of mass, kg/(s m3)
T – temperature, K
v – velocity, m/s
vi – Cartesian components of velocity in xi-direction
xi – Cartesian coordinates, m

Greek symbols

α – permeability, m2

ε – porosity of the medium
µ – dynamic viscosity of the medium, Pa·s
ρ – density of the medium, kg/m3

τ – time, s

Subscripts

b – adsorption bed
c – cooling water
f – fluid
h – heating water
i, j – components
s – solid
sc – single cycle
v – vapor
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Abbreviations
ads – adsorption/
CFD – (computational fluid dynamics
COP – coefficient of performance
des – desorption

1 Introduction
As a result of the increasing demand for heating, cooling, and air condi-
tioning over the last century, numerous refrigeration technologies have been
developed. Compressor cooling systems dominate the market due to their
high coefficient of performance (COP). Although these devices perform well
in terms of heating and cooling, they have a negative impact on the envi-
ronment. This is due to the refrigerants (such as freon, propane, and carbon
dioxide) used in compressor devices, which have a negative impact on the
ozone layer and global warming. The mentioned refrigerants, despite the
reduction of the global warming potential parameter, are still more harm-
ful to the environment than, for example, water. Additionally, refrigeration
devices account for approximately 20% of worldwide electrical energy used
in buildings [1]. Technologies based on sorption processes are free of the
drawbacks mentioned above [2]. One of these technologies is adsorption.

Adsorption cooling systems operate on environmentally friendly refriger-
ants (such as water) and allow to recover waste heat, thus to reduce primary
energy consumption [3]. Furthermore, adsorption systems are characterized
by low operating and maintenance costs, lack of vibration, and quiet op-
eration [4]. Despite their numerous advantages, adsorption cooling systems
also have drawbacks, such as intermittent operation, large equipment size,
the need for vacuum maintenance, and, above all, low COP [5]. There-
fore, there are ample opportunities for research to improve the efficiency of
adsorption systems.

To provide continuous cooling production, adsorption cooling devices
must be equipped with at least two beds. When a refrigerant is adsorbed
in one bed, the other bed undergoes regeneration or desorption. The cycle
starts with the refrigerant vaporizing in the evaporator. As a result of refrig-
erant vaporization, heat is being drawn from the water flowing through the
heat exchanger, and cooling water is produced as a result [6]. The operating
conditions of the process are closely related to the required parameters of
cooling water.
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In the case of using water as a refrigerant, it is necessary to maintain
a very low working pressure of the unit, as for water temperature of 280 K
(7◦C) the saturation pressure is 1000 Pa. This poses additional require-
ments regarding the construction of adsorption equipment – it must be
sufficiently airtight to maintain low pressure. During evaporation, the evap-
orator is connected to a chamber where an adsorption bed is located. The
produced vapor is adsorbed by the bed, which makes it possible to maintain
low pressure in the evaporator. The adsorption chamber is not connected to
the condenser at this stage. When the adsorption bed becomes saturated,
the evaporator chamber is disconnected, and the regeneration process of the
bed begins. A working fluid at an elevated temperature is supplied to the
adsorption bed to force the desorption of refrigerant molecules from the ad-
sorbent pores. After a certain period called switching time, the connection
with the condenser chamber is opened. This stage is called the desorption
stage. After condensation, the refrigerant flows to the evaporator, where
the next cycle of the device operation begins [7].

Adsorption technology is based on surface sorption phenomena. In the
case of refrigeration devices, water is most commonly used as the adsor-
bate, as it is a chemically stable and environmentally friendly liquid. Porous
materials with a developed active surface area (such as silica gels) are used
as adsorbents. Adsorbate molecules are trapped in the adsorbent pores by
van der Waals forces (weak intermolecular electrostatic bonds). Accord-
ing to the law of conservation of mass, the mass of the adsorbent (porous
material) changes, while the adsorbate (refrigerant) only changes its state
and condenses on the porous surface of the adsorbent [8]. As a result, en-
ergy called adsorption heat is released. This means that adsorption is an
exothermic phenomenon, and it is necessary to cool the bed for the process
to proceed properly. This is an essential element of the process that affects
its efficiency [9]. Similarly, desorption is an endothermic process, so to re-
generate a saturated adsorption bed, energy must be supplied from outside.
This is one of the reasons why adsorption aggregates have a low COP coef-
ficient, but they are still used in places where waste low-temperature heat
can be utilized.

The significant influence of heating and cooling the bed on the efficiency
of the adsorption process requires intensive energy exchange between the
adsorbent and the heating/cooling source. This is one of the main design
challenges for adsorption heat exchangers. Additionally, the temperature
distribution in the exchanger should be as uniform as possible, and the
pressure drops of the working fluid should be minimized. Numerical simu-
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lations using CFD (computational fluid dynamics) are increasingly used to
optimize such devices, e.g. improve the geometry of the exchanger [10,11],
determine the optimal cycle time of the device [12], or determine the effect
of the adsorbent size on the sorption capacity and heat exchange in the
adsorption bed [13].

Modelling the adsorption process using CFD poses several challenges.
Fine-grained adsorbent materials generate a significant number of compu-
tational elements, making calculations infeasible. Therefore, simplifying the
model is necessary by replacing the adsorbent bed with a porous material,
which requires determining the substitute characteristics of the porous ma-
terial. Another challenge is the selection of appropriate equilibrium equa-
tions, process kinetics, and their implementation method. Each adsorbent-
adsorbate pair has unique features, which means that developed models are
not universal.

In this paper, a methodology for simulating mass and heat transfer in
an adsorbent bed is presented, which is then validated against available
experimental data [14]. The influence of the cooling water temperature on
the sorption capacity of silica gel and the dependence of the cooling device’s
operating cycle on the cooling water temperature are shown.

2 Method and results

The analyzed sample consisted of a heat exchanger with an insulated alu-
minium housing filled with silica gel (Fig. 1). The geometry was simplified
for computational purposes and consisted of only two elements, as shown in
Fig. 2: the adsorption bed and the water vapor volume. The heat exchanger
was replaced by a convective boundary condition with a heat transfer coef-
ficient of 600 W/m2K and a temperature of 303 K. An adiabatic boundary

Figure 1: Experimental setup diagram, based on [14].
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condition replaced the aluminum frame. The computational mesh which
consists of 537 600 hexahedral cells is presented in Fig. 3.

Figure 2: Simplified geometry used in the simulation.

Figure 3: View of the numerical mesh of the studied sample.

The calculations were carried out using commercial computational fluid dy-
namics software Ansys Fluent [15] in which unsteady Navier-Stokes equa-
tions and energy conservation equation were solved using the finite volume
method, assuming laminar flow and using superficial velocity formulation.
Thermal equilibrium between the adsorption bed (porous medium) and the
fluid was assumed:
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Due to the small grain size of the adsorbent material, it was necessary
to simplify the bed by using a porous medium, i.e., by adding a negative
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momentum source term to the standard momentum conservation equation:

Si = −

 3∑
j=1

1
α
µvj +

3∑
j=1

C
1
2ρ|v|vj

 . (4)

The source term Si consists of two parts: viscous losses (classical Darcy’s
law, the first part of the right-hand side of Eq. (1)) and inertial losses (the
second part of the right-hand side of Eq. (1)). The essence of replacing real
structures with a porous medium is to determine their equivalent charac-
teristics [16]. In laminar flows through porous media, the pressure drop is
usually proportional to the velocity, and the inertial resistance C is equal to
0. The viscous resistance 1/α was determined from the transformed Blake-
Kozeny equation

α =
D2

p

150
ε3

(1− ε)2 , (5)

assuming a bed particle diameter of Dp = 35 × 10−5 m. The porosity ε =
0.37 was determined as the ratio of free space in the bed to its total volume.
In a result, viscous resistance amounted to 9.60× 109 m−2

Water vapor was used as a fluid and silica gel was used as the solid body
material. The adsorption process kinetics were modeled using the linear
driving force (LDF) model [17], which takes into account the influence of
mesopore and micropore structures. The form of the equation modified by
Sun and Chakraborty [18] was used to incorporate the adsorption isotherms
and activation energy:

Sm = ∂a

∂τ
= km (aeq − a) , (6)

where a is the amount of adsorbed water vapor in grams of water vapor
per gram of bed and aeq is the equilibrium value for the given conditions.
The km coefficient depends on the bed parameters and is defined by

km = 15De

r2
a

, (7)

where ra is the radius of the adsorbent particle. The effective diffusion
coefficient, De, which includes both surface and pore diffusion, is related to
the isotherm:

De = D0 exp
(
− Ea

RT

)
, (8)
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where D0 = 2.54× 10−4 m2/s, Ea = 42 kJ/mol is the activation energy, R
is the gas constant, and T is the temperature. Equation (6) was also used
as a source term in the water vapor mass conservation equation (Eq. (1)).

The equilibrium concentration aeq of the adsorbed water vapor was de-
scribed by the Dubinin-Astakhov adsorption isotherm. This equation is
frequently used for silica gel-water vapor systems and was originally de-
veloped based on Polanyi’s adsorption theory, taking various forms [8, 19].
The model used in this study employed an equation based on the saturation
pressure and temperature of the adsorbent:

a

aeq
= 0.37 exp

[
−
(
RT

E
ln Pv

Ps

)n]
, (9)

where Pv is the absolute pressure of water vapor, Ps is the saturation pres-
sure for a given temperature, R is the gas constant, and the isothermal
parameters n and E take values of 1.15 and 4280 J/mol, respectively.

Thermal effects were modeled as an energy source term Q, according to
Eq. (10)

Q = H
∂a

∂τ
, (10)

where H is the heat of adsorption equal to 2415 kJ/kg.
The Green-Gauss node based gradient calculation scheme and the

QUICK (quadratic upstream interpolation for convective kinematics) mo-
mentum, density, and energy discretization schemes (a high-order scheme
for Cartesian grids) were used. The calculations were performed using
a pressure-based solver with the PISO (pressure-implicit with splitting of
operators) scheme. First order implicit transient formulation was applied.

The water vapor inlet was modeled as a pressure boundary condition
with a absolute pressure Pv = 1230 Pa and an incoming temperature Tv =
283.15 K. The initial conditions were T = 331.15 K, P = 1230 Pa, and
a = 0.054 kg/kg.

Iterative calculations were then carried out for 2000 time steps. Each
time step lasted 1 s and consisted of a maximum of 30 iterations until
the normalized residuals decreased by 4 orders of magnitude. In addition,
the average vapor velocity at the inlet, the average temperature in the
adsorption bed, and the amount of water vapor adsorbed by the bed were
monitored to confirm iterative convergence.

In Figs. 4a and 4b, as well as 5a and 5b, different scales were used to
clearly visualize the temperature distribution and saturation within the
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adsorption bed. Figures 4a and 4b show the temperature distributions in
the adsorption bed at τ = 200 s and 2000 s, respectively. In the initial phase
of the adsorption process (Fig. 4a), the highest temperature was found in
the middle and upper parts of the bed, reaching approximately 323 K. The
lowest temperature was observed in the lower part of the bed, at 305 K.
This is because adsorption is an exothermic process and generates a large
amount of heat throughout the volume of the bed in the initial stages, while
the lower part of the bed was being cooled most intensively by the heat
exchanger. At 2000 s (Fig. 4b), the adsorption proceeded with much lower
intensity, and the coolest spot (300 K) was in the upper part of the bed,
where Tv = 283.15 K was introduced due to the pressure difference between
the bed and the evaporator. The temperature on the lower surface of the bed
was approximately 303 K. The highest temperature, approximately 304 K,
was observed in the middle part of the bed, where the adsorption process
generated more heat than the cooling effect of the cooling medium.

(a)

(b)

Figure 4: Graphical distribution of temperature in the adsorption bed at:
(a) τ = 200 s, (b) τ = 2000 s.

At time τ = 200 s of simulation, the largest amount of adsorbed vapor
was observed in the lower part of the bed (Fig. 5a), as the heat exchanger
cooling action locally intensified the adsorption. After 2000 s more uniform
distribution of adsorbed water vapor is observed, with maximum in the up-
per part of the bed (Fig. 4b). This is again due to thermal effects (compare
with Fig. 4b), also the top surface is more easily accessible to the water
vapor.
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(a)

(b)

Figure 5: Graphical distribution of adsorbed vapor at: (a) τ = 200 s, (b) τ = 2000 s.

Model validation is presented in Fig. 6. The amount of water vapor adsorbed
by the bed and the average bed temperature was compared between the
simulation and experimental data [14].

Figure 6: Comparison of experimental and numerical results: average bed temperature
and the amount of adsorbed water vapor in the bed.

The maximum relative error between numerical simulation and experimen-
tal data for vapor uptake was 3%. For temperature, the maximum relative
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error was 1%. Discrepancies may be attributed mostly to the uncertainty
of experimental data and modelling assumptions (thermal equilibrium as-
sumption, boundary conditions). The discrepancies were judged as small
enough to use the developed model to analyze the influence of various fac-
tors on mass and heat transfer in the adsorption bed.

In this work, an analysis was performed on how the temperature of the
cooling medium affects the sorption capacity of the bed. Several simulations
were conducted at different temperatures of the cooling water (293–313 K),
monitoring the change in vapor uptake (Fig. 7).

Figure 7: Comparison of the amount of vapor adsorbed by the bed at different
cooling water temperatures.

The highest amount of water vapor was adsorbed at the lowest tested tem-
perature (293 K), and the least at the highest tested temperature (313 K),
with a difference of 0.121 kg/kg, which is in accordance with adsorption the-
ory and implemented isotherms. This is particularly important considering
the availability of cooling medium in different applications and geographic
locations. In areas with warm climates where it might not be possible to
obtain cooling water for the bed below 303 K using fan-cooling, the de-
vice efficiency would already decrease at the design stage due to the lower
saturation achievable during each cycle.

In adsorption refrigeration systems, the adsorption and desorption pro-
cesses occur alternately between two beds, so their time must be equal.
The next step was to investigate how the temperature of hot water affects
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the desorption process (Figs. 8–10). For this purpose, the bed regeneration
process was simulated, starting from saturation condition. The initial de-
gree of sorbent saturation, which largely depends on the temperature of the
cooling medium, as shown in Fig. 7, significantly affects the course of the
desorption process.

Figure 8: Comparison of the amount of vapor desorbed by the bed at different
temperatures of the heating water.

Figure 9: Comparison of the amount of vapor desorbed by the bed at different
temperatures of the heating water.
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Figure 10: Comparison of the amount of vapor desorbed by the bed at different
temperatures of the heating water.

The lowest vapor uptake at the end of the desorption cycle was achieved
when the adsorption process was powered by cooling water at Tc = 313 K
and regenerated with heating water at Th = 363 K, which amounted to
0.0413 kg/kg. The highest amount of adsorbed vapor, 0.1011 kg/kg, re-
mained within the sorbent grains when the bed was cooled with Tc = 293 K
during the adsorption process and desorption was carried out at a temper-
ature of 343 K.

The relationship between these two processes is significant, as the more
vapor remains in the adsorbent material after the regeneration process, the
less it can adsorb in the subsequent adsorption process. Also, the adsorption
process is more intense the further the bed is from the saturation point.
This means that in regions with a warm climate it is possible to achieve
higher temperatures of hot water used for bed regeneration. This will result
in a lower degree of bed saturation, which will compensate for the higher
temperature of the cooling water during the adsorption process. This indi-
cates the possibility of utilizing external conditions during the device design
process.

The course of the adsorption/desorption process was analyzed for various
single-cycle times of 4000, 6000, and 8000 s and the results are shown in
Fig. 11. The analysis was performed for the case where the cooling water
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temperature during the adsorption process was 303 K, while the hot water
temperature during the desorption process was 353 K.

Figure 11: Comparison of the vapor uptake for cooling water temperature of 303 K,
heating water temperature of 353 K and for various cycle lengths.

Assuming zero uptake as an initial condition, the degree of saturation at
key moments (beginning of adsorption and beginning of desorption) reaches
equilibrium after about 3 cycles for cases where the single cycle time was
τsc = 4000 s and 6000 s, respectively. For the case where τsc = 8000 s,
stability was achieved after only 2 cycles. Shortening the single cycle time of
the device increases the number of cycles required to stabilize the saturation
of the adsorbent bed.

In the case of refrigeration devices, the intensity with which water vapor
is adsorbed by the adsorption bed is important, because it affects the de-
vice’s efficiency. In the case of the third cycle, where adsorption processes
reached stability, the amount of absorbed water vapor (the difference in sat-
uration level between the beginning and end of adsorption) in the adsorbent
bed was 0.1449 kg/kg for τsc = 4000 s, 0.1737 kg/kg for τsc = 6000 s, and
0.1885 kg/kg for τsc = 8000 s.

Increasing the duration of the adsorption process from 2000 s to
3000 s resulted in an increase of the amount of absorbed water vapor by
0.0228 kg/kg. Increasing the duration of the adsorption process from 3000 s
to 4000 s resulted in an increase in the amount of absorbed water vapor
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by only 0.0148 kg/kg. The increase in adsorbed water vapor was almost
twice as low when extending the time from 3000 s to 4000 s compared to
extending the time from 2000 s to 3000 s.

Differences can also be observed on the adsorption and desorption graph
where the single cycle duration is 4000 s (Fig. 12). The amount of adsorbed
vapor in the third cycle during the first 1000 s of the adsorption process
(from 8000 s to 9000 s) is 0.108 kg/kg, while in the subsequent 1000 s (from
9000 s to 10000 s) it decreases to 0.0361 kg/kg. This indicates that the
intensity of the adsorption process significantly decreases with the duration
of the process.

Figure 12: Vapor uptake in function of time for cooling water temperature of 303 K and
heating water temperature of 353 K, for cycle lengths of 4000 s.

The effect of the duration of the adsorption process on its course is due
to the degree of saturation of the bed. This means that the optimal cycle
duration depends on the intensity of the process (cooling water temperature
of the bed during the adsorption process), the initial degree of saturation
(heating water temperature of the bed during the desorption process), and
the type of adsorbent-adsorbate pair. It should be remembered that the
main task of the adsorption process in adsorption refrigeration devices is
to maintain a low evaporation temperature by extracting the vapor gener-
ated in the evaporator. Therefore, the main criterion for selecting the cycle
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duration of the adsorption/desorption process is the minimum amount of
vapor that can be adsorbed at any given time corresponding to the amount
of vapor generated at the same time in the evaporator.

3 Summary

The article presents a method for modeling mass and heat transfer in an ad-
sorption bed using CFD methods. The proposed equation implementation
approach is universal for modeling adsorption processes, while the kinetic
and equilibrium equations used are specific to the analyzed type of silica
gel. The calculations obtained using the model were in agreement with the
experimental results available in the literature. The presented approach will
be the basis for further experimental research.

Numerous scenarios were tested numerically. The study of the influence
of the cooling and heating temperatures on the adsorption/desorption pro-
cess showed the significance of these parameters and indicated the possi-
bility of utilizing external conditions during the device design process. The
impact of cycle length on the intensity of absorbed vapor was also ana-
lyzed. Cycles with a duration of 4000 s, 6000 s, and 8000 s were tested. It
was demonstrated that the intensity of the adsorption process significantly
decreases with the duration of the process. By doubling the cycle length
from 4000 s to 8000 s, the amount of adsorbed vapor increased by only 23%.

The developed numerical model allows for the selection of optimal cycle
times for adsorption refrigeration devices under specific conditions, which
can translate into improving their COP cooling efficiency. This, in turn,
can contribute to their competitiveness in the market and environmental
protection.
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