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Abstract: This paper presents the results of numerical tests on the elements of an adsorption chiller
that comprises a sorption chamber with a bed, a condenser, and an evaporator. The simulation is
based on the data and geometry of a prototype refrigeration appliance. The simulation of this problem
is unique and has not yet been performed, and so far, no simulation of the phenomena occurring in
the systems on a real scale has been carried out. The presented results are part of the research covering
the entire spectrum of designing an adsorption chiller. The full process of numerical modeling of
thermal and flow phenomena taking place in the abovementioned components is presented. The
computational mesh sensitivity analysis combined in the k-ε turbulence model was performed. To
verify and validate the numerical results obtained, they were compared with the results of tests
carried out on a laboratory stand at the AGH Center of Energy. The results of numerical calculations
are in good agreement with the results of the experimental tests. The maximum deviation between the
pressure obtained experimentally and by simulations is 1.8%, while for temperatures this deviation is
no more than 0.5%. The results allow the identification of problems and their sources, which allows
for future structural modifications to optimize the operation of the device.
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1. Introduction
According to the report prepared by the Lawrence Livermore National Laboratory
institute, humanity uses almost as much energy as it loses in all sectors of the economy [1].
Thus, many legislators and manufacturers strive to constantly increase the energy efficiency
of devices and systems. One way to reduce energy losses, and thus increase the efficiency
of systems, may be to use waste heat as an energy source. An example of a device that uses
waste heat as an energy source is an adsorption chiller.
Adsorption chillers usually consist of one evaporator, a condenser, appropriate control
valves, and a bed filled with a sorbent. The sorbent in the bed adsorbs and desorbs
cyclically a working medium, called sorbate. The sorbent and sorbate together are known
as a working pair, and their molecular structure and intermolecular interactions between
them determine how specific adsorbent–adsorbate pairs will behave during adsorption
and desorption [2]. Due to the low desorption temperature, low cost, and a lack of negative
impact on the environment, the silica gel–water vapor working pair is commonly used
in adsorption chillers [3]. Silica gel has a fairly large specific surface area (wide pores,
250–350 m2 /g; narrow porosity, 600–850 m2 /g), thanks to which it is possible to adsorb a
large amount of water vapor [2,4,5].
Adsorption chillers use waste heat as an energy source. Additionally, they possess
many other advantages, including lack of moving parts, low level of noise, no vibrations,
and the possibility of water desalination [6]. On the other hand, intermittent operation, low
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coefficient of performance, big size and weight, and unequal time of desorption and adsorption processes can be accounted as the main drawbacks of adsorption chillers [7]. Hence,
numerous scientific works are conducted to eliminate the abovementioned drawbacks.
The problem of intermittent operation can be eliminated by using multi-bed refrigerators with three [8] or more beds [9]. When using multiple beds, cycle lengths and their
spacing can be adjusted to maximize cooling efficiency and working time of the evaporator
in the cycle [8]. The other parameters influencing the performance, size, and weight of
the adsorption chillers include, but are not limited to, the design of the heat exchanger
in the bed [10] and the materials of which the bed is made [11], the size of sorbent particles [12], the velocity of heat transfer fluid that heats or cools the bed [13], and the type
of evaporator [14,15]. As can be seen, the performance of adsorption chillers depends on
numerous different factors. Additionally, the physical phenomena, i.e., evaporation, condensation, adsorption, and desorption, occurring in the main components of the adsorption
chiller are intrinsically complex, as they are related to heat and mass transfer at various
pressures and temperatures. Thus, fully understanding the abovementioned processes is
essential to improve the performance of adsorption chillers.
As commonly known, the abovementioned processes (evaporation, condensation,
adsorption, and desorption) are difficult to analyze using only experimental measurements.
The measurements of temperatures, pressures, flow rates, etc., are crucial since they allow
determining, e.g., the instantaneous and average efficiency of the chiller. However, these
measurements are not sufficient for a comprehensive, and detailed scientific analysis of
the chillers’ operation is sometimes even impossible to perform. Furthermore, conducting experimental studies is very time and cost consuming. As a result, computational
fluid dynamics (CFD) analysis becomes a necessity, and numerous scientific works use
CFD to investigate either the evaporation, condensation, and adsorption/desorption processes themselves or the influence of defined parameters on the operation of the entire
adsorption chiller.
Modeling the condensation and evaporation phenomena is a difficult issue since
the characteristics of the fluid, both in the liquid and gaseous state and the relationships
between them, should be taken into account. It is necessary to apply a two-phase model
with appropriate consideration of the possible turbulence and the accompanying surface
forces phenomenon [16]. It is also necessary to track the liquid–gas interface, which can
be achieved by using the volume of fluid method [17–19]. Adsorption and desorption
processes are also difficult to model, and a variety of different mathematical models of
the sorption phenomenon are available [20]. Nevertheless, the linear driving force (LDF)
model [21–23] is one of the most widely used.
Mohammed et al. [24] designed and investigated numerically, using FORTRAN software, a new modular bed for adsorption chillers. The bed consisted of an array of modules
filled with adsorbent and placed in a metal case with vapor channels. After parametric
analysis, it was concluded that the cooling power per unit volume was higher for the
proposed bed compared to the commercially available beds. Hong et al. [22] used CFD to
compare the performance of the adsorption chiller equipped with plate and fin-tube heat
exchangers in the adsorption bed. It was found that the chiller with plate heat exchanger
had a lower, by 19.9%, coefficient of performance (COP) but a higher, by 15.7%, specific
cooling power, compared to the fin-tube heat exchanger. CFD analysis was also conducted
by Mohammed et al. [25], who investigated heat and mass transfer in an open-cell aluminum foam packed with silica gel, which can be used as a bed in adsorption cooling
applications. It was reported that the foam with 20 pores per inch (PPI) has a larger surface
area and smaller cell size than the 10 PPI foam and thus is more advisable to be used in
adsorption chillers. It was also found that the average bed temperature and adsorption rate
was higher for 0.35 mm silica gel than for 0.70 mm silica gel. The effect of sorbent particle
size was also investigated, using CFD, by Mitra et al. [21], who concluded that using a
smaller sorbent does not always lead to faster adsorption, and the optimum geometry of a
heat exchanger exists for a particular sorbent size.

Energies 2021, 14, 7804

3 of 19

Apart from the construction of the heat exchanger in the bed or the size of sorbent
particles, the thermal conductivity of the bed strongly influences the overall performance
of the adsorption chiller [23]. Therefore, different metal- or carbon-based additives can
be added to the bed to increase its thermal conductivity [4]. Furthermore, the rate of
adsorption depends on the convective heat transfer coefficient between the bed and the
heat transfer fluid [26]. Therefore, the desorption and adsorption time can be reduced
by increasing the velocity of the heat transfer fluid [27]. Elsheniti et al. [28], who used
COMSOL Multiphysics software for investigations, reported that the COP and specific
cooling capacity could be improved by 68% and 42%, respectively, when the flow character
of the heat transfer fluid was changed from laminar to turbulent.
The literature review presented in the above paragraphs justifies the possibility of
using CFD simulations for investigating adsorption chillers.
This paper presents a CFD analysis, carried out in the Ansys Academic Research CFD
19- Ignis Research Group ANSYS, Inc. 2600 ANSYS Drive Canonsburg, PA 15317 USA of
the phenomena occurring in the main elements of the adsorption chiller, i.e., evaporator,
condenser, and bed. The results of the CFD analysis are validated using data from the
experimental studies carried out on the adsorption chiller located at the AGH UST Center
of Energy. Therefore, this study aims at:

•
•
•
•
•

Numerical modeling of the processes occurring in the evaporator, condenser, and bed
of the adsorption chiller to understand better these processes;
Analyzing the fields of temperature, pressure, and velocity;
Indicating the locations with extremes of temperatures, pressures, and velocities;
Determining the phenomena disrupting the operation of the main elements of the
adsorption chiller;
Determining potential changes in the structure of the main elements, which may
improve the operating parameters of the individual elements of the chiller and increase
its efficiency and reliability.

The direct value of this research is a possibility to determine the key elements and
processes that impact the operation of the adsorption chiller. Consequently, this research
indicates potential modifications of the chiller, which may be applied and improve its
performance. Furthermore, the adsorption chiller located at the AGH UST Center of
Energy has never been investigated using CFD analysis before. Thus, this research is a
novelty in the context of getting to know the specifics of the chiller operation and the
possibilities of its modification to improve the chiller efficiency and reliability as well as
decrease its size and weight.
2. Materials and Methods
2.1. Empirical Research
The simulations were preceded by empirical tests carried out at the research station
for adsorption systems at the AGH UST Center of Energy on a unique adsorption system.
The system can operate in a two- or three-bed mode, generating chilled water and purified
water. The beds were built on the basis of a plate-fin exchanger filled with adsorption
material. The absorbent material used consists of elements with a size of 500–1000 µm. The
scheme of the installation is presented in Figure 1, and the technical specification of the
investigated chiller is given in Table 1.
For the purpose of this study, the chiller operated in a two-bed mode, and a detailed
description of its operating principle can be found in [6]. The parameters that were
measured during the experiments, and the measuring devices are listed in Table 2. The
measured values were recorded every 5 s on a personal computer using special software,
and then the results were exported to CSV files.
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Figure 1. Scheme of the adsorption chiller with desalination test bench at the Center of Energy
Figure 1. Scheme of the adsorption chiller with desalination test bench at the Center of Energy AGH.
AGH [6,29]. 1—condenser; 2—distillate tank; 3—adsorbent bed; 4—brine tank; 5—evaporator;
[6,29]. 1—condenser; 2—distillate tank; 3—adsorbent bed; 4—brine tank; 5—evaporator; 6—deaer6—deaerator; TT01—temperature
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in the
condenser; PT04—pressure
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TableTable
1. Technical
specification of a 3-bed adsorption chiller operating under nominal
1.
Technical specification of a 3-bed adsorption chiller operating
[6,29].
conditions. [6,29].
Evaporator
Evaporator
Cooling capacity
1.50
Cooling
capacity
1.50 32
Chilled water
inlet
temperature
Chilledwater
wateroutlet
inlet temperature
32 30
Chilled
temperature
Chilled
30 0.184
Chilledwater
wateroutlet
masstemperature
flow rate
Chilled water mass flow rate
0.184
Condenser
Condenser
Capacity
2.00
Cooling water
inlet temperature
Capacity
2.00 30
Cooling
Coolingwater
wateroutlet
inlet temperature
30 32
Cooling
32 0.25
Coolingwater
wateroutlet
masstemperature
flow rate
Cooling
water mass
flow rate
0.25 40
Daily distillate
production
Daily distillate production
40
Beds
Beds
Required cooling capacity (adsorption)
2.90
Required
heating
capacity
(desorption)
Required cooling capacity (adsorption)
2.90 2.90
Cooling
water
mass
flow
rate
Required heating capacity (desorption)
2.90 0.25
Heating
Coolingwater
watermass
massflow
flow rate
rate
0.25 0.25
Heating
water
mass
flow rate
0.25 30
Cooling
water
inlet
temperature
Coolingwater
waterinlet
inlettemperature
temperature
30 85
Heating
Heating water inlet temperature
85

conditions.
under nominal

kW
kW
°C
◦C
°C
◦C
kg/s
kg/s
kW
°C
kW
◦C
°C
◦C
kg/s
kg/s
kg
kg
kW
kW
kW
kg/s
kW
kg/s
kg/s
kg/s
°C
◦C
°C
◦C
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Table 1. Cont.
Cooling Capacity
Chilled Water: inlet/outlet temperature;
mass flow rate: 32/30 ◦ C; 0.184 kg/s
Chilled Water: inlet/outlet temperature;
mass flow rate: 16/11 ◦ C; 0.0523 kg/s
Chilled Water: inlet/outlet temperature;
mass flow rate: 12/7 ◦ C; 0.0523 kg/s

1.50

kW

1.32

kW

1.10

kW

Table 2. The parameters that were measured during the experiments and the measuring devices.
Temperature

Sensor

Range

Uncertainty

Heating water inlet to the beds
Heating water outlet from the beds
Free surface of the beds
Inside the heat exchanger in the beds
Cooling water outlet from the beds
Cooling water outlet from the condenser
Chilled water outlet from the evaporator
Free space of the evaporator
Free space of the condenser

Pt-1000

From −80 ◦ C to
150 ◦ C

±0.1 ◦ C

Pressure

Sensor

Range

Uncertainty

Condenser
Evaporator
Beds

Pressure transducer

From 0 to 99 kPa

±0.5%

The results of the experimental studies are shown in Figures 2 and 3. Figure 2 depicts
the temperature changes over time taking place in the main components of the investigated
adsorption chiller. The pressure changes in the beds, evaporator, and condenser are shown
in Figure 3. Some of the results shown in Figures 2 and 3 were used to define the boundary
conditions and the rest to validate the simulation results. The average values between
red lines in Figures 2 and 3 represent the values taken as the boundary conditions for the
simulations. These values represent the operating parameters of the adsorption chiller
after about 25 min from its start-up, as the operating conditions of the chiller stabilize
after
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2.2. Construction of Spatial Geometry and a Computational Grid
2.2. Construction of Spatial Geometry and a Computational Grid
2.2.1.
2.2.1. Generation
Generation of
of aa Computational
Computational Mesh
Mesh
During
the
construction
of
geometric
models,
the following
simplifications
were
During the construction of geometric models,
the following
simplifications
were made:
made:
•
The housing of the elements was simplified to the form of a cylinder, without sight
• The housing of the elements was simplified to the form of a cylinder, without
glasses and measuring connectors.
sight glasses and measuring connectors.
• Irregularly shaped elements such as heating and cooling junction boxes in the
evaporator and condenser were 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.
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•
•

Irregularly shaped elements such as heating and cooling junction boxes in the evaporator and condenser were 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 the geometric model of the studied domain was prepared, it was exported to the
ANSYS Meshing module. With it, a continuous domain was discretized in order to obtain
a computational mesh.
In order to assess the mesh quality, an analysis of the cell quality parameters was
carried out:

•
•

Orthogonal quality: its value is in the range <0,1>, where the value 1 means the
highest possible quality.
Skewness: its value is in the range <0,1>, with the value 0 being the highest possible quality.

It was estimated that most of the elements for the orthogonal quality are in the range
of 0.7–1.0 (approx. 2/3 elements). Likewise, most of the elements for skewness are in the
range of 0–0.2 (approx. 2/3 elements). The obtained values of the orthogonal quality and
skewness prove the good quality of the mesh.
The calculation grid for the sorption chamber consists of 472,686 nodes and
2,529,568 elements. The calculation grid for the evaporator consists of 2,165,228 nodes
and 11,296,174 elements. The calculation grid for the condenser consists of 869,789 nodes
and 4,562,582 elements. This enables performing calculations in a reasonably short time
without using a supercomputer.
2.2.2. Boundary Conditions
The step preceding the calculations is to define the necessary solver settings. They
were established on the basis of experimental studies (Figures 2 and 3) and studies in the
literature described in the Introduction (Section 1).

•
•
•
•
•

•
•
•
•

•
•

For the issues related to relatively low flow velocities (subsonic flow), flow solutions
based on the pressure field (“pressure-based”) were used.
It was assumed that the simulation would be carried out in the “transient” mode,
which enables the observation of changes in parameters over time.
The influence of gravity on the fluid elements was taken into account by appropriately
defining the acceleration vector.
Due to the inclusion of gravity in the model and the occurrence of mass interactions,
the scheme of coupling the velocity and pressure fields (“coupled”) was applied.
In the sorption chamber, reference conditions were defined in the entire domain as for
sorption pressure of 1050 Pa and a temperature of 315.8 K, steam inlet at a temperature
of 279.07 K, for desorption a pressure of 5250 Pa and a temperature of 301.98 K, and a
steam outlet temperature of 312.82 K
The sorption time was set at 100 s, and the desorption time 200 s
Reference conditions for the evaporator was a pressure of 1050 Pa and a temperature
of 279.09 K
Evaporator water inlet temperature was 280.24 K, water outlet temperature was
280.29 K, and the steam outlet temperature was 279.09 K
A second-order spatial discretization scheme was used for the governing equations
(mass, momentum, and energy). However, for the dissipation of turbulence, a firstorder scheme was used.
Reference conditions for the condenser was a temperature of 301.98 K, and a pressure
of 5250 Pa
Steam inlet temperature to the condenser was 312.82 K, and the temperature of the
cooling pipes was 292.82 K
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•

Condenser domain computation was set for a time equal to 500 s.

2.2.3. Computational Methods
For all phenomena, Ansys Fluent solves the equations of conservation of mass, momentum, and energy. The conservation of mass, momentum, and energy are shown in
Equations (1)–(3), respectively [30].
∂ρ
+ ∇·(ρν) = Sm
∂t

(1)

=
∂
(2)
(ρv) + ∇ · (ρvv) = −∇ p + ∇ · τ + ρg + F
∂t
=

∂
(3)
(ρE) + ∇(v(ρE + p)) = ∇ · (k e f f ∇ T − ∑ h j J j + τ e f f · v ) + Sh
∂t
j
=

=
where ρ, t, v, Sm , p, τ, ρg, F, E, keff , hj , J j , τ e f f · v , and Sh stand for the density, time,
velocity, source term, static pressure, stress tensor, gravitational body force, external mass
forces acting on the fluid, energy, effective thermal conductivity coefficient, enthalpy of
Energies 2021, 14, x FOR PEER REVIEWspecies j, diffusive flux of species j, viscous dissipation, and heat source, respectively. 9 of 20
To model turbulence occurring in the flows, the k-ε realizable turbulence model was
used. In order to model the multiphase flow, the “Species Transport” model was selected
for the calculations.

3. Results and Discussion
3. Results and Discussion
3.1.
Results of Numerical Calculations
3.1. Results of Numerical Calculations

Numerical simulations are a tool that can explain many phenomena, the study of
Numerical simulations are a tool that can explain many phenomena, the study of
which with experimental methods is problematic. The simulation studies conducted in
which with experimental methods is problematic. The simulation studies conducted in
this work consider the interactions between the various components of the chiller at given
this work consider the interactions between the various components of the chiller at given
phases
alsoallows
allowsfor
foraatime-dependent
time-dependent
analysis
of the
phasesofofthe
thework
workcycle.
cycle. The
The simulation
simulation also
analysis
of the
temperature,
pressure,
and
velocity
variations
during
the
operation
of
the
unit.
However,
temperature, pressure, and velocity variations during the operation of the unit. However,
it itshould
shouldbeberemembered
rememberedthat
thatthey
theyare
arebased
basedon
onassumptions
assumptionsand
and models.
models. In
Inorder
orderto
toassess
the the
applicability
andand
correctness
of of
thethe
tested
model,
it it
should
assess
applicability
correctness
tested
model,
shouldbebecompared
comparedwith
withthe
experimental
results.
the experimental
results.
The
using selected
selectedmethods
methodsavailable
availableasas
components
of the
Theresults
resultswere
were developed
developed using
components
of the
AnsysCFD-Post
CFD-Postpost-processor
post-processormodule.
module.ToToshow
showthe
theresults
resultsofofthe
thesimulations
simulationsand
andthe
Ansys
the phenomena
occurring
in main
the main
components
of the
investigated
adsorption
chiller,i.e.,
phenomena
occurring
in the
components
of the
investigated
adsorption
chiller,
i.e.,
sorption
chamber,
evaporator,
and
condenser,
the
appropriate
cross-sections
of
these
sorption chamber, evaporator, and condenser, the appropriate cross-sections of
these
components
were
selected,
and
they
are
shown
in
Figures
5–7.
components were selected, and they are shown in Figures 5–7.

Figure
5. 5.
Visualization
cross-sectionsininthe
thesorption
sorptionchamber.
chamber.
Figure
Visualizationofofthe
thearrangement
arrangement of
of cross-sections

Energies 2021, 14, 7804

9 of 19

Figure 5. Visualization of the arrangement of cross-sections in the sorption chamber.
Figure 5. Visualization of the arrangement of cross-sections in the sorption chamber.

Figure
6.6.Visualization
of cross-sections
cross-sectionsininthe
theevaporator.
evaporator.
Figure
Visualizationofofthe
thearrangement
arrangement of
Figure 6. Visualization of the arrangement of cross-sections in the evaporator.

Figure 7. Visualization of the arrangement of cross-sections in the condenser.

3.2. Simulation Results for the Sorption Chamber
3.2.1. Sorption Process
In this study, the temperature and pressure distribution, as well as velocity field,
during the sorption processes were determined. The presented results concern the state of
the system at the time point t = 100 s.
Figure 8a, shows the temperature distribution in the computational domain in Section
K1. Uniform temperature distribution was obtained close to 311 K, which proves that the
dimensions of the sorption chamber are sufficient. If the sorption chamber was too small,
there could be a non-uniform temperature distribution. The lowest temperature value
279 K occurs only in the vicinity of the deposit location. It results from the modeling of the
heat flux leaving the system on these planes.
Figure 8b shows the pressure distribution in the computational domain in Section
K1. Uniform pressure distribution in the range of 1043–1045 Pa was obtained. The area
of increased pressure up to 1067 Pa occurs in the vicinity of the location of the bed on the
extension of the steam inlet nozzle. This may be due to the close location of the stub pipe
and the direct influence of the inlet stream. Likewise, high pressure is one of the reasons
for the negative impact on the viability of the bed, as shown in Figure 4.
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present in the remainder of the domain. This is due to the small diameter of the inlet nozzle and the continuity equation, according to which a velocity of an incompressible fluid
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cross10 of 19
sectional area) to a channel with a larger diameter (larger cross-sectional area).

Energies 2021, 14, x FOR PEER REVIEW

11 of 20

(a)

(b)

(c)
Figure
8. Cross-Section
K1K1
forfor
the
sorption:
(b) pressure
pressuredistribution;
distribution;(c)(c)velocity
velocity
distribution.
Figure
8. Cross-Section
the
sorption:(a)
(a)temperature
temperaturedistribution;
distribution; (b)
distribution.

3.2.2. Desorption Process
The presented results concern the state of the system at the time point t = 200 s.
Figure 9 shows the pressure distribution in the computational domain in Section K1.
Uniform pressure distribution of 5247 Pa on a global scale was obtained. The lower pressure values in the range of 5170–5230 Pa can be observed in the vicinity of the steam outlet
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The visualization of the velocity field distribution is shown in Figure 8c. A large
variation of the vapor velocity in the space around the bed is observed. The velocity of the
vapor varies from 0.1 to 8.7 m/s. The greatest velocity, 8.7 m/s, is in the area of the outflow
from the inlet connection, while lower velocity values, in the range of about 0–4 m/s, are
present in the remainder of the domain. This is due to the small diameter of the inlet
nozzle and the continuity equation, according to which a velocity of an incompressible
fluid always decreases as the fluid flows from a channel with a small diameter (small
cross-sectional area) to a channel with a larger diameter (larger cross-sectional area).
3.2.2. Desorption Process
The presented results concern the state of the system at the time point t = 200 s.
Figure 9 shows the pressure distribution in the computational domain in Section
K1. Uniform pressure distribution of 5247 Pa on a global scale was obtained. The 12
lower
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pressure values in the range of 5170–5230 Pa can be observed in the vicinity of the steam
outlet from the system.
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ometry of the bed.
3.3. Simulation Results for the Evaporator
The presented results concern the state of the system at the time point t = 100 s. The
temperature distribution in the computational domain is presented in Figure 11a,b. The
highest temperature, 284 K, occurs in the lower part of the evaporator tank, near the pipes
through which the chilled water flows. When the fluid elements come into contact with
the surface of the tubes at the higher temperature, the temperature of the fluid element
increases until vaporization occurs. P1 (Figure 11a) shows brighter spots near the water
entry into the system through the spray system. This is due to the lower temperature of
the entering water compared to the surrounding fluid. In Cross-Section P2 (Figure 11b),
one can see the increased temperature in the lower part to 284 K. Water in the system falls
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ure 10. On a global scale, the velocity level inside the domain is at a similar level. The
highest velocities, up to 0.137 m/s, occur near the steam outlet, which result from the geometry of the system. Taking into account the local values for individual cross-sections,
an increase in speed at the points of narrowings can be noticed. In addition, the speed also
increases in the lower part of the tank relative to the upper part. This may be due to the
12 of 19
geometrical imbalance of these parts—in the lower major part, the fluid must move faster
in order to maintain a continuous flow. The results of the simulation also show the formation of steam vortices and their shapes and sizes, which are related to the adopted geunder
ometrythe
ofinfluence
the bed. of gravity. At the same time, it heats up from other fluid elements and
heating surfaces.
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The distribution of the velocity field on Section P1 indicates an increase in the velocity
of the fluid elements in the vicinity of the obstacle constituted by the structural element
inside the tank. When the fluid encounters this obstacle, there is less space available for it
to move, so its velocity in this area must be increased.
The formation of closed zones with a similar value of the velocity of the fluid elements
can be seen in Cross-Section P2. One of these zones was formed around the heat exchanger
pipes, and the other around the pipe supplying water to the system. This may indicate that
the flows between the layers of fluid in the reservoir are established.
Figure 13 shows the mass fraction of liquid water in Section P2. The greatest conEnergies 2021, 14, x FOR PEER REVIEW
14 of 20
centration of the liquid occurs in the lower part of the tank in accordance with the acting
gravity. The greatest concentration occurs in the area of the outflow of non-evaporated
water from the system and between the heat exchanger pipes. Above the area of the heat
exchanger pipes, the water content is lower,
lower, which
which means
means that
that the
the water
water vapor
vapor content
content is
is
predominant
predominant there.
there. The
The distribution
distribution in
in this
this section
section also
also shows
shows aa greater
greater liquid
liquid content
content on
on
the left side compared
compared to
to the
the right
right side.
side.

Figure
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scale.

3.4. Simulation Results for the Condenser
3.4. Simulation Results for the Condenser
The presented results concern the state of the system at the time point t = 200 s.
The presented results concern the state of the system at the time point t = 200 s.
The temperature distribution inside the condenser computational domain is shown in
The temperature distribution inside the condenser computational domain is shown
Figure 14a,b. The highest temperature of 312 K is visible near the steam input to the system.
in Figure 14a,b. The highest temperature of 312 K is visible near the steam input to the
As the temperature moves away from the entry point, the temperature decreases, which
system. As the temperature moves away from the entry point, the temperature decreases,
indicates that the incoming vapor cools down in contact with other fluid components
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presented
Figure
15. The
vapor to
velocity
varies
from about 0.1 to 3.4 m/s. The highest velocity of 3.4 m/s prevails in the area of the steam
inlet nozzles. This is understandable because the fluid entering the reservoir from the pipe
slows down in velocity due to the increase of the space in which it can be held.
Additionally, it can be noticed that the velocity field distribution in the vicinity of the
connection between the stub pipe and the tank is shifted in the direction opposite to the
Z axis, similar to the temperature. There is also a greater value of velocity in the vicinity
of the tank walls. This may indicate the establishment of solid current lines inside the
condenser, along which the fluid elements move.

nents already present in the condenser vessel. The lowest temperature of 294 K is around
the pipes with the cooling liquid. Additionally, as can be seen in Cross-Section S3, the
temperature of fluid decreases when the fluid passes through the vicinity of the cooling
surfaces. The fluid temperature is the lowest in the space opposite the steam inlet ports.
On Cross-Sections S1 and S3, one can find the shift of isotherms in the direction opposite
14 of 19
to the Z axis. This may indicate a local fluid flow in the direction opposite to the Z axis.
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Figure 16 shows the mean pressure inside the domain as a function of time for the
sorption process. As can be seen, the pressure decreases almost linearly from the initial
value of 1070 Pa to about 1050 Pa. The pressure drop is caused by the fact that during the
sorption, water vapor is adsorbed by the sorbent.
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access
to a
its efficiency, optimize its operation cycle, and eliminate potential design faults that may
supercomputer
unit.
The
results
of
the
simulations
are
in
good
agreement
with
the
results
of
damage the device. It should be noted that the individual components of the chiller are
the experiments. Therefore,
The maximum
between the
pressure
experimentally
interdependent.
it is discrepancy
likely that modifying
just
one ofobtained
them, such
as the bed,
and
by
the
simulations
is
1.8%,
while
the
discrepancy
between
the
temperatures
obtained
without making changes to the other components may have a small impact on increasing
experimentally and by the simulations is no more than 0.5%. The promising results of
the efficiency of the chiller.
the validation of the model make it possible to undertake further studies of this type of
issue
with the use of computational fluid dynamics (CFD). They can be used to test new
4.
Conclusions
configurations and design solutions without the need to create real test units. The results
Thetocombination
of equations
the described
allows for
the creahelped
identify the problem
spotsused
and in
formulate
designsimulation
recommendations
to optimize
tion
of a reliable
model
of aas
system
allows the analysis of the work cycle in time. The
the operation
of the
device
listedthat
below.
models used allow the results to be obtained in an acceptable time without access to a
supercomputer unit. The results of the simulations are in good agreement with the results

Energies 2021, 14, 7804

18 of 19

•

•
•

•

•

Changing the tube banks in the evaporator from an in-line arrangement to a staggered
arrangement while simultaneously maintaining the same heat transfer surface area.
This change can improve the cooling capacity of the evaporator and provide a more
uniform temperature distribution;
Using a turbulator inside the tubes in the evaporator, as the heat transfer rate is
significantly greater for turbulent flow compared to laminar flow.
Changing the arrangement of the tubes in the condenser, as the temperature distribution in the condenser is non-uniform. Another arrangement of the tubes could
provide more uniform temperature distribution, which could result in a faster vapor
condensation and thus a more efficient performance of the entire device;
Reducing the length of the water vapor supply pipe or using a jet diffusion cone or a
straight baffle at the stream outlet should be considered. The proposed solutions will
lower the velocity of water vapor and improve its dispersion. As a result, the force
acting on the sorbent will be reduced;
Using a distribution manifold that distributes the vapor uniformly over the entire
surface of the bed, which will accelerate the sorption. As shown in Figure 10, the
water vapor diffusion in the bed is not uniform, which lengthens the adsorption time
and decreases the overall efficiency of the adsorption chiller.
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