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Abstract: Adsorption systems are alternatives to compressor cooling systems. Apart from many
advantages, these systems are characterized by low COP and SCP parameters. One of the most
promising options to improve the performance of adsorption chillers is the replacement of the
stationary bed with a fluidized one. A fluidized bed significantly increases the heat and mass transfer
within the bed, enables better contact between gas and solid phases, and results in the proper mixing
of adsorbent particles. This paper presents the possibility of using fluidized beds in adsorption
chillers. This paper shows the results of CFD numerical modelling of the operation of a fluidized bed
for an adsorption chiller and simulations of the bed temperature profiles during the adsorption and
desorption processes of sorbent in a fluidized bed. This article presents an analysis of CFD simulation
results for the optimal angle of heat exchangers.

Keywords: adsorption chiller; fluidization; adsorption; desalination; CFD

1. Introduction

The changing climate, together with the progress of civilisation, is driving an increase
in demand for cooling. The most commonly used electrically driven compressor cooling
systems are characterised by a high energy demand. Meeting the growing demand for
cooling would therefore involve an increase in electricity consumption for cooling purposes.
Considering that electricity is mainly produced from non-renewable sources [1], it would
be true to say that, in that case, the refrigeration sector indirectly contributes to accelerating
adverse climate changes. An alternative solution to the use of conventional chillers is ad-
sorption chillers powered by low-temperature heat below 90 ◦C [2]. They are characterised
by very low energy requirements. The heat to run an adsorption chiller can be recovered
from various industrial processes emitting waste heat or obtained via solar energy con-
version [3,4]. Adsorption chillers are distinguished by many advantages, including easy
and quiet operation and few moving mechanical parts [5]. Despite numerous advantages,
there are also serious limitations that make them less attractive and competitive compared
to electrically driven compressor chillers. They are characterised by low performance
coefficients, including a low cooling coefficient of performance (COP), which typically does
not exceed 0.6, and a low specific cooling power (SCP) [3,6]. Consequently, this contributes
to the large weight and dimensions of the equipment [4,7]. Therefore, it is necessary to
search for opportunities to improve the efficiency of adsorption chillers. The increase in
demand for cooling has led to an increased interest in adsorption chillers. As a result, an
increasing number of scientific articles have focused on exploring new opportunities to
improve the performance of adsorption chillers.

The most important parameters characterizing the performance of adsorption chillers
are the cooling COP (coefficient of performance) and SCP (specific cooling power). For
chillers with desalination function, the SDWP (specific daily water production) is also very
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important as it specifies the amount of desalinated water per unit of adsorbent mass per
day [8]. It is affected by many factors, such as the bed regeneration temperature, chilled
water temperature, and cycle time. The efficiency of a cooler also depends on its design and
the working pair used. In particular, it is related to the properties of the sorbent. Improved
efficiency of adsorption chillers can be achieved in many ways, including the following:

• choice of modern sorption materials [6];
• improved heat transfer in the sorbent [9];
• improved heat transfer at the interface between the sorbent and the heat exchanger [6,10,11];
• use of internal heat recovery [4,12];
• selection of the optimum duration of the half-cycle [13];
• use of an appropriate number of beds [12];
• fluidisation of the adsorbent bed [14].

One of the biggest problems with the most commonly used highly porous sorption
materials is their very low coefficient of thermal conductivity. This results in poor heat
transfer within the bed and, consequently, a lower performance of the entire unit [5].
One way to increase the performance of an adsorption chiller is to improve the heat
transfer within the bed [9]. This can be achieved in many ways. The first is the choice of
modern adsorbents [6]. Material science is constantly developing, thus providing more
and more possibilities. The ideal sorbent material combines good thermal conductivity
and high sorption capacity. Currently, the choice of a suitable adsorbent is dictated by the
cost-effectiveness of the device and involves a search for a compromise between a high
coefficient of thermal conductivity and a high sorption capacity [5]. However, there are
available materials that are characterised by a large specific surface area and pore volume
without losing good thermal conductivity properties. Such materials include, e.g., hybrid
MOFs (metal–organic frameworks) [6].

Enhanced heat transfer inside the bed can also be achieved by doping the sorbents with
materials with a higher heat transfer coefficient [9]. The effect of using polydispersity will
be a replacement of gas voids between sorbent grains. Inter-grain spaces have a particularly
negative effect on heat transfer inside the bed as the heat transfer coefficient of still air is
even lower than that of silica gel, at 0.025 W/(mK) [6]. Research results indicate a clear
intensification of the processes of adsorption and desorption of the silica gel mixture with
an appropriate percentage of a metal additive compared with the reference sample and, at
the same time, a slight loss of sorption properties [9].

Heat transfer is significantly reduced at the adsorbent–heat exchanger interface. This
is caused by a significant difference between the heat transfer coefficients of the adsorbent
and those of the heat exchanger material. An effective method to increase heat transfer in
the boundary zone is to coat the silica gel layer in contact with the heat exchanger surface
with a binder [6]. The most important component responsible for heat exchange is the one
in which the heating/cooling water flows in the heat exchanger. Its design can greatly
affect the performance of the entire unit [10].

The performance of an adsorption chiller will also be higher for devices that allow
internal heat recovery after bed regeneration and use the cooling water previously used
to cool one bed to preliminarily reduce the temperature of the other bed [4,12]. Many
advanced heat recovery cycles have been proposed in the course of many studies, and these
include the thermal wave cycle, the forced convection thermal wave cycle and the cascade
cycle [4].

A very important and relatively easily modifiable parameter of chiller operation with
a great influence on its efficiency and power is the duration of half-cycles [13]. The length
of this time determines how much adsorbate will flow from the evaporator to the bed and
from the bed to the condenser. The switching between half-cycles should take place at a
time corresponding to the actual completion of adsorption or desorption. If the time of
adsorption is too short, too little adsorbate will be adsorbed on the sorbent surface and
too little refrigerant will evaporate to the condenser, thus contributing to lower distillate
production or too low chilled water temperature. On the other hand, if the desorption time



Energies 2023, 16, 5817 3 of 22

is too long, the energy supplied to the bed in the regeneration process will be irretrievably
lost [15].

The use of multi-bed systems ensures continuous operation and results in the greater sta-
bility of the chiller operation, increased cooling power and higher COP and SDWP [6,12,16,17].
An experiment was carried out during which a system with four and six beds was tested
under the same conditions. The results show that the use of four beds enabled a 70%
increase in the cooling capacity coefficient in comparison with a device with two beds,
while the operation of six beds was characterised by a COP value 40% higher than for a
chiller using only four beds [12].

The most commonly used adsorption chillers are equipped with stationary (fixed)
beds, which means that there is silica gel packed inside between the tubes of the heat
exchanger. This, to a large extent, limits heat and mass transfer within the bed [14,18].
In adsorption chillers, the bed is the structural component where the sorbent fills the
heat exchanger, which is usually a closed structure by using a stainless steel mesh with
a mesh diameter smaller than the sorbent used. The heat exchanger, which is filled with
sorbent, is where the heat transfer between the cooling/heating medium takes place during
the process of adsorption or desorption (finned tube or tube heat exchanger). The heat
transfer is significantly reduced at the adsorbent–heat exchanger interface. This is caused
by the significant difference between the heat conductivity coefficients of the adsorbent
and the heat exchanger material. The problem of high thermal resistance is due to the poor
heat conduction of the adsorbents used, and the presence of numerous voids between the
sorbent particles [6,9]. Further barriers are the heat exchanger material itself and the physics
of the processes. This contributes to a significant increase in adsorption and desorption
times. This results, among other things, in the low specific cooling power (SCP) and the
large size and weight of the equipment [18]. The use of efficiency-enhancing methods, e.g.,
an appropriate heat exchanger design, can partially reduce the weak points of adsorption
chillers. This type of issue is described in more detail in the section above. For fixed-bed
adsorption chillers, the COP values of the equipment are shown in Table 1.

Table 1. Summary of parameters of selected adsorption chillers [6–9].

No. Working
Pair

Hot Water
Temperature

◦C

Cold Water
Temperature

◦C

SCP
W/kg

SDWP
m3/Tonne COP Details

1

Silica
gel–water

85.0 24.0 30.2 0.96 0.28
two-stage, four-bed

2 70.0 16.0 12.3 - 0.23

3 70.0 27.6 - 9.97 - four-bed, int. heat recovery

4 85.0 30.0 112.0 4.0 0.46

two-bed, solar heat-driven5 85.0 25.0 ~140.0 5.3 ~0.50

6 85.0 15.0 ~225 8.0 ~0.55

7 60.0 25.0 - - 0.64 three-bed

8 85.5 29.5 125.0 - 0.51
two-bed with optimized modular

9 85.4 30.3 86.4 - 0.34

In the literature, there are many examples of many different heat exchangers used in
adsorption chillers. The most common designs include the following:

• Finned-tube heat exchangers, which consist of a single tube or a multi-tube system
of straight or U-shaped tubes that are finned on the outside. The adsorbent is placed
between the fins, and the whole is inserted into a special mesh that holds all the
components together.

• Plate finned-tube heat exchanger. This heat exchanger consists of longitudinal mani-
folds connected by smaller diameter tubes forming a meandering ‘finning’ in order
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to increase the heat transfer surface. The tubes are connected to each other by means
of fin plates. The entire heat exchange assembly is placed in a frame with a mesh
which prevents the adsorbent from moving freely in the structure. With this ex-
changer, the device achieved a COP value of 0.48, with SCP from 208 W/kgads to
590 W/kgads [19,20].

• Finned flat-tube heat exchanger is a structure consisting of flattened tubes connected
by a dense mesh arranged in alternately overlapping triangular-shaped fins. The
spaces between the fins are filled with adsorbent and enclosed in a frame. By using
an appropriate granulation, it is possible to achieve a COP of 0.4 with SCP from
675 W/kgads to 2.3 kW/kgads [20].

One of the most promising options to improve the performance of adsorption chillers
involves replacing a stationary bed with a fluidised one. This solution is an alternative
to fixed beds. Fluidisation has been successfully used for a long time in many industries,
including gas drying processes, bulk materials, product freezing and heating, solid fuel
combustion, in cracking process and many others. Fluidisation of a bed can be described
as a condition in which particles of the sorption material are affected by a fluid flowing
through the bed at a specific fluidisation velocity u [21]. Under the influence of the air
flowing from the bottom of the adsorber, a suspension of particles is formed. These particles
then exhibit physical properties comparable to liquids [22]. The fluidisation velocity cannot
be too low as this will mean the desired fluidisation phenomenon will not occur and the
particles will remain stationary. The minimum critical fluidisation velocity ucr is required
for the particles to begin to rise and form a fluidised layer [22]. On the other hand, the
fluidisation velocity cannot be too high (lower than the particle entrainment velocity)
because this could lead to blockage of the flow from the bed to the evaporator [23]. It is
therefore a very important parameter in the design of fluidised beds [24].

Numerous studies also indicate that a fluidised bed adsorption chiller is characterised
by better heat and mass transfer. Adsorption and desorption processes are then much more
intense [25]. A shorter cycle time is associated with an increase in cooling power and an
increase in COP and SCP. The maximum adsorption rate is observed at the beginning of
the process and decreases with time [26].

Tests have also been carried out to determine the value of the coefficient of heat transfer
between the surface of the heat exchanger and the bed for fixed and fluidised beds. The
results are presented in [27]. The heat transfer coefficients for fixed and fluidised beds
for a gas velocity of 0.03 m/s were 7.29 W/(m2K) and 280.89 W/(m2K), respectively [27].
Furthermore, this coefficient was shown to increase with decreasing grain size [27].

It was also shown that as the velocity of the medium reaching the bed increased, an
increase in the amount of adsorbed adsorbate and the rates of adsorption and desorp-
tion was noticeable [25]. The adsorption and desorption efficiency also increases with
the increasing height of bed packing [27]. The amount of adsorbed water increases with
increasing adsorbent mass in the bed [26]. The particle size affects the value of the mini-
mum fluidisation velocity and the COP of the chiller. According to the equation for the
minimum velocity required to form a fluidised bed and the tests conducted, it increases
with increasing particle size [23,24]. It was also observed that a more spherical particle
shape causes the minimum fluidisation velocity to increase [24]. The velocity is also affected
by the height and diameter of the bed [24]. Furthermore, it decreases when the pressure
increases. As the diameter of the adsorbent particles decreases, the thermal COP of the
device increases [23]. The motion of the particles inside the bed is influenced among other
things by the design of the manifold and the degree of slope of the inlet to the adsorber
causing particle turbulence [28].

However, fluidisation can be achieved even under high vacuum conditions [29]. It is
bubbling in nature. The hydrodynamic conditions are similar to those of fluidisation under
high pressure [29].

It was also noted that, for a fluidised bed, more water is adsorbed on the surface of the
silica gel than for a fixed bed packed with it [27]. This is due to the fact that in a fluidised
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bed, a larger sorbent surface area can be in contact with the adsorbate. A fixed bed has a
smaller total active surface area of the sorbent due to the high packing of the material [27].
Fluidisation also makes it possible to carry out a more efficient regeneration of the bed at a
lower temperature, which is associated with high mass and heat transport efficiency [27].

Simulations in ANSYS software of the operation of an adsorption chiller using a
mechanical fluidized under vacuum conditions have not been previously analysed by
other researchers; thus, this research is innovative. Simulation calculations as well as
experimental studies make it possible to analyse the processes occurring during sorption
and desorption during fluidization in the adsorption chiller bed. The fluidization process is
carried out in a bed characterized by a unique design which has not previously been used
in adsorption chillers, and the simulation results obtained will enable further development
of this type of design, thus improving the efficiency of cooling equipment.

2. Materials and Methods
2.1. Mathematical Model

Fluidised bed adsorption chillers were modelled in the ANSYS software, and the
sorption/desorption process as well as heat transfer between the sorbent particles and the
surface of the heat exchanger were analysed.

Obtaining reliable results of the analysis is largely dependent on the appropriate selec-
tion and implementation of models allowing for a numerical simulation of the phenomena
occurring in a real system. These equations, in combination with the number of elements,
affect the accuracy of the results and the length of the calculations. It is necessary to present
the accuracy of the model and to take into account the limited computing power and finite
simulation time.

For all flow phenomena, Ansys Fluent solves the equations of conservation of mass
and momentum. In the presence of heat transfer or flow compressibility, it is also necessary
to consider energy conservation. In the flows involving mixing and reactions of substances,
the equation of substance conservation is added to the system of equations. Additionally, if
the flow is turbulent, the turbulence equations are solved [30–34].

The conservation of mass equation,”also’called the continuity equation, is written as
follows (1):

∂ρ

∂t
+∇ · (ρv) = Sm (1)

This is the general form of the equation valid for compressible and incompressible
flows. The Sm source represents the portion of the mass added to the continuous phase,
e.g., vaporization of liquid droplets in the gas phase. The source can be described as in
Equation (2) for axisymmetric problems, as follows:

∂ρ

∂t
+

∂

∂x
(ρvx) +

∂

∂r
(ρvr) +

ρvr

r
= Sm (2)

where x is the axial coordinate, r—radial, v—velocities in the respective coordinates. The
equation of conservation of momentum is as in Formula (3), as follows:

∂

∂t
(ρv) +∇ · (ρvv) = −∇p +∇ · (=τ) + ρg + F (3)

where p is the static pressure,
=
τ the stress tensor, ρg represents the force of gravity, and F

the external mass forces acting on the fluid, depending on the model adopted. The stress
tensor is described as in the formula (4), as follows:

τ = µ[∇ν+∇νT− 23∇ · νI] (4)
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In Ansys Fluent, it is possible to include heat transfer in a flow. The energy equation
takes the following form (5):

∂

∂t
(ρE) +∇(v(ρE + p)) = ∇ · (keff∇T−∑

j
hjJj +

=
τeff · v) + Sh (5)

where keff expresses the effective conduction coefficient (k + kt, where kt is the turbulent
conduction coefficient defined depending on the turbulence model used), and Jj expresses
the diffusive flux of the substance. Successive parts of Equation (5) define the energy
transfer through conduction, the substance diffusion, and the viscous dissipation. The term
Sh is user-defined volumetric heat sources.

The quantity E from Equation (5) is defined as follows (6):

E = h− p
ρ
+
ν2

2
(6)

where h expresses enthalpy. For ideal gases, it is defined as follows (7):

h = ∑
j

Yjhj (7)

However, for incompressible flows, it is as follows:

h = ∑
j

Yjhj +
p
ρ

(8)

The quantity Yj appearing in Equations (7) and (8) expresses the mass fraction of
a given substance. The enthalpy of the j-th substance is calculated from the following
formula (9):

hj =
∫ T

Tref

cp,jdT (9)

The reference temperature Tref depends on the solver and the models used.
As heat is applied to a fluid, its density changes in proportion to the temperature

change. This leads to the creation of a flow under the influence of gravity acting on the
fluid, the density of which changes (buoyancy-driven flow). This type of flow is known as
natural (or mixed) convection. The influence of buoyancy forces on the share of free and
forced convection in the flow determines the mutual ratio of the Grashof and Reynolds
numbers (10)

Gr
Re2 =

gβ∆TL
v2 (10)

When the value of the above Equation (10) is close to or greater than one, the proportion
of displacement in the flow is significant. For very small values, the buoyancy forces may
be neglected in the model.

For the strictly natural convection mechanism, the mean of the flow can be determined
by the Rayleigh number (11), as follows:

Ra =
gβ∆TL3ρ

µα
(11)

where β is the thermal expansion coefficient (12), while α is the thermal diffusivity coeffi-
cient (13).

β = − 1
ρ

(
∂ρ

∂T

)
p

(12)

α =
k
ρcp

(13)
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Turbulence—realizable k-ε assuming a medium-steady turbulent fluid motion, each
of the flow parameters at a given time can be written as the sum of the averaged value and
its fluctuations. For a given speed component, this notation takes the following form:

uI = ui + ui
′ (14)

We record scalar quantities in the same way, as follows:

φi = φi +φi
′ (15)

where φ denotes scalar quantities such as pressure, energy, or concentration.
Adopting a description of a mean steady motion leads to the following form of the

transport equations (i.e., the continuity and moment equation) in the tensor notation:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (16)

∂

∂xi
(ρui) +

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂j

[
µ

(
∂uj

∂xj
+

∂uj

∂xi
− 2

3
δij

∂uj

∂xj

)]
+

∂Rij

∂xj
(17)

where Rij is the Reynolds stress tensor related to the averaged velocity of the momentum
change due to turbulent pulsations. In the Cartesian coordinate system, this tensor takes
the following form, as shown in Equation (18):

Rij = −ρu′ju
′
i =


−ρ(u′x)

2 −ρu′xu′y −ρu′xu′z

−ρu′yu′x −ρ
(

u′y
)2

−ρu′yu′z

−ρu′zu′x −ρu′zu′y −ρ(u′z)
2

 (18)

The system of Equations (16) and (17) is not a closed system. In the Reynolds tensor,
there are no six equations defining the individual components. In this commissioned work,
the problem of setting up additional equations was solved by calculating the effect of
turbulence according to the Boussinesq approach [34]. According to this hypothesis, there
is a relationship between the components of the Reynolds tensor and the deformation
velocity tensor. In the index notation, this relationship is expressed by Equation (19).

Rij = −ρu′ju
′
i = µT

(
∂ui

∂xj
+

∂uj

∂xi

)
− 2

3

(
ρk + µT

∂uk
∂xk

)
δij (19)

The turbulence model adopted in the calculations is the “Realizable k-εmodel”, loosely
translated as the solvable k-εmodel. It is characterized by the fact that it has implemented
modified equations describing the turbulent viscosity and the speed of energy dissipation
compared to the traditional model. The term “solvable” reflects a feature of the model by
satisfying certain mathematical conditions in terms of Reynolds stresses consistent with
the physics of turbulent flow.

Equations describing the kinetic energy of turbulence (20) and its dissipation (21) are
as follows:

∂

∂t
(ρk) +

∂

∂xi

(
ρkuj

)
=

∂

∂xi

[(
µ+

µt
σk

)
∂k
∂xj

]
+ Gk + Gb−ρε−YM + Sk (20)

∂

∂t
(ρε) +

∂

∂xj

(
ρεuj

)
=

∂

∂xj

[(
µ+

µt
σε

)
∂ε

∂xj

]
+ ρC1Sε− ρC2

ε2

k +
√
νε

+C1ε
ε

k
C3εGb + Sε (21)
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where:

C1 = max
[

0.43;
η

η+ 5

]
; η = S

k
ε

(22)

In the above equations, Gk represents the generation of kinetic energy of turbulence
through the averaged values of the velocity gradients (23), as follows:

Gk= −ρu′iu
′
j
∂uj

∂xi
(23)

Gb is the generation of kinetic energy of turbulence due to buoyancy forces, according
to the following formula (24):

Gb = βgi
µt
Prt

∂T
∂xi

(24)

where Prt is the turbulent Prandtl number for the adopted model amounting to 0.85, and gi
is the acceleration vector due to gravity. The thermal expansion coefficient is defined by
the formula (12).

Another variable, denoted as YM, which takes into account the compressibility in the
flow, is particularly significant in flows for which the Mach number is greater than one.
The formula that defines this variable can be presented as follows (25):

YM = 2ρεMa2
t (25)

The variable YM is a turbulent Mach number, defined as follows (26):

Mat =

√
k
a2 (26)

The variable C3ε shows to what extent the energy dissipation depends on the buoyancy
forces. It takes the following form (27):

C3ε = tanh
∣∣∣v
u

∣∣∣ (27)

where v is the velocity component parallel to the acceleration vector due to gravity, and u
perpendicular to the acceleration due to gravity. C3ε takes the value equal to one in a flow,
where the main direction of the flow and the gravity vector are consistent, and in the case
of the perpendicular arrangement of these vectors, the zero value.

The other variables in the formula for the energy dissipation speed ε are constants,
namely, turbulent Prandtl numbers, σk = 1 and σε = 1.2, defined separately for the equation
for turbulence kinetic energy and energy dissipation, constants C1ε = 1.44 and C2 = 1.9 and
user-defined source functions Sk, Sε.

A key issue in modelling is the proper definition of turbulent viscosity. The solvable
model k-ε turbulent viscosity is calculated according to the following formula (28):

µt = ρCµ
k2

ε
(28)

Contrary to the standard k-εmodel, in the solvable k-εmodel, the quantity Cµ ceases
to be a constant (29), as follows:

Cµ =
1

A0 + As
kU*

ε

(29)

where:

U* =

√
SijSij +

∼
Ωij
∼
Ωij (30)
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∼
Ωij = Ωij − 2εijkωk (31)

Ωij = Ωij − εijkωk (32)

Sij =
1
2
(

∂uj

∂xi
+

∂ui

∂xj
) (33)

Ωij represents the average tensor rotation speed from the point of view of the rotating
coordinate system with the angular velocity ωk. Constant A0 = 4.04. The constant As is
represented by the following formula (34):

As = 6 cosφ (34)

where:
φ =

1
3

cos−1
(√

6W
)

(35)

W =
SijSjkSki
∼
S

(36)

∼
S =

√
SijSij (37)

As can be seen, the constant Cµ takes into account the mean angular velocity of the
fluid, the mean deformation velocity, and the angular velocity.

In order to model the multiphase flow, the “Species Transport” model was selected for
the calculations. It describes the convective diffusion of the mass to the volume chosen as
the base. The diffusion equation takes the following form (38):

∂

∂t
(ρYi) +∇ · (ρvYi) = −∇ · Ji + Ri + Si (38)

where Yi is the mass fraction of the i substance in the mixture, Ri the rate of increase/reduction
in the substance as a result of a chemical reaction, Si rate of increase/reduction in the sub-
stance as a result of adding it to the process. In turbulent flows, the diffusion flux of a
substance is determined according to the following formula (39):

Ji = −
(
ρDi,m +

µt
Sct

)
∇Yi (39)

where Di,m is the diffusion coefficient for the i-th substance in the mixture, the turbulent
viscosity coefficient is described by Equation (28), and Sct is the turbulent Schmidt number,
by default assumed at 0.7.

During the construction of geometric models, the following simplifications were made:

• The housing of the elements has been simplified to the form of a cylinder, without
sight glasses and measuring connectors.

• Irregularly shaped elements such as heating and cooling junction boxes in the evapo-
rator and condenser are simplified to a cylinder form.

• For the sorption chamber, the structural elements supporting the bed were omitted,
and the bed itself was simplified to the form of a cuboid.

Then, after creating the structural elements, they were filled with the fluid domain
in order to obtain the appropriate computational domains constituting the interior of the
sorption chamber, evaporator, and condenser, respectively.

After developing the geometric model of the bed, it was exported to the ANSYS Mesh-
ing module. Using the ANSYS Meshing module, the continuous domain was discretized to
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obtain a computational grid. To assess the quality of the grid, an analysis of cells’ quality
parameters was carried out, and the following was found:

• Orthogonal quality: value is in the range <0, 1>, value 1 stands for the highest
possible quality.

• Skewness: value is in the range <0, 1>, value 0 stands for the highest possible quality.

The orthogonal quality for most elements (about 70% of the elements) was estimated
to be in the range of 0.73–1.0. Similarly, the skewness for most elements (about 70% of
the elements) was estimated to be in the range of 0–0.25. The meshes have 350,464 nodes
and 1,673,113 elements. It has an average orthogonality of 0.787 with a deviation of 0.14
and an average skewness of 0.23 with a deviation of 0.13. About 1% of the elements
have an orthogonality value of less than 0.5, and about 85% of the elements have an
orthogonality greater than 0.75. The Realisable k-ε turbulence simulation model with
a standard wall function was chosen because it is well-known and successfully used in
adsorption simulation. In addition, due to the multiphase flow that is characteristic of the
phenomenon being simulated, the Dense Discrete Phase Model (DDPM), which works in
Euler–Lagrange terms, was chosen. With this model, the momentum equations are not
calculated for each individual particle, but for a certain set of particles related to each other
by specific physical dimensions. The DDPM model can be used together with the k-ε
turbulence simulation model.

2.2. Physical Model

A specially designed model of an experimental installation was prepared for the
solution applied. The parameters of cooling and heating water, and the pressure range
that were selected during the process of modelling sorption/desorption for the fluidised
bed chiller correspond to the operating conditions of the stationary bed device. These data
are presented in the section on the performance of an experimental solid bed adsorption
chiller [3,35,36]. A silica gel sorbent was used for simulation and experimental studies, the
parameters of which are shown in Table 2.

Table 2. Physical parameters of the sorbent used.

Parameter Value

Granulation, µm 400–800

Specific surface area, m2/g 750–830

Bulk density, kg/m3 755

Actual density, kg/m3 2200

Regeneration temperature, ◦C <90

Average pore diameter, nm 2–3

Specific thermal capacity, J/kgK 924

Thermal conductivity, W/mK 0.175

Within the framework of the model-based testing, the thermal and flow phenomena
taking place inside the sorption chamber were determined with a particular emphasis
on the kinematics of silica gel in the processes of sorption and desorption. The amount
of sorbent subjected to fluidisation is 1.3 kg at a velocity (normal to the inlet surface)
of 0.04 m/s and mass flow rate of 0.1 kg/s. A diagram of the test installation with a
mechanical bed is present in Figure 1.

The movement of the adsorbents, which was forced mechanically, causes a number
of problems during the cyclic operation of the beds in the chiller, and, as such, a solution
is not commercially available on the market so far. The heat exchanger, together with
the mechanical bed, works under vacuum, and the pressure is maintained by a system
of vacuum pumps, ensuring the right working conditions. Therefore, for the purpose of
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evaluating the results of the simulation calculations presented in this paper, single real-
world tests were performed within the adsorption cycle and within the desorption cycle on
the experimental chiller, which were repeated several times. The upward movement of the
adsorbent is forced by a screw feeder. From the top, due to the sloped construction of the
bed, the adsorbent flows towards the screw feeder tank. During this time, heat and mass
exchange processes take place.
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Figure 1. Diagram and figure of the test installation mechanical CFB.

3. Results—Model of CFD Fluidized Mechanical Bed

Simulation calculations of a mechanical fluidised bed for adsorption and desorption
processes are presented below. The boundary conditions for the simulation of a mechani-
cal fluidised bed were determined via experimental studies based on the operation of a
real system. The assumptions for the model’s accuracy were outlined in an earlier chap-
ter. Simulation calculations focused on the temperature distribution between sorbent
particles contacting the exchanger during the adsorption and desorption phases. The
calculations were carried out for one variant of the exchanger inclination angle in bed of
adsorption chiller.

3.1. Adsorption

The adsorption process is exoenergetic in nature; therefore, for this process to take
place efficiently, the heat released from the sorbent must be removed, which is related to the
characteristics of the sorbent. The removal of heat from the silica gel takes place through a
heat exchanger through which the cooling water flows. In the case under consideration,
the cooling processes of the silica gel particles are modelled. A cooling medium flows
through this exchanger, removing heat from the silica gel particles. In the model-based
testing, a constant heat transfer was determined at the edges of the heat exchanger. The
graphs below show simulations of heat removal during the sorption process. Graphs below
(Figures 2 and 3) show the mechanical the bed with silica gel particles and the distribution
and temperature of the particles at different time intervals (6 s and 12 s). The graphs
presented show the initial non-stationarity of the process. For 6 s, no change in silica gel
temperature at the outlet of the bed was observed (mainly average temperature at the
outlet); this was visible at 12 s, where exchanger inclination angle is 43◦.
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Figure 3. Distribution and temperature of particles at 12 s.

For the specified boundary conditions, the decrease in the average temperature of
silica gel during the sorption process after heat removal is 3.8 ◦C. For the analysis, it was
assumed that the temperature of water cooling the heat exchanger in the fluidised bed,
which is washed by the fluidised sorbent, was 28 ◦C. Presented below are simulation results
in the fluidised bed.

The simulation results show the following:

• Average temperature of silica gel at the inlet: Tav in = 43 ◦C;
• Average temperature of silica gel at the outlet: Tav out = 39.2 ◦C;
• Temperature differences between outlet and inlet: ∆T = −3.8 ◦C;
• Exchanger inclination angle is 43◦.

Figure 4 presents the kinetic energy contour, and refers to the steady state at 12 s. By
analysing the data, it can be stated that the lighter particles fluidise more intensively, which
causes them to have longer contact with water vapour, contributing to a more intensive
sorption process, and the direction of the particles is close to tangential in the direction of
the heat exchanger.

By analysing the data, it can be stated that during the sorption process (cooling
process), the highest value of the temperature drop of the sorbent is 3.8 ◦C and is reached
after 12 s.
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3.2. Desorption

The graphs presented reflect the non-stationarity of the heat transfer process and
the temperature distribution in the sorbent in the mechanical fluidised bed in the desorp-
tion process. Figure 5 show the temperature distribution for 6 s, where a low intensive
temperature rise in the sorbent can be observed.
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Figure 5. Distribution and temperature at 6 s.

Figure 6 presents the distribution and temperature of particles at 12 s. From the model
data, it can be concluded that the temperature equilibration for the silica gel is reached
after 12 s, where the sorbent particles reach their maximum temperature while washing the
surface of the heat exchanger.
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Figure 6. Distribution and temperature at 12 s.

Based on the simulation data, the temperature difference between the outlet and the
inlet is approx. 4.78 ◦C. The assumed temperature of the exchanger is 74.89 ◦C. Based on
the data, it is a possibility to increase the temperature of the sorbent material via multiple
flows in the system.

The simulation results show the following:

• Average temperature of silica gel at the inlet: Tav in = 39.9 ◦C;
• Average temperature of silica gel at the outlet: Tav out = 44.7 ◦C;
• Increase the temperature of silica gel: ∆T = 4.78 ◦C;
• Exchanger inclination angle is 43◦.

In Figure 7, the contour of kinetic energy refers to the steady state at 12 s. By analysing
the data, it can be concluded that the lighter particles reflect more intensely and fluidise,
which causes them to have longer contact with the water vapour, thus contributing to a
more intense desorption process.
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Based on the simulation data, high activity of sorbent particles can be observed
below the exchanger surface where they come into contact with its walls. In the case of
the turbulence kinetic energy contour, significant vortex structures are observed in the
downstream part of the exchanger, which is related to the collision of particles on both
sides of the bed.

In the heat exchanger prepared, a two-dimensional, fully parameterized model of
the bed was created, and multiphase flow was incorporated, as well as heat transfer from
the wall to the sorbent particles, and the occurrence of turbulence was also modelled. By
analysing the data, it can be concluded that during the desorption process (heating process),
the highest value of temperature rise was 4.78 ◦C and was reached after 6 s.

The result of the experiment between the model and the experimental study is pre-
sented in Table 3. Experimental tests were carried out on a mechanical bed, where the
adsorption desorption process was studied. The conditions of the experiment corresponded
to the conditions of the simulation carried out during the desorption sorption process.

Table 3. Comparison of experimental studies on a test bed with a model of a fluidal mechanical bed.

Desorption

Exp.
30 s

Model
30 s

Exp.
60 s

Model
60 s

Exp.
90 s

Model
90 s

Exp.
160 s

Model
160 s

Temperature of silica gel at the inlet [◦C] 41.0 40.3 42.2 41.6 43.2 42.8 44.6 44.4

Temperature of silica gel at the inlet [◦C] 41.4 40.7 42.5 42.0 43.6 43.2 44.8 44.6

Adsorption

Exp.
30 s

Model
30 s

Exp.
60 s

Model
60 s

Exp.
90 s

Model
90 s

Temperature of silica gel at the inlet [◦C] 42.0 43.1 40.8 41.3 39.1 38.8

Temperature of silica gel at the inlet [◦C] 41.5 41.9 40.3 40.6 38.7 38.3

The temperature of the silica gel is measured at the entrance and exit of the inclined
bed until the temperature of the adsorbent stabilizes. In addition, the pressure in the tank
that contains this moving bed is measured. Based on the experimental and simulation
studies, it can be concluded that less compatibility between the obtained results of real
and simulation studies was observed for the adsorption cycle (difference up to about 17%)
than for the desorption cycle (difference up to about 13%). It should be noted here that the
desorption time of the process even in stationary beds is longer than the adsorption time.
Taking into account all the elements of a moving bed, it takes more time for the temperature
to reach the value throughout the adsorbent, which also influences the desorption rate.

4. Discussion

The aim of the study was to compare the heating and cooling times of the sorbent in
the bed at the same temperatures and pressures in the process of sorption and desorption
as in the case of a mechanical bed and a stationary bed. The silica gel was used for this
purpose, with the same parameters as in the case of the modification process and tests on a
mechanical fluidal bed. This study will enable the verification of the thesis related to the
possibility of using fluidal beds in the chiller, which has an increased impact on reducing
the sorption and desorption time, and, consequently, increases the efficiency of the device.

Compare Stationary Bed during Adsorption Desorption Process with a Fluidal Mechanical Bed

In the adsorption chiller (Figure 8) installed at the at the Energy Centre of the AGH
University of Science and Technology, operating in a three-bed system, one finned heat
exchanger was installed in Tichelman scheme for each of the beds. The geometry of
the exchanger consisted of two longitudinal manifolds connected by six tubes of smaller
diameter, forming a meandering ‘finning’ to increase the heat transfer surface, and the
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amount of sorbent in one bed is 3 kg. This part of the exchanger was connected to the fin
plates by means of a casing. The geometry of the exchanger is shown in Figure 9.
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Figure 8. Scheme of the operation of adsorption chiller: 1—condenser; 2—distillate tank; 3—
adsorbent bed; 4—brine tank; 5—evaporator; 6—deaerator; TT01—temperature in the evaporator;
TT04—hot water inlet temperature [◦]; TT05—hot water outlet temperature [◦]; TT06—chilled water
inlet temperature; TT07—chilled water outlet temperature; TT11—temperature in bed 1 [◦]; TT12—
temperature in bed 2 [◦]; TT13—temperature in bed 3 [◦]; TT18—temperature in the condenser [◦];
PT04—pressure in the evaporator [kPa]; PT07—pressure in bed 1 [kPa]; PT06—pressure in bed
2 [kPa]; PT05—pressure in bed 3 [kPa]; PT10—pressure in the condenser [kPa]; FT01—hot water flow
[L/min]; FT03—chilled water flow [L/min].
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An analysis of the cooling time (adsorption process) of the sorbent in the bed was also
carried out, consisting of a plate heat exchanger in the Tichelman system in an adsorption
chiller installed at the Energy Centre of the AGH University of Science and Technology (CE
AGH). As already mentioned, for the cooling of the bed, cooling water at a temperature of
approx. 28 ◦C was used, which flows through a system of tubes in the heat exchanger of the
bed heating the sorbent. Figure 10 shows the temperature drop of the sorbent in the heat
exchanger as a function of time during the adsorption process when the cycle is switched.
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Figure 10. Comparison of change in the temperature of the sorbent during the adsorption process
between stationary bed in an adsorption chiller at the CE AGH and fluidal mechanical bed of
adsorption chiller as a function of time.

For the regeneration of the bed, hot water at a temperature of approx. 80 ◦C was used.
Figure 11 shows the increase in temperature of the sorbent in the exchanger as a function
of time during the desorption process when the cycle is switched over.
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Figure 11. Comparison of the change in the temperature of the sorbent during the desorption
process between stationary bed in an adsorption chiller at the CE AGH and fluidal mechanical bed of
adsorption chiller as a function of time.
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In a fixed-bed adsorption chiller, in the case of desorption with water at 80 ◦C, the in-
crease in the temperature of the sorbent by ∆T = 4.78 ◦C is reached only after approx. 200 s,
while the whole desorption cycle for the experiment under consideration lasts 300 s. On
the other hand, in the case of adsorption process using cooling water with a temperature
of 28 ◦C, a decrease in the temperature of the sorbent by ∆T = 3.8 ◦C is achieved only
after approx. 190 s, while the whole adsorption cycle for the experiment conducted lasts
300 s. Such a long time of sorption/desorption is associated with the fixed packing of
the sorbent in the heat exchanger, causing the heat transfer to be limited due to the low
coefficient of thermal conductivity of the sorbent and of the material that the heat exchanger
is made of. In the case of a fluidised bed, a temperature rise of ∆T = 4.78 ◦C (desorption) is
reached after approx. 12 s and a temperature drop of ∆T = 3.8 ◦C (adsorption) is reached
after approx. 12 s, which is associated with the intensive mixing of the sorbent material
and the intensive washing of the surface of the heat exchanger. The shortening of the
desorption/sorption time has a significant impact on increasing the capacity of the chiller
and reducing its weight as the same amount of sorbent as is used in a fixed-bed chiller can
generate several times higher cooling power in a fluidised bed cooler. The temperature
rise in a fluidised bed is the result of a number of factors, such as contact time with the
heat exchanger, contact time with the environment (when the medium circulates), velocity,
frequency of collisions between the particles, etc.

The results of the model-based testing of the fluidised bed chiller confirm the literature
data where the heat transfer in a fluidised bed can be up to 30 times better compared with
that of a fixed bed. It is determined that the adsorption/desorption cycle in this type of the
device is several times (more than 6.5 times) shorter than in a fixed bed, which is confirmed
using data from model-based tests and literature data. It also contributes to improved
contact between silica gel particles, which are in constant motion, and, consequently, to
increased efficiency of adsorption and desorption. Fluidisation leads to an increase in
the coefficient of heat transfer between the heat exchanger and the adsorbent, as well
as an increase in the coefficient of thermal conductivity within the bed, the result of
which is an improvement in the performance coefficients of the whole device. Inside the
fluidised bed, single points with a higher temperature are rapidly dissipated, and the bed
is characterised by a uniform temperature distribution. Rapid temperature equalization
takes place throughout the bed. This makes it easier to control the temperature in the bed.
This is a great advantage of fluidised beds as this cannot be achieved in fixed beds.

The fluidisation of silica gel particles can only take place under the right conditions.
Of particular importance are the flow rate of the adsorbate and the size of the adsorbent
particles affecting the weight and the number of voids inside the bed.

Based on the data modelled for the fixed bed instance and on literature data [25],
it can be concluded that the adsorption and desorption capacity for a fluidised bed can
be increased by approx. 23% and 20%, respectively, compared with a fixed bed packed
with silica gel. On the basis of the literature review and the model-based testing, it can be
concluded that in the case of the application of fluidised beds system in sorption systems,
it is possible to increase the performance of adsorption refrigeration systems. The increase
in the performance of adsorption chillers with fluidised beds is due to the following:

• An increase in adsorbed water by approx. 20% compared with fixed beds;
• The amount of desorbed water is approx. 16% greater than in the case of fixed beds.

The adsorption cycle for fluidal mechanical bed is up to 1.75 and the desorption
process up to 1.2 times shorter than for stationary beds. This is due to the fact of increased
possibility of adsorption of water vapour at the same amount as that of sorbent and the
shortening of the adsorption–desorption cycle even. In addition, due to the fact that the
heat exchange for a fluidised bed is 30 times higher than that for a fixed bed, it is possible
to use heating water with a temperature below 60 ◦C for bed regeneration, the reason being
the increased efficiency of heat exchange between the material and the heat exchanger
through which the heating/cooling medium flows. The increased efficiency of the system
will contribute to a reduction in the size of the unit and a reduction in the weight.
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5. Conclusions

The technology of bed fluidisation is still being developed. Among other things,
fluidisation contributes to the increase in the performance of adsorption chillers and
makes it possible to reduce their size and weight. This will increase the attractiveness and
competitiveness of this type of equipment in the refrigeration sector.

- The application of chillers with fluidised beds will open up the possibility to use the
devices in all places where water with a temperature below 55–75 ◦C is available.

- The use of fluidised systems will reduce the weight (approx. 45%) and dimensions
of the device (approx. 67%), which will result in a reduction in capital expenditure
(approx. 30–40%) and the possibility of installing it in places where it was previously
impossible to install the equipment due to its dimensions and weight.

- Fluidisation of the bed material in the chiller increases heat and mass transfer within
the bed.

- The intensive motion of the sorbent particles in the fluidised bed within the heat
exchanger has a significant effect on increasing the efficiency of the device.

- On the basis of model-based testing for the system fluidised bed, it can be stated that
the heat transfer coefficients for this bed reach values above 0.4 W/(m2K).

The use of adsorption technologies enables the recovery of waste heat and, as a result,
the production of cooling energy and/or distilled water.

- The advantage of sorption devices is the option of cascade configuration thanks to
which the heating medium, after giving up the necessary heat in another sorption
device, and after cooling, has the right temperature to supply another sorption device.

- The fluidised bed adsorption chiller is a functional device which enables the produc-
tion of chilled water for technological and air-conditioning purposes as well as the
desalination of saline water (seawater, brine, and post-process water), the operating
principle of which is based on sorption processes.

- The chiller, due to its increased performance, enables a higher production of conden-
sate in the process of desalination of saltwater compared with a fixed-bed chiller using
the same sorbent mass.

Fluidised bed chillers represent a state-of-the-art solution that is superior to fixed-bed
chillers, making it possible to use this type of technology on a larger scale.
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