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Abstract: The possibility of implementing the innovative multi-disc sorption bed combined with the
heat exchanger into the adsorption cooling technology is investigated experimentally and numerically
in the paper. The developed in-house sorption model incorporated into the commercial computational
fluid dynamics (CFD) code was applied within the analysis. The research allowed to define the design
parameters of the proposed type of the sorption bed and correlate them with basic factors influencing
the performance of the sorption bed and its dimensions. The designed multi-disc sorption bed is
characterized by great scalability and allows to significantly expand the potential installation sites of
the adsorption chillers.

Keywords: adsorption; cooling technology; chiller; heat exchanger; waste heat utilization; CFD

1. Adsorption Cooling Technology

1.1. Environmental Demands

Energy and environment-related issues are strongly inter-related and are becoming the most
important and popular topics in research activities nowadays [1]. The European Union’s concerns are
focused on energetic efficiency as the most effective method of reducing primary energy consumption.
It directly lowers the emissions of harmful substances into the atmosphere and, consequently, improves
air quality. An important element of activities aimed at increasing energetic efficiency is the maximum
use of heat that has so far been released into the atmosphere and its conversion into usable energy.
Moreover, the two main expectations defined in the concept of sustainable development are the
reduction of energy consumption from non-renewable sources and the effective utilization of low-grade
thermal energy originating from industrial waste heat, solar power, cogeneration or exhaust gases
from internal combustion engines [2].

On the other hand, the demand for cooling in the industrial and residential sectors is increasing.
The mechanical vapor-compression air-conditioning systems are commonly used to meet such a demand
for cooling and their popularity results from high coefficients of performance (COP), small sizes,
and low weights. Unfortunately, they vastly contribute to the global warming and ozone layer
depletion because of the usage of refrigerants such as chlorofluorocarbon, hydro-chlorofluorocarbon,
or hydrofluorocarbons [3]. Therefore, the development and wide-spread usage of an alternative
solution to the conventional cooling systems is a necessity.

1.2. Adsorption Chillers

The devices, which are capable to generate chill on the ground of adsorption cooling technology
can be the perfect solution to the aforementioned issues [4–6]. The adsorption chillers can be
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successfully powered with low-grade heat, which can be obtained from renewable sources, e.g.,
solar radiation [6], geothermal energy [7], or industrial waste heat [8–11]. They can be applied in
combined cooling, heating, and power (CCHP) systems in numerous industrial and commercial
applications [12] as well as in sustainable building air-conditioning using solar energy as heat source [1].
The production of chill, practically without the use of electricity, by absorption chillers, has a particular
significance in summer, during the peak period of demand for electricity from the network to supply
conventional vapor-compression refrigeration systems. In addition, the adsorbents in the adsorption
cooling technology are porous materials like silica gel, zeolites, and activated carbons, which are
environmentally friendly with no impact to the atmosphere [13]. The adsorbates are natural coolants
such as water, ethanol, methanol, CO2, or ammonia. These working pairs in adsorption cooling
technology are characterized by zero global warming potential (GPW) and ozone depletion potential
(ODP) [14].

Other important benefits of adsorption chillers in comparison to conventional vapor-compression
systems are driving these devices with renewable or waste heat source of temperature as low as
50 ◦C [7], which directly leads to a reduction in CO2 emissions and pollution [15], almost zero
electricity consumption [6], no moving parts resulting in high reliability [16], simple control and
maintenance [3]. Moreover, on the markets of the Middle and the Far East, adsorption technology is
intensively developed because of the possibility of desalination of seawater along with the production
of cooling energy [17]. But the widespread application of adsorption chillers is limited by the following
shortcomings of adsorption cooling technology: low coefficient of performance [18], large weight
and volume [16], intermittent cooling [14], high initial procurement cost [14], and exploitation under
vacuum conditions [2].

1.3. Design and Operation

The adsorption phenomenon is the binding of the adsorbate to the surface of the adsorbent.
The adsorption cooling technology utilizes the physical sorption phenomenon, where the molecules
of adsorbate are bound to the surface of the porous adsorbent by Van-der-Waals forces [16]. These
are intermolecular interactions between two dipoles, one of which is induced by another permanent
dipole [15]. The combination of subsequent adsorption and desorption cycles is used to produce the
cooling effect in the adsorption cooling technology.

The single-bed, single-stage adsorption chiller consists of an evaporator, condenser, valves
separating adjacent devices, and at least one sorption bed [19] as shown in Figure 1a. The advances in
the design of evaporators and condensers are described in [20,21]. The sorption bed is designed as a
hermetic container with a built-in heat exchanger, which transfers heat between the sorbent and the
heating/cooling medium (usually water). More than one sorption bed can be applied in order to reduce
the intermittency of chill production and assure heat and mass recuperation. The granular packed
adsorbent bed design is usually used in the adsorption cooling systems [12] because it is characterized
by high mass transfer performance due to the high permeability level and developed specific surface
of the adsorbents.
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The ideal adsorption refrigeration cycle is typically expressed by the Clapeyron diagram [22]
with respect to the isosteres of adsorbent–adsorbate pair as shown in Figure 1b. The sorption bed
operates between the condenser pressure and the evaporator pressure as well as the minimum and
maximum adsorbate concentration levels. The Clapeyron diagram (Figure 1b) illustrates the four ideal
thermodynamic steps occurring in the bed i.e., isosteric preheating (A–B), isobaric desorption (B–C),
isosteric precooling (C–D), and isobaric adsorption (D–A) [23].

The absorptivity of the adsorbent is directly proportional to the pressure. The adsorption
conducted under high pressure would be optimal because of the use of the absorptive capacity of
the bed; however, the adsorbate vapor temperature is strictly correlated with the pressure. In the
evaporator, intensively evaporating adsorbate under reduced pressure rejects heat from the chilled
water, thus generating the cooling power. That is why the chilled water temperature is related to the
evaporator pressure; the lowest chilled water temperatures are achievable at low adsorption pressures.
It is, therefore, necessary to balance between a low temperature of the obtained chill and the efficiency
of the device.

1.4. Literature Review

The literature reports valuable examples of research concerning the adsorption cooling technology.
Sakoda and Suzuki performed a fundamental study on solar-powered, silica gel–water adsorption
cooling system [24]. They also analyzed the transport of heat and adsorbate in a small-scale unit
on the ground of both experimental and numerical research [25]. Numerous research report the
potential for applying different heat transfer enhancements techniques to improve adsorption bed
thermal performance. One of them is based on replacing the gaseous voids of low thermal conductivity
between the individual grains of sorbent with the glue of better thermal properties as was investigated
in [26–31]. The obtained results confirmed the beneficial influence of this technique on the COP.
Aristov et al. [32] optimized the adsorption dynamics with the application of loose-grain sorbent.
The insertion of metallic additives to the sorbent was investigated in [12,33]. Another approach
based on a polydispersed composition of the sorption bed was analyzed by Girnik and Aristov [34]
and Demir et al. [35]. Alam et al. [36] numerically investigated the heat exchanger design effect
on the performance of closed cycle, two-bed adsorption cooling systems. The authors defined a
non-dimensional switching frequency and studied the effect of heat exchanger design parameters
on the system performance. The modifications of the heat exchanger design were also investigated
in [18,37,38]. Ilis et al. [39] performed very interesting research concerning the innovative star fin
type adsorbent bed design. Two dimensional numerical analysis allowed to determine the optimum
geometrical parameters and find the best specific cooling performance value. Moreover, the influence
of metal additives on the performance of the adsorption chiller was investigated. The finned tube heat
exchanger was analyzed in [40] and flat-tube heat exchanger was examined in [41]. A 2D coupled
heat and mass transfer model was used in [42] to analyze the performance of both finless and finned
tube-type adsorbent beds during only the desorption mode. A significant enhancement in the heat
transfer was obtained using a finned tube adsorbent bed. The effect of fin design parameters on the
heat transfer inside the bed was also investigated using four different fin configurations.

Researches evaluated different adsorption pairs [43,44] but silica gel/water has shown significant
advantages in terms of thermal performance and environmental impact [12]. Water vapor as adsorbate
is characterized by excellent thermo-physical properties of high latent heat of evaporation, high thermal
conductivity, low viscosity, and thermal stability in a wide range of operating temperatures. Silica gel is
a synthetically obtained porous form of silicon oxide (SiO2) characterized by high chemical resistance.
The advantages of silica gel as adsorbent are also revealed in high adsorption/desorption rate, low
regeneration heat, good long-term stability, and minimal hysteresis [45]. The analysis of the thermal
behavior of devices using silica gel shows that their performance is very sensitive to heat and mass
transfer rates inside the adsorbent beds [46]. According to [47], the lowest temperature needed to
regenerate the adsorption chiller bed is required for the silica gel–water pair. Therefore, this sorption
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pair opens up a number of chiller’s possible applications because of the low temperature of the required
heat source.

Apart from experimental research, several numerical methods were applied in studies on
adsorption cooling technology. Krzywanski et al. [48–50] successfully utilized the genetic algorithms,
neural networks, and AI approach for adsorption chiller work cycle analysis. The rapid development of
high-performance computing (HPC) resulted in the increasing scope of computational fluid dynamics
(CFD) application, also in the area of adsorption technology. Papakokkinos et al. [51] presented a
generalized three-dimensional CFD model based on the unstructured meshes. Dynamic conjugate
simulations of the packed bed and the heat exchanger allowed to study the influence of sorption bed
geometry on the reactor performance. The effect of the adsorbed mass spatial distribution on the
desorption phase was also discussed and the strong impact of the solid volume fraction, fin length,
and fin thickness on the heat transfer was demonstrated. A similar parametric study concerning finned
tube heat exchanger was performed in [37]. Detailed analysis of flow characteristics and heat transfer
within a packed bed of sorbent using CFD technique were also performed in [52–55]. This research
tool was also applied in studies dealing in adsorption dynamics of cylindrical silica gel particles [56],
where authors adopted a three-dimensional finite volume method for solving the coupled energy and
mass diffusion equations.

1.5. The Main Aim of the Work

The key challenges in the development of the adsorption cooling technology are the low
performance and large dimensions of the adsorption chillers. Enhancing the adsorption kinetics
by improving heat and mass transfer is necessary in order to improve the adsorption chiller
performance [12]. Both, performance and dimensions of the device are dependent on the design
of a heat exchanger constituting the adsorption bed [57,58], which is the most important part of
the chiller [14]. That is why the advances in the heat exchanger design will directly contribute to
diminishing the drawbacks of these environmentally friendly devices.

Therefore, the aim of this research is to investigate the possibility of implementing the innovative
multi-disc sorption bed in an adsorption cooling technology in order to increase the COP of adsorption
cooling devices by intensifying the heat transfer in a sorption bed as well as open up the possibilities
of wider use of adsorption chillers because of the scalable and flat design of the bed.

2. Research Object

2.1. Multi-Disc Sorption Bed Design

The innovative construction of a multi-disc sorption bed proposed by the author and depicted in
Figure 2 is investigated in this research. In contrast to the commonly-applied designs, in a multi-disc
bed, the sorbent is placed in many separate disc-shaped packets, and the cooling/heating water washes
the packets of sorbet from the outside transferring heat. The adsorbate vapor flows through the fixing
net into the sorbent packets penetrating them. The fixing net holds the granular sorbent inside the
disc-shaped packets.

The proposed construction allows to place the device e.g., in the ceiling of the building or integrate
it with solar panels, which will supply the device with the necessary heat. Such a solution allows to
significantly expand the potential installation sites of the adsorption chillers and thus reduce one of
the main disadvantages of these devices, which is the need to save a large space for the installation
of the adsorption chiller. Another advantage of the proposed solution is its potential for scalability
consisting of adjusting the number of sorbent discs to the expected cooling capacity of the device or
the possibility of installing two or more multi-disc sorption beds with sorbent packages one above
another with the space between them being a vapor collector.

The analysis of the commercially available adsorption cooling equipment and the literature review
showed that the presented solution is not the current state of the research field. Therefore, a patent
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application was prepared for the Polish Patent Office on the basis of the presented multi-disc sorption
bed design.
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2.2. Inlet/Outlet Manifolds

In the subsequent stages of the implementation works, it was necessary to build a lab-scale
prototype of the multi-disc sorption bed. The crucial step in this stage was to design the inlet/outlet
manifolds of cooling/heating water in order to incorporate the heat exchanger into the operational test
stand. Therefore, three variants of the inlet/outlet manifold geometry depicted in Figure 3 have been
investigated with the use of numerical methods.
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Figure 3. Variants of investigated inlet/outlet manifolds. (a–c) represent three variants of the inlet/outlet
manifold geometry.

The most uniform spatial distribution of heating medium velocity within the main part of the
multi-disc sorption bed and the largest temperature difference between inlet and outlet was obtained
with variant (a) depicted in Figure 3 and therefore this inlet/outlet manifold geometry was used in the
lab-scale prototype of the device for further analysis.

2.3. Lab-Scale Prototype

The physical prototype of the multi-disc sorption bed depicted in Figure 4 was constructed in the
lab-scale. The detailed dimensions of the prototype are shown in Figure 5.
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The multi-disc sorption bed prototype is made of copper and the design allows to deliver water
liquid, water vapor, or any other fluid medium through the connecting pipes to the two separate and
water-tight volumes. The sorbent can be placed in the 34 disc-shaped packets and is secured with the
fixing net (not shown in Figures 4 and 5).

3. Research Methods

3.1. Experimental Research

In the first stage of the research, the physical prototype of the multi-disc sorption bed was
experimentally tested as a water–water heat exchanger in order to evaluate its heat transfer efficiency
not being influenced by the sorption processes. Therefore, it was connected to the hot water supply of
adjustable temperature and an open loop of cold water supply as depicted in Figure 6.
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The prototype was equipped with PT-100 two-wire temperature sensors, with the measuring
range of −50 to +150 K and the measuring accuracy of ±0.1 K. The measuring probes were installed in
the selected packets as well as outside the packets in the water jacket of the bed as depicted in Figure 7.
The additional probes were installed in the inlets and outlets of both hot and cold water supplies.
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The ADAM-4015 RTD module manufactured by Advantech was used to acquire the temperature
values from individual measurement points with a frequency of 1 Hz. The turbine water flow meters
of the measurement range of 0.008–0.2 dm3/s and the measurement accuracy of ±2% were used in
order to determine the mass flow rate of both hot and cold water.

3.2. Numerical Research

3.2.1. CFD Tool

The application of numerical simulation tools calibrated with experimental measurements is a
practical and cost-effective approach for energy simulation analysis [59]. CFD is the valuable simulation
tool for the design of adsorption cooling systems and many researchers report the potential of using
validated simulation models to investigate the performance of adsorption chillers [12]. CFD has been
successfully applied in numerous research concerning conjugate heat transfer [53] as well as adsorption
cooling and desalination technology [18,37]. Moreover, CFD allows for rapid prototyping and reliable
analysis of several design configurations. The significance of CFD and the scope of its application have
been increasing because of the rapid development of high-performance computing as well as cloud
computing. Therefore, the commercial CFD package, ANSYS Fluent 2019 R1, was applied to carry out
the numerical research. Its algorithm constrains the mass conservation of the velocity field by solving a
pressure equation derived from the continuity and momentum equations. The nonlinear and coupled
governing equations are solved iteratively.

In addition, an in-house code enhancing the solver capabilities of modeling sorption processes
and described in Section 3.2.4. was applied within the carried out research.

3.2.2. Computational Domain and Discretization

The associative CAD model corresponding to the physical prototype of the multi-disc sorption
bed was developed within the research. The model was parametrized and served as an input for the
mesh generator.

In the first stage of the research, the prototype was tested as a water–water heat exchanger in order
to validate the CFD model and therefore it consisted of three subdomains representing one solid region
(copper multi-disc sorption bed) and two fluid regions (hot water and cold water). In the second stage,
apart from the heat transfer and flow processes, the sorption phenomenon in the multi-disc bed was
modeled using the developed in-house code. For that reason, the computational domain was modified
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in order to take into account the sorbent and consisted of two solid regions (copper multi-disc sorption
bed, disc-shaped sorbent packets) and two fluid regions (water, water vapor) as depicted in Figure 8.Energies 2019, 12, x 8 of 19 
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The accuracy and solution time are the two critical issues in CFD and both are highly dependent
on the computational domain discretization. Different types of mesh elements are needed to deliver
optimal performance in resolving different geometries and flow regimes [60]. Therefore, the MOSAIC®

meshing was implemented in order to maintain the layered elements on the boundary layers and fill
the rest of the volume with high-quality polyhedral elements (Figure 9). Polyhedral cells consume less
memory and computing time in comparison to tetrahedral elements. Moreover, they also have many
neighbors, so gradients can be better approximated and layered polyhedral prisms can be applied on
the boundaries to efficiently capture the boundary layer on no-slip walls. The mesh is fully conformal,
which ensures that the nodes on both sides of the interface between fluid and solid regions match
to each other. Such an approach assures no interpolation at the interface, which contributes to the
reduction of computational time and ensures higher accuracy of the solution.
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Mesh dependency studies based on the grid convergence index (GCI) were carried out in order to
estimate the numerical accuracy resulting from the mesh resolution. The GCI is recommended by the
Fluids Engineering Division of the American Society of Mechanical Engineers (ASME) to estimate the
discretization error and was successfully applied in many research [61–64]. Three numerical meshes of
different resolutions were generated for the analyzed geometry in order to estimate the discretization
error with GCI.

The mean relative cell size was defined as the ratio of the average cell size h, defined in the
Equation (1), and the characteristic dimension of the multi-disc sorption bed a, which is the distance
between the centers of the two adjacent disc-shaped packets (Figure 5).

h =
3

√
1
N

∑N

i=1
(∆Vi), (1)

where:
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∆Vi—volume of the ith cell;
N—total number of cells in the computational domain;

Initially, the mesh consisting of elements of mean relative cell size equal to 8.44 × 10−2 was
generated and then meshes of mean relative cell sizes decreased to 6.46 × 10−2 and 4.72 × 10−2 were
prepared by scaling the initial mesh.

The GCI was calculated in order to minimize the discretization error according to the procedure
described in [65]. The grid refinement factor r (2) was calculated based on the representative mesh size
h (1) as:

r =
hcoarse

h f ine
, (2)

Moreover, the following assumption was made:

h1 < h2 < h3; r21 =
h2

h1
; r32 =

h3

h2
, (3)

The order of convergence p was calculated based on Equation (4) [65]:

p =

∣∣∣∣∣∣∣ln
∣∣∣∣ ε32
ε21

∣∣∣∣+ ln

 rp
21−1·sgn

(
ε32
ε21

)
rp
32−1·sgn

(
ε32
ε21

)

∣∣∣∣∣∣∣

ln(r21)
, (4)

where:
ε32 = φ3 −φ2; ε21 = φ2 −φ1, (5)

φk denotes the value of the variable important to the objective of the simulation study for the
solution obtained with the kth mesh. The logarithmic mean temperature difference (LMTD) was
selected as the above-mentioned variable.

The approximate relative error was calculated on the basis of Equation (6).

e21
a =

∣∣∣∣∣∣φ1 −φ2

φ1

∣∣∣∣∣∣ (6)

Finally, the GCI was determined using Equation (7) provided in [65]:

GCI21 =
1.25·e21

a

rp
21 − 1

(7)

All the values of the above-defined quantities are listed in Table 1. The obtained results indicate
the mesh convergence with the GCI equal to 1.03%.

Table 1. Mesh parameters and values of quantities calculated based on Equations (1)–(7).

h/a (-) N (-) LMTD (K) H (-) R (-) ε (-) εi+1/εI (-) P (-) ea (%) GCI (%)

4.7·10−2 888 694 25.84 2.3603 1.3680 −0.31
converged 2.867 1.20% 1.03%6.5·10−2 347 133 25.53 3.2289 1.3067 −0.10

8.4·10−2 155 590 25.43 4.2192 - -

3.2.3. Boundary Conditions and Model Settings

The first stage of numerical investigations aimed to validate the multi-disc sorption bed model
operating as a water-water heat exchanger with the obtained experimental data. The heat transfer
efficiency of the prototype was tested under three different RMFR ratios defined with Equation (8)
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and equal to 1.00, 1.33, and 1.66. The cold water inlet temperature was 294.1 K and hot water inlet
temperature was 336.2 K. The above data was defined based on the experimental research.

RMFR =

.
mHW
.

mCW
, (8)

where:
.

mHW—hot water mass flow rate (kg/s);
.

mCW—cold water mass flow rate (kg/s);

In the second stage of the research, apart from the heat transfer and flow processes, the desorption
process was investigated as the analysis of temperatures inside the bed during the desorption is
important to show the spatial distributions of the main parameters of the chiller [2]. The boundary
conditions corresponded with the final stage of the desorption phase of the adsorption chiller working
cycle, therefore, the water of 343 K was the heating fluid and the mass-flow-inlet boundary condition of
mass flow rate equal to 0.005 kg/s was assigned. The pressure-outlet boundary condition was defined
on the outlet from the heating water subdomain. The heat transfer between fluid and solid subdomains
was calculated as conjugate heat transfer. Parameters of the applied materials are defined in Table 2.

Table 2. Materials parameters.

Material Density (kg·m−3) Specific Heat
(J·kg−1·K−1)

Thermal Cond.
(W·m−1·K−1)

Viscosity
(kg·m−1·s−1)

water (liquid) 998.2 4182 0.6 1.003·10−3

water (vapor) 0.5542 f(T) 0.0261 1.34·10−5

silica gel 800 924 0.18 -
copper 8978 381 387.6 -

The CFD solver was configured as pressure-based and the analysis was performed for a steady state.
The standard k-ε viscous model was applied along with the enhanced wall treatment. Pressure–velocity
coupling by the COUPLED algorithm was used as a solution method. Least squares cell-based spatial
discretization was chosen in case of gradients, second order in case of pressure, second-order upwind
in case of momentum, as well as energy and first-order upwind in case of turbulent dissipation rate.
The model convergence was defined on the basis of qualitative and quantitative monitoring of residuals
as well as the thermodynamic stability of the model. The developed in-house model described in the
next subsection was used in order to model the sorption phenomenon.

3.2.4. Sorption Modeling

The commercial ANSYS Fluent tool used in this research, dedicated to CFD analysis, does not allow
for sufficient consideration of the aspects related to heat and mass exchange during sorption processes.
Therefore, it was necessary to expand the available models by using the in-house algorithm implemented
as a user-defined functions (UDF). The algorithm developed within the research constitutes a novelty in
3D modelling of the sorption processes in adsorption cooling technology. The UDF created within the
framework of this research is a program written in the C programming language. In order to effectively
incorporate it into the solver code, it was developed using the Microsoft Visual Studio compiler. It was
decided to use the compiled UDF because compared to the interpreted UDF, it is characterized by
faster operation, no limitation on the programming language, the ability to call functions written in
other programs, and the ability to run executable files. Especially the first of the above-mentioned
features, i.e., faster operation, was crucial for the choice of the UDF type.

Numerical modeling of sorption processes requires an extensive approach to mathematical
description of heat exchange in a sorbent bed, as it is necessary to take into account the fluctuations in
the local intensity of heat production or consumption during the exothermic adsorption or endothermic
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desorption process, respectively. The above-mentioned intensity of heat production or consumption in
the bed depends directly on the local temperature of the sorbent, which in turn is closely correlated
with the design and operating parameters of the heat exchanger. In order to take these factors into
account in the model, it was decided to modify the source term in the energy equation. The source term
enables to describe the exo- and endothermic character of sorption processes and, more importantly,
their two-way coupling with the thermal-flow field calculated by the solver.

The intensity of sorption processes in the developed model depends on the local temperature of
the sorbent by the function allowing to generate the temperature value in a given numerical mesh
element by the solver’s algorithm. Then the heat source is calculated as a function of the intensity of
sorption depending on the local temperature obtained in the first step. Subsequently, the derivative of
the heat source with respect to temperature is calculated and the value of the volumetric heat source is
assigned to the function returned to the algorithm of the solver.

The mathematical dependence of the sorption intensity and the sorbent temperature was
determined as a polynomial function of coefficients defined and validated during previous studies
concerning heat transfer in the sorption beds [18,37].

4. Results and Discussion

4.1. Heat Transfer Efficiency

The logarithmic mean temperature difference (LMTD) defined in Equation (9) is the average
temperature difference between the hot and cold fluids [66] and therefore it was used to determine the
efficiency of the multi-disc sorption bed operating as a crossflow water–water heat exchanger.

LMTD =
∆Tinlet − ∆Toutlet

ln
( ∆Tinlet

∆Toutlet

) =
(HWin −CWin) − (HWout −CWout)

ln
( HWin−CWin

HWout−CWout

) , (9)

where:

HWin—hot water inlet temperature (K);
HWout—hot water outlet temperature (K);
CWin—cold water inlet temperature (K);
CWout—cold water outlet temperature (K);

According to [66], the LMTD calculated for the crossflow heat exchanger has to be corrected with
the factor F read from the graph presented in [66] (page 52) and based on the coefficients P and R
defined in Equation (10).

P =
CWout −CWin
HWin −CWin

, R =
HWin −HWout

CWout −CWin
, (10)

The LMTD, P, R, F, and corrected LMTD for the multi-disc sorption bed operating as a crossflow
water–water heat exchanger calculated based on both the experimental and CFD results for the
analyzed RMFR are presented in Table 3. The correction factor F is close to 1 for all analyzed RMFR
ratios, which indicate the very good efficiency of the investigated innovative multi-disc construction.

Table 3. The obtained logarithmic mean temperature difference (LMTD), P, R, F, and corrected
LMTD values.

Analyzed Case LMTD (K) P (-) R (-) F (-) F×LMTD (K)

RMFR = 1.00; EXP 27.19 0.306 1.000 0.975 26.51
RMFR = 1.00; CFD 25.84 0.326 1.017 0.970 25.07
RMFR = 1.33; EXP 27.47 0.340 0.776 0.985 27.06
RMFR = 1.33; CFD 26.70 0.361 0.742 0.985 26.30
RMFR = 1.66; EXP 28.23 0.363 0.588 0.985 27.80
RMFR = 1.66; CFD 27.16 0.384 0.598 0.980 26.62
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The temperatures obtained during the experimental research were compared with the CFD
results in order to validate the numerical model (Figure 10). Along with the increase of the RMFR,

the temperatures also increased on both the hot and cold side of the sorption bed operating as a
water–water heat exchanger. The lowest temperature was recorded by Probe 8 for all the analyzed
RMFR ratios, although CFD results were 2.0% (RMFR = 1.00 and 1.33) or 2.1% (RMFR = 1.66) higher in
comparison to experimental results. The highest temperature was recorded by Probe A for all the
analyzed RMFR ratios. The relative difference between CFD and experimental results for Probe A ranged
between 0.6% to 1.2%. The CFD and experimental results are qualitatively similar. The quantitative
differences are presented in Figure 11 and range from 0.6% to 7.0%.Energies 2019, 12, x 12 of 19 
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4.2. Temperature Field in the Sorption Bed

In the second stage of the research, the silica gel was placed into the disc-shaped packets in order
to simulate the spatial distribution of temperature in the sorption bed at the end of the desorption
cycle. The CFD analysis was performed for five d/a ratios, where d represents the inner diameter of the
disc-shaped packet and a is the distance between the centers of the two adjacent packets.
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The temperature along the line extending through the sorption bed from the water inlet (relative
length = 0) to the water outlet (relative length = 1) is presented in Figure 12. Figures 13–17 present
the temperature fields in the cross-sections of the sorption bed for all the analyzed d/a ratios (0.54,
0.62, 0.70, 0.78, and 0.86). The above-mentioned figures indicate that the temperature drop within the
sorbent packets strongly depends on the d/a ratio. The lowest temperature in the center of the sorbent
packet was approx. 312 K in the case of d/a = 0.54 and the highest temperature was approx. 325 K in
the case of d/a = 0.86. The average sorbent temperature, as well as the temperature distribution in the
bed, is highly influenced by the d/a ratio. The temperature distribution in the bed is the result of the
superposition of the heat transferred from the heating water as well as the thermal characteristics of
sorption kinetics. The proposed multi-disc sorption bed design is beneficial in terms of the spatial
temperature distribution in the bed.
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The temperature drop within the sorbent entails the differences of the hot water temperature
gradients (∆THW) in the sorption bed presented in Table 4. The ∆THW is directly proportional to the
heating power (HP) defined in Equation (11), which is one of the most important parameters of the
adsorption chiller. Therefore, the increase in ∆THW obtained through the analyzed cases leads to a 69%
increase in HP for constant mass flow rate (

.
mHW) and specific heat (cp) of heating water.

HP =
.

mHW ·cp·∆THW , (11)

On the other hand, the increased d/a ratio induces a higher pressure drop in the sorbent bed, which
entails higher electricity consumption to power the hot water pump. This directly indicates the d/a
ratio as the crucial parameter, which has to be considered in the design of the multi-disc sorption bed
and properly balanced according to the specific requirements of the installation site.

Table 4. The hot water temperature (∆THW) for all d/a ratios and the relative increase in heating power
(HP%) as well as hot water pressure drop (∆pHW%) in relation to the d/a = 0.54.

d/a (-) 0.54 0.62 0.70 0.78 0.86

∆THW (K) 1.71 2.10 2.24 2.52 2.89
HP% (%) 0 23 31 47 69

∆pHW% (%) 0 2 5 12 43
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The thickness of the copper wall of the disc-shaped packets was 1.5 mm for all the analyzed cases.
The preliminary analysis revealed its insignificant influence on the temperature distribution in the bed.
Such behavior results from the very high thermal conductivity of copper in comparison to the thermal
conductivity of silica gel or water. Therefore, the wall thickness of the packets should be defined on
the basis of mechanical analysis of the sorption bed rigidity while keeping in mind the requirement of
minimizing both the bed mass and material cost.

4.3. Weight and Dimension Factors

The adsorption chiller performance is directly influenced by the thermal parameters, but the
weight and dimensions of the sorption beds are, in some cases, the factors limiting the widespread
application of the adsorption cooling technology. Therefore, the proper balance between the sorbent
and metal in the sorption bed has to be thoroughly investigated.

One of the factors presenting the balance between the metal and the sorbent is the heat exchanger
mass to sorbent ratio (RHX/S) defined as the quotient of the total mass of the cylindrical heat transfer
walls of the heat exchanger (mHX) to the total sorbent mass (mS). Lower values of RHX/S ratio are
desirable in terms of the adsorption chiller performance and compact dimensions. Moreover, decreasing
the fraction of heat exchanger mass in the total mass of the device leads to the growth of the COP
because of supplying a greater portion of the thermal energy to the sorbent itself and not to the metal
part of the sorption bed. Therefore, the d/a equal to 0.86 is the most advantageous design parameter
value in the above context.

The ratio of heat transfer surface (S) to the sorbent mass (mS) is convenient to assess the degree of
a dynamic perfection of the sorption bed as it is proportional to the specific power; the larger the ratio
the higher power per unit adsorbent mass can be obtained [32].

Both indicators for all the analyzed d/a ratios are depicted in Figure 18 and both decrease along
with the increase of the d/a ratio.
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5. Conclusions

The paper presents the analysis concerning the application of the multi-disc sorption bed of the
adsorption chillers designed for chill and desalinated water production. The heat exchanger is the
crucial element of the device because of its fundamental influence on the chiller performance indicators
such as heating power (HP) or the coefficient of performance (COP). Moreover, it highly impacts the
mass and dimensions of the sorption bed, and these factors are critical for the widespread utilization
of the adsorption technology. The proposed multi-disc sorption bed contributes to the increase of
heat transfer surface area and simultaneously assures a compact and lightweight design of the device.
The developed design allows to place the device e.g., in the ceiling of the building or integrate it
with solar panels, which will supply the device with the necessary heat. Such a solution allows to
significantly expand the potential installation sites of the adsorption chillers and thus reduce one of
the main disadvantages of these devices, which is the need to dedicate a large space for the installation
of the adsorption chiller. Another advantage of the proposed construction is its potential for scalability
consisting of adjusting the number of sorbent discs to the expected cooling capacity of the device or
the possibility of installing two or more multi-disc sorption beds with sorbent packages one above
another with the space between them being a vapor collector.

There is a great interest in the numerical modeling of adsorption chillers and particularly the
sorption beds. However, the majority of the available models are characterized by significant limitations
and only few of them are three-dimensional ones. Furthermore, some of the models presented in
the literature are not experimentally validated and simulate only the packed bed not taking the heat
exchanger geometry into consideration. Therefore, the developed and validated in-house algorithm
allowing to model sorption along with thermal and flow processes in the 3D numerical model of
the whole sorption bed filled the above-mentioned gap. The model takes into account the conjugate
heat transfer as well as the thermal characteristics of the sorption phenomenon. In consequence,
the developed model can contribute to the improvement of the design of adsorption beds by the
capability of optimizing the sorption bed performance and geometry.

The CFD analysis performed with the use of the developed model incorporated into the commercial
CFD code allowed to define the design of the investigated type of the sorption bed and its correlation
with basic factors influencing the performance and dimensions of the sorption bed, such as gradient of
heating water temperature (∆THW), logarithmic mean temperature difference (LMTD), heat exchanger
mass to sorbent ratio (RHX/S), and heat transfer surface to sorbent mass ratio (S/ms).
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42. Çağlar, A. The effect of fin design parameters on the heat transfer enhancement in the adsorbent bed of a
thermal wave cycle. Appl. Therm. Eng. 2016, 104, 386–393. [CrossRef]

43. Pajdak, A.; Kudasik, M.; Skoczylas, N.; Wierzbicki, M.; Braga, L.T.P. Studies on the competitive sorption of
CO2 and CH4 on hard coal. Int. J. Greenh. Gas Control 2019, 90, 102789. [CrossRef]
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