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Abstract

Environmental concerns regarding climate change and ozone depletion urge for a
paradigm shift in the cooling production. The cooling demand exhibits an alarm-
ingly increasing trend, thus its satisfaction in a sustainable manner is imperative.
Adsorption cooling systems (ACSs) are a potential candidate for a sustainable future
of cooling production. ACSs do not contribute to the aforementioned environmental
problems, since they can utilize solar energy or waste heat, as well as they can employ
substances with zero ozone depletion potential and global warming potential. The ob-
jective of this doctoral thesis is to contribute to the investigation and improvement of
ACSs. The contribution is attempted through the development of two computational
models — which approach ACSs from different perspectives — and their respective
utilization for the conduction of related numerical studies.

The first research direction focuses on the design of the adsorption reactor, the most
vital component of ACSs. The geometrical configuration of the reactor is determinant
for the system performance. The reactor design is a crucial task since it creates a
dichotomy between the two important performance indicators — the Specific Cooling
Power (SCP) and the Coefficient of Performance (COP). Individual optimizations
based on the SCP and the COP would result in completely opposite geometrical
configurations. A computational model for the simulation of adsorption packed bed
reactors was developed. The model is capable of simulating any potential reactor
geometry, as it is implemented using three-dimensional unstructured meshes. The
packed bed domain and the solid heat exchanger domain are simulated in a conjugate
manner. A multi-timestep approach is adopted, resulting in a drastic reduction of the
computational cost of the simulations. Verification and validation assessments were
performed in order to evaluate the reliability of the model. Two major studies were
conducted within this research direction. The first aspires to provide a comparison
between five different reactor geometries, motivated by the lack of comparability
across different studies in the literature. Thirteen cases of each geometry are simulated,
by varying the fin thickness, the fin length and the solid volume fraction. In this
study, the SCP of the adsorption phase is quantified. The second study pertains to
a thorough investigation of a geometry that remained underexplored hitherto — the
hexagonal honeycomb adsorption reactor. Both the COP and the SCP are quantified.
A parametric study is conducted with respect to the three dimensions that define the
geometry, as well as for various operating conditions.

The second research direction is dedicated to the investigation of adsorption cooling

XV
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systems, and in particular, to their integration within a wider thermal system, a
solar-cooled building. Such integration is not straight-forward due to thermal inertia
effects and the inherent cyclic operation of ACSs, as well as due to the dependence
on an intermittent source and an auxiliary unit, with a clear objective to prioritize
solar energy. A numerical model was developed using one-dimensional models
for the adsorption reactors and lumped-capacitance models for the evaporator and
condenser. The model is validated against experimental results found in the literature.
Furthermore, it is coupled to the generic optimization program GenOpt, thus allowing
the conduction of optimization studies. The ACS model is then coupled to solar
collectors and thermal storage models, as well as to a building model. The latter is
simulated with NEST-buildings, a buildings simulation tool, previously developed in
the CTTC laboratory. This coupling results in a comprehensive simulation tool for
adsorption-based solar-cooled buildings. A case study regarding a solar-cooled office
is considered, with the objective to investigate the potential of satisfying its cooling
demand using solar energy, and thus, take advantage of the associated environmental
benefits. A control strategy is proposed based on variable cycle duration, using
optimized values for the instantaneous operating conditions. The variable cycle
duration approach allows to satisfy the cooling demand using significantly less solar
collectors or less auxiliary energy input. The potential CO, emissions avoidance is
calculated between 28.1-90.7% with respect to four scenarios of electricity-driven
systems of different performance and CO; emission intensity.



Introduction

1.1 Motivation

The motivation of this work has its roots in three aspects of the cooling production:
(i) its significant contribution on the quality of human life, (ii) its highly increasing
demand and (iii) the environmentally unsustainable current solution, along with the
technological drawbacks entailed.

Cooling is the process of heat removal and the consequent temperature reduction
and/or phase change. Cooling technologies have progressively become a fundamen-
tal contributor to the improvement of the quality of human life. In the forefront,
the most recognizable applications of cold production are comfort cooling, food
preservation, as well as the supply chain and conservation of vaccines and medicines.
Consequently, cooling contributes to people well-being and health through thermal
comfort, it shapes human nutritional habits, it plays a significant role in the eradica-
tion of diseases and it allows the distribution and conservation of medicines such as
insulin and chemotherapy drugs. Apart from these basic applications, cooling forms
part of several other processes, such as the fertilizer production for agriculture, medi-
cal engineering equipment, cryopreservation, industrial and metallurgical processes,
and heat dissipation of electronics. The extension of the influence of cooling in human
societies is multifaceted. A recent study identified links between cooling and all 17
Sustainable Development Goals set by the United Nations [1,2].

With respect to comfort cooling, the worldwide demand has increased significantly in
the past decades and it is expected to follow this trend in the future. According to the
International Energy Agency [3], the worldwide cooling demand in the building sector
overtripled from 1990 to 2016, from 608 TWh to 2021 TWh. Based on their baseline
scenario, it is predicted that by 2050 it will overtriple again, reaching 6200 TWh.
Cooling is identified as the most significant contributor to the anticipated growth of
the electricity demand in buildings, being responsible for 40% of the total growth.

The increase of the global cooling demand may be attributed to various factors: (i)
the socioeconomic development of previously underdeveloped regions [4], (ii) global
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warming creates the necessity of cooling even in colder climates during summer
[5], (iii) the heat island effect increases the cooling demand in cities [6], (iv) the
urbanization of earth results in an even greater portion of the population being
affected by the heat island effect [7], (v) the human population growth [3] and (vi) the
contemporary lifestyle is associated with higher internal heat gains in buildings [3].

Currently, the cooling demand is mostly satisfied by electricity-driven cooling systems,
utilizing electricity produced mainly by the combustion of fossil fuels, which entails
greenhouse gases emissions. Moreover, although the ozone-depleting refrigerants are
successfully being phased out according to the Montreal Protocol, their successors —
the current refrigerant generation — have significantly high global warming potential
and they must be phased down according to the Kigali Amendment [8]. Furthermore,
the economic cost for operating these systems is subjected to the market instabilities
caused by the fossil fuel depletion. Apart from the environmental and economical
issues, the current solution entails some technological drawbacks. Electricity-driven
cooling systems create disproportionally significant peaks on the electrical load of
national grids during warm months, as a result of high temperatures, and in some
cases, considerable tourist fluxes. Consequently, stability problems are provoked
in the national electrical grids, as well as the necessity to overdimension them in
order to be able to satisfy these demand peaks. Furthermore, the cooling demand is
mostly consumed in cities, away from the power plants, and thus, it is associated to
transmission losses.

In view of the aforementioned increase of the cooling demand and the problematic
current situation, it becomes evident that the cooling technologies must move towards
more sustainable solutions. Thermally-driven cooling technologies could form part
of this sustainable solution, since they can be driven by solar energy or waste heat,
as well as they can employ refrigerants that do not deplete the ozone layer and they
do not contribute to global warming. Furthermore, they allow to satisfy the cooling
demand in a decentralized and local manner, and consequently, alleviate national
electrical grids from the disproportionally high peaks and avoid transmission losses.

Among the thermally-driven cooling technologies, the most mature is absorption
cooling. Although the performance of adsorption cooling is lower, it exhibits certain
advantages and attracts research interest. In comparison to absorption cooling, ad-
sorption cooling (i) does not have crystallization and corrosion problems [9], (ii) has
lower auxiliary electricity consumption since there is no solution pump [10], (iii) may
be driven by lower operating temperatures [11], and in general, the wide range of
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adsorption pairs allow the operation in a wider range of driving and evaporation tem-
peratures, (iv) has fewer moving parts, and thus, less maintenance requirements [12],
and (v) has lower vibration and noise levels [13].

The investigation of the physical phenomena involved — as well as the environmental
importance of these technologies — are well aligned with the idiosyncrasy of the
CTTC laboratory. In fact, absorption cooling pertains to the research interests of the
laboratory for over two decades. Hitherto, three doctoral theses have been conducted
and one more is under development, within the frame of absorption cooling in CTTC.
This doctoral thesis is the first venture of the laboratory in the field of adsorption
cooling.

1.2 Adsorption cooling technology

This section aims to present the adsorption cooling technology. Section 1.2.1 is con-
cerned with the explanation of the basic physical phenomena involved in adsorption
cooling, namely, adsorption and cooling production. Subsequently, Section 1.2.2
proceeds to describe the synthesis of the two phenomena into the adsorption cooling
concept and thermodynamic cycle. Finally, the section closes with the presentation of
the major challenges in the design and operation of this technology.

1.2.1 Introductory concepts
1.2.1.1 Adsorption phenomenon

Adsorption is a surface phenomenon which describes the adhesion of a certain
component — atoms, molecules, ions — of a liquid or gas onto the common interface
with a solid or liquid phase.

Adsorption is further classified into physisorption and chemisorption, based on the
nature of the particle adhesion. In physisorption, the adhesion of the components is a
result of weak van der Waals forces !, whereas in chemisorption a chemical bond is
formed at the interface [15].

o1 Accordin% to IUPAC the term van der Waals forces is used for all nonspecific attractive or repulsive
intermolecular torces [14]
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The manifestation of the adsorption phenomenon which is relevant in the context of
adsorption cooling is physisorption of gas molecules onto solid surfaces (Figure 1.1a).
In this context, adsorbent is the solid onto which adsorption occurs, adsorbate is the
adsorbed state, while the gas state is referred to as adsorptive [15] (although the term
adsorbate is often used for the substance in general, either in adsorbed or gaseous
state).

e  gememememeee
) )

adsorptive ¢ ¢
COEEEEEEEEEEEEEEEEEEEEEEEEEEEEE)
COOCLLEELOEEEL L iie. CUOELOEEEE
COLOLOLLeeeeee o¢ Coeee
COLELOLEELEOOOEEeeeeeeeeeeeeees

adsorbent

ece

© Generic particle ® Hydrogen atom —— Covalent bond

® Oxygen atom @ Silicon atom e Hydrogen bond

(a)

Figure 1.1: Conceptual illustration of (a) Generic physisorption and (b) Adsorption of water on
silica gel

The adsorption of a gas molecule - its attachment onto the solid surface —is an exother-
mic process. The inverse process — the detachment of an adsorbed molecule and its
return to the gas state — is called desorption and it is an endothermic process. The
adsorption equilibrium capacity is determined by the temperature and the pressure.
The mathematical relation employed for the calculation of the adsorption equilibrium
capacity is called adsorption isotherm [15]. When an adsorbent is exposed to a gas
and the adsorbed mass is less than its equilibrium capacity, the gas is adsorbed spon-
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taneously and the adsorption enthalpy is released. Inversely, if the adsorbed mass is
higher than the equilibrium capacity, adsorbate will spontaneously desorb and the
adsorption enthalpy will be consumed.

The adsorption pair that is considered at the most part of this thesis is silica gel and
water. Silica gel is an amorphous silicon dioxide (SiO;), with silanol groups on its
surface (Si-O-H). The presence of silanols increases the polarity and the hydrophilicity
of the surface [16,17]. The silanol groups on the surface of silica gel form hydrogen
bonds with the gaseous water molecules [18]. As illustrated in Figure 1.1b, the first
layer of the adsorbed water molecules forms further hydrogen bonds with other
gaseous water molecules, resulting in the formation of multiple layers.

1.2.1.2 Cooling production

The principle of cooling production is based on the endothermic nature of the liquid-
gas phase transition. The transition of liquid to gas involves an energy input, the
latent heat of vaporization. The latter is the energy required in order to overcome
the intermolecular attraction forces between the liquid molecules. The most familiar
manifestation of vaporization is by providing the required energy to the medium,
namely, by heating it. However, vaporization occurs as well through a pressure
reduction, without providing the latent heat to the medium. Figure 1.2 illustrates
the two processes of liquid-gas phase change on the phase diagram of water. When
vaporization occurs through a pressure reduction, the latent heat is absorbed from
the surrounding medium and thus, its temperature decreases.

Consider an adiabatic closed vessel containing a single substance, water, in liquid and
gas state. Although macroscopically the two phases are separated, at the interface
between gas and liquid there is a constant migration of water molecules, from one
phase to the other. At dynamic equilibrium, the evaporation rate and the condensation
rate are equal, hence, the mass of each phase remains constant. The gas pressure at
dynamic equilibrium is known as the equilibrium vapor pressure, which is a function
of the temperature. As the temperature increases, the equilibrium vapor pressure
increases as well.

While in equilibrium, consider that the gas pressure becomes lower than the equi-
librium vapor pressure, by removing a certain amount of gas molecules. Suddenly,
the equilibrium is disrupted. The liquid molecules passing to the gas phase will be
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Figure 1.2: Pressure-Temperature phase diagram of water

more than the gas molecules passing to the liquid phase. Therefore, a net positive
evaporation rate is established. This will continue until equilibrium is achieved anew;
namely, until the gas pressure reaches again the equilibrium vapor pressure. Note
that in this case, no heat input was provided to the system. Thus, the latent heat of
vaporization associated to the evaporation that took place was absorbed from the
medium itself, and consequently, its temperature decreases.

Building on the simplified example above, a continuous cooling production can be
achieved if a gas outflow is established in the vessel, as well as an equal liquid mass
inflow. In order to take advantage of the cooling produced — and avoid freezing —a
secondary system should circulate a heat transfer fluid (HTF) through the vessel. The
HTF enters at a temperature higher than the vessel temperature, exchanges heat and
its temperature decreases.

1.2.2 Adsorption cooling
1.2.2.1 Basic concept

As it arises, a synergy can be implemented between an evaporator and an adsorbent,
in order to achieve cooling production. Conceptually, this synergy is based on using
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a not saturated adsorbent in order to suction out the vapor from the evaporator, and
consequently, provoke evaporation and the desired cooling production. An intrinsic
characteristic of this concept is that once the adsorbent is saturated, the adsorbate
must be removed in order to restore anew its capacity to adsorb. Thus, a desorption —
or regeneration — process is performed, during which, no cooling production takes
place.

1.2.2.2 Adsorption cooling thermodynamic cycle

Having introduced the fundamental physical phenomena involved and the basic
concept, this section proceeds with the presentation of the adsorption cooling thermo-
dynamic cycle.

An adsorption cooling system (ACS) is composed by three basic components: the
adsorption reactor, the evaporator and the condenser. The adsorption cooling ther-
modynamic cycle is divided into four phases: (a) pre-cooling, (b) adsorption, (c)
pre-heating and (d) desorption. The desired cooling effect is produced only in the
adsorption phase. During the rest phases there is no cooling production. Thus, in
order to avoid intermittent cooling production, it is a common strategy to employ
two reactors that operate alternately. Namely, while one reactor undergoes the phases
in the order a-b-c-d, the other undergoes the phases in the order c-d-a-b.

The thermodynamic cycle is defined by the temperature of three secondary circuits
Thigh, Tmed and Tjow, which deliver heat transfer fluid to the components in order to
regulate their temperatures. When the reactor operates as a desorber, its HTF has
temperature T;gp, whereas at its adsorber operation the HTF has temperature Tiyeq-
The latter is also considered as the HTF temperature of the condenser, and hence,
the saturation pressure of the refrigerant at T;,,.4 defines the condenser pressure Peon.
Similarly, Tjoy corresponds to the HTF temperature of the evaporator, thus the satura-
tion pressure of the refrigerant at Tj,,, defines the evaporator pressure Peya. Within
these operating conditions, the adsorbed mass in each reactor is cycling between the
minimum adsorption capacity wj,y,, and the maximum adsorption capacity wh;gh,
which correspond to the adsorption equilibrium capacity at (Peon, Thigh) and (Peva,
Tined), respectively.

Figure 1.3 illustrates the ACS operation during the four phases (valve openings, flow
direction, reactor operation mode), alongside with the Clapeyron diagram of the ideal
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cycle. The following discussion refers to Adsorption Reactor A, while Adsorption
Reactor B undergoes the same phases but in a different order, as commented earlier.

Pre-cooling phase: At the beginning of the cycle, the recently desorbed reactor
has high temperature and pressure (Peon, Thigh), and its adsorption capacity is at its
lowest level wyq,,. During the pre-cooling phase (Figure 1.3a) the reactor begins to
be cooled down at Tyeq, while the valves connecting it with the evaporator and the
condenser are both closed. Cooling down the reactor provokes a pressure reduction,
as a result of the temperature and density reduction — the latter as a consequence of
vapor adsorption. The objective is to reduce the reactor pressure at the pressure of
the evaporator, in order to assure that once the reactor is connected to the evaporator,
the mass flux will be from the evaporator towards the reactor.

Adsorption phase: Once the reactor pressure is as low as the evaporator pressure
Peya, the two components are connected and the adsorption phase begins (Figure
1.3b). During this phase, the vapor in the reactor is adsorbed onto the adsorbent
surface, leading to a reduction of the vapor density, and thus, the reactor pressure
decreases. Therefore a pressure difference is established between the two compo-
nents. Consequently, the vapor starts to flow from the evaporator to the reactor and
it is adsorbed by the adsorbent. As a result, the vapor pressure in the evaporator
decreases and evaporation is provoked. The latent heat of vaporization produces the
desired cooling effect. Adsorption is an exothermic process and thus, the released
heat increases the reactor temperature. This is disadvantageous, since the adsorption
capacity decreases at higher temperature. Therefore, the cooling of the reactor at Tjyeq
continues throughout the adsorption phase, in order to maintain the reactor temper-
ature low and thus, its adsorption capacity high. In the ideal cycle, the adsorption
phase would continue until the adsorbent is saturated, namely, until it reaches wy;gp
and cannot adsorb more. However, the adsorption rate drops dramatically while
approaching equilibrium and it is of no practical interest, thus, the adsorption phase
is terminated earlier.
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Pre-heating phase: In order to remove the adsorbate from the adsorbent, and thus,
reestablish its capacity to adsorb, the pre-heating and desorption phases are per-
formed. Similarly to the pre-cooling phase, in the pre-heating phase (Figure 1.3c)
the reactor is disconnected from the evaporator and remains isolated. Inversely to
the pre-cooling phase, the reactor is heated at Ty;g, with the objective to increase its
pressure up to the condenser pressure. The reactor pressure increases, as a result of
the temperature increase and density increase — the latter as a consequence of vapor
desorption. The objective is to increase the reactor pressure at the pressure of the
condenser, in order to assure that once the reactor is connected to the condenser, the
mass flux will be from the reactor towards the condenser.

Desorption phase: Once the reactor pressure is as high as the condenser pressure
Peon, the valve between the two components opens and the desorption phase begins
(Figure 1.3d). Since desorption is an endothermic process, the reactor continues to
be heated at Tpgp, until it releases the previously adsorbed mass and achieve anew
Wow- The desorbed vapor increases the reactor pressure, and thus, vapor flows to
the condenser, where it condenses to liquid, and returns to the evaporator through a
throttling valve.

1.2.3 Major challenges in the design and operation of ACSs

This section presents the major challenges in the design and operation of adsorption
cooling systems.

The design stage of an engineering application involves the a priori estimation of
its performance. In the case of adsorption cooling systems, the system performance
is quantified primarily through two performance indicators — the Specific Cooling
Power (SCP) and the Coefficient of Performance (COP). The SCP represents the
cooling capacity per unit mass of adsorbent. The COP represents the ratio of the
cooling produced to the thermal energy input.

The quantification of these two performance indicators is remarkably essential, since
two basic characteristics of the ACSs create a dichotomy over the SCP and COP.
Any variation on the reactor geometry or the cycle durations will improve one of
these performance indicators while it will deteriorate the other. An optimization of
the reactor geometry with respect to the SCP would lead to a completely different
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solution in comparison to an optimization of the geometry with respect to the COP.
The same stands for the cycle durations. Sections 1.2.3.1 and 1.2.3.2 elaborate these
two dichotomies of SCP and COP, whereas Section 1.2.3.3 discusses the complexities
encountered in the integration of an ACS within a wider thermal system, a solar-
cooled building.

1.2.3.1 Dichotomy of SCP and COP based on the reactor geometry

As it arises from the discussions above, the cooling production is proportional to
the adsorption capacity, which in turn depends on the surface area that is available
for adsorption. The necessity to increase the adsorption surface area leads to the
utilization of porous materials. Indicatively, the silica gel under consideration at the
most part of this thesis has a surface area of 720 m?2/ g [19]. Furthermore, the adsorbent
porous materials are manufactured in small particles (often referred to as grains,
granules or pellets) which are assembled in a packed bed configuration. Working
with a packed bed of porous materials entails low intraparticle and interparticle mass
transfer, as well as low heat transfer. The mass transfer resistances hinder the passage
of the evaporated molecules towards the adsorption surfaces, which is translated as
slow adsorption and thus, low cooling production. The heat transfer resistance can
be interpreted as the difficulty to regulate the temperature of the adsorbent.

During the adsorption phase, the temperature of the reactor tends to increase due
to the exothermic nature of adsorption. Since at higher temperatures the adsorption
capacity decreases, it is beneficial to maintain the reactor temperature low, and thus
its adsorption capacity — and consequently the cooling production — high. This task
is hindered by the low heat transfer of the packed bed. In order to enhance the heat
transfer rate, additional extended surfaces are incorporated on the heat exchanger
solid — the metal mass which intervenes between the HTF and the adsorbent.

During the pre-heating and desorption phases, the reactor is heated at Ty, The heat
provided during these intervals is the energy input of the ACS. The useful part of the
provided energy is associated to the temperature increase of the adsorbent to Tpgh —
where the adsorption capacity is low, thus desorption takes place — and the sorption
enthalpy required for the endothermic desorption. However, part of the provided
thermal energy is used for the temperature increase of the heat exchanger solid. This
amount of thermal energy is lost in every cycle. Therefore in this case, it is desired to
minimize the mass of the heat exchanger solid.



12 Chapter 1. Introduction

As it arises from the above, the geometrical configuration of the reactor is a determin-
ing factor for its performance. On the one hand, in order to increase the SCP, various
additional extended surfaces should be incorporated to the heat exchanger solid, with
the objective to enhance the heat transfer rate between the HTF and the packed bed.
In this manner, its temperature is maintained low, and consequently, the adsorption
rate and the cooling capacity high. On the other hand, in order to increase the COP,
the heat exchanger solid should be kept minimum, with the objective to minimize the
thermal energy lost in every cycle. Consequently, a conflict arises with respect to the
solid mass of the heat exchanger. The design strategy should ensure enhanced heat
transfer inside the packed bed, while using the minimum amount of additional mass
in the heat exchanger.

It should be noted that different applications might prioritize the SCP over the COP
or the inverse, or an optimum compromise might be desired. Therefore, quantifica-
tion of these performance indicators under various geometrical configurations and
operational parameters is considered highly useful.

1.2.3.2 Dichotomy of SCP and COP based on the cycle duration

The duration of the phases of the thermodynamic cycle also affect the SCP and COP.
A short cycle duration benefits the SCP and deteriorates the COP, whereas a long
cycle duration benefits the COP and deteriorates the SCP.

With respect to the SCP, the beginning of the cycle is the most productive in terms of
cooling production. The newly desorbed adsorbent results in the highest adsorption
rate once the reactor is connected to the evaporator. The adsorption rate — and
consequently, the cooling production — gradually decreases over the course of the
adsorption phase and approaches zero while equilibrium is approached. Therefore,
the longer the cycle duration, the less is the average cooling capacity of the cycle.

Regarding the COP, the beginning of the cycle is the most detrimental, since the
majority of the thermal input is dedicated to the temperature increase of the heat
exchanger solid and the packed bed. A short cycle duration results in low COP since
the majority of the invested thermal input did not result to desorption, thus it will
not be reflected as adsorption and cooling in the subsequent adsorption phase. The
more the cycle duration is prolonged, the more the invested thermal input results in
adsorption and cooling in the subsequent adsorption phase.
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Consequently, another dichotomy with respect to COP and SCP is provoked by
the cycle duration. Moreover — unlike the case of the reactor geometry — the cycle
duration is not predetermined for the ACS and it may vary. In fact, the cycle duration
may result very useful in the adjustment of the SCP and COP, according to the
instantaneous necessities and operating conditions. Therefore, the quantification of
the SCP and COP under various cycle schemes is considered beneficial.

1.2.3.3 Integration of an ACS within a solar-cooled building

Apart from the intrinsic challenges for the performance of an ACS, its integration
within a wider thermal system is also a challenging issue. A wider thermal system in
this case is an adsorption-based solar-cooled building, therefore the ACS is coupled to
the solar collectors and the thermal storage tank on the energy source side, as well as
with the building on the energy demand side. This integration is not straightforward
as a result of the characteristics commented below.

The inherent cyclic operation of the ACS results in a fluctuating return temperature
of the secondary HTF circuits. The building, the thermal storage tank and the heat
rejection device do not experience a constant or smooth HTF temperature. Further-
more, as a thermally-driven system, it is subjected to thermal inertia effects. In other
words, the responsiveness of the system on variations of the operating conditions is
not immediate, rather it is characterized by a certain delay.

A complexity is also encountered on the energy source side of the system. The system
is equipped with solar thermal collectors, which depend on an intermittent energy
source. Therefore, a thermal storage unit and an auxiliary heater are incorporated.
However, there is a clear objective to prioritize solar energy. In this context, the control
strategy has a crucial role in the harmonization of the ACS operation with the energy
availability and the energy demand. Consequently, the study of the entire system as
a whole is greatly beneficial. An improved control strategy can reduce the auxiliary
thermal input, as well as the overall energy consumption of the system. It may also
allow to achieve the same results using a smaller solar field, thus avoiding costs and
space limitations. Lastly, the a priori study of these systems is essential in order to
achieve an adequate dimensioning.
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1.3 Objectives of the thesis

Computational models can contribute substantially to address the challenges pre-
sented in Section 1.2.3. Consistent computational models allow to simulate the physi-
cal phenomena involved with sufficient accuracy. They allow to study the behavior
of these systems and quantify their performance under several scenarios involving
geometrical and operational parameters, as well as material properties. They also
allow to deepen our understanding with respect to the physics of the problem, since
they provide temporal (or temporospatial where applicable) information for all the
physical quantities involved, even those that cannot be measured. In comparison to
actual experiments, computational simulations facilitate considerably the investiga-
tion process, since multiple scenarios can be studied in a shorted period, with less
effort, lower cost, as well as with less material and energy waste.

In this context, the objective of the thesis was the development of computational
models that can be used for a meaningful contribution in the collective research effort
for the improvement of this technology. Two computational models were developed,
approaching the adsorption cooling technology from two different perspectives.

Adsorption packed bed reactor model

As elaborated in Section 1.2.3, the design of the adsorption reactor is a crucial task,
since its geometric configuration is determining for the performance of the system.
The first objective of this thesis was the development of a computational model for
the simulation of adsorption packed bed reactors. The model was implemented
within the in-house C++/MPI CFD platform, TermoFluids. Both the packed bed
and the heat exchanger solid are simulated in a conjugate manner, thus allowing to
study the influence of the latter on the reactor performance. A desired capability
of the model was to be able to simulate any potential reactor geometry, thus, it was
implemented using three-dimensional unstructured meshes. Another important
feature was the reliability of the model, hence it was imposed to verification and
experimental validation assessments. Finally, an essential requirement of the model
was to perform at a computational speed that is relevant for practical applications.
Parallel-computing capabilities contribute to the reduction of the computational cost,
along with an improved algorithm and the adoption of a multi-timestep approach.

The utilization of this model aims to contribute to the investigation of the geometrical
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configuration of the reactor, through the conduction of a parametric study of five
reactor geometries and their comparison. Furthermore, the model is employed
for a thorough investigation of an underexplored reactor geometry, the hexagonal
honeycomb adsorption reactor. The performance of the latter is quantified for various
geometrical configurations and operational parameters.

Adsorption cooling system model

For the second perspective, the focus was shifted from the reactor to the entire system.
The objective was to develop a reliable computational model from a component-level
approach. This approach involves the modelization of the individual components
with lumped-capacitance and one-dimensional models. This model was developed
within NEST, an in-house, C++/MPI platform for the conjugate simulation of systems
of arbitrary complexity. The capability of optimization studies was achieved by
coupling the model to the generic optimization program GenOpt. Furthermore,
a comprehensive simulation tool for adsorption-based solar-cooled buildings was
developed, by coupling the model to NEST-buildings, a library previously developed
in the CTTC laboratory.

The utilization of this model — in the context of a case study regarding a solar-cooled
office — aims to study the integration of the ACS and investigate the behavior of
the entire thermal system, facilitate its adequate dimensioning, as well as to explore
and improve the control strategy, with the objective to maximize the environmental
benefits.

1.4 OQOutline of the thesis

The rest of the thesis is structured as follows. Chapters 2 and 3 pertain to the study
of the adsorption packed bed reactors, while Chapters 4 and 5 focus on the study of
adsorption cooling systems.

Chapter 2 pertains to the presentation of the developed three-dimensional computa-
tional model for the simulation of adsorption packed bed reactors. The mathematical
formulation and the numerical solution are presented, as well as the verification and
validation assessments.

Chapter 3 is dedicated to the studies that have been conducted using the model
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presented in Chapter 2. The first study pertains to the quantification of the SCP of
the adsorption phase for five different geometries, while the second is a thorough
investigation of the hexagonal honeycomb adsorption reactor.

Chapter 4 presents the development and validation of the ACS model based on
lumped-capacitance and one-dimensional components. Moreover, the other models
used in Chapter 5 are presented — namely, the solar collectors and thermal storage
tanks, as well as the NEST-buildings library.

Chapter 5 presents the simulation of an adsorption-based solar-cooled building.
Commencing from the validated ACS model, optimization studies are conducted
for its cycle durations, as well as a scaling study for the determination of the ACS
capacity that is sufficient to satisfy the cooling demand of the proposed building. A
control strategy is implemented and progressively improved, while simulating the
case study for various solar collectors areas and thermal storage capacities.

Finally, Chapter 6 summarizes the conclusions and presents the future studies of this
research direction.
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Development of a computational
model for adsorption packed bed
reactors

Contents of this chapter have been included in :

- G. Papakokkinos, J. Castro, J. Lopez and A. Oliva, A generalized computational
model for the simulation of adsorption packed bed reactors — Parametric study of five
reactor geometries for cooling applications, Applied Energy, 235 (2), 409-427, 2018

- G. Papakokkinos, J. Castro, C. Oliet and A. Oliva, Computational investigation of
the hexagonal honeycomb adsorption reactor for cooling applications, Under review

2.1 Introduction

This chapter presents the development of a computational model for the simulation
of adsorption packed bed reactors. The latter is the most vital component of an
adsorption cooling system (ACS). Its design is a crucial task since it has a determining
impact on the performance of the system. As elaborated in Section 1.2.3, the reactor
design influences the Coefficient of Performance (COP) and the Specific Cooling
Power (SCP) in a distinct manner. Distributed-parameter models may assist the
design process significantly. Thus, one of the thesis’ scopes is the development of a
computational model for adsorption packed bed reactors, that is capable to simulate
any potential geometry with sufficient accuracy — as well as with a computational
cost that allows its utilization for engineering applications. The developed model was
employed for the numerical studies presented in Chapter 3.

Section 2.2 presents a literature review with respect to distributed-parameter models
of adsorption packed bed reactors. Section 2.3 is dedicated to the mathematical for-
mulation of the model, while Section 2.4 pertains to the presentation of its numerical
solution. Section 2.5 presents the verification and validation assessments of the model.
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2.2 Literature review

Several distributed-parameter models can be encountered in the literature, with
respect to the simulation of adsorption packed bed reactors. The scope of the related
studies is diverse. These research scopes include: (i) the study of the validity of
modeling strategies, such as the comparison of the local thermal equilibrium approach
to the nonequilibrium approach [1], the applicability of the isobaric assumption [2]
and the effect of different intraparticle mass transfer kinetics modeling methods
[3], (ii) the experimental validation of numerical models regarding the adsorption
refrigeration tube [4, 5], the tubular reactor with axial and radial fins [6,7] and the
annular adsorption reactor [8,9], (iii) to study the performance of the ACS for different
adsorption pairs [10,11], (iv) to investigate the thermodynamic cycle configurations
adopting heat recovery and mass recovery strategies [12-14], (v) the investigation of
the influence of the reactor design on its performance. The latter is the topic of the
literature review of Chapter 3, whereas the literature review of this chapter focuses
on the modeling process.

Table 2.1 presents an extensive, though not exhaustive, summary of the distributed-
parameter models published in the peer-reviewed literature [1-29]. For conciseness,
numerical models used by the same research group and appear multiple times in the
literature are listed only once. Simulation models related to adsorption packed bed
reactors which are embedded in the solar collector such as [30,31] are not included in
the summary, since they are specific to solar energy source, as well as to ice production
applications. Since numerical models are easily adaptable to other adsorption pairs,
the adsorption pair and isotherm are not included in the presented summary. It
should be noted that the adsorption packed bed reactors are used throughout a
wide spectrum of industrial and environmental applications. Examples include gas
storage (hydrogen [32], methane [33], carbon dioxide [34]), gas separation [35], carbon
capture [36] and water treatment and purification [37]. Although the presented model
is extensible to these applications, Table 2.1 is limited to numerical studies related to
adsorption cooling, desalination and heat storage.

Table 2.1 summarizes the most important features related to the reliability, extensibility
and complexity of the models. The features summarized in Table 2.1 are discussed
below with the intention to reveal some common tendencies, important distinctions
and limitations of the current state-of-the-art regarding the numerical modeling of
adsorption packed bed reactors.
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The experimental validation is categorized between local and global. Global experi-
mental validation is performed at component level, based on experimental informa-
tion outside the packed bed, such as the temporal evolution of the outlet temperature
of the HTF, the exterior wall temperature of the packed bed and the overall adsorption
uptake. Local experimental validation is based on experimental information within
the packed bed, in particular, the temporal evolution of the temperature on 3-4 dif-
ferent points inside the packed bed. The local experimental validation is considered
more rigorous since it challenges the distributed-parameter character of the models
and therefore it increases their reliability for design purposes. The majority of the
experimentally validated models are based on the global approach, while only few
models are validated based on the local approach. Approximately one third of the
presented numerical models are not experimentally validated, hence they are less
applicable to studies aiming quantitatively accurate results.

The models are also characterized by whether they solve numerically the solid heat
exchanger. When the solid is not taken explicitly into account the influence of its
shape, size as well as its thermal properties cannot be appreciated and the model may
be used to study only the packed bed using fixed boundary conditions. When the
solid is numerically solved, the conjugate heat transfer is solved and the influence of
the heat exchanger can be evaluated, studied and improved.

The spatial discretization of the domain is also a significant factor regarding the
applicability of the model. From Table 2.1, it can be observed that the majority of
the models are based on cylindrical coordinates, hence they are restricted to reactor
geometries of cylindrical shape. Structured meshes are subjected to geometric limita-
tions with respect to the simulated geometry, whereas unstructured meshes can be
used in order to simulate any potential geometry. Furthermore, unstructured meshes
allow higher flexibility over the mesh density distribution, which can be adapted
spatially to the physical phenomena involved. None of the studies based on either
in-house or commercial software models explicitly reports the use of unstructured
meshes, although it can be assumed that commercial software models have this
capability.

The dimensionality of a model represents its capacity to be applied independently
to the presence of geometric symmetry or symmetry of the boundary conditions.
The applicability of one-dimensional and two-dimensional models depends on the
presence of such symmetries, while three-dimensional models can be applied in any
case. Only few of the presented models are three-dimensional, whereas the majority
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are either one-dimensional or two-dimensional.

Table 2.1 also summarizes the geometry of the packed bed reactor that was simulated
by the referenced models. Annular reactor is noted when the HTF passes through the
exterior of the cylinder and the vapor enters through its center. The presence of fins
and their type is also reported.

The vast majority of the reported distributed-parameter models use the Linear Driving
Force (LDF) model to describe the intraparticle mass transfer resistance. A few models
use the equilibrium approach, which neglects the adsorption kinetics, assuming
adsorption equilibrium. The solid diffusion model (SD, or Fickian diffusion model) is
generally considered to be the most accurate [24], however its computational cost is
much higher. While the LDF model assumes lumped temperature and adsorption
capacity over the entire adsorbent particle, the SD model requires spatial discretization
of the particle and numerical solution of the heat transfer and adsorbate diffusion
within the adsorbent. This applies for each control volume of the mesh, increasing
significantly the computational cost of the simulations, especially in three-dimensional
cases. Moreover, the spatial discretization at the particle level decreases the acceptable
timestep. Chabani et al. [3] compared the three approaches and concluded that outside
their validity range, the LDF model underestimates the system performance and the
equilibrium approach overestimates it, with respect to the diffusion model.

Regarding the interparticle mass transfer resistance, some studies assume uniform
pressure throughout the packed bed [3,16]. This isobaric assumption is not valid
in the case of large packed beds or small adsorbent particle sizes [2], where pres-
sure gradients are considerable. The most common approach is to use momentum
equations for porous media such as the Darcy equation, the Ergun equation and
the Darcy-Brinkmann equation. In [7,29], where commercial CFD software were
employed, the use of the Navier-Stokes equations with a sink term in the momentum
equation was reported.

With respect to the heat transfer within the packed bed, two approaches are encoun-
tered in the literature; the most commonly used is the Local Thermal Equilibrium
(LTE), while few works use the Local Thermal Nonequilibrium (LTNE) [1, 5,18, 25,26].
The LTE approach assumes that the gas and solid phases have the same temper-
ature, therefore one energy equation is solved. This approach requires the use of
effective thermal conductivity and effective specific heat capacity, assuming that the
heat transfer resistance between the two phases is negligible. The LTNE approach
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distinguishes the temperature of the two phases, and therefore, two energy equations
are solved. Each energy equation has a source term for the heat transfer between
the two phases. Mhimid [1] compared the two approaches for the desorption phase.
Although no significant difference was found on the total desorbed mass between the
two approaches, he concluded that the LTE is not valid throughout the entire domain.
Using the LTNE approach, he observed temperature differences up to 10 °C between
gas and solid. Furthermore, the conclusion of the small discrepancy between the
desorbed mass calculated by the two approaches is specific to the particularities of
the studied case (geometry, dimensions, adsorption pair, desorption phase, operating
conditions etc.) and cannot be generalized.

Based on the above discussion and with an overview of the Table 2.1, it becomes
clear that there is a great interest for the numerical modeling of adsorption reactors.
However, the previously reported models have significant limitations with respect
to the simulated reactor geometry. The majority is limited only to cylindrical geome-
tries. Moreover, only few reported models are three-dimensional, whereas the rest
depend on the presence of symmetries. Furthermore, most of the reported models are
either not experimentally validated, or their experimental validation is performed
at component level, and thus, the distributed-parameter character of the model is
not questioned. In addition, many reported models simulate only the packed bed
and they do not explicitly solve the heat exchanger, thus, they cannot be used for the
study and the improvement of the reactor performance.

In the context of this thesis, a generalized three-dimensional computational model
was developed, capable to simulate any potential reactor geometry. The model ex-
hibits reasonably good agreement against experimental results, with respect to the
temporal evolution of the temperature at four points inside the packed bed reactor [7].
Both the packed bed and the solid heat exchanger domains are simulated in a dynamic
conjugate manner, thus allowing to study the influence of the latter on the reactor per-
formance. The intraparticle and interparticle mass transfer resistance were modeled
using the LDF model and the Ergun equation, respectively. The heat transfer within
the packed bed was modeled by the LTNE approach, thus two energy equations
were solved. The spatial discretization of the governing equations was implemented
using three-dimensional unstructured meshes. Versatility is provided regarding the
adsorption pair and the material of the heat exchanger. The computations can be
distributed in various CPUs, allowing the simulation of relatively large domains in
reasonable computational time. The numerical model is implemented within the
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in-house C++/MPI CFD platform, TermoFluids [38]. Coding the model rather than
using commercial software provides the freedom to fully define the problem math-
ematically, as well as to implement numerical algorithms that assure stability and
accuracy at the lowest possible computational cost.
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2.3 Mathematical formulation

The mathematical formulation consists in the task of describing the physical phe-
nomena involved through mathematical equations. In the presented model, two
computational domains are involved, the adsorption packed bed (PB) and the solid
heat exchanger (HX). Figure 2.1 pertains to a conceptual illustration of the computa-
tional domains. Illustrations of the five studied reactor geometries can be found in
Chapter 3. ! The following subsections present the mathematical formulation of the
two domains and their boundary conditions.

—> > > —> —>

[RARARRARNAN

- Heat exchanger solid domain(HX)
i Packed bed domain (PB)

—» Heat transfer fluid (HTF)

—» Vapor flow

Figure 2.1: Conceptual illustration of the two computational domains

For the construction of the model, a series of assumptions has been considered. These
assumptions are: (i) the shape and size of the adsorbent particles, as well as the void
fraction, are uniform throughout the packed bed, (ii) the adsorbent is assumed to be
an isotropic porous medium, hence its surface porosity is equivalent to its volume
porosity [39], (iii) the specific heat capacity of the adsorbed phase corresponds to
the liquid phase, (iv) the HTF temperature is constant, (v) there are no heat losses to
the environment, (vi) the adsorptive gas behaves as an ideal gas and (vii) when the
reactor is connected to the evaporator or condenser, their respective temperature and

1Figure 3.1 illustrates the studied reactor geometries, Figure 3.2 the computational domains after
applying symmetries and periodicities and Figure 3.3 shows their boundary conditions.
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pressure are considered constant. Regarding the latter assumption, the developed
models provide the capability to couple the reactor with simple models of evaporator
and condenser. However, such approach is avoided in order not to condition the
reactor performance results by aspects which are not related to the reactor, such as
the dimensioning of the evaporator and the condenser.

2.3.1 Adsorption packed bed model

The adsorption packed bed domain is comprised by two phases, the solid adsorbent
and the adsorptive gas.

2.3.1.1 Adsorption equilibrium

The adsorption equilibrium capacity is the amount of adsorbate mass per unit mass
of adsorbent, that is adsorbed onto the adsorbent when the pressure and temperature
are maintained constant for a relatively long period. The adsorption equilibrium
capacity w* is calculated through the adsorption isotherm. Unless stated otherwise,
the T6th adsorption isotherm is employed in this study, as derived experimentally by
Wang et al. [40], for the adsorption pair of water and silica gel type RD.

Koexp(AH,qs/ (RgT))P

. 2.1)
[1+ (5 exp(AHoa/ (RgT))P) |

w*(P,T) = -

The input parameters of the Téth isotherm are listed in Table 3.2. The model allows
the implementation of additional adsorption isotherms. For further information on
adsorption isotherms, the reader is referred to [41].

2.3.1.2 Adsorption kinetics

The information provided by the adsorption isotherm pertains to the equilibrium
capacity. When the conditions are altered, the adsorbed mass w does not change
instantaneously to the equilibrium capacity w* that corresponds to the new conditions.
The adsorbed mass moves from its instantaneous value towards the equilibrium
capacity which corresponds to the instantaneous conditions. The velocity of this
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process is described by the adsorption kinetics. In this study, the adopted approach
for the mathematical description of the adsorption kinetics is the LDF model [42]. For
spherical particles, the LDF model is expressed as:

dw _ 60D,
ar d}%

(w* —w) (2.2)

where D, is the effective diffusivity, calculated by the Arrhenius equation, based on
the temperature, the reference diffusivity Dy and the activation energy E,.

D, = Dyexp(—E;/(RT)) (2.3)
2.3.1.3 Vapor mass conservation equation

The vapor mass inside a control volume varies as a result of vapor fluxes on its
boundaries and sorption phenomena. The vapor mass conservation is expressed by
the continuity equation of the specific mass, namely, the vapor density.

ebaaierV(pgﬁ)ers(lfet)%—zf =0 (2.4)

1 il u1
The term (2.4-i) is the accumulation term and represents the rate of mass change
within the control volume. The term (2.4-ii) is the convective term and represents
the net mass flux at the boundaries of the control volume. The superficial velocity
ii is calculated through equation 2.18. The term (2.4-iii) is the sink/source term and
represents the amount of vapor which leaves or enters the vapor phase of the control
volume, depending on whether adsorption or desorption takes place. The total void
fraction ¢ is a function of the bed void fraction ¢}, and the particle porosity ¢p,. It is
calculated as:

ee=¢p+ (1— Eb)i-ip (2.5)

The vapor mass inside the control volume dV is calculated as ¢,05dV, while the solid
mass inside the control volume is calculated as ps(1 — €¢) dV.
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2.3.1.4 Energy conservation equations

For the mathematical description of the heat transfer inside the packed bed, the local
thermal nonequilibrium approach is adopted. This approach considers that the gas
and solid phases have distinct temperatures and thus, a separate energy conservation
equation is solved for each phase.

Gas phase The energy conservation equation for the gas phase is expressed as:

d(pgh 5
€p (Pagt g) +V - (pgithg) = epAg V> Ty + alpi (Ts — Tg) — ps(1 — St)ai:hg (2.6)
N———
i ii iii iv M

The term (2.6-i) is the accumulation term, representing the temporal variation of
energy inside the gas phase of the control volume. The term (2.6-ii) is the convective
term, which represents the transportation of energy across the boundary of the control
volume, as a result of mass fluxes. The term (2.6-iii) is the diffusive term, representing
the energy transfer across the boundaries of the control volume, as a result of the
temperature difference. The term (2.6-iv) represents the convective heat transfer
which takes place between the solid and the gas phase of the control volume. The
exchange surface area per unit volume a and the heat transfer coefficient Uy, are
calculated using the equations 2.14 and 2.15, respectively. Finally, the term (2.6-v)
is the thermal energy of the mass leaving or entering the gas phase of the control
volume, as a result of adsorption or desorption.

The partial derivative of the accumulation term is further developed as illustrated
below, in equation 2.7. The product rule is applied and the accumulation term is
expressed by the two components responsible for the total enthalpy change. On the
one hand, the sensible heat, manifested as temperature change, and on the other hand,
the thermal mass change due to the mass variation inside the gas phase of the control
volume.

d(pghg) g dog dTg dpog
or P Thegy = st Thes 27)
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Substituting equation 2.7 in equation 2.6, the final form of the energy conservation
equation for the gas phase of the control volume is obtained.

oT, dp . ow
ebpgcpga—tg + ebhga—tg +V- (pguhg) = ebAgvag + aupi(Ts - Tg) —ps(1— et)jhg
(2.8)

Although the differential equation 2.8 can be expressed in a simpler form by introduc-
ing the mass conservation equation (equation 2.4), equation 2.8 is adopted due to the
convenience of its numerical integration.

Solid phase With respect to the energy conservation equation of the solid phase,
two widely adopted assumptions are considered. The first assumption is that the
total enthalpy of the “mixture” of adsorbent and adsorbate H,y, is assumed to be the
sum of the enthalpies of the individual components - the dry adsorbent Hy, and the
adsorbed phase H,p. Based on this assumption and by expressing the adsorbed phase
mass 1ap as the product of the solid adsorbent dry mass mg4, and the adsorption
concentration w, the following expression for the total enthalpy inside the control
volume is obtained:

Hwa = Hga + Hap = Mqahda + Maphap = Mqahda + Maawhap (2.9)

The second assumption is that the specific heat of the adsorbed phase is equal to
the specific heat of the liquid phase. Based on this assumption and equation 2.9, the

accumulation term is developed below. Firstly, the product rule is applied on the
derivative regarding the adsorbed phase, since both the specific enthalpy hap and the
adsorbed mass quantity w vary. Then, the assumption of the specific heat of the liquid
phase is applied. Finally, a specific heat capacity for both the dry adsorbent and the
adsorbed phase is employed, defined as c,, = (cp,, + wcp,), and the dry adsorbent
density pq, is expressed by the more common ps.

9(Pdahda) | O(PdaWhap)  Ohg, hap ow
ot + ot —Pda ot +Pdath +pdahap—t
dT. oT. ow
=0daCpg, aTS + PdaWCp, aTS + Paahtap 5 (2.10)

0T ow
=P p Ty
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A first form of the solid energy conservation equation is presented below:

Ts

0 ow ow
os(1— Et)cpsj +ps(1 — st)hapg =(1- £b)AsV2Tg +aly,i(Tg — Ts) +ps(1 — et)ghg

i ii i iv v

2.11)
The terms (2.11-i) and (2.11-ii) represent the accumulation term, as developed in
equation 2.10. The term (2.11-i) represents the enthalpy change inside the control
volume as a result of temperature change, while the term (2.11-ii) represents the
enthalpy change as a result of the variation of the adsorbed mass. The term (2.11-
iii) represents the conductive heat transfer at the boundaries of the control volume,
as a consequence of temperature difference. The term (2.11-iv) is the sensible heat
exchanged with the gas phase of the control volume. The term (2.11-v) is the enthalpy
of the vapor crossing the boundary gas-solid during sorption.

As it can be observed, the gas and solid energy equations are linked through the terms
(2.6-iv) and (2.11-iv), which represent the convective heat transfer between the solid
and gas phase — as well as through the terms (2.6-v) and (2.11-v) which represent the
thermal energy exchanged through the mass transfer, which takes place as a result of
sorption.

The difference between the terms (2.11-ii) and (2.11-v) represents the enthalpy change
that the adsorbate undergoes, from its gaseous state to the adsorbed state. This
enthalpy difference can be expressed by equation 2.12, as the sum of its two compo-
nents. The term (2.12-i) represents the sensible heat energy which is exchanged as
its temperature changes from Ty to Ts. The term (2.12-ii) pertains to the enthalpy of
adsorption which is released due to the exothermic nature of adsorption.

hg — hap = Cp (Tg — Ts) + AHyq (2.12)
—_— N~
i ii

Substituting equation 2.12 in equation 2.11, the following form of the energy conser-
vation equation for the solid phase is obtained:

w

oT.
ps(1— st)cpsafts = (1-ep)As VP Ty + alyi (Tg — Ts) + ps(1 — &) 5

AHags + cp, (Tg = T5)
(2.13)
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Convective heat transfer between the solid and gas phase As mentioned earlier,
the two energy conservation equations include a term al,; AT, describing the con-
vective heat transfer per unit volume between them, as a result of their temperature
difference. The parameter 4 is the specific exchange surface area per unit volume
[m?/m3]. For a bed of spherical particles, it is calculated by equation 2.14 [39].

a=06(1—¢y,)/dp (2.14)

The heat transfer coefficient between the two phases is determined through the
Nusselt number, as in equation 2.15 [43].

Uid
Nu = 2 + 1.1Pr*3Re00 = iip (2.15)
&
The Reynolds and the Prandtl number are calculated as:
dppg |i| Cpghsg
Re = —2— and Pr = L (2.16)

Hg 8
2.3.1.5 Pressure equation

The pressure of the adsorptive gas is evaluated based on the ideal gas law, as a
function of the gas temperature and gas density.

P = pgRy Ty (2.17)

A comparative study was undertaken between the results of the ideal gas law and
the methodology of the International Association for the Properties of Water and
Steam [44]. The pressure was calculated in the pressure range of 1-4.8kPa and
temperature range of 30-80 °C. The results revealed a relative discrepancy in the range
of 0.00018-0.002. This discrepancy is considered acceptable, taking into consideration
the drastically lower computational cost of the ideal gas law.
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2.3.1.6 Momentum equation

The interparticle mass transfer is calculated through the momentum equation for
porous media. In this work, the Ergun equation - an extension of the Darcy equation -
is employed [11,39]. The Ergun equation allows to evaluate the velocity field based
on the pressure gradient.

i+ PE i) = —X2yp (2.18)
Mg Hg
where permeability Kp and Ergun inertia-related parameter Kr are calculated as:
e} 1.75d
Kp= b and Kp = ————F 2.19
D= 15001 — )2 O E T 150(1 — ep) 2.19)
2.3.2 Heat exchanger solid model
For the heat exchanger solid domain the heat equation is applied.
oT,
PrxCpne 5 = AV Tix (2.20)

2.3.3 Boundary conditions

The mathematical formulation requires the definition of the boundary conditions
of the two domains. Figure 3.3 illustrates these boundary conditions for all the
geometries studied in the context of this thesis. For the computational domain under
consideration, the following boundaries are encountered.

Reactor - Vapor chamber The interface between the packed bed domain and the
vapor chamber is the open boundary, where the gas mass fluxes take place during the
adsorption and desorption phases. During the pre-cooling and pre-heating phases,
this boundary is considered closed and Neumann boundary condition is imposed for
the pressure, as well as for the gas and solid temperatures. It should be noted that
no-slip boundary condition applies for velocity when the pressure gradient is zero.

aP 9T, T,
= o " @21)
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During the adsorption and desorption phases, a Dirichlet boundary condition is
imposed for pressure, according to the pressure of the evaporator and condenser,
respectively (equation 2.22a). The gas temperature on this boundary depends on the
direction of the flow. If the mass flow is inwards, then the gas temperature takes the
value of the inlet gas, namely, the evaporator temperature during adsorption or the
condenser temperature during desorption (backflow case for the latter). If the mass
flow is outwards, a Neumann boundary condition is applied (equation 2.22b). For the
solid temperature, Neumann boundary condition is imposed (equation 2.22c). The
gas density is calculated via the ideal gas law, according to the local pressure and
temperature.

P = Puya for adsorption
e P (2.22a)
P = Pcon for desorption
Tg = Tevajcon ~ When it is inwards
Ty o 0T, (2.22b)
= =0 when 71 is outwards
of
oTs
Tt == =0 2.22
S oon (2.22¢)

With respect to the interface of the heat exchanger solid and the vapor chamber, this
only pertains to a small surface (tip of the fin) and it would exchange thermal energy
via natural convection. In this context, the thermal energy exchanged between the
vapor chamber and the heat exchanger solid is neglected and Neumann boundary

condition is applied.
0Thx

on

=0 (2.23)

Reactor - HTF channel This applies only for the heat exchanger solid. The heat flux
between the latter and the heat transfer fluid is calculated with a Newton boundary
condition (equation 2.24). The convective heat transfer coefficient Uytp can be cal-
culated based on the flow regime, the fluid properties and the channel geometry, as
reported in [45].

0Ty

)\hxﬁ = Untr(Tatr — Thx) (2.24)
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Reactor symmetries On the boundaries where geometrical symmetry applies, Neu-
mann boundary condition is imposed for all variables:

op Ty T, oy,
on  on  on  on

=0 (2.25)

Interface between packed bed and heat exchanger The heat flux between the
packed bed and the heat exchanger domain at their interface is calculated based
on equation 2.26, using the contact heat transfer coefficient U¢ and the local tempera-
ture difference.

it = S = Uy (T~ ) (2.26)
if

On the packed bed side, there is some ambiguity with respect to how the exchanged
heat flux is distributed between the solid and the gas phase [39]. In studies related to
the experimental derivation of the contact heat transfer coefficient for silica gel [46,47],
the reported values pertain to the U between the heat exchanger solid and the solid
phase of the packed bed (adsorbent grains). In [47], it was hypothesized that the
heat flux between the heat exchanger solid and the adsorbent grains occurs partially
through the stagnant vapor and that the reported values for Uj; correspond to an
apparent heat transfer coefficient. Consequently, since these reported values include
the heat flux through the stagnant vapor, in the context of this study it is assumed
that the heat flux between the two domains is exchanged exclusively between the
heat exchanger and the solid phase of the packed bed. For the remaining variables of
the packed bed, Neumann boundary condition is applied.

aj_aTg_
on  on

0 (2.27)

2.4 Numerical solution

For the numerical solution, the governing equations are discretized in space and time.
The developed numerical model is implemented within the in-house C++/MPI CFD
platform, TermoFluids [38].
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Spatial discretization Using the finite volume method, the domains are discretized
using collocated, unstructured, three-dimensional meshes. The diffusive terms are
discretized based on a second-order central difference scheme. The convective terms
are discretized using the upwind scheme. For the calculation of gradients, the least-
squares method is employed. The interface between the two domains is discretized
with coinciding meshes.

Temporal discretization The transient terms are discretized based on an Euler
implicit scheme. A multi-timestep approach is adopted, reducing significantly the
computational cost, without compromising the accuracy of the solution. Preliminary
studies were performed in order to assess whether to employ an explicit scheme
(lower timestep, one iteration per timestep) or an implicit scheme (higher timestep
more iterations per timestep). The computational cost of the latter was proven lower,
thus implicit temporal discretization was employed.

Numerical methods The energy conservation equations are solved using the Gen-
eralized Minimal Residual (GMRES) method, while the mass conservation equation
is solved using a Gauss-Seidel (G-S) method. The rest of the equations do not require
an iterative method.

Algorithm The implicit algorithm for the conjugate problem requires the solution
of the two domains individually until convergence is achieved. After each domain
iteration, the two domains exchange information with respect to the temperature
distribution on their common interface. Subsequently, the heat flux between them
is calculated for every control face. This heat flux distribution is imposed as the
boundary condition in the next iteration of each domain. This procedure is repeated
until the solution of the two domains converge.

With respect to the solution of each domain, the heat exchanger domain involves the
numerical solution of just one variable, whereas for the packed bed, various vari-
ables are computed. Therefore, inner sub-iterations are conducted for the numerical
solution of the packed bed. The initial inner iterative algorithm had a significant
computational cost, that would be problematic for simulations of practical appli-
cations. Three major modifications were applied in the initial iterative algorithm
in order to improve the computational speed of the model. This improvement is
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achieved by reducing the required iterations or by increasing the admissible timestep
or by reducing the computational cost of the iteration. Algorithm 1 illustrates the
initial iterative process for the packed bed domain, while Algorithm 2 illustrates its
improved version, which employs the three modifications discussed subsequently.

Step 1. Coupling the mass transfer related equations

The first step involves the distinction between the heat transfer equations and the
mass transfer equations. In Algorithms 1 and 2, heat transfer related equations are
marked with red, while mass transfer related equations are marked with blue. It
was identified that the mass transfer equations are strongly coupled and in the initial
algorithm they required a low timestep in order to not diverge. Even in low timestep,
the sub-iterations between them would be part of the entire iteration of the packed
bed, thus, involving the computation of the energy equations as well.

For this reason, the mass transfer equations were incorporated inside the Gauss-Seidel
iterative method for the mass transfer equations, marked as blue in Algorithm 2. This
is hereinafter referred to as the Mass block. This modification improved significantly
the computational speed through (i) increasing the admissible timestep by one order
(if) reducing the required iterations and (iii) skipping the energy equations in iterations
concerning the convergence of the Mass block.

Step 2. Conjoint solution of energy conservation equations of gas and solid

For the numerical solution of the energy conservation equations, the built-in GMRES
solver of TermoFluids is used. After the discretization of these equations in all the
control volumes, they become a system of n algebraic equations, where 7 is the nodes
number. The system is expressed in its matrix form, with an n x n square matrix A
containing the coefficients of the variables T, and a n X 1 column matrix b, containing
the remaining terms of each equation. GMRES receives the matrix and the column
vector and solves the system for all T. In the initial algorithm, this procedure was
being performed twice in each sub-iteration, once for Ty and Ts, respectively (Figure
2.2a). The terms involving the other’s phase temperature were considered constant
and they were included in b. Thus, after the solution of Ty, its updated value would
be used for the calculation of Ts, and vice versa, until convergence. Similarly to the
Mass block, the sub-iterations related to the convergence between the two energy
equations were part of the entire packed bed iteration, thus the Mass block would
also be computed.
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For these reasons, it was decided to merge the two energy equations in one larger set
of equations, hereinafter referred to as the Thermal block (Figure 2.2b). As illustrated,
this larger matrix is composed by four quartiles. The A is placed on the upper left
quartile, while Ay is placed on the bottom right. The terms of the gas energy equation
that involve Ts are placed in the upper right quartile, while the terms of the solid
equation that involve Ty are placed in the bottom left quartile. In this way, the terms
that link the two equations are solved conjointly and thus the required iterations
decrease.

’
/
’
Il

) n
~ ~ N \ \\\ N Tg

(@) (b)

Figure 2.2: Schematic illustration of Step 2, with respect to the treatment of the energy conser-
vation equation in (a) the initial algorithm and (b) the improved algorithm

This action improved the computational speed of the model since (i) the computa-
tional cost of each iteration decreased, as constructing and solving one set of matrices
instead of two is computationally faster, (ii) the convergence between Ty and T;
requires considerably less iterations.

Step 3. Multi-timestep approach

The third modification arises from the fact that the mass transfer phenomena have
lower time scale than the heat transfer phenomena. Consequently, the Mass block
requires a significantly lower timestep than the Energy block. In a conventional
approach, the smallest timestep is imposed to all the equations. Therefore, such ap-
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proach would entail to numerically solve the Energy block — the most computationally
intensive part of the model — more often than it is actually required, leading to a
significantly higher computational cost.

In order to improve the computational speed of the model, a multi-timestep approach
is adopted. With this approach, the Energy block is solved using a certain timestep
At, while the Mass block is solved at a lower sub-timestep Atg,, = At/ Ny

sub*

On the one hand, the Mass block requires the temperatures for (i) the adsorption
equilibrium capacity, (ii) the temperature-dependence of the diffusivity and (iii) the
pressure calculation. Using the same values of Tg and T; for all Ny , sub-timesteps
within one timestep does not affect the results. Solving the energy equations at the
lower timestep results in imperceptible variations in the temperatures. On the other
hand, the Energy block requires from the Mass block calculations, the mass fluxes
within the domain for the convection term of the gas equation and the adsorption rate
for the exothermic source term of the solid equation. These values are integrated for all
the Ny, and equivalent values are calculated for At. As elaborated in Section 2.5.1,
this approach does not compromise the accuracy of the solution, while it drastically
reduces the computational cost.

After the improvement of the packed bed domain algorithm through the three steps
elaborated above, the entire timestep algorithm is shaped as illustrated in Figure 2.3.
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Algorithm 1: Initial algorithm Algorithm 2: Improved algorithm

while €;;,r > 0jter,pp do while €t > 0;t pp do

for all nodes do
calculate w* ;

ow
calculate — ;

ot

calculate w ;
end
while €0,G-S > HP,G_S do
for all nodes do
calculate pg ;
end
end

for all nodes do
setup GMRES matrices for Ty ;
end

GMRES solution for Ty ;
for all nodes do

setup GMRES matrices for T ;
end

GMRES solution for T ;
for all nodes do

‘ calculate P ;
end

Pressure gradient VP calculation ;
for all faces do

calculate i ;

calculate g ;
end

end

for # At,,;, do

while €p,G-S > ep,G—S do
for all nodes do
calculate w* ;

ow
calculate 5 2
t Atsub

calculate w ;
calculate pg ;
calculate P ;

end
VP calculation ;
for all faces do

‘ calculate i/ ;
end

end

end
for all faces do
| calculate rizg |y

end
for all nodes do

Jw
calculate 5 g
t A

end

for all nodes do
setup conjoint GMRES

matrices for Tg and Ts ;

end
GMRES solution for Ty and Ts ;

end
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Parallel computing

The computational model allows the parallelization of the computations on various
CPUs. The heat exchanger domain is computationally less intensive than the packed
bed domain, therefore the allocation of CPUs was one for the solid and three or seven
for the packed bed. The CPU of the heat exchanger domain is also responsible for
the calculation of the heat flux between the two domains. It gathers the temperature
distribution at the interface from the CPUs of the packed bed, performs the relevant
calculations and then returns them the exchanged heat flux.

2.5 Verification and Validation

Upon the construction of the computational model, its credibility was assessed
through verification and validation procedures. According to the American Institute
of Aeronautics and Astronautics [48] verification and validation are defined as:

“Verification: The process of determining that a model implementation accurately represents
the developer’s conceptual description of the model and the solution to the model.”

“Validation: The process of determining the degree to which a model is an accurate representa-
tion of the real world from the perspective of the intended uses of the model.”

Subsequently, section 2.5.1 presents the verification assessment, while section 2.5.2
presents the experimental validation.

2.5.1 Verification assessment
2.5.1.1 Introduction and objective

This section presents the verification assessment of the simulation tool. This assess-
ment aims to evaluate the consistency of the model with respect to:

- the global energy conservation

the global mass conservation
- the mesh independence of the solution

- the timestep independence of the solution
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- the sulfficiency of the convergence criteria involved

- the correct programming implementation regarding parallelization of comput-
ing in various CPUs (Central Processing Unit) and memory leakage

Given the strong interconnection of the spatial and temporal discretization, it has been
chosen to present these aspects conjointly. The selected combinations of timestep,
mesh and convergence criteria are summarized in Table 2.2.

2.5.1.2 Parameters under consideration

The test cases are monitored and compared from three perspectives. The three per-
spectives represent different levels of expectations from the model. In computational
simulations, a compromise is always sought between the computational cost and the
sufficient accuracy of the solution.

Global perspective

Global mass conservation and global energy conservation are evaluated in order
to ensure that no mass nor energy is created or destroyed, within the domain and
throughout the simulation. Through these metrics, the consistency of the mathemati-
cal formulation and its numerical implementation is assessed.

Local perspective

The temporal evolution of the variables values is monitored at a specific point inside
the packed bed domain. This aims to question the ability of the model to capture
adequately local phenomena. This is mainly used to evaluate the density of the mesh.
A coarse mesh may satisfy the aforementioned global balances, although it might
fail to capture the local phenomena. It is examined whether the computational cost
reduction achieved by using a coarse mesh jeopardize the reliability of the results.
This test challenges the distributed-parameter character of the model.

Utilitarian perspective

The monitored parameters are the temporal evolution of the total inflow of vapor mass
in the packed bed and the total heat flux between the heat transfer fluid and the heat
exchanger solid. These two parameters are sufficient for the calculation of the SCP and
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the COP, and thus, the characterization of the reactor performance. This perspective
is similar to the global perspective in the sense that it approaches macroscopically
the reactor. However, the utilitarian perspective intents to detect whether a case
with poor performance in terms of global balances and local perspective — which
are considered more strict — can still predict the reactor performance, with sufficient
accuracy for the utilization of the model.

2.5.1.3 Computation of the verification assessment metrics

This section details the computation of the verification assessment metrics.

Global perspective - Mass conservation

The mass balance is performed for the adsorbate, since it is the only fluid inside the
simulated domain. It simply states that, the contained mass within the domain at any
given time should be equal to the sum of the initially contained mass, plus the mass
fluxes that crossed the domain boundaries during the period under consideration.
The equality that should be evaluated is represented in equation 2.28.

?

Ma(t) = Ma,init + /tMa,inlet dt (2.28)

With respect to the contained mass, the two components of the packed bed are in-
volved, the vapor phase and the adsorbed mass in the solid phase. For its calculation,
all the control volumes of the packed bed volume Vpp are considered. For the mass
fluxes at the boundaries of the domain, all the control faces at the boundary under
consideration are summed for every timestep.

Vep VpB

Z Pg,cv epVev + Z Ps (1 - St) Wey Vey Z Pgev ep Vv + Z POs (1 - St) Wey Ve
cv v v v

) [VPB Ve
t=n

t=n Ain
+Z <_ pg,cf (ﬁcf : ﬁcf)Acf> At

cf
(2.29)

t=0
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where:
Vps

Y Pgev €b Ve is the vapor mass in the gas phase over the entire packed bed volume,
cv
Vpp

Z ps (1 — €¢) wey Ve is the adsorbed mass onto the solid phase over the entire Vpg,
cv

Ain

Zpg,cf (thef - fies)Act is the vapor mass flow rate on the inlet boundary, which is
cf

positive for outflow and negative for inflow, since the surface unit vector 7y is

outward by convention,

t=n Ain
Z <— Zpglcf (U - ﬁCf)ACf> At is the total vapor mass that entered the packed

At cf
bed domain through the inlet boundary, throughout the simulation period under

consideration.

Expectedly, the equality of the equations 2.28 and 2.29 will not be valid, due to the
errors introduced by the numerical procedure. In order to assess the error, the LHS of
these equations is denoted as the calculated mass M., and the RHS is denoted as the
expected mass Mexpe- The error related to the mass conservation €mass is calculated
in equation 2.30, as a relative error.

‘Mexpe - Mcalc|
€mass = M—
expe

(2.30)

Global perspective - Energy conservation

The energy balance is performed for the entire domain, both the packed bed and the
heat exchanger solid. The components containing thermal energy are the adsorbate in
both gas and adsorbed phase, the solid adsorbent and the solid of the heat exchanger.

In order to be able to perform an energy balance, a slightly different case than the
actual adsorption case is considered. An energy balance of the adsorption case would
require to know the enthalpy of the adsorbed state, in order to take into account the
variation of the contained thermal energy in the solid phase, as a result of the variation
of the adsorbed mass (term 2.33-iii). As illustrated in section 2.3.1.4, it is possible
to solve the energy equations without knowledge of the enthalpy of the adsorbed
state. However, the energy balance would require knowledge of the latter, which
is difficult to compute. Moreover, even if the adsorbed state enthalpy was possible
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to compute, a good agreement between the expected and the calculated thermal
energy would not be achieved. This inconsistency would be related to the value of the
adsorption enthalpy. In reality, the adsorption enthalpy depends on the temperature,
the pressure and the adsorbed mass. However, the experimentally derived value
for adsorption enthalpy that is adopted in this study is constant throughout the
temperature, pressure and adsorbed mass range under consideration [40].

Within this context, it was decided to perform the energy balance on a fictitious
case, very similar to the adsorption case. The differentiation is that the vapor that
is adsorbed onto the solid phase is considered to be condensed instead of adsorbed.
The knowledge of the enthalpy of the saturated liquid, as well as the pressure de-
pendence of the condensation enthalpy, allow to perform the energy balance. More
particularly, the adsorption of vapor is not associated to the exothermic release of
(2.693 £ 0.1)M] / kg [40], but to the sum of the condensation enthalpy (approximately
2.430-2.477 MJ] / kg in the pressure range under consideration) plus the sensible heat
according to the temperature of the superheated vapor. In this sense, the fictitious
case used for the energy balance approximates very well the actual adsorption case,
while it allows to perform the energy balance.

Similarly to the mass balance, the energy balance questions whether the thermal
energy contained at a given instant is equal to the initially contained thermal energy,
plus the energy fluxes that crossed the domain boundaries during the period under
consideration.

? .
E(t) = Enit + /tEinlet dt (2.31)

As it will be explained later (terms 2.33-ii and 2.33-iv), the energy balance is feasible
only if equation 2.31 is reordered as in 2.32. Therefore, it is questioned whether the
change in the thermal energy contained inside the domain is equal to the energy
fluxes.

> [
AE = E(t) — Egpit = /t Euxes dt (2.32)

The variation of the thermal energy contained in the domain is the sum of the four
components: (i) the gas phase, (ii) the dry solid adsorbent, (iii) the adsorbed adsorbate
and (iv) the solid of the heat exchanger. The thermal energy fluxes at the boundaries
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of the domain pertain to the thermal energy associated to the inlet vapor mass and to
the heat exchanged between the heat exchanger solid and the heat transfer fluid.

? . .
AEgas + AEdry adsorbent T Aanlsorbed + AEsolid,hx = / Eg,inlet dt + / EconV,HTF dt
S—~— —— i i

i ii iii iv v vi

(2.33)

where:

e 000
(i) AEgas = ; (pghg - pghg)cv epVey  is the enthalpy change of the gas phase as
a result of the density variation and the specific enthalpy variation. The latter is

a consequence of the pressure and temperature change. The sum involves all the
control volumes of the packed bed domain.

. Vep . 0 Vep . 0
(11) AEclry adsorbent — ; Ps (hs - hs)cv (1 - E’f)VCV = ; PsCpga (TS - Ts )cv (1 - Et)VCV
This term amounts for the variation of the thermal energy inside the dry solid adsor-
bent. This is one of the term that obliges the energy balance to be based on equation
2.32 rather on equation 2.31. Although the enthalpy of the solid adsorbent is un-
known, the enthalpy change can be calculated as ¢, AT. The sum involves all the
control volumes of the packed bed domain.

Ve
(iii) AEadsorbed = Y Ps (wthgp - wohgp>cv (1 —¢)Voy s the term that takes into
cv

account the enthalpy variation of the adsorbed phase, as a result of both the tempera-
ture change of the solid phase Ah,p, and the variation of the adsorbed mass amount
Aw. This is the term that obliged the energy balance to be based on condensation
instead of adsorption as explained earlier. The sum involves all the control volumes

of the packed bed domain.
] VX . 0 Vix . 0
(iv) AEsolid,hx = Z Ohx (hhx - hhx) Vov = Z PhxCphx (Thx - Thx) Vev
v cv v cv

This term corresponds to the thermal energy variation within the heat exchanger
solid Vyx, during the period under consideration. The same applies as for the term
(2.33-ii), regarding the necessity to perform the energy balance as in equation 2.32.
The sum involves all the control volumes of the heat exchanger domain.
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t=n Ajn

v) /tEg,inlet dt = Z - Z (pg,cf (ﬁcf : ﬁcf)Acf) hg At
At cf

g
This term takes into account the thermal energy flux at the boundaries of the reactor
domain, which is associated to the thermal energy contained by the total inlet vapor
mass. The sum involves all the control faces at the boundary of the packed bed where
vapor flux takes place, for all timesteps. It is reminded that rig is positive for outflow
and negative for inflow, since the surface unit vector is outward.

] t=n [Aprr
(vi) /t EconvHTE dt = Z Y UntrAct (Trarr — Thxef) | At
At cf

This term corresponds to the total thermal energy exchanged between the heat ex-
changer solid and the heat transfer fluid. The sum involves all the control faces at the
common boundary of the heat exchanger with the HTF, for all timesteps.

Expectedly, the equality of the equations 2.32 and 2.33 will not be valid, due to the
errors introduced by the numerical procedure. In order to assess the error, the LHS of
these equations is denoted as the calculated thermal energy variation AE_,;. and the
RHS is denoted as the expected thermal energy variation AEexpe. The error related to
the energy conservation €energy is calculated in equation 2.34, as a relative error.

‘AEeXpe - AEca1c|
€energy = AEexpe

(2.34)

Local perspective - Variable evaluation on a specific point

Since the variable values are calculated at the centroids of the control volumes, the
value of a variable on a specific point requires to be computed. This is achieved
through a built-in function of the TermoFluids code, which employs the least-squares
method for the calculation of the variable gradient at the neighboring nodes. Sub-
sequently, the variable value at the point under consideration is calculated based
on the variable value and gradient on the neighboring nodes, while applying a
distance-weighting factor between those values [49, 50].
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Utilitarian perspective - Vapor inflow and heat exchanged with HTF
The verification metrics pertaining in the utilitarian perspective were presented earlier
in the context of the global perspective.

The inlet vapor inside the packed bed is calculated as:
t=n Ajn t=n Ain

mg,total - Z <_ ng,cf> At = Z <_ Zpg,cf (ﬁcf . ﬁcf)Acf> At
At cf At cf

The heat exchanged between the heat exchanger solid and the heat transfer fluid is
calculated as:

t=n /A t=n
QHTEtotal = Z (Z ‘7cfAcf> At = Z

At \ cf At

AHTF

Y UntrAct (Tare — Thxef)
cf

At

2.5.1.4 Test case details

The geometry of the test case pertains to the simulation of the hexagonal honeycomb
packed bed reactor. The exact dimensions correspond to the base scenario, as pre-
sented in Section 3.4. The test case is similar to an adsorption phase, although some
differentiations are considered in order to add complexity to the test. The initial
conditions are 30 °C for temperature and 1228 Pa for pressure. The adsorbed mass
is the equilibrium capacity for the aforementioned conditions. Once the simulation
begins, the inlet conditions for the reactor are Pyt = 4243 Pa and Ty iyt = 80°C.
The temperature of the heat transfer fluid is considered 30 °C and the convection heat
transfer coefficient is Uytr = 1000 W/ (m? K). The period of the simulation case is
100s.

2.5.1.5 Results

Eleven cases were chosen for the presentation of the results of the verification assess-
ment. These cases are summarized in Table 2.2, along with their respective errors
regarding mass and energy balances.

With respect to the contents of Table 2.2, the first block Temporal discretization presents
the timestep and the number of sub-timesteps adopted in each test case. The second
block Spatial discretization presents the number of control volumes in the packed bed
domain mesh and the heat exchanger domain mesh. The third block Convergence
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criteria presents the convergence criteria adopted in the iterative numerical procedures,
where G-S refers to the Gauss-Seidel method used for the Mass block of the packed
bed and the GMRES refers to the solver used for the Energy block of the packed bed
(Tg,Ts) and for Ty, in the heat exchanger. The last column Global perspective results
summarizes the errors of the global balances for mass and energy, as calculated in
equations 2.30 and 2.34, respectively.

Increasing test number implies (i) on the one hand, a “less strict solution” - by having
either coarser mesh, or higher timestep or higher convergence criteria, and (ii) on
the other hand, a lower computational cost. The following comparisons can be
performed:

- Test 0 and Test 1 compare two cases without the multi-timestep approach, with
two different mesh densities. This provides a mesh independence test prior to
the application of the multi-timestep approach.

- Test 1-4 compare 4 different temporal discretization combination that use the
same mesh. This aims to question the validity of the multi-timestep approach.
The timestep is progressively increased and in parallel, the number of sub-
timesteps.

- Test 4-7 compare various mesh densities with the same temporal discretization
scheme, based on the multi-timestep approach.

- Test 7-10 compare cases with the same mesh and the same temporal discretiza-
tion, but with different convergence criteria for the iterative numerical pro-
cedures. In comparison to Test 7, Test 8 has lower Gauss-Seidel convergence
criterion, Test 9 has lower GMRES convergence criterion, whereas Test 10 has
lower values for both convergence criteria.

With respect to the local perspective, the variables are evaluated at a specific point
inside the packed bed domain. As seen in Figure 3.14, after applying symmetries
and periodicities, the packed bed domain is a triangular prism. The point at which
the variable values are evaluated is the centroid of this triangular prism. Figure 2.4
illustrates the temporal evolution at the centroid for the gas temperature, the gas
density, the pressure and the adsorbed mass.

With respect to the utilitarian perspective, the temporal evolution of the total inlet gas
and the total heat exchanged with the HTF are presented in Figure 2.5, normalized by
the adsorbent mass.
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Table 2.2: Test cases details and global perspective results

Temporal Spatial Convergence Global perspective
discretization || discretization criteria results
At Nat, PB HX G-S GMRES €mass €energy
Test0 | 107° - 1977 | 988 10771 107D 228x10710 [ 1.24x10°®
Testl | 107 - 1275 | 685 || 10712 | 10715 || 3.19%x10710 | 1.97x10"%8

Test2 | 107° 10 1275 | 685 10712 | 10715 357x10710 | 1.88x10%?
Test3 | 107* | 100 1275 | 685 10712 | 1071 1.93x10710 | 8.75x10~11
Test4 | 1073 | 1000 || 1275 | 685 10712 | 10715 1.02x1079? | 7.96x10~11
Test5 | 1073 | 1000 631 448 10712 | 10715 1.01x107% | 1.73x10712
Test6 | 1073 | 1000 357 300 10712 | 10715 1.04x1079? | 7.54x10~11
Test7 | 1073 | 1000 199 187 10712 | 10715 9.69%x10710 | 6.62x10"11
Test8 | 1073 | 1000 199 187 10712 | 10°10 9.69x10710 | 6.65x1079¢
Test9 | 1073 | 1000 199 187 10710 | 10-15 436x107% | 6.07x10" 11
Test10 | 1073 | 1000 199 187 10710 | 10-10 436x107% | 6.65x1079

Results discussion

For the global perspective results, it can be observed that all presented cases exhibit
acceptable errors for the global balances for mass and energy. The highest €energy is
6.65 x 107° and it is exhibited in Tests 8 and 10 where the convergence criterion of the
GMRES solver is increased. In order to put this error into context, the corresponding
absolute error in Joules would provoke a temperature difference of less than 10~4°C
if it is uniformly distributed across the domain. A counter-intuitive phenomenon is
observed between Tests 1-4, where at increasing timestep the €energy decreases. This
is explained since the basic difference of the Tests 1-4 is the frequency that the energy
equations are solved. Namely, within a given period of 10~%s, the energy equations
are solved 1000 times for Test 1, while for Test 4 they are solved only 1 time. Therefore,
the error that is introduced by the iterative solver is lower for Test 4. Regarding emass
the highest value is 4.36 x 1077 and it is encountered in Tests 9 and 10, where the
Gauss-Seidel convergence criterion is increased. In order to put this error into context,
its corresponding absolute error would provoke a difference in the adsorbed mass in
the order of 10~%kg,, /kgs, if it is uniformly distributed.

With respect to the local perspective, the temporal evolution of the variables at the
centroid are almost identical. In the case of the adsorbed mass in Figure 2.4d, the
“less strict solutions” appear to diverge slightly. It should be noted that the results
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Figure 2.4: Temporal profiles at the centroid of the packed bed domain for (a) gas temperature
(b) gas density (c) pressure and (d) adsorbed mass

of these graphs — apart from the solution quality — include also the error from the
interpolation of the variable to the specific point under consideration.

Finally, the metrics regarding the utilitarian perspective (Figure 2.5) show that all
test cases have good agreement with respect to the total inlet mass and total heat
exchanged. Thus, all test cases would provide the same results with respect to the
reactor performance.

Programming implementation assessment
Additionally to the above, the programming implementation was assessed with
respect to:

- Parallelization in various CPUs: This test aims to assure that the parallelization
of the computations to various CPUs does not affect the solution. In other words,
it questions whether the required data are communicated correctly between
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Figure 2.5: Temporal profiles of (a) the total inlet gas to the packed bed domain and (b) the
total heat exchanged with the HTF

the CPUs. In this context, the same case was simulated by partitioning the
packed bed domain to 1, 3 and 7 CPUs, obtaining the same results and therefore,
assuring that the parallelization is error-free.

- Memory leak: This test aims to detect memory leakage problems. These prob-
lems are encountered when unnecessary information is not deleted by the
program and therefore the allocated memory is not released. Consequently,
these data accumulate and they increasingly occupy the memory of the system
and decelerate the computational speed of the code. In this context, the compu-
tational time spent on each iteration was monitored and it was verified that its
remain constant throughout the simulation.

2.5.2 Experimental validation
2.5.2.1 Introduction and scope

In addition to the verification procedure presented in the previous section, a priority
of this study was to experimentally validate the numerical model using experimental
results published in the literature. This section aims to present the experimental
validation task.

The experimental validation involves the numerical simulation of a conducted experi-
ment. An experiment is conducted, monitored and documented with the objective to
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reproduce it numerically. During the experiment, one or more physical quantities are
measured and then they are compared with their numerical counterparts, which arise
from the simulation. This comparison reveals the ability of the model to simulate the
physical phenomena involved accurately.

With respect to which quantities are compared between the experiment and the simu-
lation, researchers employed different approaches. For the experimental validation
of distributed-parameter models of adsorption packed bed reactors, the following
approaches are encountered in the literature.

A. temporal profile of the outlet temperature of the heat transfer fluid [10,19,29,51]
B. temporal profile of the temperature at the exterior wall of the packed bed [23,52]

C. temporal profile of the average temperature of the packed bed (averaged spa-
tially) [20, 53, 54]

D. temporal profile of the total adsorbed mass inside the packed bed [27]

E. temporal profile of the temperature in different points inside the packed bed
(usually 3-4 points) [4,6,9,51]

From the approaches listed above, the only one that challenges the distributed-
parameter of the model is the approach E, where the temperature is measured inside
the packed bed in various positions. The other approaches treat the adsorption reactor
macroscopically. They might be sufficient for validating the behavior of the reactor
at a component level, however, the numerical solution inside the packed bed is not
questioned. Consequently, it was considered that an experimental validation based
on information inside the packed (instead of information outside the packed bed)
would provide a more rigorous experimental validation. Therefore, one criterion for
the selection of the experiment was to be based on approach E.

During this thesis, the initiative emerged with respect to the conduction of an experi-
ment in the CTTC laboratory, that will combine approaches A, D and E. This is further
elaborated in section 2.5.2.3. In the frame of this thesis, the necessity of this experiment
was identified, the experiment was conceptually conceived and some preparatory
tasks were performed. However, its complete preparation and implementation form
part of the future studies in CTTC.
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2.5.2.2 Numerical and experimental results comparison

The experiment selected for the validation of the numerical model was conducted by
Jribi et al. [7]. This study was chosen since it is the most well documented experiment
among the studies that belong to approach E. The experiment pertains to a tubular
reactor with radial fins. The employed adsorption pair is ethanol and activated carbon
(Maxsorb III). Throughout the adsorption process, the temperature is monitored at
four points inside the packed bed, using thermocouples with an accuracy of +-0.1K.
The four thermocouples are positioned at a distance of 0, 1, 5 and 10 mm from the
tube of the reactor, and they are abbreviated accordingly, as TO, T1, T5 and T10.
Figure 2.6 illustrates the reactor geometry, the position of the thermocouples and the
computational domain.

BERRBREREEER

— - - - -

- Heat exchanger solid —® Heat transfer fluid
—® Vapor flow
___: Computational domain Thermocouple

Figure 2.6: Schematic diagram of the geometry, calculation domain and position of thermocou-
ples of the experiment used for validation (Reproduced image from [7])
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The simulation details can be found in [7]. Along with the temporal temperature
profiles measured by the four thermocouples, the boundary conditions throughout the
experiment are also provided [7]. These are the temporal profiles of the heat transfer
fluid temperature, the inlet vapor refrigerant temperature and the vapor pressure at
the inlet of the reactor. The intention is to predict the temperature profile at the four
points inside the packed bed by simulating the reactor during the adsorption process.
The experimental and the simulated results are shown in Figure 2.7.

Temperature profiles at the four points based on numerical results
of the presented model and experimental results of [Jribi et al.]

65 T T T 65
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Figure 2.7: Comparison of the numerical results of the presented model and experimental
results from Jribi et al. [7]

The numerical model predicts qualitatively well the temperature evolution at T1 and
T5. At T10, a significant temperature peak is not captured by the model. Further
analysis was conducted in order to identify the model input parameters that might be
responsible for this discrepancy. It was revealed that this peak is highly sensitive to
the reactor inlet pressure profile. At the beginning of the experiment, the reactor and
the evaporator are disconnected and their respective pressures are 950 Pa and 8700 Pa.
When the two vessels are connected, a sudden pressure peak is exhibited at the
reactor inlet pressure profile [7]. This pressure peak is associated to the temperature
peak observed for T10 in Figure 2.7. There are two uncertainties with respect to the
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appropriateness of the inlet pressure profile that is used as input to the computational
model:

- The relative position of the reactor pressure sensor is unknown, with respect to
the incorporated thermocouples. It is possible that the pressure measured by
this instrument does not correspond to the actual pressure of the inlet vapor at
the position of the thermocouples. Therefore, it is unclear whether this profile
represents adequately the inlet pressure profile of the simulated domain.

- The sampling of the sensor is unknown, therefore it is possible that the inlet
pressure peak is not captured well quantitatively. In that case, the inlet pressure
profile imposed as boundary condition during the simulation does not repro-
duce the real experimental conditions, leading to a discrepancy between the
numerical and experimental results.

Taking into consideration the important influence of the inlet pressure profile, as
well as the two aforementioned uncertainties, it is conjectured that this discrepancy
might be attributed partially to an inconsistency between the experimental and the
numerical boundary conditions.

With respect to the numerical results of T0, the overall behavior is well captured
throughout the simulation, except in the period between 60s to 110s. In [7], it is
stated that the thermocouple TO0 is positioned at a distance of 0 mm from the tube. It
is unclear whether the solid tube and the thermocouple are in contact. The presented
numerical results correspond to the vapor temperature.

In addition to these case-specific reasons that might be responsible for the discrepan-
cies between the numerical and experimental results, there are various other reasons
that apply to any experimental validation. These include errors related to the conduc-
tion and documentation of the experiment, as well as inadequacies of the modeling
approaches involved. Despite the inconsistencies discussed above, the agreement
between the numerical and experimental results is considered reasonable for further
utilization of the model.

Discussion regarding the contact heat transfer coefficient

It should be noted that for the simulation of the experiment, the value of the con-
tact heat transfer coefficient at the interface between the packed bed and the heat
exchanger solid, Ujg, is unknown. It must be emphasized that for the silica gel case -
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the adsorbent used in the simulations in this thesis — this value was experimentally
derived by Glaznev and Aristov [47]. However, since this parameter is unavailable
for the experimental case, a sensitivity analysis was conducted. For the silica gel,
the contact heat transfer coefficient was taken as Uy = 100 W/ (m? K) for particle
diameter d, = 0.5 mm. The contact heat transfer coefficient increases when the par-
ticle diameter decreases [47]. The particle diameter of the activated carbon in this
experiment is dp, = 0.07 mm [7], therefore a Uj¢ higher than 100 W/ (m? K) is expected.
The simulation was conducted for U;; values of 140, 160, 180, 200 and 220 W / (m2 K).

In order to quantify the discrepancy, the root mean square deviation (RMSD) between
the experimental and the numerical results is calculated as in equation 2.35. The
sampling is taken every 0.1s and two time periods are considered: (a) the total
duration #,, excluding the first 56 s when the reactor is still disconnected from the
evaporator and it is at equilibrium with the boundary conditions, and (b) the most
transient period of the experiment, firans, between 56 s and 100s.

N
Z (Tt,exp - Tt,sim)2

RMSD = \| =2 2.35
S (2:35)

The RMSD results are presented in Table 2.3 for tirans and fo). The maximum and
average RMSD of the four thermocouples are reported for each case.

Furthermore, Figure 2.8 illustrates the span of the temperature profile in each ther-
mocouple position, as it is influenced by the contact heat transfer coefficient. For the
sake of clarity of the graphs, only the cases of 140 and 220 W/ (m? K) are plotted. The
results corresponding to the other cases lie within the in-between shaded region.
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Table 2.3: Root mean square deviation (RMSD) during tyans and fo,), for Ui values in the
range of 140-220 W /(m?K)

140W/(m?K) | 160W/(m?K) | 180W/(m?K) | 200W/(m?K) | 220W/(m?K)

ftrans ttotal ftrans ttotal ftrans £ total ftrans ttotal ttrans ttotal

T0 429 1.40 3.93 1.29 3.65 1.24 3.42 1.23 3.24 1.23
T1 2.78 1.03 2.53 0.90 2.36 0.85 224 0.85 2.16 0.88
T5 2.81 1.42 2.55 1.19 2.34 1.03 2.19 0.92 2.08 0.85
T10 3.67 225 3.76 2.05 3.85 191 3.95 1.81 4.05 1.75

Max. 4.29 225 3.93 2.05 3.85 191 3.95 1.81 4.05 1.75
Aver.  3.39 1.53 3.19 1.36 3.05 1.26 2.95 1.20 2.88 1.18

As observed in Table 2.3, the average RMSD of the four thermocouples for the entire
duration ty, decreases at the higher value of the Uj; range under consideration.
However, the maximum RMSD for the transient region of the experiment tans also
corresponds to the higher Us.

As illustrated in Figure 2.8, the effect of Ujs is the vertical displacement of the tem-
perature profiles. At higher Uy, the thermal energy released as a result of the
exothermic adsorption is removed more effectively and the temperature is generally
lower. The maximum temperature difference between Uj; = 140 W/ (m?K) and Uj; =
220W/(m?K) is 2.25°C and it is encountered in TO. This maximum temperature
difference decreases while the position of the thermocouple from the tube increases.
In particular, the maximum temperature difference between Uy = 140 W/(m? K) and
Uif = 220 W/ (m? K) is 2.04, 1.81 and 1.32 °C for T1, T5 and T10, respectively.

The results presented in Figure 2.7 pertain to the case of Ujs = 180 W/ (m?K), as an
intermediate case, compensating the average RMSD for t;,, and maximum RMSD
for tirans.

2.5.2.3 Future experimental validation

As already commented, during the experimental validation process, the necessity of
performing an experimental test in the CTTC laboratory was identified. This section
elaborates the motivation for conducting this experiment.

In order to convey the academic benefit of this experiment, it is useful to recall the five
approaches encountered hitherto in the literature. With the exception of approach D,
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Figure 2.8: Influence of the contact heat transfer coefficient on the temporal profile of tempera-
ture at the four positions under consideration

all the rest approaches use the temperature as the basis of the experimental validation,
since it is the physical quantity which can be measured more readily. Approach
D exhibits an interesting feature, since the measured quantity is the total adsorbed
mass. The latter is directly related to the useful outcome of this system, the cooling
production. Even though this approach does not challenge the distributed-parameter
character of the model and it does not provide information inside the packed bed, it
can be utilized for the validation of the numerical prediction regarding an important
indicator for the performance of the reactor. Approach A — monitoring the HTF outlet
temperature — provides experimental information on the thermal energy exchanged
between the HTF (assuming knowledge of the HTF inlet temperature). Therefore,
approach A allows to validate the thermal energy required for the desorption of the
reactor, which is the energy input of the system.

According to the above, it is evident that an experiment combining the approaches A,
D and E would be highly beneficial for the community. Approach D questions the
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ability of the model to predict the overall adsorbed mass in the reactor and thus, the
cooling produced. Approach A allows the validation of the thermal energy exchanged
with the HTE. Finally, approach E questions the ability of the model to predict the local
physical phenomena inside the reactor. The three approaches complement each other
and their combination would enhance the rigorosity of the experimental validation.

Additionally to the fact that this experiment would be a state-of-the-art experiment
with respect to the validation of the adsorption packed bed reactors, there are other
practical aspects that led to the decision for conducting such experiment in CTTC. In
summary, the reasons that led to this decision are:

- Conducting the experiment in our group will provide a more complete picture
of the weaknesses of the experimental process and the uncertainties introduced.
Therefore, it will facilitate the task of attributing the discrepancies to specific
aspects of the procedure. Furthermore, it allows to avoid loss of information
during documentation.

- Monitoring several parameters will be useful in cases when parameter identifi-
cation process is required. For example, recall the five values of Uy, simulated
in the previous section. The case of Uy = 220 W/(m?K) yields 5.7% more
adsorbed mass than the case of Uy = 140 W/ (m? K). Evidently, knowledge of
the experimental value of the adsorbed mass would allow to compare it to the
simulated value for the various Uj;, and thus allow to choose the best fitted
value of the latter.

- Ability to perform multiple experiments for various operating conditions.

- Use the adsorption pair based on the prioritized interests of CTTC laboratory,
namely the silica gel - water adsorption pair. The latter is commonly used in
space cooling applications while the adsorption pair used in the experiment is
mostly used in lower temperature applications.

As already mentioned, in the context of this thesis, the necessity of this experiment
was identified, the experiment was conceptually conceived and some preparatory
tasks were performed. Its complete preparation and implementation form part of the
future research in CTTC.
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Numerical studies of adsorption
packed bed reactors

Contents of this chapter have been included in :

- G. Papakokkinos, J. Castro, J. Lopez and A. Oliva, A generalized computational
model for the simulation of adsorption packed bed reactors — Parametric study of five
reactor geometries for cooling applications, Applied Energy, 235 (2), 409-427, 2018

- G. Papakokkinos, J. Castro, C. Oliet and A. Oliva, Computational investigation of
the hexagonal honeycomb adsorption reactor for cooling applications, Under review

3.1 Introduction

This chapter pertains to the presentation of the numerical studies that have been
conducted using the developed model for the simulation of adsorption packed bed
reactors, which is presented in Chapter 2.

Two major numerical studies have been conducted. One of the distinctive features
of the developed computational model is its capability of simulating any potential
reactor geometry. Thus, the scope of the two numerical studies is aligned with this
feature.

The objective of the first study is to investigate five reactor geometries and provide a
comparative study among them. Although various investigations can be found in the
literature with respect to different geometries, a reliable comparison between them
is not possible. The latter is a consequence of several reasons. The comparability
across these studies is low since (i) the studies use different adsorption pairs, (ii) the
simulation models are based on different assumptions or methods, (iii) the reported
results are not sufficient for comparison and (iv) some models are not validated or
the validation approaches are not the same. For these reasons, a comparison between
studies might lead to unsafe conclusions. Conducting simulations of different reactor
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geometries with the same computational model and within the same framework
increases the comparability of the geometries and allows to extract more reliable
conclusions. As it will be explained later, the study involves the quantification of
the Specific Cooling Power during the adsorption phase. This study is presented in
Section 3.3.

In the second study, the developed model is employed for the numerical investigation
of a reactor geometry that has not been studied thoroughly hitherto. This geometry
is the hexagonal honeycomb adsorption reactor. This is a bioinspired geometry that
mimics the way bees build their hives [1]. According to the honeycomb conjecture —
proven mathematically in 1999 — this hexagonal tiling is the partition of the plane in
regions of equal area with the minimum perimeter [2]. From an adsorption reactor
perspective, this can be interpreted as the partition of a planar reactor that requires
the minimum amount of heat exchanger fins for a given adsorbent cell size. The
study involves the characterization of the Coefficient of Performance and the Specific
Cooling Power. A parametric study is conducted with respect to the three dimensions
that define the geometry, as well as for various operating conditions. This study is
presented in Section 3.4.

Subsequently, Section 3.5 approaches the results from an engineering perspective,
focusing the discussion on practical aspects of different applications.

3.2 Literature review

The literature review of this chapter is dedicated to the studies that employed com-
putational models for the investigation of the reactor performance under different
geometrical configurations and operational parameters.

With respect to the finless tubular reactor, Solmus et al. [3] used a two-dimensional
axisymmetric model to simulate a cylindrical reactor with a vapor passage in its
center, employing the adsorption pair water-silica gel. They studied the influence
of the packed bed thickness and the impact of operational parameters, such as the
driving heat source and cooling temperatures, as well as the condenser and evaporator
pressures. Liu and Leong [4] studied numerically the finless cylindrical reactor with
annular vapor passage, employing water and zeolite 13X as the adsorption pair. They
investigated how the COP and the SCP are influenced by the condenser, evaporator,
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desorption and adsorption temperatures, as well as by the velocity of the heat transfer
fluid.

Regarding the tubular reactor with circular radial fins, Niazmand and Dabzadeh [5]
studied the influence of fin pitch and fin length, using a two-dimensional axisym-
metric model. They concluded that the incorporation of fins reduces significantly the
reactor bed size, at the cost of a slightly lower COP. Saha et al. [6] investigated numeri-
cally the same reactor geometry. They studied the impact of the cycle time and driving
temperature on the performance of the system in terms of cooling capacity and COP,
employing two different adsorbents. In the same direction, Hong et al. [7] studied
the effect of several parameters, concluding that the driving heat source temperature
has the strongest influence on the SCP. Khanam et al. [8] presented a study of the
cycle time influence on the performance of the system, using a computational model
based on ANSYS Fluent software. They reported that the SCP exhibits a maximum at
cycle time of 800 s, whereas COP increases as a function of the cycle time. Elsheniti et
al. [9] presented a two-dimensional axisymmetric model based on COMSOL software.
The model was used to simulate a finned tube adsorption reactor. According to their
findings, they proposed smaller fin height and larger fin number, shorter desorption
time by a factor of 0.7-0.9 with respect to the adsorption time, and a turbulent regime
for the heat transfer fluid. Mitra et al. [10] presented a two-dimensional model based
on the ANSYS Fluent software. The model was used to investigate three aspect ratios
of the rectangular packed bed domain, as well as two adsorbent particles size.

Apart from circular radial fins, tubular reactors were investigated with axial (longi-
tudinal) and radial square fins. Golparvar et al. [11] presented a three-dimensional
model based on cylindrical coordinates. The model was used for the simulation of
tubular reactors with radial and axial fins, in a vehicular air-conditioning system
driven by the exhaust gases of the engine. They studied the influence of the fin
height and fin spacing on the SCP and COP. They concluded that the reactor with
radial fins provides 10% higher cooling capacity with respect to the reactor with
axial fins. Mahdavikhah and Niazmand [12] studied the impact of fin pitch and
fin length on the performance of a tubular reactor with square radial fins, using a
three-dimensional model. According to their results, they emphasized the importance
of these geometrical parameters on the performance of the system. Ramji et al. [13]
used the ANSYS software to investigate a tubular adsorber reactor with axial fins,
driven by exhaust heat. The influence of the wall thickness on the performance of the
system was studied.
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With respect to non-tubular geometries, Mohammed et al. [14] studied a reactor
geometry consisting of two rectangular layers of packed beads separated by a vapor
passage. They numerically investigated the influence of the particle diameter, bed
thickness and thermal conductivity on the SCP. In a subsequent work, Mohammed et
al. [15] proposed a reactor design based on rectangular modular cells. They used a
computational model based on COMSOL software, which they experimentally vali-
dated by comparing results regarding the average bed temperature and average water
uptake. They investigated numerically the influence of the operating temperatures
and the convective heat transfer coefficient on the SCP. Kowsari et al. [16] used a
three-dimensional model for the investigation of the geometrical configuration of the
trapezoidal finned flat tube heat exchanger.

As it arises from the literature review, the vast majority of the studies focused on
tubular reactors. This tendency results from the models limitations, which based
their spatial discretization on cylindrical coordinates. Consequently, the geometric
configurations which cannot be simulated by cylindrical coordinates remain relatively
underexplored. An example of such underexplored geometry is the hexagonal honey-
comb. This is a bioinspired geometry that mimics the way bees build their hives [1].
This structure attracted interest since the antiquity and in 1999, the honeycomb con-
jecture was proven mathematically. The latter states that this hexagonal tiling is
the partition of the plane in regions of equal area with the minimum perimeter [2].
From an adsorption reactor perspective, this can be interpreted as the partition of
a planar reactor that requires the minimum amount of fins for a given adsorbent
cell size. Although the hexagonal honeycomb structure is employed within various
engineering contexts [17-19] — to the author’s knowledge, a complete study and
characterization for adsorption cooling reactors has not been reported in the literature,
hitherto. Within the context of the adsorption cooling, two works studied partially
two variants of the honeycomb adsorption reactor [20,21]. It should be noted that,
although the honeycomb structure is employed in these works, the overall geometric
configuration of the adsorption reactor is not the same. In [20], the HTF channel
is between the posteriors of two ensembles of honeycomb cells (Figure 3.13), while
in [21] the HTF channels are at the laterals of an ensemble of honeycomb cells. This
difference renders the geometries as two different reactors. Shi et al. [20] studied the
honeycomb reactor using a COMSOL software model. Their analysis was limited to
the adsorption process, evaluating the adsorption uptake for different cell geometries
and cooling water Reynolds numbers. Sosnowski et al. [21] studied the proposed
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geometry using ANSYS Fluent software, focusing only on the desorption process.
From their simulations, they reported the temperature increase and the logarithmic
mean temperature difference of the HTE.

Consequently, the literature review reveals the absence of (i) a comparative paramet-
ric study between various geometries of adsorption packed bed reactors and (ii) a
thorough investigation of the hexagonal honeycomb adsorption reactor.

3.3 Specific Cooling Power for five adsorption reactor geometries

The objective of this study is to contribute to the ongoing research, dedicated to the
design of the adsorption reactor. The intention is to study the five geometries under
consideration and to provide a reliable comparison between them. As elaborated
earlier, the comparison between different studies across the literature is not always
reliable.

This study pertains to the quantification of the Specific Cooling Power during the
adsorption phase. The computation of the COP — which is conducted for the hon-
eycomb reactor in Section 3.4 — requires significantly longer simulations, since for
its calculation the entire thermodynamic cycle must be simulated repetitively, until
cyclic behavior is attained. The latter forms part of ongoing studies and the presented
results involve only the SCP in the adsorption phase. However, as elaborated in
Sections 3.3.2 and 3.3.6.4, a similar COP should be expected for geometries with the
same Solid Volume Fraction.

3.3.1 Geometries under investigation

The studied geometries — illustrated in Figure 3.1 — are:
o GEOM-A: circular channel with radial fins
e GEOM-B: circular channel with square fins

o GEOM-C: circular channel with axial fins

GEOM-D: rectangular channel with corrugated fins

GEOM-E: rectangular channel with hexagonal honeycomb fins
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Figure 3.1: Adsorption reactor geometries under investigation

In GEOM-A,B,C, the HTF passes through the circular channel in the center of the
geometry. In GEOM-D, the HTF enters from one side and it is distributed to various
horizontal rectangular channels, which are incorporated between the metal plates
with the corrugated fins. In GEOM-E, the HTF passes through a vertical rectan-
gular channel, which is formed by two metal plates with incorporated hexagonal
honeycomb fins.
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Figure 3.2: Simulated domains taking into account periodicities and symmetries

The simulated domain — and thus, the computational time — can be reduced sig-
nificantly by taking into consideration the periodicities and the symmetries of the
geometries. The reduction of the simulated domain is based on the assumptions (iv)
and (v) from Section 3 in Chapter 2. These assumptions involve considering constant
HTF temperature and ideally insulated reactor. The adoption of these assumptions
allow to interpret the results of the reduced geometries as representative for the entire
reactor. The reduced geometries are illustrated in Figure 3.2. Figure 3.3 illustrates the
spatial discretization and the boundary conditions (as elaborated in Section 2.3.3) for
each geometry. In GEOM-A and GEOM-C, symmetries allow to reduce the problem
to two-dimensional, while GEOM-B, GEOM-D and GEOM-E are three-dimensional
problems.



76 Chapter 3. Numerical studies of adsorption packed bed reactors

MPacked bed (PB) - Interface PB-HX - PB - Vapor chamber -Heat Exchanger - -PB symmetries
MHeat exchanger (HX) - HX - Vapor chamber Heat Transfer Fluid -HX symmetries

W/\~ T/\

(@ (b) (© (@ (e)

Figure 3.3: (a) Geometry discretization, (b) Interface between the two domains, (c) Face exposed
to the vapor chamber for the two domains, (d) Interface between heat exchanger and heat
transfer fluid and (e) Symmetry faces of the two domains

3.3.2 Comparability of the geometries

One scope of this study — apart from the individual study of each geometry — is to
be able to compare the performance of the reactor geometries under consideration.
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This section presents the foundations and conventions that render the geometries
comparable.

As illustrated in Figure 3.2, the studied geometries can be defined by three dimensions
(B, v, 6). Only GEOM-D requires an additional parameter, the angle ¢, which in
the context of this study is set to 75°. As it can be observed, the two of the three
geometrical parameters that define each geometry are readily comparable. These
parameters concern the fin, namely, the mass of solid which is in contact with the HTF
channel and extends inside the packed bed in order to enhance the heat transfer. The
fin thickness ¢ and the fin length -y are comparable across the five geometries. The
latter is representative of the maximum distance that the gas is required to traverse
inside the packed bed (from gas inlet).

The third parameter — denoted as j — is not comparable across the five geometries. In
the case of GEOM-A and GEOM-B, B is the fin pitch, defined as the distance between
two fins, whereas for GEOM-C, § is the fin pitch, defined as the angle between two
fins. For GEOM-D and GEOM-E, B cannot be defined with the same clarity as for
GEOM-A B,C. Consequently, the complete definition of the geometries requires the
introduction of a parameter that would allow the comparison of the geometries.
The introduced parameter is the Solid Volume Fraction (SVF), defined as the ratio
percentage of the heat exchanger solid volume to the total volume of the reactor
(equation 3.1). This parameter is meaningful, in the sense that it is related to the
performance of the adsorption cooling system. As already explained, the mass of
the heat exchanger solid corresponds to the additional input energy which is lost in
the desorption phase of every cycle and thus, it affects the COP. For a given SVF, a
similar COP is expected across different geometries, as elaborated in Section 3.3.6.4.
Imposing the SVF allows to calculate the parameter 3 through the relevant geometric
relations and equation 3.1.

V .
SVF = —solid » 1009% (3.1)

total

3.3.3 Parameters under investigation

For the geometric study, a total of 65 simulations were performed, 13 for each geome-
try. The base case is for fin thickness =1 mm, fin length =10 mm and solid volume
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fraction SVF=40 %. For each of these parameters, a parametric study was conducted.
By keeping the other two parameters constant, the SVF was studied for 20, 30, 40, 50
and 60 %, the fin thickness 6 for 0.5, 1, 2, 3, 4mm and the fin length -y for 5, 10, 20, 30
and 40 mm. Table 3.1 summarizes the reactor dimensions of all the simulated cases.

Table 3.1: Dimensions of the simulated geometries

SVF o Y ‘ B according to geometry

[%] [mm] [mm] | Almm] B[mm] C[°] D[mm] E[mm]
20 1 10 5.38 497 3048 24.16 8.75
30 1 10 2.82 2.68 1822 1457 414
40 1 10 1.72 166 1299  9.75 2.50
50 1 10 111 1.08 1010  6.83 1.66
60 1 10 0.73 0.71 8.26 4.85 1.14
40 1 5 2.15 192 1897 975 3.23
40 1 10 1.72 166 1299  9.75 2.50
40 1 20 1.57 1.56 8.67 9.75 2.22
40 1 30 1.54 1.53 6.61 9.75 2.14
40 1 40 1.52 1.52 5.35 9.75 2.10
40 0.5 10 0.86 0.83 6.50 6.64 1.25
40 1 10 1.72 166 1299 975 2.50
40 2 10 3.44 3.33 2598  15.63 5.00
40 3 10 5.16 499 3898 2137 7.50
40 4 10 6.88 6.65 5197  27.05 10.00

The meshes were created using Ansys ICEM CFD mesh generator. Evidently, the
necessity of quick mesh generation arose, since for each of the 65 cases, multiple
meshes were required for the mesh independence studies and the determination of
the mesh used in the simulations. Scripting tools were developed for this task. For
each geometry, a script was developed that executes the following: (i) receive input for
the parameters that define the geometry, (ii) receive input for the meshing parameters,
(iii) construct an ICEM script for the automatic generation of the geometry and the
mesh, (iv) launch ICEM script and (v) post-process of the mesh (transformation to
TermoFluids format, parallelization of CPUs and other preparatory tasks).
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For the presented geometric study, the heat exchanger material is copper. The simula-
tions were repeated with aluminium as heat exchanger material and the results are
commented in Section 3.3.6.3.

3.3.4 Simulation details

For the simulation initial conditions, the reactor is considered desorbed and pre-
cooled. The initial adsorbed mass wiy;; corresponds to the equilibrium capacity for the
condenser pressure and HTF desorption temperature of a typical cycle (P = 4243 Pa
and T = 80 °C). At the beginning of the simulation, the reactor is connected to the
evaporator and the adsorption process is initiated. As already explained, reaching
equilibrium is not of practical interest due to the significant drop of adsorption, and
consequently, of cooling production. Therefore, the adsorption process is terminated
earlier. For the termination, the relative average adsorbed mass W, is evaluated
as in equation 3.2. For its computation, the adsorbed mass w is spatially averaged
throughout the packed bed domain. Then, it is converted to the percentage of the
difference between the initial adsorbed mass winj; and the adsorption equilibrium
capacity w* that corresponds to the evaporator pressure and the HTF adsorption
temperature (P = 1228Pa and T = 30°C). The latter is the adsorbed mass that
would have been achieved if the process continued for a relatively long period. The
simulation is terminated when w,,; becomes 70 % and the time required for this
process is denoted as t7q,.

Wrel = x 100% (3.2)

*
| (Pevap, THTF)

Table 3.2 summarizes the input parameters of the computational model.

3.3.5 Evaluation parameters and results interpretation

The simulation results are evaluated based on the average Specific Cooling Power of
the adsorption phase SCP,q [W kgg 1 (equation 3.3) and the t7e,, as defined above.
These values are representative of the effectiveness of the reactor in terms of heat and
mass transfer.
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Table 3.2: Model input parameters

Input parameter Value Unit Ref.
Cpa 903 Jkg 1K1 [22]
Cpca 385 Jkg 1K1 [22]
Cpyy 924 Jkg 1K1 [23]
dp 0.0005 m [24]*
Do 2.54 x 1074 m2s! [25]
E, 4.2 x 10* Jmol 1 [25]
U 100 Wm2K! [26]
Ko 73 x10713 kgw kgs Pa [23]
Gm 0.45 kgw kgg [23]
AH,gs 2.693 x 10° Jkg! [23]
€p 0.3955 - [23]**
&p 0.4287 - [23]*
€t 0.6546 - [23]**
0s 2027 kgm™3 [23]
PAl 2702 kgm™3 [22]
PCu 8933 kgm™3 [22]
AAI 237 Wm1K™! [22]
Acu 401 Wm1K™! [22]
As 0.198 Wm1K™! [23]
T 12 - [23]
*Average particle diameter of the range provided by the manufacturer [24]
**Calculated based on the apparent, skeletal and particle bulk densities [23]

SCP, ;. — Am X AHevap _ Aw X AHevap (3.3)

Ms X tzge,

t70%

where Am is the difference between final and initial adsorbed mass contained in the
reactor, namely, the total mass that entered the reactor from the evaporator. M;s is the
dry solid adsorbent mass and AHeyap is the latent heat of evaporation of water.

It should be emphasized that in this performance metric, the instantaneous SCP is
averaged throughout the adsorption phase. It should not be confused with SCPycle,
which is reported in Section 3.4, where the instantaneous SCP is averaged throughout
the entire thermodynamic cycle.
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Furthermore, another aspect for the evaluation of the results is the temporal evolution
of the instantaneous Specific Cooling Power SCP;jg. The latter is associated to the
smooth operation of the evaporator and it should be taken into account during the
design stage.

The SCP,q4s and the t7ge, are plotted together in one graph. The former on the left
vertical axis and the latter on the right vertical axis. It should be noted that the t7q9,
axis is reversed and non-linear since SCP,4¢ % As t9, is different for each case,
the results of SCPjn; are plotted against the non-dimensional time * =t / tyq,, for

ease of comparison between different cases.

3.3.6 Results
3.3.6.1 Average Specific Cooling Power SCP,45 and 79,

Figure 3.4 illustrates the effect of the solid volume fraction on the performance of the
reactor, based on simulations of the five geometries for SVF 20, 30, 40, 50 and 60%
(0 = 1mm, v = 10mm). Anticipatedly, increasing the solid volume fraction of the
reactor increases the SCP,45 and reduces the t7(9,. This applies to all geometries under
consideration. While the fin thickness and length are kept identical, increasing the
SVF means that the fins are more densely distributed. Therefore, the heat transfer is
more effective. Consequently, the exothermic energy released as a result of adsorption
is removed more effectively and the temperature is maintained lower. Lower tempera-
ture corresponds to a higher adsorption equilibrium capacity, thus a higher adsorption
rate. As a result, the W, reaches 70% at a lower tyy, and, consequently the SCP 44
increases. In the opposite case of lower SVE, the fins are less densely distributed and
thus, the cooling of the reactor is less effective. Therefore, higher temperatures are
developed, corresponding to lower adsorption equilibrium capacity and thus, lower
adsorption rate and SCP,4s. Indicatively, for SVF=20 %, the SCP,44 lies between
144.6 W/kgs (GEOM-E) and 179.7 W /kgs (GEOM-A), whereas for SVF=60 %, the
SCP,4s lies between 413.4 W /kgs (GEOM-B) and 535.8 W/kgs (GEOM-D). The time
required to achieve Wy, of 70 %, tyge,, lies for SVF=20 % between 1529.9s (GEOM-A)
and 1901.9s (GEOM-E), whereas for SVF=60 % it ranges between 513.2 s (GEOM-D)
and 665.1s (GEOM-B). It is interesting to observe that for SVF=20 % the geometries
have similar performance since the minimum and maximum SCP,4, differ by only
35.1 W/kgs, while this difference for SVF=60 % reaches 122.4 W /kgs. This demon-
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strates that the design of the reactor becomes more significant in higher SVFs. For the
geometries based on circular channels (GEOM-A,B,C), the SCP,45 for SVF=60 % is on
average 2.56 times its value for SVF=20 %. For the geometries based on rectangular
channels (GEOM-D,E), the SCP,45 for SVF=60 % is on average 3.43 times its value for
SVF=20%. As it arises, the Solid Volume Fraction influences drastically the SCP,q5 of
the reactor.

Influence of solid volume fraction on SCP,;; and tq,
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Figure 3.4: Results comparison for the influence of Solid Volume Fraction on SCP,4s (left y-axis)
and t7ge, (right y-axis, reversed)

Figure 3.5 shows the impact of the fin length on the SCP,44 of each geometry for v
values of 5, 10, 20, 30 and 40 mm (6 = 1 mm, SVF = 40 %). For the smallest fin length
v = 5mm, the geometries have very similar performance, since the minimum and
maximum SCP,q4; differ by only 30.6 W /kgs. While for o = 5 mm the performance is
almost geometry-independent, for v = 40 mm the SCP,45 ranges between 71.1 W /kgs
(GEOM-B) and 264.7 W /kgs (GEOM-D), showing a strong dependence on the geome-
try. The performance of the reactor is expectedly lower when the fin length increases,
since the packed bed volume becomes larger, and thus, the heat and mass transfer are
hindered. However, it can be observed that the decrease of the reactor performance is
more pronounced on the circular channel geometries (GEOM-A,B,C), with an average
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decrease of SCP,q4s of approximately 80.3 % between fin length of ¥ = 5mm and
v = 40 mm, whereas GEOM-D and GEOM-E exhibit a decrease of 29.4 % and 49.1 %,
respectively.

Moreover, it is interesting to observe that the impact of the fin length variation
is neither numerically constant across the studied range nor behaves in a similar
manner in the five geometries. The expected performance variation as a result of v
variation is different depending on the region of the studied range, except GEOM-E,
which exhibits an almost linear relation between 7 and SCP,4,. For circular channel
geometries, the gradient of the SCP,44 curve is much higher at the smaller fin lengths
than at larger fin lengths, whereas for GEOM-D the effect is the opposite. In particular,

circular channel geometries have in average a (%ﬁads) of —12.7 (W/kgs)/mm for
5mm < ¢ < 10mm, whereas for 30mm < ¢ < 40mm their average (%) is

—3.8(W/kgs)/mm. Contrarily, GEOM-D has (%ﬁms) of —0.9 (W/kgs)/mm for
5mm < ¢ < 10mm and —4.2 (W/kgs)/mm for 30 mm < v < 40 mm. To conclude,
the performance of circular channel geometries is less sensitive on variations of <y
at higher values of v, while the performance of GEOM-D becomes less sensitive at
lower values of +.

Figure 3.6 illustrates the effect of the fin thickness for J values of 0.5, 1, 2, 3 and 4 mm
(y = 10mm, SVF = 40%). As observed in Table 3.1, increasing the fin thickness
while maintaining the solid volume fraction steady results to geometries with greater
distance between fins. The results in Figure 3.6 quantify the empirical notion that
thinner fins densely packed are preferable to thicker fins sparsely packed. Unlike the
case of fin length, there are no differences between the performance behavior of the
five geometries. At § = 0.5mm, the SCP,4, ranges between 344.7 W /kgs (GEOM-B)
and 464.5 W /kgs (GEOM-E), while at § = 4 mm it becomes less geometry-dependent,
ranging between 131.8 W /kgs and 155.3 W /kgs. The impact of fin thickness on
SCP 45 (Asilgads) is stronger for lower 6. For 0.5mm < § < 1mm, the (%ﬁads)
ranges between —84.6 (W/kgs) /mm (GEOM-B) and —208.2 (W /kgs) /mm (GEOM-
E), while for 3mm < § < 4mm it ranges between —30.6 (W /kgs)/mm (GEOM-B)
and —42.5 (W /kgs)/mm for (GEOM-D). The SCP,4s becomes less sensitive to fin
thickness variations at higher values of J.
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Influence of fin length y on SCP, 4, and t7(q,
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Figure 3.5: Results comparison for the influence of fin length on SCP,4 (left y-axis) and tygo,
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Influence of fin thickness 8 on SCP, , and t;q,

T T T
450 | O e |GEOM-A o -4 600
iy ‘ ‘ ‘ GEOM-B  ©
o GEOM-C  ©
400 |- N R -{GEOM-D [0}
8 N GEOM-E 1 700
e
350 [ .
= Y 800
~ Lo
2300 | SO o ECD
. 4 1000 &
= 250 -
a — e EB—
2 B ] ] 1 1200
200 |- e = 1400
4 1600
150 |- . 1800
1 2000
‘ ‘ ‘ ‘ ‘ 4 2400
LD o] D8())
0.5 1 2 3 4

Fin thickness 6 [mm)]

Figure 3.6: Results comparison for the influence of fin thickness on SCP,4s (left y-axis) and
t700, (right y-axis, reversed)



3.3 Specific Cooling Power for five adsorption reactor geometries 85

3.3.6.2 Instantaneous Specific Cooling Power SCP;,q

In the previous section, the parametric study presented the Specific Cooling Power
as the average of the adsorption phase. In this section, the objective is to elaborate
the influence of the parameters under consideration on the temporal evolution of
the instantaneous SCP. It is reminded that the SCPj,g; is plotted against the non-
dimensional time t* =t / t7go,, for ease of comparison between different cases.

It should be noted that the SCPj,g value is expected to be high at the beginning of
the adsorption phase and subsequently decreases as equilibrium is approached. It is
desired that the temporal evolution of the SCPj,st is as smooth as possible. A smooth
SCPingt curve corresponds to smooth cooling production throughout the adsorption
phase.

For each of the three parameters under consideration — SVF, fin length and fin thick-
ness — four graphs are presented. Two of them pertain to the SCPj ¢ of two repre-
sentative geometries (one based on circular channel and one based on rectangular
channel) for all the values of the parameters under consideration. The other two
graphs compare the SCPjng; of all the geometries for the lowest and the highest value
of the range of the parameter under consideration.

In Figure 3.7, the temporal evolution of SCPjg; is shown for GEOM-A and GEOM-D,
for SVF values of 20, 30, 40, 50 and 60 %. Figure 3.8 shows the SCPj,¢ temporal
evolution for all geometries, for SVF=20 % and SVF=60%. As it can be observed,
all cases exhibit an SCPj gt of approximately 1240 W /kgs at the beginning of the
adsorption phase. Subsequently, the SCPj,¢ drops drastically for lower SVF values,
while the decrease for higher SVF values is smoother. The adsorption rate is similar
for all geometries at the beginning. The temperature inside the reactor increases as a
result of the exothermic nature of adsorption. For low SVE, the ineffectiveness of the
heat exchanger to remove the released adsorption heat results in a higher temperature
inside the reactor. As a result, the adsorption capacity and the adsorption rate drop.
On the contrary, for high SVF, the heat transfer is more effective and the reactor
temperature is maintained low. Consequently the SCPj,¢; decrease is smoother. With
respect to Figure 3.8a, as already commented in 3.3.6.1, at low SVF the performance
of the reactor appears to be geometry-independent. However, it is also observed that
at the most transient part, the SCPjns; may differ by more than 100 W /kgs.
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Figure 3.8: SCPj,; evolution for all geometries for (a) SVF=20 % and (b) SVF=60 %

In Figure 3.9, the temporal evolution of SCPj,g is shown for GEOM-C and GEOM-E,
for fin length of 5, 10, 20, 30 and 40 mm. Figure 3.10 shows the SCPj,s temporal
evolution for all geometries, for v = 5mm and v = 40 mm. The effect of less effective
cooling of the reactor — and thus, drastic decrease of SCPj,st — is observed at higher fin
length. At low v, the temporal evolution of SCPj,g; is nearly geometry-independent.
At high 7, the performance of the geometries that are based in rectangular channel
is superior. It is observed that, although the initial SCPj,g is lower for rectangular
channel geometries, it does not decrease as drastically as the rest geometries. At t*=1,
the SCPjngt for the rectangular channel geometries is significantly higher than for the
circular channel geometries (almost triple for GEOM-E and quadruple for GEOM-D).
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Figure 3.10: SCPj,; evolution for all geometries for (a) y = 5mm and (b) ¥ = 40mm

In Figure 3.11, the temporal evolution of SCPj,¢ is shown for GEOM-B and GEOM-D,
for fin thickness of 0.5, 1, 2, 3 and 4mm. Figure 3.12 shows the SCPj,q temporal
evolution for all geometries, for § = 0.5mm and § = 40 mm. As in the previous cases,
the ineffective cooling of the reactor — which corresponds at higher fin thickness —
results in a drastic decrease of the SCP;,s;, whereas the lowest § exhibits the most
smooth decrease of SCPj,¢. At the highest J, the performance of the reactor becomes
nearly geometry-independent. It is also observed, that the geometries based on
rectangular channel perform relatively better in comparison to those based on circular
channel, at lower fin thickness.
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Figure 3.11: SCPj,¢; evolution for all é for (a) GEOM-B and (b) GEOM-D
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Figure 3.12: SCPj,¢; evolution for all geometries for (a) 6 = 0.5mm and (b) § = 4mm

3.3.6.3 Heat exchanger material

The results presented in the previous sections consider copper as the heat exchanger
material. The simulations were repeated for aluminium, in order to observe its
influence on the performance of the system. The relevant properties of the two
materials differ significantly (oa1 = 0.3 X pcy, ¢p, = 2.3 X €pg, and Ap; = 0.6 X Acy).
The density, the specific heat capacity and the thermal conductivity of the materials
are presented in Table 3.2. It appears that using aluminium heat exchangers results to
slightly lower SCP, 45 and higher t7(¢,, since due to its lower thermal conductivity the
packed bed is cooled down less effectively. However this difference is not significant.
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The decrease observed in SCP,4s when using aluminium instead of copper does not
exceed 1%, for the studied range of SVF and fin thickness. The decrease is higher
than 1 % only at higher values of fin length, v > 30 mm, with a maximum of 3.03 %
reduction for fin length 7 = 40 mm of GEOM-A.

3.3.6.4 Coefficient of Performance

As explained earlier, this study focused on the Specific Cooling Power of the ad-
sorption phase. The evaluation of the Coefficient of Performance is scheduled as the
next stage of this study, since this task requires considerably longer computations.
Nevertheless, this task has been completed for all geometries with SVF = 40 % and
SVF =50% (y = 10mm and § = 1 mm).

Therefore, it is considered interesting to cite here the COP results and comment them
briefly. The methodology for this study is detailed in Section 3.4. The results show
that the choice of comparing the different geometries based on their Solid Volume
Fraction is indeed relevant. The COP of the five geometries — which share the same
SVEF - is virtually the same. For SVF = 40 %, the COP is within 0.5031-0.003, while
for SVF = 50 % the COP is within 0.4364-0.003.

During desorption, the reactor is heated by the HTFE. This thermal energy input
is distributed to (i) the increase of the heat exchanger solid temperature (ii) the
temperature increase of the adsorbent and adsorbate and (iii) provide the endothermic
thermal energy required for desorption. The latter two components do not depend
considerably on the geometry — in the sense that, if the changes in the adsorbed mass
and the temperature are the same, then the required energy per kg of adsorbent will
be the same across the five geometries. In geometries with the same SVF, their solid
volume is the same with respect to the entire volume of the reactor. By consequence,
the mass of the heat exchanger solid is the same, when normalized per kg of adsorbent.
Therefore by keeping constant the SVF across geometries, the component (i) is kept
constant. Therefore, the thermal energy input Qheating 1S Nearly constant across
different geometries. Moreover, since the numerator of COP, Qcqoling, is fixed by the
t70%, then the COP will be nearly the same across geometries of the same SVF.

Since for the same SVF, a similar COP is expected across geometries, the presented
results evaluate how effective is the geometric distribution of the heat exchanger solid
and the packed bed — namely, the reactor design — in order to effectively cool down
the reactor during adsorption and improve the Specific Cooling Power.
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3.4 SCP and COP of the hexagonal honeycomb adsorption reactor

The study presented in this section is dedicated to the numerical investigation of the
hexagonal honeycomb adsorption reactor. As already commented in the literature
review — to the author’s knowledge — this geometry has not been studied thoroughly
hitherto.

A parametric study with respect to geometric and operational parameters is pre-
sented. In the context of this study, the Specific Cooling Power and the Coefficient of
Performance are quantified.

3.4.1 Geometrical considerations for the simulated geometry

The geometry under investigation in this study is the hexagonal honeycomb adsorp-
tion reactor. Figure 3.13 illustrates a front view and a three-dimensional view of the
reactor, as well as a cross-section of the vertical plane. The heat transfer fluid passes
through a vertical rectangular channel. Metallic hexagonal honeycomb structures are
embedded on two of the plates which form the aforementioned rectangular channel.
The adsorbent is placed inside the hexagonal cells. This module is enclosed within
the vapor chamber, where vapor resides. The vapor flowing from or to the evaporator
and the condenser passes through the vapor chamber. One or more modules can be
incorporated within the vapor chamber.

Detailed distributed-parameter models have considerable computational consump-
tion. Therefore, simulating the entire reactor would result to unpractical computa-
tional costs. Thus, it is a common practice to reduce the computational domain, taking
into advantage the symmetries and the periodicities exhibited by the geometry under
consideration. This is achieved through the assumptions (iv) and (v), presented in
Section 2.3. These hypotheses allow to interpret the results of the reduced geometry
as representative for the entire reactor. All honeycomb cells are expected to have the
same behavior if the HTF temperature is constant across the rectangular channel of the
reactor, as well as if the reactor is ideally insulated. Moreover, geometric symmetry of
the hexagon allows to simulate only one sixth of the cell.

Figure 3.14 and 3.15 illustrate the computational domain of the reduced geometry
and its boundary conditions, respectively. The mathematical formulation of the latter
was presented in Section 2.3.3.
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—» Heat transfer fluid - Vapor

Figure 3.13: Front view, three-dimensional view and vertical cross-section of the hexagonal
honeycomb adsorption reactor

Figure 3.14: Computational domain of the reduced geometry
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Figure 3.15: Boundary conditions of the computational domain

The required dimensions for the definition of the hexagonal honeycomb geometry
are depicted in Figure 3.16. The dimension denoted as a corresponds to the thickness
of the metallic plate and it is considered as 1 mm. The three dimensions which define
the geometry are the cell inradius B, the cell height 7y and the fin thickness ¢.

Figure 3.16: Dimensions of the geometry
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3.4.2 Simulation details

The entire thermodynamic cycle is simulated, namely the four phases (a) pre-cooling,
(b) adsorption, (c) pre-heating and (d) desorption. The cycle simulation is repeated
until cyclic behavior is attained. From the simulations, it arose that three cycles are
sufficient in order to achieve cyclic steady state and eliminate the influence of the
initial conditions. With respect to each phase duration, the scheme presented below
was considered. It should be noted that this scheme is appropriate for the design
stage, in order to determine the required duration for each phase. In real applications,
predetermined phase durations are imposed, according to the values that arise from
the design process. This scheme is used in all the presented simulations except Section
3.4.6.5, where predetermined phase durations are considered.

The pre-cooling phase is terminated when the maximum pressure inside the reactor
becomes lower than the evaporator pressure. This assures that once the reactor and
the evaporator are connected, the vapor flow direction is from the evaporator towards
the reactor. The opposite would result in vapor flow from the reactor to the evaporator,
where the vapor would condense. The latter is counterproductive for the cooling
production since condensation is exothermic. The duration of pre-cooling phase is
represented by fp..

The adsorption phase duration t,q is defined by the adsorbed mass with respect
to the theoretical adsorption capacity that would result if equilibrium is achieved.
As mentioned earlier, the adsorption rate decreases significantly while approaching
equilibrium and therefore, it is of no practical interest to continue the adsorption
phase until equilibrium is achieved. The minimum theoretical capacity of the cycle
wy i, corresponds to (Peon, Tges), While the maximum wy,,, corresponds to (Peva, Tads)-
The adsorbed mass across the domain of the packed bed is averaged w, and its relative
max ~ @min
3.4. The cycle adsorption percentage is the Wy, that determines the duration of the
adsorption phase. It is set to 70 % for all the simulations, except in Section 3.4.6.3,
where a parametric study of this value is presented.

value with respect to the difference (w ) is calculated based on equation

o
U7 Bmin o 1009, (3.4)

wk *

Wre] =
max wmjn

Similarly to the pre-cooling phase, the pre-heating phase duration f, is terminated



94 Chapter 3. Numerical studies of adsorption packed bed reactors

when the minimum pressure across the packed bed domain is higher than the con-
denser pressure. The desorption phase duration t4, is calculated as in equation 3.5, in
order to balance the half cycle time 4.

tde = tpe + tad — tph (3.5)

Table 3.2 summarizes all the input parameters of the model. Copper is considered as
the heat exchanger solid for all the presented results. In Section 3.4.6.4, the base case
is simulated with aluminium as heat exchanger solid, and the results are discussed.

3.4.3 Base scenario and studied range for the parametric study

For the parametric study, a base scenario is defined with respect to the geometrical and
the operational parameters. Henceforth, each of the parameters under investigation
is varied, in order to evaluate its influence on the performance indicators presented
in Section 3.4.4. Table 3.3 summarizes the geometrical and operational parameters
under investigation. It presents the base scenario values and the studied ranges.

Table 3.3: Base scenario values and studied range for the geometrical and operational parame-
ters under investigation

Geometrical parameters Base  Range Unit
Cell inradius B 3 1-6 mm
Cell height 0% 10 5-30 mm
Fin thickness ) 1 0.5-3 mm
Operational parameters Base  Range Unit
Adsorption temperature Tods 30 20-40 °C
Desorption temperature Tdes 80 60-90 °C
Evaporator temperature Teva 10 5-15 °C
Condenser temperature Tcon 30 20-40 °C
Convection heat transfer coefficient Ugre 1000 600-2000 Wm—2K~!

Cycle adsorption percentage (equation 3.4) Wy 70 50-90 Yo
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3.4.4 Performance indicators

The performance indicators used for the evaluation of the reactor performance are
the Coefficient of Performance (COP) and the cyclic average Specific Cooling Power
(SCP). Furthermore, the cycle duration is reported, since it is adapted on each case.

The COP is a non-dimensional parameter comparing the cooling production to the
energy consumption for the operation of the adsorption cooling system.

Qcooling

COP =
Qheating

(3.6)

where Qcooling and Oneating are measured in Joules. The useful cooling produced
Qcooling is calculated as the product of the adsorbed mass and the latent heat of
evaporation of the refrigerant, while Qheating 1S the thermal energy input at Tygh
during pre-heating and desorption phases.

The SCP is the average cooling power normalized per unit of mass of adsorbent and
it is measured in Wkg~!. The average cooling power is the overall useful cooling
energy produced throughout the adsorption phase, divided by fcyce. The SCP is
calculated as:

SCP — Qcooling _ Am x AI_I(/evap _ Aw x AI_I(/evap (3.7)
M; x tcycle M; x tcycle tcycle

where Am is the total mass adsorbed during the adsorption phase and desorbed
during the desorption phase, M; is the dry solid adsorbent mass and Aw is the
quotient of the two aforementioned values. The cooling produced associated with

Aw is denoted as AHevap and it is calculated as:

/
AI{evap - hv,sat|Teva - hl,sat|Tcon (3.8)

where hysat ‘ To,
is the enthalpy of the saturated liquid refrigerant leaving the condenser, and thus the
enthalpy of the vapor-liquid mixture entering the evaporator (assuming isenthalpic

expansion).
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3.4.5 Results interpretation

For each parameter under investigation, the reported performance indicators for the
reactor performance are the COP and SCP, as presented in Section 3.4.4. Furthermore,
since the cycle duration is adapted according to each case, it is also reported. For
sake of conciseness, the COP, the SCP and the cycle duration fye are reported in
one graph. To achieve this, three vertical axes are incorporated in each graph. Each
vertical axis is colored as its corresponding curve. The curve and vertical axis are red
for the SCP, blue for COP and green for fcyje. For colorless interpretation, the label
of each axis indicates the point symbol used in the corresponding curve. The point
symbols are circle for SCP, square for COP and triangle for # ye.

For the three geometric parameters under investigation, spatial distribution of the
adsorbed mass wy and the temperature are reported at 100s after the beginning
of the adsorption phase. The two-dimensional distributions pertain to the cross-
section of the cell. Regarding the heat exchanger solid, w,, does not apply, while
temperature variations are visually imperceptible by the used scale, due to higher
thermal conductivity.

3.4.6 Results

This section presents the results that arose from the simulations, focusing the dis-
cussion on the physical phenomena involved and the quantification of the reactor
performance.

3.4.6.1 Geometrical parameters

Figure 3.17 presents the reactor performance results for cell inradius in the range of
1-6mm. Within the studied range, considerable variations are observed for both SCP
and COP. On the one hand, the SCP decreases as the cell inradius increases, ranging
between 80.4 W/kg and 218.9 W /kg for cell inradius of 6 and 1 mm, respectively.
Lower inradius results in a more effective cooling of the packed bed. As observed in
Figure 3.18, the temperature is maintained lower during the adsorption phase and
therefore the adsorbed mass is higher, leading to a higher rate of cooling production.
On the other hand, the COP increases as the cell inradius increases, ranging between
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0.356 and 0.606 for cell inradius of 1 and 6 mm, respectively. Lower cell inradius
results in more densely packed cells, and consequently, to a higher Solid Volume
Fraction (SVF), the percentage of the heat exchanger solid volume with respect to
the entire reactor volume. The SVF for § = 1 mm is 59.6% while for § = 6 mm is
22.5%. As commented earlier, the additional heat exchanger solid mass is associated
to higher thermal input and thus, lower COP.
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Figure 3.17: Reactor performance based on the cell inradius

Figure 3.19 illustrates the reactor performance for cell height in the range of 5-30 mm.
Within the studied range, the SCP halves approximately, though the COP does not
experience such a drastic variation. The SCP decreases as the cell height increases,
from 159.5W /kg for v = 5mm to 86.1 W/kg for v = 30mm. As observed from
Figure 3.20, the packed bed is cooled more effectively for lower cell height. For
increasing cell heights, the released energy due to the exothermic nature of adsorption
is removed less effectively, leading to higher temperatures and thus, lower adsorption
capacity and cooling production. The COP increases from 0.51 for 7y = 5mm to 0.57
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Figure 3.18: Spatial distribution of temperature (top) and relative adsorbed mass (bottom) at
t=100s of adsorption phase for various cell inradii

for v = 30 mm. The COP variation is not so significant since the SVF does not vary
considerably, being 38.3% for oy = 5mm and 28.9% for v = 30 mm.

Figure 3.21 shows the reactor performance for fin thickness in the range of 0.5-3 mm.
The inverse effect is observed in comparison to the cell height case, namely, COP
exhibits considerable variations, whereas SCP does not. In particular, SCP varies
between 127.6 W /kg and 140.5 W /kg, corresponding to fin thickness of 0.5 and 3 mm,
respectively. As observed in Figure 3.22, the temperature distribution of the packed
bed is similar across the studied fin thicknesses. Consequently, the adsorption rate
and the cooling production follow the same trend. However, at higher fin thicknesses
the reactor is burdened with more heat exchanger solid, with the SVF being 22.5%
and 59.6% for § = 0.5mm and 6 = 3 mm, respectively. This considerable increase of
the SVF results in a significant decrease of COP, from 0.599 for § = 0.5 mm to 0.364
for 6 = 3mm.

3.4.6.2 Operating temperatures
This section elaborates the influence of the operating temperatures on the reactor

performance. These temperatures are Tyes, Tads, Teva and Teon. The latter two de-
termine the evaporator pressure Pey, and the condenser pressure Peon, respectively.

Wrel
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Figure 3.19: Reactor performance based on the cell height

Firstly, the quantitative results are presented graphically and the observed tendencies
are commented briefly. Subsequently, a discussion is presented with the objective to
facilitate the interpretation of the quantitative results. Through this discussion, it is
attempted to provide an insight to the underlying physical phenomena involved.

Figure 3.23 illustrates the reactor performance based on the adsorption temperature
T.4s, the HTF temperature during the pre-cooling and adsorption phases. As it can
be observed, both performance indicators decrease as the T,45 increases. The SCP
decreases from 166.3 W /kg for T,4s = 20 °C to 86.4 W /kg for T,4s = 40 °C. The COP
decreases from 0.645 for T,4, = 20 °C to 0.395 for T,4q = 40 °C.

Figure 3.24 shows the reactor performance based on the desorption temperature Tges,
the HTF temperature during the pre-heating and desorption phases. The temperature
range under consideration is 60-90 °C. The SCP is significantly influenced by the
T4es, Wwhich almost triples within the range under consideration, from 53.6 W /kg for
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¥ = 5mm v = 10 mm v = 15mm v = 20 mm v = 30mm
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Figure 3.20: Spatial distribution of temperature (top) and relative adsorbed mass (bottom) at
t=100s of adsorption phase for various cell heights

Tges = 60 °C to 153.8 W /kg for Tges = 90 °C. With respect to the CODP, it is observed
that in the range 70-90 °C it is only slightly affected by T4s — taking values between
0.531 and 0.544 — whereas at lower Ty, it presents a sudden decrease until 0.47 for
T4es = 60 °C. Although not plotted in Figure 3.24, the simulation was also performed
for T4es of 52°C and 55 °C. The corresponding SCP and COP are 25.3 W/kg and
0.356 for Tqes = 55 °C, while for Tyes = 52 °C, the SCP and the COP are 6.6 W/kg y
0.154. The ability of the system to perform with so low driving temperature is an
advantageous feature of adsorption cooling technology (discussed in Section 3.5).

Figure 3.25 illustrates the reactor performance as a function of the evaporator tem-
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Figure 3.21: Reactor performance based on the fin thickness

perature Teya. As it arises from the results, the reactor performance improves as
the Teva increases. In particular, the SCP increases from 95.4 W /kg for Teya = 5°C
to 168.8 W/kg for Teya = 15°C. The COP increases from 0.442 for Teya = 5°C to
0.624 for Teya = 15°C. Lastly, Figure 3.26 presents the results for the reactor perfor-
mance based on the condenser temperature Teon. As it can be observed, both the SCP
and the COP decrease as the Tcon increases. The SCP decrease from 162.6 W /kg for
Teon = 20°C to 93.1 W /kg for Teon = 40 °C, while the COP decreases from 0.588 for
Teon = 20°C to 0.47 for Teon = 40 °C.

In order to gain insight to the underlying physical mechanisms of the system, it is
important to elaborate the impact of each of these parameters on the adsorption
equilibrium, adsorption kinetics, heat transfer and thermodynamics involved in the

system.

Recalling equation 3.4, altering Tyeq or Peon alters the theoretical minimum adsorption
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Figure 3.22: Spatial distribution of temperature (top) and relative adsorbed mass (bottom) at
t=100s of adsorption phase for various fin thicknesses

equilibrium capacity of the cycle w . . Similarly, altering T,qs or Peva alters the
theoretical maximum adsorption equilibrium capacity of the cycle wj,,,. Henceforth,
the difference of the theoretical equilibrium capacities (wp,, — Wy,;,,) Will be referred
toas Aw(’:‘y Je- The Aw:yde influences both the adsorption equilibria and the adsorption
kinetics. Regarding the equilibria, higher Aw;‘yde allows more vapor to be adsorbed
per unit of mass of adsorbent in each cycle. Consequently, the vapor evaporated and
the associated cooling produced Qcooling are higher. This quantity is present in the
numerator of both the SCP and the COP. Therefore, a higher Aw:yde benefits both
performance indicators of the reactor. Higher ijy e 18 achieved at (i) lower T,qs,
since the wy, . increases, (ii) higher Ty, since the w},, decreases, (iii) higher Teya,
since the wy, ,, increases for higher Peya, and (iv) lower Teon, since the w ,  decreases
for lower Peon.

The influence of Awé‘yde on the adsorption kinetics is evident in equation 2.2. As

expressed by the LDF model, the adsorption rate is proportional to the difference
(w* — w). Therefore, when Awé‘y de 18 higher —apart from the higher potential Qcooling
— the rate of cooling production is higher as well, thus the SCP is benefited.

Wrel

[%]



3.4 SCP and COP of the hexagonal honeycomb adsorption reactor 103

0.65

3500
0.6
3000
055
. o)
= 2500
g ) o
o= %
g A
g E 05 ©
kS o, O
L Q
S B o
G 2000
a 045
1500
0.4
1000 80 L L ‘ 035
20 25 30 35 40

Adsorption Temperature [°C]

Figure 3.23: Reactor performance based on the adsorption temperature

Furthermore, the adsorption kinetics are also influenced by the temperature depen-
dence of the effective diffusivity, as expressed by the Arrhenius relation (equation
2.3). At higher temperature, the effective diffusivity increases, and thus, the sorption
rate increases. With respect to T,4s, the effective diffusivity for T,4s = 40 °C is approx-
imately three times higher than for T,4; = 20 °C. However, although the effective
diffusivity increases at higher T,4s, the SCP still decreases, because the importance of
decreasing Awé‘y oo at higher T, 4 is more prevalent. For the case of Ty, the effective
diffusivity for Tyes = 90 °C is approximately 3.5 higher than for T4.s = 60 °C. Higher

desorption rate allows to desorb more effectively the water vapor and thus, to exploit

at larger extent the Awé‘y e
Although a subtle influence, it is worth mentioning that Teya and Teon influence the
thermodynamics of the system, in the sense that they alter the AHévap (calculated in

equation 3.8). The Teya determines the enthalpy of the saturated vapor leaving the
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Figure 3.24: Reactor performance based on the desorption temperature

evaporator lygat | T while the T, determines the enthalpy of the saturated liquid

leaving the condenser Ay gu| Toon’ which is the enthalpy of the vapor-liquid mixture
entering the evaporator, assuming isenthalpic expansion. In other words, at higher
Teva and lower Teon, the vapor adsorbed by the reactor is associated to higher cooling
production. This effect is more notable for T.on, where the AHévap for Teon = 20°C
is 3.6% higher than for T,on = 40°C (for Teva = 10°C ), whereas the AHévap for
Teva = 15°C is only 0.8% higher than for Teva = 5°C (for Teon = 30 °C).

So far, the influence of Aw?, . value has been elaborated. However, another aspect

that influences the COP is related with the values of w}, ;. and wy,,,. To illustrate
this, a simple example is employed, considering two cases A and B with the same
Awé‘y e- The two cases are differentiated by the limits of w, which are lower for case
A;namely, wp A < Whinp and wp o4 < wpo g Even though the two cases have

the same sz‘yde, case B would have lower COP. The denominator of the COP — the
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Figure 3.25: Reactor performance based on the evaporator temperature

Qheating Provided during the pre-heating and desorption phases — is the amount of
thermal energy required to increase the temperature of the reactor from T,4s to Tges,
as well as the thermal energy required for the endothermic desorption. The former
part — the sensible heat required for the temperature change — is higher for case B
since the thermal mass of the adsorbent is higher, due to its higher adsorbate content.
To capture this difference, a comparison between Tges = 60°C and Tges = 90°C
is considered. To compare the two cases, the adsorbed mass is averaged spatially
throughout the packed bed domain, as well as it is averaged temporally throughout
the desorption phase. This {1 /t ( ! y de) dt} will provide an orientative
de PB

fde m
value of the adsorbed mass and its associated thermal mass. For Tg4es = 60 °C, this

value is 0.149 kg, / kgs, whereas for Tges = 90 °Cis 0.054 kg, / kgs. The corresponding
specific heat capacity of the wet adsorbent at these adsorbate contents is 1547/ (kg K)
and 1149]/ (kg K), respectively. In other words, at higher level of adsorbed mass, the
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Figure 3.26: Reactor performance based on the condenser temperature

energy required for desorption increases. Since the latter is the denominator of COP,
this partially explains the sudden drop of COP for lower Tges.

In order to further understand the sudden drop of COP in the lower Ty, a discussion
is necessary with respect to the adopted cycle scheme (Section 3.4.2). As explained, the
simulations begin with a uniform adsorbed mass equivalent to w}, . , corresponding
to the equilibrium capacity for Peon and T4es. The adsorption phase is terminated
when the average relative adsorbed mass, W, becomes 70%. At the end of the
desorption phase, the adsorbed mass is expected to decrease anew and approximate
wy ... Itis emphasized that — within the finite desorption time — w,,) will approximate
asymptotically w} , but it will not reach equilibrium. Hence, the average relative
adsorbed mass at the end of desorption phase — henceforth referred to as Wi 1ow —
is expected to be higher than 0 % (which corresponds to the theoretical equilibrium

wy,:,)- Indicatively for the base scenario Wye| 1oy is 0.67 %, while it is lower than 1% for
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all the cases presented so far, except the cases of Tges < 75 °C. As the Ty decreases,
the desorption rate decreases as a result of the combination of two phenomena
described above; the decrease of the effective diffusivity and the decrease of Awﬁy e
Consequently, since the desorption rate decreases significantly, the remaining ;| 1o
at the end of the desorption phase increases, from 1.5% for Tyos = 75 °C to 8.6% for
Tyes = 60 °C. This reduces the Qcooling and thus, it contributes to the overall decrease
of COP at low Tges. These suggest that for low Ty, a different time scheme might be
more appropriate. For example, at Tg4es = 60 °C and cycle adsorption percentage Wy
of 70% (equation 3.4), the COP and the SCP are 0.469 and 53.65 W / kg, respectively.
Increasing the cycle adsorption percentage to 75% and 80% increases the COP to 0.496
and 0.512, respectively — whereas the SCP decreases to 50.99 W /kg and 47.33 W / kg.
For an application that will mainly operate on such low Ty a study focusing in this
regime is suggested.

At this point, it could be argued that instead of expecting the adsorbed mass to cycle
between Wy, = 0% and W, = 70 %, the adsorbed mass could cycle between, for
example, Wy = 15% and W, = 85% in order to avoid approaching asymptotic
behaviors near the equilibrium states. Even though the Qcooling would be the same for
the two cases, there are two reasons for preferring the adopted approach. Firstly, it is
desired to approach as much as possible the w? . at the end of the desorption phase,
in order to maximize (w* — w) during the adsorption phase, and hence, maximize
the adsorption rate and the SCP. Secondly, the COP is benefited when operating at a
lower adsorbed mass range, since — as explained earlier — the adsorbate content and
the associated thermal mass are lower.

3.4.6.3 Other operating parameters

The convection heat transfer coefficient Uyrr determines the heat transfer rate be-
tween the heat transfer fluid and the heat exchanger solid. The Uyrr depends on
the HTF properties, the channel geometry, the flow regime and the fluid velocity.
Figure 3.27 shows the reactor performance as a function of the Uyrp. As observed,
increasing the Uyrr results in a higher SCP. However, the benefit of increasing the
UyTr decreases at higher values. Within the range under consideration, the gradient
of the SCP curve drops from 0.046 (Wkg ')/ (Wm~2K) to 0.008 (Wkg 1)/ (Wm~—2K),
suggesting that further increasing the Uytp would not benefit significantly the SCP.
At higher Uyr, the thermal resistance between the heat exchanger solid and the HTF
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becomes less relevant and the cooling of the reactor is hindered mainly by the low
heat transfer within the packed bed and the thermal resistance at the interface of the
packed bed and the heat exchanger solid. With respect to the COP, both the overall
cycle cooling energy produced and the thermal energy input do not vary significantly,
leading to a fairly steady COP across the range under consideration.
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Figure 3.27: Reactor performance based on the convection heat transfer coefficient

All the results presented so far followed the cycling duration scheme described in
Section 3.4.2, using 70% as the cycle adsorption percentage w,. In this section, the
influence of different W, is investigated and presented in Figure 3.28. Recalling
the LDF model (equation 2.2), the adsorption rate is proportional to the difference
between the equilibrium capacity and the instantaneous adsorbed mass. Therefore,
the adsorption rate is at its maximum at the beginning of the adsorption phase and it
decreases as equilibrium is approached. Consequently, the SCP is higher when the
adsorption phase is terminated earlier, namely, at lower cycle adsorption percentage.
On the other hand, the required thermal input rate decreases at higher cycle time, since
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the temperature difference between the HTF and the reactor decreases. Prolonging the
cycle time results in a higher COP, since the overall cooling energy produced during
the adsorption phase - the COP numerator - increases at a higher rate in comparison to
the overall thermal energy spent during the pre-heating and desorption phases - the
COP denominator. Within the range under consideration, the combination (COP, SCP)
can be adjusted between (0.46, 165.1 W /kgs) for tcyee = 1023 s and (0.59, 82.9 W /kgs)
for teyele = 4122s.

4500 170 0.6

160

4000 1 058

150
3500 0.56

140

[0}
[m]

3000 0.54

130 |-

CcopP

2500 120 ¢

n
)
[m]

Cycle duration [s]

o SCP[Wikg]

>

110

2000 0.5

100

1500 0.48

90

1000 80 L L L L L L L L 0.46
50 55 60 65 70 75 80 85 90

Cycle adsorption percentage [%]

Figure 3.28: Reactor performance based on the cycle adsorption percentage

3.4.6.4 Heat exchanger material

In the previous study and particularly in Section 3.3.6.3, the effect of the heat ex-
changer solid on the SCP,45 was discussed. It was concluded that aluminium — in
comparison to copper — results in slightly lower SCP,4,, since it takes slightly longer
to achieve Wy = 70 % in the adsorption phase. The latter is a consequence of the
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lower conductivity of aluminium. In this study, the base case of the hexagonal hon-
eycomb adsorption reactor is simulated with aluminium as heat exchanger solid, in
order to observe the influence on the COP and the SCP of the cycle. The same effect is
observed as in Section 3.3.6.3, namely, the adsorption phase lasts slightly longer.

However, the difference in the thermal mass of the two metals has two interesting
effects. Aluminium has lower thermal mass than copper, in particular, (o cp)al =
0.71 X (p ¢p)cu- Therefore, aluminium has lower thermal inertia. On the one hand,
lower thermal inertia results in shorter pre-cooling and pre-heating time. It takes
shorter period for the temperature switch of the heat exchanger solid, therefore,
the reduction and the increase of pressure — during pre-cooling and pre-heating,
respectively — are achieved in a shorter period. These reductions of the pre-cooling
and pre-heating time compensate the slight increase of the adsorption phase duration,
thus, the overall cycle duration decreases. Consequently, the SCP of the aluminium
case is slightly higher (0.3%) than the SCP of the copper case.

On the other hand, the COP for the aluminium case is higher than for the copper
case, as a result of its lower thermal mass. The corresponding values are 0.586 for alu-
minium and 0.544 for copper. Recalling the discussion of Section 3.3.6.4, the thermal
energy input during pre-heating and desorption is distributed to (i) the increase of the
heat exchanger solid temperature (ii) the temperature increase of the adsorbent and
adsorbate and (iii) provide the endothermic thermal energy required for desorption.
In order to capture the importance of the thermal input that corresponds to the heat
exchanger solid, orientative values are provided, normalized per kg of adsorbent
for ease of comparison. The energy required for desorbing the adsorbed mass w,
from 70% to 0% —namely, a Aw of 0.111 kg, /kgs —is 299 k] /kgs. The energy required
for increasing the temperature of the adsorbent by 50 °C is 72 k] /kgs (evaluating the
thermal capacity of the wet adsorbent at the average adsorbed mass). Lastly, for this
geometry, the thermal energy required to increase 50 °C the heat exchanger solid is
122 k] /kgs for copper, whereas for aluminium is 87 kJ /kgs. This difference is reflected
as a decrease in Qpeating and by consequence, as an increase of 7.7% in COP, for the
case of aluminium.

3.4.6.5 Predetermined phases duration

The results presented above follow the cycle duration scheme presented in Section
3.4.2. This scheme is used only for design purposes, in order to determine the



3.4 SCP and COP of the hexagonal honeycomb adsorption reactor 111

required phase durations. This section aims to evaluate the reactor performance
based on predetermined phases duration. The pre-cooling and pre-heating durations
are considered equal fpc = tpp, as well as the adsorption and desorption durations
tad = tde- A total of 15 simulations were conducted, for the combinations of #p.
of 10, 30, 50s and for t,4 of 600, 800, 1000, 1200, 1400s. Prolonging the adsorption
phase has the same effect as the previously presented cycle adsorption percentage,
namely increase of COP and decrease of SCP. The effect of ¢p. on SCP and COP is not
significant. For a given t,4, the variations of COP and SCP for the three tp. are less
than 1.8% and 2.8% respectively. Therefore, in Figure 3.29, only the case of tpc = 30s
is plotted, for sake of clarity.
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Figure 3.29: Reactor performance based on predetermined adsorption/desorption phase
duration

However, the COP and SCP are performance indicators of the entire cycle. Figure
3.30 illustrates the instantaneous SCP for the three cases of tp, for t,3s = 600s. As
it can be observed, even though the overall cyclic cooling production does not vary
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significantly, the SCPj,s; exhibits considerable variations. In the case of tpc = 10s the
pre-cooling phase is terminated prematurely. In other words, the reactor pressure is
still higher than the evaporator pressure. Consequently, when the reactor is connected
to the evaporator, vapor flows from the reactor towards the evaporator where it con-
denses. Since condensation is exothermic, this effect is counterproductive. Negative
SCPingt corresponds in heating inside the evaporator. The evaporator temperature
will increase, depending on its thermal mass. In the case of tpc = 30, the pre-cooling
phase is slightly longer than the required time to reduce the reactor pressure to the
evaporator pressure tp. = 27.9 s, while in the case of tp. = 50's the reactor pressure
decreases even further, hence, the vapor flow from the evaporator is more intense,
leading to higher cooling production at the beginning of the cycle. The latter case
would create a sudden cooling production peak in the evaporator and it should be
taken into account in the design stage.
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Figure 3.30: Instantaneous Specific Cooling Power during the adsorption phase for various fpc
and t,q = 600s
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3.5 Results discussion from engineering perspective

This section aims to provide an engineering perspective to the results presented in
the previous sections. The reactor performance was characterized in terms of COP
and SCP for the hexagonal honeycomb reactor. For the study concerning the five
geometries, the SCP of the adsorption cycle was evaluated. Although the COP was
not quantified yet for that study, the qualitative behavior is expected to be similar to
the honeycomb reactor. Moreover, in Section 3.3.6.4, it was proven that maintaining
the SVF constant results in a virtually equal COP across the geometries.

As it arises from the results, COP and SCP behave in a different manner with respect
to the variation of the studied parameters. It should be emphasized that, even though
both performance indicators are significant, their importance is determined by the
context of the application. Different applications might prioritize the COP or the SCP,
although a decent performance for both indicators is required.

The SCP expresses the cooling capacity per unit mass of adsorbent. Higher SCP is
equivalent to less adsorbent material for a given cooling capacity and more compact
reactors. Therefore, higher SCP is associated with lower initial investment with
respect to the adsorbent material purchase and the fabrication of the reactor. Moreover,
higher SCP is suitable for applications having space or weight constraints and thus,
compactness is desired. Higher COP is equivalent to less thermal energy input
for a given cooling capacity. Therefore, while SCP is more related to the initial
investment, the COP is associated to the operating costs of the adsorption cooling
system. Furthermore, a higher COP would reduce the potential carbon emissions
from the operation of the ACS, if carbon-positive energy sources are involved in the
thermal energy input.

An example of a COP-oriented application is a solar-driven cooling system located in
a geographically isolated region. In this case, the system is equipped with an auxiliary
heater in order to cover periods with insufficient solar radiation. The inevitable
consumption of this auxiliary heater is inversely proportional to the COP. In such
scenario, the fuel consumption of the auxiliary heater can be associated to high cost
and low availability. Therefore, a higher COP would benefit the system operation
by reducing the auxiliary heater consumption. An example of an SCP-oriented
application is a vehicular cooling system driven by waste heat. In this case, the heat
provided by the exhaust gases of the vehicle is not associated to any running costs.
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Thus a lower COP can be accepted in order to achieve a higher SCP, and hence, a
compact and lightweight cooling system. In applications that SCP and COP are
equally important, a compromise between them should be reached. This could be
any application where a balance is required between initial and operational expenses.
According to the overall context of the adsorption cooling system, the geometry of
the reactor should be designed carefully.

The operating temperatures also affect significantly the reactor performance. Low
adsorption temperature and lower condenser temperature benefit considerably both
the COP and the SCP. Therefore, the heat rejection device (e.g. the cooling tower)
should be carefully designed, in order to reduce the HTF temperature effectively.
Furthermore, depending on the application, the possibility of taking advantage of the
outlet HTF from the condenser and adsorber should be considered. Exploiting this
by-product of the ACS will reduce the energy consumption of another application,
as well as the energy consumed by the heat rejection device. Potential applications
include: (i) pre-heating the domestic hot water in a residential building or a tourist
facility, (ii) in the latter, swimming pool heating and (iii) fuel pre-heating in vehicles
or industry.

Increasing the desorption temperature results in a higher SCP. The COP is slightly
affected in the range 70-90 °C, whereas it decreases at lower driving temperatures.
Even though the ACS performance declines at lower driving temperatures, the fact
that an ACS can operate in such conditions is an advantageous feature in comparison
to absorption cooling, which cannot utilize so low driving temperature [27,28]. This
renders adsorption cooling as the only candidate for certain thermally-driven appli-
cations, such as waste heat at low temperature or solar collectors of lower efficiency
and thus, lower manufacturing cost. Furthermore, this feature should be taken into
consideration in the design of the control strategy. In a solar-driven application, a
cloudy morning might be associated with low driving temperature, but low cooling
demand as well. It is then possible to allow the system to operate at a low driving tem-
perature if its cooling capacity is capable to cover the cooling load, without activating
the auxiliary heater and thus, reducing its energy consumption.

Attention should also be given in the convection heat transfer coefficient between the
heat transfer fluid and the heat exchanger solid. On the one hand, a low value results
in an additional thermal resistance and deteriorates the effectiveness of cooling down
the reactor during the adsorption phase. On the other hand, increasing excessively
the heat transfer coefficient does not benefit further the reactor performance and it
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might lead to unnecessarily high HTF pumping energy consumption.

The cycle duration has strong impact on the COP and SCP. Shorter cycle durations
provide high SCP and low COP, whereas longer cycle durations provide the inverse.
Consequently, cycle duration is identified as a useful manner to regulate the reactor
performance according to the instantaneous necessities. For example, during noon
of a hot day in a solar-cooled building, SCP can be prioritized over COP. In such
scenario, cooling load would peak, while solar radiation abounds and thermal storage
tank is fully charged. Contrarily, during early morning COP should be prioritized
over SCP. In this case, solar radiation is lower and might not suffice, thus the auxiliary
system will be used. As commented earlier, the auxiliary heater consumption must
be minimized. Therefore, higher COP is desired at the expense of lower SCP, which
would be enough to cover the lower cooling load during early morning.

The material of the heat exchanger solid influences the SCP slightly in the majority of
the cases. The inferior thermal conductivity of aluminium — as compared to copper —
becomes noticeable in the results only for cases of large fin lengths. With respect to
COP, the lower thermal mass aluminium benefits the COP by an increase of 7.7%. A
general suggestion is to employ materials with high thermal conductivity and low
thermal mass (product of density and specific heat capacity). Nevertheless, the choice
of the material will be determined at large degree by technoeconomic criteria such as
the material cost, as well as the cost and ease of fabrication.

Three fixed pre-cooling and pre-heating durations were studied. Although macro-
scopically they do not affect significantly the SCP and the COP, the instantaneous
SCP varies significantly. If the pre-cooling is terminated prematurely, vapor will flow
from the reactor to the evaporator, condense and provoke heating in the evaporator.
Contrarily, if the pre-cooling is prolonged excessively, the reactor pressure would
decrease significantly. In this case, once the reactor is connected to the evaporator,
the vapor flux will provoke a disproportional peak to the cooling production. These
should be taken into consideration in the design stage, in order not to provoke coun-
terproductive heating nor excessive cooling in the evaporator. The latter could lead to
freezing in the evaporator or deliver undesirably low temperature to the conditioned
space.
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3.6 Conclusions

In this chapter, two major studies were presented with respect to adsorption packed
bed reactors, by employing the developed computational model, which was presented
in Chapter 2.

Motivated by the low comparability between studies of different reactors encoun-
tered in the literature, a parametric study of five reactor geometries was conducted.
This study pertains to the quantification of the SCP during the adsorption phase,
SCP,q4s- The Solid Volume Fraction (SVF) was introduced in order to render the five
geometries comparable. Thirteen cases were studied for each of the five geometries
by varying their SVF, fin length and fin thickness. The SVF influences significantly
the SCP,4s. The SCP, 45 for SVF=60 % is 2.49-3.45 times higher than for SVF=20 %. At
the lowest SVE the SCP,4s is geometry-independent, obtaining values in the range of
144.6-179.7 W /kgs. On the contrary, at the highest SVF, it ranges from 413.4 W /kg;
(GEOM-B) to 535.8 W /kgs (GEOM-D). For higher SVF, the geometries based on rect-
angular HTF channel (GEOM-D,E) exhibit better performance than the geometries
based on circular HTF channel (GEOM-A,B,C). Regarding the fin length, the SCP 44
is geometry-independent at its lowest value v = 5mm, since cooling the reactor
is effective in all cases, resulting in a SCP,45 in the range of 368.9-399.5 W /kgs. At
increasing fin lengths, the SCP,44 decreases, though this decrease is more pronounced
for the circular channel geometries with an average SCP,45 reduction of 80.3 % be-
tween vy = 5mm and y = 40 mm, whereas for GEOM-D and GEOM-E such reduction
is 29.4 % and 49.1 %, respectively. The parametric study of the fin thickness quanti-
fies the empirical notion that thinner fins densely packed are preferable to thicker
fins sparsely packed. At the highest fin thickness § = 4mm, the SCP,45 becomes
geometry-independent, since its value is in the range of 131.8-155.3 W /kgs. At the
lowest fin thickness of the studied range, § = 0.5 mm, the reactor geometry is relevant
while the SCP,4s ranges from 344.7 W / kg (GEOM-B) to 464.5 W /kgs (GEOM-E). The
next stage of this study is the quantification of the COP for these geometries. This
is an ongoing task, however, results regarding the COP for all five geometries for
SVF=40 % and SVF=50 % demonstrate that for a given SVF the five geometries have
virtually the same COP.

Subsequently, a thorough investigation was conducted with respect to a reactor geom-
etry that remained underexplored hitherto — the hexagonal honeycomb adsorption
reactor. This study pertains to the quantification of the cyclic SCP and COP. A para-
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metric study was conducted with respect to the three dimensions that define the
geometry, as well as for various operating parameters. The cell inradius p influence
was investigated in the range of 1-6 mm (SVF=22.5-59.6 %). The dichotomy between
SCP and COP is evident. The COP is 0.356 for B = 1mm and 0.606 for f = 6 mm,
whereas the SCP is 218.9 W /kgs for B = 1mm and 80.4 W /kgs for § = 6 mm. With
respect to the fin length -, the SCP halves approximately in the range under consider-
ation, being 159.5 W /kgs for v = 5mm and 86.1 W/kgs for v = 30 mm. The COP is
not significantly affected since the SVF does not vary considerably, being 38.3% for
v = 5mm and 28.9% for v = 30 mm. The inverse effect is observed for the influence
of the fin thickness J. The SCP is not significantly affected, being 127.6 W /kgs for
0 = 0.5mm and 140.5 W /kgs for § = 3mm. The impact of fin thickness on the COP
is considerable. It ranges from 0.599 for § = 0.5mm to 0.364 for § = 3mm, since
the respective SVFs are 22.5% for § = 0.5mm and 59.6% for § = 3 mm. With respect
to the operating temperatures, both performance indicators are maximized at the
lowest adsorption and condenser temperature, as well as for the highest evaporator
temperature. For the case of desorption temperature, the SCP exhibits its maximum
at the highest value of the range under consideration, while for the COP a maximum
is observed around 75-80 °C. The convection heat transfer coefficient does not affect
the COP, whereas it influences the SCP at a larger extent at the lower side of the
range under consideration. Caution is suggested in order to avoid, on the one hand,
entailing an additional heat transfer resistance or, on the other hand, excessive HTF
pumping consumption without a substantial improvement of the SCP. The cycle
duration was investigated through predetermined values, as well as through the cycle
adsorption percentage. The cycle duration choice provokes a dichotomy between SCP
and COP. It is also identified as a parameter that allows to adjust the ACS performance
in order to adapt it to the instantaneous operating conditions, cooling demand and
source availability. For the case of the base scenario, a given reactor geometry, the
combination (COP, SCP) can be adjusted through the cycle duration between (0.46,
165.1W/kgs) for teyee = 1023 s and (0.59, 82.9 W/kgs) for teyqe = 4122s. Although
the pre-cooling/pre-heating time was found to not affect the cyclic performance indi-
cators, it has an important effect on the instantaneous SCP. As discussed in Section
3.5, short duration would lead to condensation and heat production in the evaporator,
whereas excessively prolonged duration might lead to freezing in the evaporator or
delivering undesirably low temperature to the conditioned space. Caution is sug-
gested in the choice of these phases duration, since both effects are counterproductive.
Copper and aluminium were compared as heat exchanger materials. The effect on



118 Chapter 3. Numerical studies of adsorption packed bed reactors

the SCP are not considerable. The COP for the aluminium case is 7.7% higher than
the copper case, due to its lower thermal mass, being 0.586 and 0.544, respectively.

Finally, this chapter closes with a discussion of the results from an engineering
perspective. Among other practical aspects of the results, the section emphasizes on
the application-specific necessities in terms of SCP and COP, thus suggesting that the
reactor design should be application-specific.
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Development of a computational
model for adsorption cooling systems

Contents of this chapter have been included in :

- G. Papakokkinos, J. Castro, R. Capdevila and R. Damle, A comprehensive simulation
tool for adsorption-based solar-cooled buildings — Control strategy based on variable
cycle duration, Energy and Buildings, 231, 110591, 2021

41 Introduction

While Chapter 2 and 3 were dedicated to the simulation of the adsorption reactor,
Chapter 4 and 5 are dedicated to the simulation of the entire adsorption cooling system
(ACS), using a component-level approach. Chapter 4 presents the construction of the
computational model, while Chapter 5 presents a numerical study of an adsorption-
based solar-cooled building, utilizing the developed model.

This chapter focuses on the presentation of the ACS model development and val-
idation. The last section presents briefly the components that are coupled to the
ACS model in order to form a comprehensive tool for adsorption-based solar-cooled
buildings. These are the solar collectors, the thermal storage and the NEST-buildings
library. The latter was previously developed in CTTC and it is not a product of this
doctoral thesis.

Component-level models are widely used in the investigation of adsorption cooling
systems, mostly for the simulation of different configurations of the adsorption
cooling cycle. Among other, component-level models were used for the simulation
of the conventional two-bed configuration cycle [1], the two-bed cycle with heat
recovery [2], the two-bed cycle with mass recovery [3], multi-bed cycles [4, 5], multi-
bed cycles with dual evaporator [6,7], and two-stage multi-bed cycles [8]. A detailed
literature review is beyond the scope of this document. In the context of this thesis,
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the intended use of the ACS model is its integration with the solar collectors, thermal
storage and the building. An extensive literature review on this topic is presented in
Chapter 5.

4.2 Mathematical Formulation

4.2.1 Introduction

A description of the simulated ACS can be found in Section 1.2.2.2. The four compo-
nents of the adsorption cooling system — the evaporator, the condenser and the two
adsorption reactors — are modeled individually. The adopted approach differs from
the majority of the component-level modeling studies, as it considers one-dimensional
models for the adsorption reactors, instead of the commonly adopted lumped capac-
itance approach. Studies based on lumped capacitance models use the Number of
Transfer Units (NTU) method for the calculation of the heat exchange between the
heat transfer fluid (HTF) and the reactor. However, the NTU method is applicable
only in steady state, where the fluid flow is thermally developed. Such approach is
not appropriate for adsorption reactors, since it fails to capture the effects of HTF
residence time and thermal inertia during the switching from heating to cooling the
reactor and the inverse. When the switching takes place, the HTF inlet temperature
is very different to the temperature profile across the tube, and therefore, the NTU
method is not valid. Consequently, one-dimensional models are considered more
appropriate for modeling the adsorption reactors. The condenser and the evaporator
are not significantly affected from the cyclic operation of the reactors, and therefore,
their modeling is based on the lumped capacitance approach.

A priority of this work was to experimentally validate the ACS model. The ex-
perimental validation was based on the adsorption chiller SorTech ACS 05, whose
experimental data are presented in the doctoral thesis of M. Schicktanz [9]. Conse-
quently, the modeling approach is adapted to certain particularities of the adsorption
chiller used for the experimental validation.
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4.2.2 Adsorption reactors

The heat exchanger of the adsorption reactor under consideration is a finned tubular
reactor. The main HTF mass flow is distributed to various finned tubes. The space
between the fins is filled with the adsorbent with the use of an adhesive material. The
tubes are expected to have similar thermal behavior and adsorption rate. Therefore
the simulation of one tube is sufficient to extract conclusions for the entire reactor.
Furthermore, this configuration allows to extrapolate results to different capacities of
ACS by assuming that more tubes are incorporated to the heat exchanger.

The finned tube is discretized one-dimensionally, and the following equations for
adsorption equilibrium, adsorption kinetics and energy conservation are solved for
each control volume. For the pre-heating and pre-cooling phases — when the reactor is
disconnected from the evaporator and the condenser — a mass conservation equation
and the ideal gas law are also solved.

Adsorption equilibrium

The adsorption equilibrium capacity is calculated through the adsorption isotherm,
a relation that provides the adsorption equilibrium capacity w* as a function of the
temperature and pressure. In this study, the adsorbate is water and the adsorbent
is the silica gel type RD [10]. For this adsorption pair, Wang et al. [11] derived
experimentally the Téth isotherm.

w*" = Ky exp(AHads/<Rng))Preac 1)

[1 + (% EXP(AHads/(RgTH))preaC> T] v

The relevant input parameters may be found in Table 3.2. It should be noted, that for
the experimental validation, the isotherm of silica gel 127B reported in [9] is used.
The reason for considering silica gel type RD in the numerical studies — instead of
the 127B — is that the silica gel type RD is more widely used and studied, and its
properties are more well-documented.

Adsorption kinetics
The adsorption kinetics describe the velocity of the adsorption rate from the current
state of the adsorbed mass w towards the equilibrium capacity w*. For the calculation



126 Chapter 4. Development of a computational model for adsorption cooling systems

of the adsorption rate, the Linear Driving Force model is used [12].

dw" 60D, , .,
i (w* —w'™) (4.2)
p

The D, is the temperature-dependent effective diffusivity, calculated by the Arrhenius
equation (equation 4.3), using the reference diffusivity Dy, the activation energy
Eg, the universal gas constant R and the temperature in the control volume under
consideration T". The relevant input parameters may be found in Table 3.2.

D, = Doexp(—E,/(RT")) (4.3)

Energy conservation equations

For each control volume of the tubular adsorption reactor, three energy equations are
solved, for (i) the heat transfer fluid of the secondary circuit, (ii) the heat exchanger
and (iii) the packed bed. Heat transfer takes place between the heat transfer fluid and
the heat exchanger, as well as between the heat exchanger and the packed bed.

e Heat Transfer Fluid of the secondary circuit:

oT" . _
(Mcp)nHTF$ = (mcp)HTF(TfIT% — Tiire) + (UA) fixnre(Thx — Tiie) (44)

The Nusselt number for the calculation of the heat transfer coefficient Uy x_HTF
is based on the Gnielinski equation, using the Petukhov relation for the fric-
tion factor [13]. The required temperature-dependent properties of water are
evaluated at the average temperature between T{}, and the T} on the control
volume under consideration.

e Heat Exchanger:
oTf

(Mcp)on% = Atuve V2 Tiax + (UA) e (Tire — Tix) + (UA)iixps (T — Tiix)
(4.5)
where (Mcp)f;x = (Mcp )t pe + (Mcp)f .- The heat transfer coefficient between

the heat exchanger and the packed bed Uy pg is set to 100 Wm~2K~! [14].
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e Adsorption Packed Bed:

oT! ow\"
(Mcp)y 2 = £ty (57 )| 8Huds + pnap(Tewa = i) + Ecpra (Ton — T

+ (UA)tix-re(Tpg — Tiix)
4.6)

where (Mcp )y = (Mep)§g + (Mep) by, + f (MsgCpiiqw)” + (1 — f) (MsgCp tiqtom)".

The thermal mass of the packed bed control volume corresponds to the ther-
mal mass of the silica gel, the adhesive and the adsorbed phase. Accord-
ing to the experimental study [9], a fraction of the silica gel is inactive in
terms of adsorption (its exterior pores are blocked by the adhesive). How-
ever, its thermal mass is taken into account, assuming an average adsorbed
mass Wm = [(w* (Peva, Tads) + W* (Peon, Tqes)] /2. The silica gel active fraction is
denoted as f. The flag ¢ is 0 throughout the cycle, except during the adsorption
phase, when it is set to 1 in order to take into account the cold vapor entering
into the reactor from the evaporator. During desorption phase, the normal direc-
tion of the vapor flow is from the reactor towards the condenser. However, if the
pre-heating time is insufficient, backflow occurs from the condenser towards
the reactor. In those cases, flag ¢ is set to 1 in order to take into account the
sensible heat associated to this backflow.

Pressure equation

The pressure of the adsorption reactor is imposed by the evaporator or the condenser,
when the reactor is connected to each of them. During the pre-heating and pre-cooling
phases, the pressure is calculated based on the ideal gas law. When the reactor is
disconnected from the evaporator or the condenser, the vapor mass inside the reactor
is calculated and a mass conservation equation (equation 4.8) is solved throughout
the pre-heating and pre-cooling phases. The calculated density is then used for the
calculation of the pressure based on the ideal gas law.

Peva adsorption
Preac = § Peon desorption (4.7)
pgReT  pre-heating/cooling
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Mass conservation equation
The mass conservation equation takes into account the density variations in the void
space volume V of the reactor, as a result of adsorption or desorption.

dpg dw
Vsl = fMsg 5, (4.8)

where dw/ 0t is the average adsorption rate throughout the reactor.

4.2.3 Condenser and Evaporator

With respect to the mass conservation of the condenser, the typical assumption of
constant water mass is adopted. The outlet condensed water mass flow rate is
considered equal to the inlet vapor mass flow rate. For the evaporator, the mass
conservation equation for water is expressed by equation (4.9).

oM; ow ow
7 - II]stg l_ <at>ads ! (at> des] (4'9)

The flag ¢ is zero during pre-heating and pre-cooling phases, whereas during ad-
sorption and desorption is set to 1. Equations 4.10 and 4.11 represent the energy
conservation equation for the condenser and the evaporator, respectively.

dT¢

w .
(Mcp)conTon = wasg [<m> AHcon + Cp,Vap(Tdes — Teon) | + Qsec  (4.10)
des

o(Mh ow ow
: at)eva = ¥/ Msg { - (at> (hvap,satT,,, + GCpvap(Tee — Teva)) + (at> hliq,sat,Tcan:|
ads des

+ QSBC
(4.11)
Similarly to flag ¢ in equation (4.6), the flag { in equation (4.11) is set to 1 only when
vapor backflow occurs from the reactor to the evaporator, in order to take into account
its sensible heat.
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The heat exchanged with the secondary circuit Qsec is calculated based on the NTU
approach, described by the equations 4.12 and 4.13.

Qsec - 77'1sec(3p,sec€ (Tsec,in - Teva/ con) (4'12)
—(UA
e=1—exp (Heva/“’“) (4.13)
MgecCp,sec

4.3 Numerical solution

The component models are implemented within NEST, an in-house, C++ based, object-
oriented platform, which allows the interaction between various models of different
complexity. An implicit temporal discretization scheme and the Gauss-Seidel method
are used. For each timestep, all the components models are solved. After the solution
of each component, the updated values are sent to the components which interact with
it. If a control strategy is applied, the relevant input is assessed based on the control
criteria and the associated action is taken (e.g. deactivate a pump, valve switching
etc.). Once all the components are solved, the procedure is repeated until convergence
is achieved. NEST possesses parallel computing capabilities, which allow to distribute
the simulation in various CPUs in order to reduce the computational time.

4.4 Model validation

4.4.1 Validation case

The numerical model of the adsorption cooling system was compared to experimen-
tal results, adopting reasonable assumptions where the required information was
unavailable.

The criteria sought in the chosen experiment were to provide both transient ex-
perimental results such as the outlet temperature of the secondary circuits and the
pressure of the condenser and evaporator, as well as experimentally measured cycle
performance indicators, namely the COP and the cooling capacity. Furthermore, the
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sought experiment should provide the required information to scale the capacity of
the validated model, in order to study ACSs of different cooling capacities.

As mentioned earlier, the chosen experiment for this task is the one presented by
Schicktanz in his doctoral thesis [9], concerning the commercial adsorption chiller
SorTech ACS 05. He also constructed a numerical model for the simulation of this
adsorption chiller. Although the modeling approach adopted in the present study is
different, the experimental data provided are used for the validation of the presented
model. The most important characteristics of the ACS are presented in Table 4.1, while
Table 4.2 presents the operating conditions of the experiment. For further information,
the reader is referred to [9].

Table 4.1: Adsorption cooling system characteristics [9]

Value Unit
Adsorption reactors
Adsorption reactors quantity 2 -
Heat exchangers per adsorption reactor 2 -
Tubes per HX 6 -
Tube length 12 x 0.685 m
Tubes mass per HX 53 kg
Fins mass per HX 4 kg
Fins area per HX Aging 12.6 m?
Tube heat capacity cp tupe 897 Jkg 1K1
Fins heat capacity ¢p fins 385 Jkg 1K1
Tube diameter dipe 8.92 mm
M;sg per HX 8.4 kg
Magn per HX 1.5 kg
Evaporator and Condenser
Tube and fins mass 22 kg
Tube and fins heat capacity c;, eva/con 385 Jkg 1K1
(UA)eva 890 WK!

(UA)con 3200 WK!
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Table 4.2: Operating conditions for the experimental validation [9]

Input parameter Value  Unit

VHTE des 1.013 m3h!
VHTF,ads 1.562 1’1’13 h~ 1
VHTEcon 1.138 m3h!
VHTEeva 1.736 m3h~!
THTEhigh 75 °C
THTEmedium 28 °C
THTElow 17 °C

4.4.2 Assumptions

Intraparticle mass transfer rate

With respect to the intraparticle mass transfer rate, in Schicktanz’ thesis a constant
coefficient is assumed, without any dependence on the particle diameter and the
temperature [9]. In the present work, such approach is avoided, since the diffusivity,
and thus the adsorption rate, depend significantly on the temperature and the particle
diameter. Therefore, the Linear Driving Force model is employed (equation 4.2), a
typical approach across related literature.

However, the LDF model requires the knowledge of three parameters for the silica
gel 127B which are not reported in [9] or elsewhere. The parameters are: (i) the
reference diffusivity, (ii) the activation energy for the Arrhenius equation, and (iii)
the adsorbent particle size. For the former two parameters, the silica gel RD values
are used, assuming that these properties will not differ significantly between the two
silica gels, since they both are regular density silica gels [15]. For the particle diameter,
the value reported by Fraunhofer researchers in another work is used [16].

Silica gel mass

Schicktanz provides a series of arguments explaining that only a fraction of the silica
gel mass reported by the manufacturer is active in the adsorption process. Some of
these arguments are: (i) the adhesive blocked the pores of some adsorbent particles
and does not allow the mass transfer inside the particle, (ii) the adsorbent was not
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completely dry when measuring its mass, thus it appeared to have higher mass while
in reality, it was partially loaded, and (iii) during the installation or the operation of
the chiller, some particles fell off and they are not in contact with the heat exchanger.

It is impossible to quantify a priori the fraction of the reported silica gel mass that is
active. Consequently, a parameter identification study was conducted for the silica gel
active fraction f, by fitting the numerical results to the experimental results presented
in Table 4.3. Schicktanz also performed parameter identification for this quantity and
proposed the value of 0.667 [9]. In the present study, this fraction has been determined
as 0.685.

Additional thermal mass

The sum of the masses reported by Schicktanz and presented in Table 4.1 is 120.8 kg.
However the mass of the entire chiller is reported as approximately 200kg [17].
Consequently, it is safe to assume that the masses reported by Schicktanz do not
account for the entire thermal mass of the chiller, while elements such as tubes, valves
and the components’ shells might not be included. In this study, an additional mass
of 15kg per reactor heat exchanger is considered. Such value is reasonable when
comparing the mass reported by Schicktanz and the entire chiller mass reported
in [17], as well as by estimations regarding the mass of the reactor shell.

Thermal losses

Implementing the aforementioned assumptions to the model results in a slightly
higher COP value, since the thermal losses are not taken into account. Without
thermal losses, the numerically derived COP is 0.612 whereas the experimental
value is 0.587. An energy balance of the cycle based on the experimental results of
Schicktanz shows that the sum of the heat fluxes of the secondary circuits is not zero,
as it would result in the case of a thermodynamic cycle without thermal losses. The
imbalance was calculated to 813.5 k], which may be interpreted as 320.2 W throughout
the cycle. This amount of thermal losses is incorporated in the model, by distributing
it along the high temperature secondary circuit. It is assumed that the thermal losses
take place exclusively there, since it has the highest temperature difference with the
ambient temperature.
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4.4.3 Results comparison

Table 4.3 presents the comparison of the numerical results and the experimentally
measured results by Schicktanz with respect to the COP, the cooling capacity and the
thermal power input, provided by the high temperature secondary circuit to the ACS.

Table 4.3: Comparison of the experimental and numerical results

cor Cooling Production Input Heat
Value [-] €[%] | Value [kW] €[%] | Value [KW] € [%]

Experimental [9] | 0.587 - 3.62 - 6.17 -
Numerical 0.5867 -0.05 | 3.617 -0.08 | 6.165 -0.08

Figures 4.1 and 4.2 compare the temporal profiles as measured experimentally by
Schicktanz, and as computed numerically by the model presented in this study. Figure
4.1 illustrates the outlet temperature profile of the desorber, adsorber and evaporator,
while Figure 4.2 shows the pressure in the condenser and evaporator.

Secondary circuits outlet temperature profiles comparison
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Figure 4.1: Secondary circuits outlet temperature — Experimental and numerical results com-
parison
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Evaporator and condenser pressure comparison
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Figure 4.2: Pressure in condenser and evaporator — Experimental and numerical results com-
parison

4.4.3.1 Discrepancy between the experimental and the numerical results

With respect to the cycle performance indicators presented in Table 4.3, the model
predicts the experimental results quite accurately, with a maximum relative error
of 0.08%. The temporal profiles presented in Figures 4.1 and 4.2 are predicted less
accurately, however, the general behavior is captured qualitatively and quantitatively
well. As it can be observed, the discrepancies are mostly manifested when valves
switching takes place (t=0, 50, 1270, 1320 s).

The discrepancies between the results may be attributed to various factors. Apart
from common factors (limitations of the model, errors related to the conduction or
the documentation of the experiment, and uncertainties introduced by the aforemen-
tioned assumptions), there is a series of important factors that are responsible for the
discrepancies around valve switching:

- An important distinction between the numerical model and the experiment
is related to the valves switching, when the high and medium temperature
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secondary circuits are redirected from one reactor to the other. While this
switching takes place instantaneously in the model, in reality it has a duration
that lasts about 15s. This effect results in an uncontrolled mixing of the two
flows [9].

- The thermal inertia of the temperature sensors reduces their capacity to capture
sudden peaks of temperature [9].

- The temperature sensors data acquisition interval is 10 seconds [9], thus, it
is possible that peaks within this interval are missed by the data acquisition
system.

Having acknowledged the weaknesses of this experimental validation — arising
from the adopted assumptions where the required information is unavailable - it
is considered that the numerical model can simulate the adsorption chiller with
sufficient accuracy for its intended purpose, which is to study the adsorption chiller
behavior while integrated within a larger thermal system.

4.5 Other models in the adsorption-based solar-cooled building
simulations

4.5.1 Solar collectors

The solar collectors considered in this study are flat-plate collectors. Their efficiency
function is described by equation 4.14 [18]:

—0.012 (Tsc,a - Tamb)2

sc,inc Isc,inc

Tsc,a - Tamb

5 = 0.792 — 3.940 (4.14)

where Ty, is the average temperature between the collector inlet and outlet, T,y
the ambient temperature and I jn. the incident radiation per square meter of solar
collector. Using the calculated efficiency and the area of the collector, the solar outlet
temperature is determined by equation 4.15, considering the mass flow rate and the
thermal capacity of an antifreeze water-glycol mixture.

Asclse
Tsc,out = Tsc,in + M (4'15)

MaffCp,aff
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The collectors connected in series consider as inlet temperature the outlet temperature
of the previous collector, in order to capture the efficiency reduction due to heat losses
when operating at higher temperature. For the simulations, the total collector field is
divided into sub-fields of 5 collectors of 2 m?2, connected in series.

4.5.2 Thermal storage

The thermal storage tank is connected directly to the solar system and provides
thermal energy to the desorbing reactor of the ACS through a heat exchanger. It is
equipped with an auxiliary heater and the thermal losses to the environment are

taken into account through a thermal resistance R,,, applied to its external surface
Aext~

The temporal evolution of its temperature is described by equation (4.16).

dT, . )
(M Cp ) aff E;nk = Myff Cp,aff ( Tsc,out - Ttank) +e ( mcy ) HTF (TACS,out - Ttank)
(4.16)

Ttank — Tamb .
+ —ank _—amb
Ramb/Aext ﬁQaux

where € is the effectiveness of the heat exchanger, and flag f marks whether the
auxiliary heater is activated or deactivated, taking the value of 1 or 0, respectively.

4.5.3 Building model

For the building simulation, the NEST-buildings library was utilized. This library
was previously developed in the CTTC laboratory. The building model is presented
briefly. For a detailed presentation of the mathematical formulation of the building
model, the reader is referred to [19].

The building model takes into account the following physical phenomena:
e Walls, Floor and Roof:

- Heat conduction through multi-layer walls and thermal inertia effects (thermal
energy accumulation) based on one-dimensional discretization.
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- On the interior side, heat convection with interior air and thermal radiation heat
transfer with the other walls of the room, the roof and the floor, depending on
their view factors.

- On the exterior side, heat convection with ambient air, solar radiation and
thermal radiation heat transfer with sky for the walls and the roof; whereas for
the floor, heat conduction with the ground.

- Solar radiation transmitted through the windows.
e Multi-glazed windows:

- For each glass layer the same physical mechanisms as in the wall case are applied,
with respect to heat conduction, heat convection and thermal inertia effects.

Reflection, absorption and transmission of solar radiation for each glass layer.

Natural convection heat transfer in the air chamber between the glass layers.

Thermal radiation heat transfer between the glass layers.
e Interior air:

- Convection heat transfer with the walls, roof, floor and the interior glass layer of
the windows.

- Internal heat and moisture gains provoked by human presence and operation of
electrical appliances.

- Heat and mass transfer related to ambient air fluxes as a consequence of ventila-
tion and infiltrations.

The interaction between the ACS and the building takes place in the air-conditioning
unit. The latter pertains to a fan-coil; a cross-flow, air-to-water heat exchanger. The
HTF exiting the evaporator is circulated through the fan-coil, while interior air is also
forced through it. The HTF exchanges energy with the interior air in order to cool
it down. While on the water side of the heat exchanger only sensible heat transfer
occurs, on the air side, humidity condensation occurs if the temperature is lower than
the interior air dew point, which is calculated based on its temperature and humidity.
The challenging part of the solution of the fan coil is to determine the ratio of sensible
and latent heat exchanged on the air side, when condensation occurs. For the fan-coil
solution, the method proposed by Braun [20] was implemented in the model. For the
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convective heat transfer coefficient on the air side of the coil, the relations proposed by
Abu Madi et al. [21] and Wang et al. [22] are adopted for dry and wet coil, respectively.

The reliability of the NEST-buildings model was tested based on the BESTEST pro-
cedure, published by Judkoff and Neymark [23]. The validation pertains to the
cases of free-floating mode, and heating and cooling mode — both for a lightweight
and a heavyweight building. For the results of this validation the reader is referred
to [19,24].
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Numerical study of an
adsorption-based solar-cooled
building

Contents of this chapter have been included in :

- G. Papakokkinos, J. Castro, R. Capdevila and R. Damle, A comprehensive simulation
tool for adsorption-based solar-cooled buildings — Control strategy based on variable
cycle duration, Energy and Buildings, 231, 110591, 2021

5.1 Introduction

This chapter presents the numerical study of an adsorption-based solar-cooled build-
ing, using the model presented in Chapter 4. Section 5.2 pertains to a literature review
focusing on the works that have studied solar-driven ACSs. Section 5.3 details the
case study under consideration. Section 5.4 presents the optimization process of the
cycle duration of the ACS and the determination of the required ACS capacity for
the case study. Section 5.5 presents the proposed control strategy of the system and
Section 5.6 is dedicated to the results of the numerical study.

5.2 Literature review

Computational models concerning ACSs are widely used and reported in the peer-
reviewed literature [1]. The reported models which elaborate solar-driven ACSs may
be classified in two categories. The first category pertains to dynamic simulations of
the ACS coupled with the solar system, although without simulating the building. In
these studies, the components of the ACS are modeled individually using lumped-
capacitance or one-dimensional approach. The second category of the reported
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models pertains to studies which do include the simulation of the building, but they
do not solve explicitly the individual components of the ACS. The overall performance
of the ACS is evaluated instead as a function of the operating temperatures.

With respect to studies aligned with the first category, El-Sharkawy et al. [2] inves-
tigated numerically the application of an ACS coupled with compound parabolic
concentrator solar collectors in three locations in the Middle East region. They studied
the option of including a hot water storage tank between the solar collectors and
the adsorption chiller. They concluded that its incorporation provides more stability
to the system and higher cooling capacity at the beginning and at the end of the
cycle. The maximum cyclic cooling capacity achieved for the climatic conditions of
Jeddah and Cairo was reported as 14.8 kW, while for the case of Aswan, 15.8 kW was
achieved. Habib et al. [3] used the experimental data of a solar system installed in
Durgapur, India, to investigate numerically the feasibility of a dual mode adsorption
chiller in this location. Simulations of the dual mode adsorption chiller proposed by
Saha et al. [4] were performed, concluding that it can be driven throughout the year
using solar energy; 10 months at the single-stage four-bed mode and 2 months at the
double-stage mode, when the regeneration temperature is below 60 °C. Alam et al. [5]
numerically studied a two-bed conventional adsorption chiller driven by compound
parabolic concentrator collectors for the climatic conditions of Tokyo, Japan. The
system did not contain thermal storage and the chiller is directly driven by the solar
field. Two cases were studied with respect to the cycle duration and the number
of collectors; cycle duration 900s with 18 collectors and cycle duration 1500 s with
15 collectors. The reported COP is approximately 0.45 and 0.55 for the former and
the latter case, respectively. The maximum cyclic cooling capacity achieved is 10 kW
for both cases. The authors also reported that an optimization of the cycle duration
could reduce the required solar collectors area. The same conclusion was reported
in [6], where a similar study was performed for the location of Dhaka, Bangladesh.
Koronaki et al. [7] analyzed numerically a solar driven adsorption chiller in three
different cities in Eastern Mediterranean (Athens, Nicosia and Alexandria), using a
lumped-capacitance model. They reported a maximum cooling capacity of 14.7 kW
in Nicosia. They then proceeded to study the influence of various types of solar
collectors, including hybrid photovoltaic-thermal collectors. Finally, they studied
the influence of the cooling temperature, and reported that a reduction of 2 °C can
improve the cooling capacity by 8.57 %, as well as the energy and exergy efficiency by
12.78 % and 21.8 %, respectively. Tso et al. [8] presented a numerical investigation of a
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solar-driven double-bed adsorption chiller without thermal storage, located in Hong
Kong. A novel adsorbent is employed, a mixture of activated carbon, silica gel and
calcium chloride. They considered an adsorption chiller of fixed capacity and studied
its performance in terms of COP and SCP, with respect to three different solar collector
types and various collectors area. Based on their findings, they recommended 30 m?
of double glazed collectors as the most appropriate solution for the studied case. The
average cyclic COP throughout the day is reported as 0.48. Jaiswal et al. [9] studied
numerically a solar field of evacuated tube collectors directly feeding an adsorption
chiller at Bangalore, India. They performed a parametric study for the solar field area
and cycle duration of the chiller. Several cycle durations of the chiller were simulated,
though for each case the cycle duration was kept constant throughout the day. They
concluded that these two parameters influence significantly the performance of the
system. Pan and Wang [10] studied the effect of the hot water temperature to the
optimal cycle duration. They constructed a linear relation that describes the optimal
cycle duration as a function of the hot water temperature. They reported that the
implementation of this strategy results in a significantly better performance of the
adsorption chiller, in comparison to constant cycle duration throughout the day.

Regarding studies related to the second category, Alahmer et al. [11] numerically
investigated a solar driven adsorption chiller located in Perth (Australia) and Amman
(Jordan), using the TRNSYS software. Parametric studies were performed with
respect to the collector inclination, driving temperature, tank storage volume and
hot water flow rate. During the summer period, the average COP and cooling
capacity for Perth were reported as 0.491 and 10.3 kW respectively, while for Amman,
these performance indicators were determined as 0.467 and 8.46 kW. Angrisani
et al. [12] used TRNSYS software for the simulation of a 200 m? office building in
Naples, Italy. The study was concerned with both heating and cooling. For the
latter, a solar adsorption chiller was employed, and its performance was investigated
based on different solar collector types, inclination angle, solar field area, as well
as hot and cold storage size. The results were evaluated from thermal, economical
and environmental perspective. They reported solar fractions of 0.71 and 0.78 for
the flat-plate and the evacuated collectors, respectively. They estimated that the
carbon dioxide emissions avoidance is in the range of 23-49%, with respect to two
conventional cooling technologies. Palomba et al. [13] developed a similar model
in TRNSYS and compared the numerical results with the performance of a solar
cooled building in Shanghai, China [14]. The reported discrepancies are lower than
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10 %. Then, they substituted the numerical model of the building by a load profile
and proceeded to investigate the system behavior in 5 other locations, conducting
parametric studies of design parameters, such as the area and the inclination angle
of the solar collectors, as well as the thermal storage size. They concluded that
it is possible to achieve annual primary energy savings of 0.97 MWh and carbon
dioxide emissions avoidance of 22 kg, per installed square meter of solar collectors.
Buonomano et al. [15] considered a three-floor building with integrated photovoltaic-
thermal collectors, which are capable to produce electricity and provide useful low
temperature thermal energy. The latter is utilized in order to provide space heating,
space cooling and domestic hot water. They conducted parametric analyses for four
Italian cities. They reported primary energy savings in the range of 59-69%, simple
payback period of 10.6-11.3 years and avoided carbon dioxide emissions of 76-84%.
Using the same commercial software, similar studies were performed for the climate
conditions of Egypt [16], Qatar [17] and Lithuania [18].

The approach followed by the first category of models allows to study the operational
characteristics of the ACS (such as cycle duration), and adapt them to the solar
energy availability in order to achieve an optimal performance under these conditions.
However, since the building is not simulated, the interaction between the ACS and the
building cannot be studied. The operation of the ACS is subjected to the temperature
of the conditioned space. Therefore, this approach cannot be used for the operational
control of the system, for example, to deactivate the ACS when the temperature of
the building reaches a minimum level with respect to the thermal comfort of the
occupants, or to employ antifreezing strategies for the evaporator. Furthermore, this
approach assumes constant evaporator inlet temperature, while in reality it depends
strongly on the building interior temperature.

The approach used by the second category allows to extract important conclusions
for the overall performance of the entire thermal system. However, there are vari-
ous limitations as a result of the macroscopic, non-dynamic modeling of the ACS.
Firstly, it cannot capture the thermal inertia effects resulting from the activation or
deactivation of the ACS, as well as from the variations of the operational conditions.
Furthermore, the influence of the inherent cyclic operation of an ACS is not captured,
and the secondary circuits appear to have smooth outlet temperature profiles, as
commented in [13], whereas in reality the temperature fluctuations are considerable.
Additionally, it does not allow to intervene in the cycle duration, which can be a
useful manner to adapt the ACS performance to the source or the load conditions.
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Moreover, these studies are performed with commercial software, and they often do
not report thorough information for the mathematical formulation of the model and
its experimental validation.

Consequently, the current state-of-the-art for the simulation of solar-driven ACSs
pertains on either omitting completely the building or simplifying significantly the
ACS performance. To the author’s knowledge, the only work to present an integrative
analysis is [19], where a solar cooling and heating application is investigated for the
climate of Orly, France. The adsorption chiller components are simulated with lumped
capacitance models, and they are coupled with the solar system and a relatively
simple building model. The latter does not consider the thermal mass of the walls
and the solar gains through the windows. The study focused on the observation and
phenomenological understanding of the system, without proposing improvement
measures. Furthermore, the authors emphasized in their conclusions that more
complex building models are necessary.

As it arises from the literature review, the current state-of-the-art has important
limitations with respect to the simulation of the entire thermal system. As elaborated
above, these limitations hinder considerably the applicability of such models. Hence,
it becomes evident that a comprehensive simulation tool would be highly beneficial,
since it allows to simulate more realistically the interaction between the solar system,
the ACS and the building.

5.3 Case study: A solar-cooled office in Barcelona

5.3.1 System description

The thermal system considered in this study consists of (i) the solar thermal collectors,
(ii) a thermal storage water tank with an incorporated auxiliary heater, (iii) an ad-
sorption cooling system (ACS) and (iv) a building, whose occupants’ thermal comfort
during hot months must be satisfied. The objective of this study is to investigate the
potential of satisfying this cooling demand using solar thermal energy, and thus, take
advantage of the associated environmental benefits.

Figure 5.1 illustrates the thermal system under consideration, and a brief descrip-
tion of its operation follows. The solar collectors capture part of the incident solar
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Figure 5.1: Schematic diagram of the thermal system under consideration.

radiation. The tank water is circulated through the solar collectors by pump P-ST,
and consequently returns to the tank at a higher temperature. An auxiliary heater
is incorporated, in order to heat the tank water when the solar radiation does not
suffice. Pump P-TC delivers the accumulated hot water to the thermally-driven ACS.
The operation of the latter results in the desired cold production, as temperature drop
inside its evaporator. Pump P-CB circulates the heat transfer fluid (HTF) through the
evaporator of the ACS, where its temperature is reduced. Subsequently, the chilled
HTF is circulated through the air-conditioning unit inside the building. Inside the
latter, an air-to-water heat exchanger, the HTF removes thermal energy from the build-
ing interior air in order to decrease its temperature and maintain it within thermal
comfort levels. The building temperature varies as a result of the internal heat gains
(human presence and electrical equipment) and the interaction of the building with
its ambient climatic conditions.
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5.3.2 Location and type of building

The building under consideration is an office located in Barcelona, Spain (coordinates:
41.38° N, 2.17° E). The climatic data of the location are extracted using the Meteonorm
software. The working hours are set between 9am and 6pm.

5.3.3 Envelope and construction elements

A 160 m?-floor building is considered with dimensions 20 m x 8 m x 3m. The 20 m fa-
cade is oriented towards the south, and it has three double-glazed windows of 7.5 m?
each. Table 5.1 lists the properties of the materials which constitute the construction
elements. The composition of the elements is listed starting from the exterior. Materi-
als that do not contribute significantly to the thermal resistance or thermal mass of
the construction elements (such as impermeable membranes) are not simulated, since
it would increase the computational cost without affecting the results. The material
properties are derived from [20].

Table 5.1: Properties of the construction elements [20].

Thickness Conductivity Thermal capacity Density

cm Wm- 1K1 ] kg_1 K1 kg m3

Roof

Expanded polystyrene 4 0.035 1675 50
Concrete slab 16 1.13 1000 2000
Lightweight plaster 2 0.16 1000 600
Wall

Brick 22 0.84 800 1700
Lightweight plaster 2 0.16 1000 600
Floor

Concrete slab 16 1.13 1000 2000

Tiles 2 0.840 800 1900
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5.3.4 Internal gains

This subsection summarizes the heat gains or losses associated to the internal sources
and ambient air inflows.

Human heat emission

A total of 16 employees are considered conducting sedentary, moderate work. The
relevant heat emissions are reported in [21]. The values adopted in this study per-
tain to a group, equally comprised by women and men. The total emitted heat is
130W /person. Its distribution to sensible and latent heat depends on the temperature.
In [21], the sensible and latent heat are reported for 15, 20, 22, 24 and 26 °C. In
this study, a linear interpolation is performed between these reported values, based
on the building interior temperature. The sensible heat is considered in the energy
conservation equation of the building, while the latent heat is converted to absolute
humidity gain, and it is considered in the vapor mass conservation equation.

Electrical appliances heat emission

The workstation of each employee is considered to be equipped with a desktop
computer (3.0 GHz processor, 2GB RAM), and a 560mm flat panel monitor, with
an average consumption 77 W and 36 W, respectively [22]. Additionally, two laser
printers and a scanner are considered, with an average consumption of 130 W and
16 W, respectively [22].

Lighting heat emission

A required illuminance of 5001ux is considered, which is achieved using LED lu-
minaires with a luminous efficacy of 80 lum/W. The associated heat gain of a LED
luminaire is considered as 78.1 % of the electric capacity installed, according to [23].

Ventilation and infiltration losses

The ventilation rate, responsible for providing outdoor air during the working hours,
is set to 12.51/s per person, according to the local legislation [24]. An additional
2.51/(sm?) is applied to the 10 m? printing zone in order to remove the contaminants.
Furthermore, one air change per hour is assumed throughout the day as the effect of
the infiltration through the building envelope. The calculated airflow is considered in



5.4 Optimization of ACS cycle duration and determination of ACS capacity 149

the energy conservation equation, as well as in the vapor mass conservation equation,
in conjunction with hourly data of the ambient air temperature and humidity.

5.4 Optimization of ACS cycle duration and determination of ACS
capacity

This section summarizes the preliminary calculations performed, in order to deter-
mine the cycle durations of the ACS, as well as the capacity of the ACS, which is
capable of satisfying the cooling demand and maintaining the building within thermal
comfort levels.

5.4.1 Optimization study of the ACS cycle durations

The ACS operation is dictated by two cycle durations, the pre-heating/pre-cooling
time fpre and the adsorption/desorption time fsor, whose sum is the half-cycle du-
ration t,. The performance of the ACS — in terms of cooling capacity and COP
— depends strongly on the cycle duration. However, an optimum set of (fpre, fhalf)
would be a function of several parameters such as the operating temperatures (tem-
peratures of the secondary circuits HTF) and mass flow rates, geometrical parameters
of the components, adsorption pair properties, as well as the desire to prioritize COP
over cooling capacity or the inverse. Upon change of any of these parameters, the
optimum (tpre, thaif) would change as well. Therefore, it is considered essential to
present the process of this study, firstly as a parametric study, which is demonstrative
of the behavior of the ACS in various (tpre, thaif), and secondly, as an optimization
study that allows to determine rapidly the desired (fpre, thalf)-

For the presented case, it is considered Tyes = 80°C, Teon = Tags = 30°C and
Teva = 15°C (abbreviated as 80/30/30/15°C). In the parametric study, the cycle
duration is varied as follows: (i) the pre-heating/pre-cooling time fpre is varied
between 10s and 100s with a step of 5, and (ii) the half-cycle duration ty¢ is varied
between 300s and 2000 s, with a step of 10s. Figures 5.2 and 5.3 present in the form
of two-dimensional contours the influence of the aforementioned cycle durations on
the cooling capacity and the COP, respectively.

As it can be observed, the highest COP and cooling capacity occur in different regions
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Cooling Capacity [W] as a function of cycle durations
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Figure 5.2: Cooling capacity as a function of cycle durations

of the two-dimensional contours. On the one hand, the highest cooling capacity
occurs for fpre = 155 and ¢ = 470s, where the cooling capacity is 4259.9 W and
the COP is 0.366. On the other hand, the highest COP occurs for tpre = 50s and
thalf = 2000s, where the COP is 0.567 and the cooling capacity is 2434.5 W. Operating
the ACS at the cycle durations that correspond to the maximum COP would result
in a significantly lower cooling capacity. In other words, the amount of adsorbent
and in general, the size of the ACS would be underexploited. Operating the ACS at
the cycle durations which correspond to its maximum cooling capacity would result
in a significantly lower COP. Namely, the ACS would consume much more energy.
Consequently, a compromise should be achieved through the selection of (tpre, thaif)
in order to ensure relatively good performance both in terms of COP and cooling
capacity.

In order to couple both cooling capacity and COP into one performance indicator of
the ACS, the following #-function is constructed:
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Figure 5.3: COP as a function of cycle durations

=y <$> +(1—ay) (QCOOI> (5.1)

cool

Where a;, is a weighing factor in order to prioritize the COP or the cooling capacity.
It is set to 0.5 when there is no prioritization. Since COP and Q.. have values of
different order, it is necessary to normalize them and make them comparable. In order
to achieve this, they are divided by COP* and Q
to theoretical maximum values.

:ool, respectively, which correspond

Figure 5.4 illustrates the result of 77-function for the same sets of (tpre, thaif), as in
Figures 5.2 and 5.3.
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Figure 5.4: 7-function for a;; = 0.5 as a function of cycle durations

The n-function for a; = 0.5 is maximized for tpre = 40s and ty,,¢ = 810s, where the
cooling capacity and COP are 3772.7 W and 0.499, respectively. Within this range
of (tpre, thaif), 3249 simulations were required to approach the maximum 5-function
using the parametric study. In order to reduce the required simulations, and thus
accelerate the process of determining the desired (tpre, thalf), an optimization process
is employed. In this case, the NEST platform is coupled to the generic optimization
program GenOpt [25]. GenOpt launches the NEST simulations, reads the results
and evaluates the optimization function #-function. Then, based on the optimization
algorithm (in this case Hooke-Jeeves), GenOpt launches new simulations with the
objective to determine the optimum solution of (fpre, thaif), within the specified range.
Figure 5.5 illustrates the trajectory of the optimization process, from the starting point
to the optimum point. Five starting points are considered, one from each of the four
corners of the specified range and one from the center. All five cases achieve the
optimum point, with the required simulations being between 65 and 93, a significantly
lower value than the 3249 simulations of the parametric study. This methodology
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is employed extensively in Section 5.6.3, in order to detect the optimum cycles for
several operating temperatures and «;;.
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Figure 5.5: Optimization process

5.4.2 Scaling the ACS capacity

The ACS used for the case study is the validated model described in Section 4.4, whose
characteristics are presented in Tables 4.1 and 4.2. As mentioned earlier, a priority
for the validated model was to allow to extrapolate it to ACSs of other capacities.
A scaling factor is applied to the geometrical parameters of the components, the
adsorbent mass and the mass flow rates of the secondary circuits. For example, a
scaling factor of three would exhibit almost equivalent performance as three ACSs
with the capacity of the validated model.

Once the scaled ACSs models were constructed, the same cycle duration optimization
process was applied to each of them. Subsequently, simulations coupling the ACS
with the building were conducted for the month of July. In these simulations, the solar
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collectors and the tank are omitted, instead, the secondary circuit driving temperature
is fixed to Tges = 80°C. This approach allows to separate the effect of the solar
thermal system, in order to evaluate whether the ACS is capable to satisfy the cooling

demand when it operates in its nominal point (cycle durations were optimized for
Tges = 80°C).
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Figure 5.6: Fail time as a function of the capacity scale factor

A performance indicator named fail time is used for the evaluation of ACSs of
different capacities. The fail time is the percentage of the time during which the
interior temperature is 0.5 °C higher than the designated Tmax, with respect to the
total working hours of the solar-cooled office.

Figure 5.6 shows the fail time for ACSs with scale factors from 1 to 4. At scale factor
0, the fail time corresponds to the case where no cooling is provided to the building.
The fail time without cooling is 67.4 %. At scale factor 2.5 the fail time is almost
eliminated, and at scale factor 3 the fail time is 0. Consequently, the ACS that can
satisfy the cooling demand has a scale factor of 3, and this is the ACS used for further
simulations. The performance of this ACS is Q.o = 11318.2W and COP = 0.499,
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for operating temperatures of 80/30/30/15°C and cycle durations tpre = 40s and
thaif = 810s. Figure 5.7 illustrates the interior temperature for scale factors 1, 2, 3 -
as well as the case without cooling — on the 22nd of July. As observed, in the case
without cooling the interior temperature reaches almost 31 °C. In the cases of scale
factors 1 and 2 the interior temperature is above comfort limits, whereas for scale
factor 3, it is maintained within comfort limits.

Ambient conditions and building interior temperature for different scale factors - 22nd of July
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Figure 5.7: Ambient conditions and building interior temperature for different scale factors —
22nd of July

5.5 Control strategy

The thermal system under consideration requires a control strategy in order to achieve
its objective and ensure its faultless operation. In this context, there are four elements
that require regulation, apart from the inner regulation of the ACS (valve openings
that regulate the cycle durations and redirection of secondary circuits). The positions
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of these four elements are illustrated in Figure 5.1, while the control strategy is
explained below and it is illustrated in Figure 5.8.

o Pump circulating HTF between the solar collectors and the tank (P-ST). This pump
is controlled by a differential temperature controller, which activates it when
the HTF passing through the solar collectors increases its temperature above a
certain temperature difference ATy, on. Below this ATy14; o, pumping the HTF
through the solar collectors is considered not beneficial (very low solar radiation)
or even counterproductive (during night). In order to avoid oscillations of
activation and deactivation of the P-ST, once the P-ST is activated, it will be
deactivated when AT,y drops below AT jaroff (Where ATg1ar off < ATsolaron)-
Furthermore, the P-ST will be deactivated if the tank temperature T, reaches
Ttank max- in order to avoid boiling in the tank and delivering temperatures to
the ACS higher than the admissible temperature. Once P-ST is deactivated for
reaching Tiank max, it Will be reactivated at Tiank react-

o Auxiliary heater of the thermal storage tank (AUX). The auxiliary heater is activated
when the temperature of the tank Ty, is lower than a certain temperature
Tauxon- The auxiliary heater ensures that when the solar radiation does not
suffice, the driving temperature Ty, is not lower than the desired level. To
avoid oscillations, once the AUX is activated, it is deactivated when the T,
becomes lower than T, off (Where T,y off < Taux,on)-

o Pump circulating HTF between tank and the chiller desorber (P-TC). This pump —
along with the secondary circuits of the adsorber and condenser, which follow
the same pattern — is responsible for the activation of the ACS and consequently,
for the desired cooling production. It is considered that the objective of the ACS
is to maintain the evaporator temperature within certain limits. Therefore, the
P-TC is activated when the Teva becomes higher than a certain Ty high, and
it is deactivated when Tey, is lower than Ty, ow. The deactivation Ty, 10w 1S
necessary in order to avoid freezing in the evaporator, as well as not to deliver
undesirably low temperatures to the building. The ACS activation is decoupled
from the evaporator secondary circuit. In this way, when the chiller reaches its
freezing limit, it is deactivated, although the secondary circuit of the evaporator
continues to operate if the temperature in the building interior is high.

o Pump circulating HTF between the building air-condition unit and the chiller evapora-
tor (P-CB). This pump is responsible for delivering the low temperature HTF
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to the building, and thus, decrease its temperature. P-CB is activated when
the interior air temperature Tint, exceeds the thermal comfort limit Tjns high and
deactivated when it is lower than Tiy; jow, in order not to decrease excessively
the Tint.

The maximum interior temperature Ty high is set to 26 °C, which according to [26] is
the maximum temperature that would provide thermal comfort of Predicted Mean
Vote of PMV < +0.5, assuming a metabolic equivalent of task of MET = 1.2, and
clothing insulation of 0.5 clo. The Tint 1oy is set to 23 °C. The evaporator temperatures
that dictate the operation of the ACS, Teyq 10w and Teya high, are set to 10 °C and 18 °C.
The maximum admissible temperature of the tank Ti,nk max is set to 90 °C and the
Tiank react is set to 85 °C. The control parameters T,y off, Taux,on, as well as ATgjar off
and AT 0n, are investigated in Section 5.6.
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Figure 5.8: Control strategy diagram
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5.6 Results and Discussion

This section summarizes the results of the simulations of the entire system. The results
pertain to the month of July. The simulations begin earlier in order to eliminate the
influence of the initial conditions.

5.6.1 Performance indicators

While many system parameters are monitored, the performance indicator used for
the comparison of the results is the solar fraction (SF) of the system, calculated by
the equation 5.2. The solar fraction represents the percentage of the thermal energy
provided by the solar system Qggar, With respect to the total thermal energy provided,
the latter being the sum of the Qja; and the thermal energy provided by the auxiliary
heater of the tank Q,ux.

Qsolar
SF = =solar 1009, (5.2)
Qsolar + Qaux

The thermal energy provided by the auxiliary heater Qaux is another performance
indicator used in this study. Although this indicator is specific to the system and
the period under consideration (month of July), it allows to detect the benefits de-
rived from an improved operation of the ACS, as demonstrated in Section 5.6.3.
Furthermore, it is the indicator of the ACS consumption, which is representative
of its operating cost, as well as the avoided CO; emissions. Therefore, it is of great
importance from the user or investor perspective. It also allows the comparison with
other cooling systems, as in Section 5.6.4.

It should be mentioned, that many studies used the performance indicator solar Coef-
ficient of Performance COPyj,,, calculated as the ratio of the total cooling provided
divided by the total solar incident radiation on the collectors. However, in studies con-
sidering an auxiliary heater, the COPg,,,; does not provide meaningful conclusions,
since it does not take into account the contribution of the auxiliary heater. While the
numerator of the COPy,, is nearly constant when the ACS is capable to meet the
cooling demand, the denominator — the total incident radiation — is proportional to
the collectors area. Consequently, the COPgo, decreases as a function of the collectors
area, ranging from 0.49 for Ay, = 20m? to 0.12 for Aggjar = 80 m?2.
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5.6.2 Results based on constant cycle duration

In this section, results of the simulations are presented for the case of constant cycle
durations. The cycle durations used are fpre = 40s and ty,,¢ = 810's, optimized for
operating temperatures of 80/30/30/15°C and a; = 0.5. Three phases of simulations
are considered, with respect to the control parameters of the auxiliary heater (Taux,on,
Taux,off) and the solar pump (ATsolarons ATsolaroff)- Table 5.2 summarizes the numer-
ical values imposed in each phase for these control parameters. Each phase of the
simulations was conducted for solar collectors area Ay, between 20-80 m? with a
step of 10m? and for tank volume Vi, in the range of 2001 and 10001 with a step of
1001. However, the results are plotted for a step of 2001 for the sake of clarity of the
graphs.

Table 5.2: Control parameters for each simulation phase

P-ST Auxiliary Heater

A Tsolar,on A Tsolar,off Taux,on Taux,off
Phase A 5°C 3°C 80°C 75°C
Phase B 5°C 3°C 70°C 65°C
Phase C 3°C 1°C 70°C 65°C

Phase A pertains to the case of Thuxon = 80°C, Tauxoff = 75°C, ATgglaron = 5°C
and ATsolaroff = 3 °C. In this case, the control strategy does not allow the driving
temperature to fall more than 5 °C from the nominal point. On the one hand, the ACS
is assured that the driving temperature will not become significantly lower than its
nominal value. On the other hand, the auxiliary heater is activated more frequently,
especially during the morning hours when the tank temperature is low, and solar
radiation is not sufficient. Figure 5.9 illustrates the results of the solar fraction and
Qaux as functions of the Ag,y, for various Vignk. As arises from the graph, for all tank
volumes there is a maximum SF around 50-60m?2. The maximum SF is 55.2 %, and it is
observed for Ay, = 50m? and Vi = 8001. The minimum Q,yx is 1768 kWh, and it
is achieved for the same Agqpar and Vignk = 6001. At larger solar fields, the maximum
temperature of the tank Ti,nx max is achieved more frequently, and consequently, the
pump P-ST is deactivated for larger periods of time. At Ag,j,, = 80m?, it becomes
evident that the case with the lower Vi, = 2001 can accommodate less thermal
energy than the case of the highest V;,,x = 10001 and consequently, more solar energy
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is rejected, and thus, it has lower SF. It can be also observed that at lower Ag,,, the
SF is approximately 27 % for all Vi, while the Qaux is over 2800 kWh. In these cases,
the tank volume does not have a significant effect on the SF, since the solar thermal
energy production is relatively low and it can be entirely admitted in the tank.
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Figure 5.9: Solar fraction and Qaux for Phase A of the simulations

Phase B pertains to the same case as Phase A, with the difference that the driv-
ing temperature is allowed to become much lower, having as control parameters
Taux,on = 70°C, Thuxoff = 65 °C. In contrast to Phase A, the driving temperature is
allowed to decrease more, and thus, the ACS operates with significantly lower driving
temperature than its nominal point. However, even though the ACS operation is not
efficient, it is based on solar energy, and thus, the SF increases. Figure 5.10 illustrates
the results of the solar fraction and Qaux for this phase. In this case, solar fractions
over 67 % are observed, a significant increase with respect to the maximum SF of
Phase A, 55.2 %. With respect to the Qaux, the lowest value achieved is 1283 kWh,
which constitutes a reduction of 27.4 % with respect to the corresponding value of
Phase A.
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Figure 5.10: Solar fraction and Qaux for Phase B of the simulations

Phase C pertains to the same case as Phase B, although in this case the control param-
eters related to the operation of the differential temperature controller of the solar
field are imposed as ATgjaron = 3 °C and ATggar e = 1 °C. This results in a higher
operation time of the solar field, and consequently, the SF increases. The drawback of
this control strategy is that it would require precise temperature sensors in order to
detect the AT, = 1°C. Figure 5.10 illustrates the results of the solar fraction and
Qaux for Phase C. A significant increase on the SF is observed. The maximum solar
fractions are in the range of 84.7-87.7 %, and they are exhibited at Agyj,r = 80 m? for
all Viank except for 10001, which exhibits its maximum at Agyj,r = 70 m?. However, it
should be mentioned that the SF is quite high for Aggj,r = 50 m?, being only 4.4-5.7 %
lower than the respective maximum of the Vi, under consideration. Therefore, it
could be argued that above Agpj,r = 50 m?, a larger solar field — associated to higher
installation cost, and the necessity of a larger space — does not contribute signifi-
cantly to the SF increase. With respect to the Qaux, a significant reduction is achieved,
reaching values lower than 500 kWh. With respect to Phase B, the reduction of Qaux
is averaged for the various Vi, of each case of solar field Agyjar. This reduction
increases with Aggar, ranging from 10.9 % to 62.6 %, which correspond to Aggp,, Of
20 m? and 80 m?, respectively.
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Figure 5.11: Solar fraction and Qaux for Phase C of the simulations

5.6.3 Results based on variable cycle duration

As mentioned earlier, the results presented above pertain to an ACS with constant
cycle duration. In this section, it is attempted to improve the efficiency of the ACS by
adapting the cycle duration to the instantaneous operating temperatures. Further-
more, the weighing factor a;, is varied in order to explore the ACS performance when
COP is prioritized. Therefore, the optimization process presented in Section 5.4.1 is
repeated for a total of 495 cases, which are the combinations of the following;:

o Ty in the range of 70-90°C, with a step of 2°C
o Teya in the range of 10-18°C, with a step of 1 °C

e a; (the weighing factor which prioritizes COP over cooling capacity) in the
range of 0.5-0.9, with a step of 0.1

When a cycle of the ACS is completed, the control strategy evaluates the operating
temperatures and determines the new cycle duration. The latter is the optimum
value for the instantaneous operating temperatures, as arose from the optimization
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studies. The simulations are based on the same control criteria used in Phase C and
they are conducted for Vi, = 6001. For each Agyp,y, five simulations with variable
cycle duration are performed, using the optimized cycle durations for each of a;.
Figure 5.12 presents the results regarding the solar fraction and the Qayx, as well as
the results corresponding to the case of constant cycle of Phase C for Vi n = 6001.

Firstly, it should be mentioned that at higher a;;, prioritizing the COP in such extent
results to significantly lower cooling capacity, and consequently, to appearance of fail
time (as defined in Section 5.4). The fail time for the case of a;; = 0.7 is exhibited only
for Agolar in the range of 20-40 m?, and it is lower than 0.21 %, whereas for ay of 0.8
and 0.9 the fail time appears in all Ag,r, and it only exceeds 1% for a; = 0.9 and
Agolar < 30m?. To put the fail time in context, fail time of 1% corresponds to 3.1h
without thermal comfort throughout the month of July. Although this fail time can
be considered acceptable, new simulations demonstrated that it can be eliminated if
another control criterion is applied. The cases exhibiting fail time were repeated by
considering that if the interior temperature is higher than 25 °C, the cycle duration
should be chosen based on a; = 0.6. In this way, when the interior temperature
is closer to the thermal comfort limit, the cycle duration prioritizes COP in a lesser
degree and thus, the cooling capacity is higher and thermal comfort is satisfied.
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Figure 5.12: Solar fraction and Qaux for variable cycle duration
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It should be emphasized that the variable cycle approach is not anticipated to influence
significantly the solar fraction. Although an increase in the SF is observed, the variable
cycle approach reduces the entire thermal input of the ACS, but its distribution to
Qsolar and Qaux does not change drastically. In this case, the meaningful indicator
is the auxiliary thermal input Qaux, which is related to the economical cost and
environmental harm that is associated to the operation of the ACS. There are two ways
to interpret the results. The first is to observe that for a given solar field, employing
a variable cycle duration approach results in a reduction of the required Qaux. This
effect is more significant in the lower A, of the studied range, and less significant in
the larger Aoy Of the studied range. Comparing the case of constant cycle duration
to the case of a;; = 0.9, the Qaux reduction ranges from 44.5 % for Aoy = 20 m? to
29.3 % for Agopar = 80m?. The second way to interpret the results is by observing that
if variable cycle duration approach is employed, the same consumption of Q,ux can be
achieved with a lower Agg,r, and thus, with lower installation costs and lower space
requirements. As an example, it can be observed that the Qaux for Agyar = 40 m? and
ay = 0.91is 12% lower in comparison to Agglar = 80 m? and constant cycle duration.
With respect to these two specific cases, it is concluded that an optimized variable
cycle approach may allow to satisfy the cooling demand using half solar collectors
area and lower auxiliary consumption in comparison to constant cycle duration.

5.6.4 Perspective for carbon dioxide emissions avoidance

This section attempts to put in context the CO, emissions avoidance that would
result from the utilization of a solar-driven adsorption cooling system instead of an
electricity-driven conventional cooling system. For the latter, two performances are
considered; COP=2 and COP=4, corresponding to relatively low and relatively high
performance, respectively. Through the simulations, it arose that in order to meet the
cooling demand of the building in July, approximately 2000 kWh of cooling should
be provided. Accordingly, the required electrical energy would be 1000 kWh, and
500 kWhe, for COP 2 and 4, respectively. The CO; emissions related to the consumed
electrical energy are subjected to the energy mix of the electrical grid. Two cases
are considered, the average and the highest CO; emission intensity g CO, /kWhe of
the European Union for 2016. According to the European Environment Agency [27],
these values are 295.8 g CO, /kWh, and 818.9 g CO, /kWh,. The CO, emissions for
the combinations of the two COP and two carbon intensities are shown in Table 5.3.



5.7 Conclusions 165

Table 5.3: CO; emissions of electricity-driven cooling systems (in kg, for the month of July)

| coP=2 COP=4 |
EUqver 2958 gCO,/kWhe | 2958 147.9
EUmax 8189 gCO,/kWh, | 8189  409.5

From the simulations results, the minimum thermal input energy exhibited by the
auxiliary heater Qaux,;, is 359.3 kWhy,. However, technoeconomic restrictions may
not allow to implement a system capable of achieving the aforementioned Qaux,,;, -
Therefore, apart from Qaux,;,, the Qaux = 500kWhy, is taken into consideration
as well, representing a more feasible case since it can be achieved by lower Agy,;.
Considering that this thermal input is delivered by a natural gas boiler, these two
values are converted to CO, emissions by applying a boiler efficiency of 95% (already
available in the market), and an emission factor of 202 gCO,/kWhy, for natural
gas combustion [28]. Therefore, the associated CO, emissions are 106.3 kg CO, and
76.4kg COy, for Qaux = 500kWhy, and Qaux,,,, respectively. Comparing the case
of the ACS with Qaux = 500 kWhy, to the case of electricity-driven cooling system
with COP=4 and the average EU CO, emission intensity, a decrease of CO; emissions
of 28.1% is achieved. Comparing the case of the ACS with Qaux,,, to the case of
electricity-driven cooling system with COP=2 and the maximum EU CO, emission
intensity, a reduction of CO, emissions of 90.7% is achieved. It should be noted that
further CO; emission reduction can be achieved, if a biomass boiler is employed
instead of a natural gas boiler.

5.7 Conclusions

This chapter was dedicated to the numerical study of an adsorption-based solar-
cooled building. A case study is defined regarding a solar-cooled office located
in Barcelona, Spain. The thermal system under consideration involves the solar
collectors, the thermal storage tank with its incorporated auxiliary heater, the ACS and
the building. Prior to the investigation of the entire thermal system, two preliminary
tasks are carried out.

The first preliminary task involves the coupling of the ACS model to the generic
optimization program GenOpt [25]. This coupling provides the ability to perform
optimization studies using the model. In this case, the optimization studies focus
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on the two characteristic durations of the adsorption thermodynamic cooling cycle —
namely, the pre-cooling/pre-heating duration tpre and the half cycle duration ty¢. In
order to illustrate the importance of these parameters, a parametric study is conducted
for tpre in the range of 10-100s and for )¢ in the range of 300-2000s. The dichotomy
between cooling power and COP related to the cycle durations becomes evident,
since their maxima occur at completely different regions. The maximum cooling
power occurs for tpre = 155 and tp,,¢ = 470's, where the cooling capacity is 4259.9 W
and the COP is 0.366. The maximum COP occurs for tpre = 50s and fy,,¢ = 20005,
where the COP is 0.567 and the cooling capacity is 2434.5W. A function that evaluates
conjointly the cooling capacity and the COP is fabricated and it is optimized. The
function allows the prioritization of one of the two performance indicators. In the
case without prioritization, the optimum is exhibited for tpre = 40's and ty,5¢ = 810s,
where the cooling capacity and COP are 3772.7 W and 0.499, respectively.

The second preliminary task involves the determination of the ACS capacity, which
is sufficient for the satisfaction of the cooling demand. The ACS model presented in
Chapter 4 is scaled to different capacities. Then, the building is simulated with the
ACS of different capacities. The minimum scale factor that allows the satisfaction of
the cooling demand of the building is 3.

Subsequently, a control strategy is proposed. In the initial stage, fixed cycle durations
are considered, according to the aforementioned optimization study. The control
strategy regulates four elements: (i) the pump between the solar collectors and the
storage tank, (ii) the pump between the tank and the ACS, (iii) the auxiliary heater of
the tank and (iv) the pump between the evaporator and the building. Three simulation
phases are conducted using different control criteria for the elements (i) and (iii). Each
simulation phase is conducted for solar collectors areas in the range of 20-80 m? and
thermal storage tank volumes in the range of 200-10001. To illustrate the effects of the
control criteria in a distilled manner, the solar fraction and the auxiliary energy input
are summarized below for the case of Ag.j,r = 40m? and Vi = 6001

Phase A considers as temperature difference for the activation of the solar pump
ATgolaron = 5°C and for its deactivation ATy 0t = 3 °C, as well as activation tem-
perature of the auxiliary heater T,ux on = 80 °C and deactivation T, off = 75 °C. The
SF achieved is 50.7% and the contribution of the auxiliary heater is Qaux = 1940 kWh.
In Phase B, the Tauxon and Ty, off are reduced to 70 °C and 65 °C, respectively. For
the case under consideration, the SF is 61.8% and the contribution of the auxiliary
heater is Qaux = 1513 kWh. Subsequently in Phase C, the ATygjar,0n and ATgglaroff are
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reduced to 3 °C and 1 °C, respectively. The SF achieved is 75.4% and the contribution
of the auxiliary heater is Qaux = 971 kWh.

Subsequently, a variable cycle duration approach is adopted. The aforedescribed
optimization study is conducted for multiple combinations of operating temperatures
and weighing factors a; for the prioritization of COP. The variable cycle duration
employs the optimum cycle duration for the instantaneous operating temperatures.
The control criteria are based on Phase C. For weighing factors a; of 0.5, 0.6, 0.7, 0.8
and 0.9, the contribution of the auxiliary heater that arose from the simulations is
820, 739, 656, 554 and 465 kWh, respectively. The importance of the control strategy is
demonstrated, since the contribution of the auxiliary heater — namely, the non-solar
energy consumption of the ACS —is reduced by 76%, in comparison to the results of
Phase A. Furthermore, another manner to interpret the results is to observe that the
adoption of variable cycle duration allows to satisfy the cooling demand with less
solar collectors, thus a significant reduction can be achieved in the initial investment
and space requirements. For example, the auxiliary heater consumption for variable
cycle duration and Agqp,y = 40 m? is 12% less than the auxiliary heater consumption
for Phase C and Ay, = 80m?2.

Finally, the CO, emissions avoidance that would result from the utilization of the
ACS is quantified. The auxiliary heater is assumed to operate with natural gas. The
associated emissions are compared to the respective emission of electricity-driven
cooling systems. Four scenarios are considered, involving the combinations of two
COPs and two carbon intensities. The CO, emissions avoidance was calculated
between 28.1-90.7%. Further environmental benefits can be obtained if the auxiliary
heater operates with biomass instead of natural gas.
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Conclusions and future research

6.1 Conclusions

The objective of this doctoral thesis was to contribute to the investigation of adsorption
cooling systems, a sustainable cooling technology. This contribution is attempted
through the development of two computational models, which approach ACSs from
a different perspective.

Chapter 1 commenced with a brief presentation of the motivation of this thesis. Ad-
sorption cooling is identified as a potential candidate for a sustainable satisfaction of
the highly increasing cooling demand. The reader is then gradually introduced to the
topic. The discussion initiates with the explanation of the basic phenomena involved
—adsorption and cooling production — and subsequently, it elaborates their synthesis
into the adsorption cooling concept and the adsorption cooling thermodynamic cycle.
Then, the major challenges in the design and operation of ACSs are presented, namely,
the dichotomies of the Specific Cooling Power and the Coefficient of Performance
induced by the reactor geometry and the cycle duration, as well as the integration
of an ACS within a wider thermal system, a solar-cooled building. Chapter 1 con-
cludes with a presentation of the objectives of the thesis — the development of the two
computational models and their utilization for the conduction of numerical studies.

Chapter 2 presents the development of the computational model of adsorption packed
bed reactors. The reactor is the most important component of an ACS, and in fact, the
only distinctive component, since evaporators and condensers form part of other cool-
ing technologies as well. The reactor design is determining for the ACS performance.
The developed model is capable to simulate any potential reactor geometry, since
it is implemented using three-dimensional unstructured meshes. Both the packed
bed and the solid heat exchanger domains are simulated in a conjugate manner, thus
allowing to study the influence of the latter on the reactor performance. The modeling
approach for intraparticle and interparticle mass transfer is the Linear Driving Force
model and the Ergun equation for porous media, respectively. The heat transfer inside
the packed bed is modeled with the Local Thermal Non-Equilibrium approach. The
computational speed of the model has a decisive impact on its applicability. In order

171



172 Chapter 6. Conclusions and future research

to improve the computational speed of the model, three modifications were applied
on the initial state of the numerical solution algorithm of the packed bed domain. The
computational cost was drastically reduced by reducing the required iterations, or
by increasing the admissible timestep, or by reducing the computational cost of each
iteration. The numerical model was implemented within the in-house C++/MPI CFD
platform, TermoFluids. Subsequently, the reliability of the model was questioned
through verification and validation assessments. In the verification assessment, the
model was evaluated in terms of energy conservation, mass conservation, mesh
independence, timestep independence, convergence criteria sufficiency, as well as
for correct programming implementation regarding the parallelization in various
CPUs, and memory leakage. The verification assessment was categorized in three
perspectives, representing different levels of expectations from the model. For the ex-
perimental validation, the model performance was compared to experimental results
found in the literature. Finally, the necessity of conducting an experiment in CTTC
was identified and the experiment was conceptually conceived. The chapter closes
with a discussion on the benefits and novelties entailed by this future experiment.

Chapter 3 is dedicated to the numerical studies that were conducted using the compu-
tational model presented in Chapter 2. Two major numerical studies were presented.
The first study pertains to the investigation and comparison of five different reactor
geometries. The motivation of this study is the lack of comparability between differ-
ent studies across the literature. The five geometries are the (a) tubular reactor with
circular radial fins, (b) tubular reactor with square radial fins, (c) tubular reactor with
axial fins, (d) rectangular channel with corrugated fins and (e) rectangular channel
with hexagonal honeycomb fins. The study involves the quantification of the SCP
during the adsorption phase. The quantification of the COP is the next step of this
study, since it requires significantly longer simulations. However, in order to allow the
comparison among different geometries, the Solid Volume Fraction was introduced.
Preliminary COP results prove that — as initially conjectured — geometries with the
same SVF have almost equal COP. Therefore although the COP quantification is an
ongoing task, during the comparison of the SCP results of different geometries with
the same SVF, it can be considered that the COP would be virtually the same. A
base scenario was defined with respect to the fin thickness, the fin length and the
SVE. Subsequently, a parametric study was conducted with respect to each of these
parameters. The second study involves a thorough investigation of a geometry that
remained underexplored hitherto — the hexagonal honeycomb adsorption reactor.
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A parametric study is conducted with respect to the three dimensions that define
the geometry, as well as for various operating conditions. The chapter closes with
a discussion of the results from an engineering perspective. Among the discussion
of several practical aspects, it is attempted to convey that the reactor design should
be application-specific. This arises from the fact that different applications might
prioritize to different degree the SCP over the COP, or the inverse, while the design
reactor is determinant for these performance indicators.

Chapter 4 is dedicated to the development and validation of the adsorption cooling
system model. In this model, a component-level approach is adopted. The reactors
are simulated with one-dimensional models, while the evaporator and the condenser
are simulated with lumped-capacitance models. The ACS model is validated against
experimental results found in the literature, adopting reasonable assumptions where
the required information was unavailable. Chapter 4 closes with a brief presentation
of the models that are coupled to the ACS model in order to form a comprehensive
simulation tool for adsorption-based solar-cooled buildings.

Chapter 5 presents the numerical simulation of a case study, concerning an adsorption-
based solar-cooled building. The case study is defined with respect to the building
(location, dimensions, orientation, windows, construction elements, infiltrations) as
well as with respect to its utilization (time schedules, internal heat and humidity gains,
ventilation rate). The validated ACS model presented in Chapter 4 is scaled to various
capacities. The building is then simulated with various ACS capacities in order to
determine which is the ACS capacity capable to satisfy the cooling demand. Fur-
thermore, the ACS model was coupled to the generic optimization program GenOpt,
thus allowing the conduction of optimization studies. In this case, the optimization
considered the cycle durations, since they are determinant of the performance of the
system. For the operation of the system, a control strategy with fixed cycle duration
was proposed and gradually improved. Three simulation phases were conducted
with different control parameters. In each of these phases, the simulations were
conducted for various combinations of solar collectors and thermal storage volumes.
Subsequently, the optimization process was repeated for numerous combinations
of operating conditions. The obtained optimum cycle durations were used for the
implementation of a control strategy based on variable cycle durations. The latter
was proven highly beneficial since it reduces significantly either the auxiliary thermal
input or the required solar collectors area. The potential CO, emissions avoidance
was calculated between 28.1-90.7% with respect to four scenarios of electricity-driven
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systems of different performance and CO; emission intensity.

6.2 Future research

The outcome of this doctoral thesis lays the foundations for further future research.
With respect to the research direction of the adsorption packed bed reactor:

- Complete the on-going characterization of the COP of different reactor geome-
tries and their comparison.

- The inclusion of other reactor geometries is also under consideration, such as
the flat-plate pin fin heat exchanger, in inline and staggered configuration.

- The conduction of the experiment in the CTTC laboratory (elaborated in Section
2.5.2.3). Apart from the laboratory scopes, its adequate documentation and
publication will be a meaningful contribution to the community.

- Challenge the experimental validation of the model based on the aforemen-
tioned experiment.

- It would be interesting to derive a simplified distributed-parameter model for
the reactor. This simplification may result from adopting approaches such as
the isobaric assumption for the interparticle mass transfer, the adsorption equi-
librium for intraparticle mass transfer or local equilibrium for heat transfer. The
idea is to reduce drastically the computational cost — and quantify the error
introduced. Then the simplified model — being significantly faster — can be cou-
pled to the generic optimization program GenOpt. The geometric optimization
studies would indicate the optimum regions, where the complete model should
be employed for a more accurate quantification of the system performance.

- Explore other engineering applications that can be simulated by the model. The
most prevalent candidates are the seasonal thermochemical storage and the
solar desalination, since they are well-aligned with the research interests of the
laboratory.

With respect to the research direction of adsorption cooling systems:

- Focusing on the ACS, more configurations of the thermodynamic cycle can be
implemented, studied and optimized.
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- The optimization studies presented in the thesis considered the ACS simulation.
Subsequently, the obtained optimum results were utilized to shape the control
strategy of the ACS when it is coupled to the building, the solar collectors and
the thermal storage. In future studies, the optimization procedure will concern
the simulation of the entire system. The parameters that can be optimized
include: the solar collector area, the thermal storage volume, the inclination
angle of the collectors, control criteria values etc.

- The incorporation of a cold storage tank is one of the next steps.
- More complex control strategies should be explored.

- Coupling with more complicated buildings, in terms of geometry and use
profile.

- A more holistic investigation for the satisfaction of the cooling demand of the
building — by incorporating the use of ACS within a wider control strategy, such
as its combination with retractable shadowing elements, nocturnal ventilation
and other domotic applications. For example, when the solar thermal input is
not sufficient, shadowing elements can be activated in order to decrease the
solar gains and consequently the cooling demand. This may allow to the control
strategy to prioritize the COP over the SCP and thus, reduce the auxiliary
consumption.

- Simulations for a year-round thermal management of the building, in order to
evaluate whether the infrastructure for the ACS can be exploited for heating
purposes. During the months without cooling demand, the solar collectors can
be employed for space heating or domestic hot water supply. The operation of
the ACS as a heat pump for heating is also worth investigating.
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Nomenclature

Latin symbols

A area [m?]

a exchange surface area per unit volume for spherical particles [m ']
Cp specific heat capacity [ Jkg ! K™!]

dp particle diameter [m]

D, effective diffusivity [m%s~1]

Dy reference diffusivity [m2s~1]

E, activation energy [J mol ']

f silica gel active factor [-]

H enthalpy [] ]

h specific enthalpy [J kg ']

Ko T6th pre-exponential constant [kgy kgs ! Pa™!]
Kp permeability [m?]

Kg inertia-related parameter for Ergun equation [m]
M mass [kg]

i mass flow rate [kg s

Nu Nusselt number [-]

l surface normal vector

p pressure [Pa]

Pr Prandtl number [-]

Q energy [J]

Q heat flux [W]

g specific heat flux [W m~2]

Gm T6th monolayer capacity [kgy kgg ']

R universal gas constant [J mol 1K 1]

Rg gas constant [J kg’1 K]

Ramb thermal resistance of tank for the ambient losses [m? K W]
RH relative humidity [%]

Re Reynolds number [-]

T temperature [K] or [°C]

t time [s]

u heat transfer coefficient at the subscripted interface [W m 2K 1]
i superficial velocity vector [m s71]
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% volume [m?]
w adsorbed mass [kgyw kg; ']
w* adsorption equilibrium capacity [kgw kgs ']
Greek symbols
o metallic plate thickness [m]
ay COP weighing factor (equation 5.1)
B geometry-specific parameter [m or °] (Sec. 3.3)
cell inradius [m] (Sec. 3.4)
flag for the operation of the auxiliary heater (Sec. 4.5)
v fin length [m] (Sec. 3.3)
cell height [m] (Sec. 3.4)
) fin thickness [m]
AH,q4s isosteric enthalpy of adsorption [Jkg~']
AHevap latent heat of evaporation [J kg_l]
€ void fraction [-]
€ effectiveness of NTU method, or error
¢ flag for backflow from reactor to evaporator (Sec. 4.2)
Ui efficiency [-]
0 convergence criterion [-]
A thermal conductivity [W m1K™!]
U dynamic viscosity [Pas]
¢ flag for backflow from condenser to reactor (Sec. 4.2)
0 density [kgm 3]
o standard deviation
T To6th dimensionless constant [-]
¢ angle [°] (Sec. 3.3)
flag for the adsorber operation (Sec. 4.2)
P flag for the evaporator and condenser operation (Sec. 4.2)



Subscripts and superscripts

ad
adh
ads
aff
amb

aver
Al

calc
cf
con
cool
Cu
cv
de
des
eva
expe

hx
if
inc
init
inst
int
iter

Ppc

p1
reac

adsorption
adhesive
adsorber
antifreeze fluid
ambient
average
aluminium
bed

calculated
control face
condenser
cooling

copper

control volume
desorption
desorber
evaporator
expected

gas

heat exchanger

interface between heat exchanger and packed bed

incident
initial
instantaneous
interior
iteration
liquid

node number
particle
pre-cooling
pre-heating
particle interface
reactor
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react reactivation
rel relative
s solid
sat saturated
sc solar collector
sg silica gel
sec secondary circuit
sub sub-timestep
t total
trans transient
v vapor
w water

Abbreviations
ACS Adsorption Cooling System
AUX Auxiliary heater of the thermal storage tank
COP Coefficient of Performance
GEOM Geometry
GMRES Generalized Minimal Residual method
G-S Gauss-Seidel
HTF Heat Transfer Fluid
HX Heat Exchanger
LHS Left Hand Side
NTU Number of Transfer Units
P-ST Pump circulating HTF between the solar collectors and storage tank
P-TC Pump circulating HTF between the tank and the chiller desorber
P-CB Pump circulating HTF between the building air-condition unit and

the chiller evaporator

PB Packed bed
RHS Right hand side
RMSD Root Mean Square Deviation
SCP Specific Cooling Power [W kg ']
SF Solar Fraction [%]
SVF Solid Volume Fraction [%]
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