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Abstract

The application of the thermally driven adsorption (TDAd) systems seems to be highly
promising to enable sustainable cooling and heating, as the driving energy is low-grade heat,
which is abundantly available from solar and waste heat sources. In addition, the TDAd
systems enable the use of water as refrigerant, which has neither a global warming potential
(GWP) nor an ozone depletion potential (ODP). However, the TDAd systems are still, by far,
less efficient, and more expensive than traditional vapour compression systems.

The heat exchangers applied in the TDAd systems, so far, are taken from other appli-
cations and has always shown either a poor performance or a severe corrosion under the
relevant operating conditions. On the other hand, the manufacturing technology of the nickel
brazed stainless steel Plate Heat Exchanger (PHE) becomes quite affordable and offers
significantly high thermal efficiency with high level of design flexibility, compactness and
reliability. However, no PHEs designed dedicatedly for the application in the TDAd systems
are available in the market. Accordingly, innovative PHEs must be dedicatedly designed for
the application in the TDAd systems, in order to realize high and reliable performance as
well as low manufacturing costs.

In this thesis, design flow chart relying on experimental and numerical approaches
was developed and followed to come up with the best design of the Adsorber Plate Heat
Exchanger (APHE). The design flow chart includes small-scale and full-scale experimental
investigations of different commercially available PHEs adapted in the lab to act as adsorbers.
Experimental investigation has been performed on small-scale adsorbent samples of different
heat and mass transfer characteristic length (HTCL and MTCL) to understand their effect on
the adsorption and desorption kinetics. Based on the obtained results, it can be concluded
that the adsorption kinetics inside the adsorbent domain of an APHE are mainly dominated
by the MTCL, whereas the desorption kinetics are dominated by the HTCL. In order to
optimize the design of the APHE, a 3-D mathematical model simulating the performance of
a real APHE was developed in COMSOL Multiphysics and validated against our obtained
experimental results. Finally, innovative configuration of the APHE was developed and the
3-D simulation model was utilized in the systematic assessment of both HTCL and MTCL of
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the new design. Moreover, the 3-D model was applied to predicted the performance of the
newly designed APHE.

This thesis aimed also to investigate the application of the plate-type heat exchanger as
evaportor in the adsorption appliances. To this aim, an experimental and analytical study
on the evaporation mechanism in a closed-structured PHE employed as a stagnant water
evaporator was conducted. Two endoscopes were mounted inside the investigated evaporator
to visualize the evaporation mechanism when performing adsorption-evaporation processes
under different boundary conditions. It turned out that the evaporation mechanism was a
partially covered, thin film evaporation. A heat transfer analysis was performed to evaluate
the heat transfer coefficient of the thin film evaporation inside the investigated evaporator.
Besides, an analytical model has been developed to correlate the overall evaporator heat
transfer coefficient with the adsorption potential and the time rate of change of the water
uptake in the adsorber.

The results obtained in this thesis imply the appropriateness of the PHE application in the
adsorption systems, which could bring several advantages in terms of the system compactness
and, accordingly, the specific power density of the system. Besides, the construction cost
of the adsorption appliance may be considerably reduced if the closed-structure PHEs are
adopted for use, as there is no longer a need to place neither the adsorber/desorber nor
the evaporator/condenser inside a larger vacuum chamber, which is quite bulky and costly.
The extremely durable operation because of the no corrosion potential is a special added
advantage.



Kurzfassug

Die Anwendung von thermisch betriebenen Adsorptions- (TDAd) Systemen erscheint äußerst
vielversprechend für nachhaltige Kühl- und Heizlösungen, da die Antriebsenergie Niedertem-
peraturwärme ist, welche reichlich aus Abwärme und solaren Energiequellen verfügbar
ist. Darüber hinaus ermöglichen die TDAd-Systeme den Einsatz von Wasser als Kältemit-
tel, das weder ein Treibhauspotenzial noch ein Ozonabbaupotenzial besitzt. Allerdings
sind die TDAd-Systeme bisher bei weitem weniger effizient und teurer als herkömmliche
Dampfkompressionssysteme.

Die in den TDAd-Systemen bisher verwendeten Wärmeübertrager stammen aus anderen
Anwendungen und haben entweder eine schlechte Leistung oder leiden unter schwerer
Korrosion bei den relevanten Betriebsbedingungen. Auf der anderen Seite ist die Fertigung-
stechnologie für plattenverschweißte Edelstahl-Plattenwärmeübertrager (PHE) erschwinglich
geworden und bietet eine deutlich höhere Wärmeübertragungseffizienz, sowie ein hohes
Maß an Designflexibilität, Kompaktheit und Zuverlässigkeit. Allerdings sind derzeit keine
PHEs speziell für den Einsatz in TDAd-Systemen auf dem Markt erhältlich. Daher müssen
innovative PHEs speziell für die Anwendung in TDAd-Systemen entwickelt werden, um eine
hohe und zuverlässige Leistung, sowie geringere Herstellungskosten zu erreichen.

In dieser Dissertation wurde ein Design-Flussdiagramm entwickelt, das sich auf ex-
perimentelle und numerische Ansätze stützt zur Entwicklung eines optimalen Designs für
den Adsorber-Plattenwärmeübertrager (APHE). Das Design-Flussdiagramm umfasst ex-
perimentelle Untersuchungen im kleinen Maßstab, sowie im vollen Maßstab verschiedener
kommerziell erhältlicher PHEs, die im Labor als Adsorber eingesetzt wurden. Experimentelle
Untersuchungen wurden an kleinen Proben von Adsorbenten mit unterschiedlicher, soge-
nannter charakterischer Wärme- und Stoffübertragungslänge (HTCL und MTCL) durchge-
führt, um deren Auswirkungen auf die Adsorptions- und Desorptionskinetik zu verstehen.
Basierend auf den erhaltenen Ergebnissen kann abgeleitet werden, dass die Adsorption-
skinetik innerhalb des Adsorbensbereichs eines APHEs hauptsächlich durch die MTCL
bestimmt wird, während die HTCL für die Desorptionskinetik hauptauschlaggebend ist. Um
das Design des APHE zu optimieren, wurde ein 3D-mathematisches Modell entwickelt, das
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die Leistung eines realen APHEs in COMSOL Multiphysics simuliert und mit den erhaltenen
experimentellen Ergebnissen validiert wurde. Schließlich wurde eine innovative Konfigura-
tion des APHE entwickelt, und das 3D-Simulationsmodell ist zur systematischen Bewertung
von HTCL und MTCL des neuen Designs zum Einsatz gekommen. Darüber hinaus wurde
das 3D-Modell zur Vorhersage der Leistung des neu entwickelten APHE verwendet.

Diese Dissertation zielt auch darauf ab, die Anwendung des Plattenwärmeübertragers
als Verdampfer in Adsorptionsgeräten zu untersuchen. Zu diesem Zweck wurde eine experi-
mentelle und analytische Studie zum Verdampfungsmechanismus in einem geschlossenen
PHE als ruhendem Wasserverdampfer durchgeführt. Zwei Endoskope wurden im unter-
suchten Verdampfer installiert, um den Verdampfungsmechanismus bei der Durchführung
von Adsorptions-Verdampfungsprozessen unter verschiedenen Randbedingungen zu visual-
isieren. Es stellte sich heraus, dass der Verdampfungsmechanismus eine teilweise bedeckte
Dünnschichtverdampfung war. Eine Wärmeübertragungsanalyse wurde durchgeführt, um
den Wärmeübertragungskoeffizienten der Dünnschichtverdampfung im untersuchten Ver-
dampfer zu bewerten. Darüber hinaus wurde ein analytisches Modell entwickelt, um den
Gesamt-Wärmeübertragungskoeffizienten des Verdampfers mit dem Adsorptionspotenzial
und der zeitlichen Änderungsrate der Wasseradsorption im Adsorber in Beziehung zu setzen.

Die in dieser Dissertation erhaltenen Ergebnisse deuten auf die Eignung der PHE-
Anwendung in Adsorptionssystemen hin, was mehrere Vorteile in Bezug auf die Kompaktheit
des Systems und damit auf dessen spezifische Leistungsdichte mit sich bringen könnte.
Darüber hinaus könnten die Baukosten der Adsorptionsgeräte erheblich reduziert werden,
durch Verwendung von geschlossenen PHEs. Dadurch besteht kein Bedarf mehr, weder den
Adsorber/Desorber noch den Verdampfer/Kondensator in einer größeren, meist sperrigen
und kostenspieligen Vakuumkammer, zu platzieren. Der äußerst wiederstandsfähige Betrieb
aufgrund des fehlenden Korrosionspotenzials ist ein besonderer Vorteil.
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Chapter 1

Introduction

Nearly half of the energy demand in buildings was consumed in 2021 for space and water
heating, resulting in 2450 million tons of direct CO2 emissions [1]. According to the
International Energy Agency, the global demand for air conditioning (space cooling and
heating) is expected to grow very rapidly over the next 30 years, contributing to 49.4% of
global electricity demand growth [2]. Regarding the direct consumption of fossil fuels for
space heating, according to the latest figures [1], more than 60% of heating energy demand of
buildings is still met by direct consumption of fossil fuels. Efficient and low-carbon heating
and cooling technologies are, therefore, gaining more importance worldwide, especially
those focusing on the exploitation of low-grade heat sources.

Through this PhD study, a unique contribution to the R&D sector of one of the most
promising technologies targeting the exploitation of low-grade heat sources (T<100 °C)
[3–5] for meeting the space heating and cooling demands of buildings and, accordingly,
mitigating the global warming potential will be introduced. The technology of thermally
driven adsorption (TDAd) systems, like chillers, heat pumps [6, 7] and thermal storage [8, 9],
is a promising sustainable solution for covering cooling and heating demands of buildings
and vehicles [10–12]. However, such technology is not yet mature [13, 14] and further R&D
activities are still required on the level of the adsorption materials, system components and
system management. This PhD shall contribute to the R&D on the system components level,
with an open eye not only on the performance, but also on the sustainability and compactness
of the system.

A TDAd system is mainly composed of a number of heat exchangers (HEs) connected
together but functioning differently. Apart from the HEs integrated into the TDAd systems
for the heat and mass recovery, a typical TDAd system consists mainly of three HEs, namely
the adsorber/desorber, the evaporator and the condenser. Indeed, there are many research
communications dealing with the investigation and development of the adsorber/desorber,
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Fig. 1.1 Configuration of a nickel-brazed stainless steel plate heat exchanger (PHE) available
commercially from AlfaLaval1, Sweden.

but with little attention to sustainability, long-term durability and system compactness. In
addition, there is a noticeable lack of research addressing the investigation and development
of HEs for use as evaporator and condenser in the TDAd systems.

1.1 Application of PHE in TDAd systems

The HEs applied in the TDAd systems, so far, are taken from other applications and has
always shown either a poor performance or a severe corrosion under the relevant operating
conditions. On the other hand, the manufacturing technology of nickel-brazed stainless steel
plate heat exchangers (PHEs) is quite affordable and offers a great design flexibility. A PHE
is a type of compact heat exchanger that makes use of a set of thin metal plates to transfer heat
from one fluid to another. Figure 1.11 shows the configuration of a nickel-brazed stainless
steel PHE. One of the peculiarities of the PHEs that plays a significant role in the heat transfer
between the fluids and metal plates is the existence of corrugations on the plate surfaces [15],
i.e. chevrons or dimples of different forms, dimensions or angles (see Figure 1.22). In fact,
these heat exchangers are characterized by a significantly higher thermal efficiency combined
with high compactness and reliability.

However, no PHEs designed dedicatedly for the application in the TDAd systems are
available in the market. Accordingly, innovative PHEs must be dedicatedly designed for the

1www.alfalaval.com
2www.technoserviceco.com
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(a) (b)

Fig. 1.2 Individual plate of a PHE2, (a) chevron form (b) dimple form

application in the TDAd systems, in order to realize high and reliable performance as well as
low manufacturing costs.

1.2 Objective of the thesis

The main objective of this thesis is, therefore, to develop and design a highly efficient,
compact and sustainable plate-type adsorber heat exchanger for the application in the TDAd
systems.

To this aim, the development and design flow chart depicted in Figure 1.3, which relies
on experimental and numerical approaches, will be followed to come up with an optimized
design of the Adsorber Plate Heat Exchanger (APHE). The development and design flow
chart includes experimental investigation of different commercially available PHEs adapted
to act as adsorbers. In the meanwhile, small-scale adsorbent samples of the same Heat and
Mass Transfer Characteristic Lengths (HTCL and MTCL) of the adsorbent domain inside
the investigated APHEs shall be carefully designed and experimentally investigated using
a Volumetric Large Temperature Jump (V-LTJ) kinetic setup. The kinetic results of each
investigated APHE and its representative adsorbent sample shall be compared. Obtaining a
good matching between the kinetics of both small-scale samples and full-scale APHEs is the
way to step into the next stage of the proposed development and design flow chart, which
aims to experimentally investigate small-scale adsorbent samples of different HTCL and
MTCL to fully understand their effect on the adsorption and desorption kinetics. In order to
optimize the design of the APHE, a 3-D mathematical model simulating the performance
of a real APHE shall be developed in COMSOL Multiphysics and validated against the
obtained experimental results. In the last stage of the development and design flow chart,
innovative configurations of the APHE shall be developed and the 3-D simulation model
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Fig. 1.3 APHE’s development and design flow chart

shall be utilized in the assessment of both HTCL and MTCL of the new design. Finally, the
3-D model will be utilized in predicting the performance of the newly designed APHE.

Beside the design optimization of the APHE, this thesis aims to investigate the application
of the plate-type heat exchanger as evaportor in the adsorption appliances. To this aim, an
experimental and analytical study on the evaporation mechanism in a closed-structured PHE
employed as a stagnant water evaporator is conducted. Endoscopes are mounted inside the
investigated evaporator to visualize the evaporation mechanism when performing adsorption-
evaporation processes under different boundary conditions. A heat transfer analysis is
performed to evaluate the heat transfer coefficient of the evaporation inside the investigated
evaporator. Besides, an analytical model is developed to correlate the evaporator performance
with the adsorber performance.

1.3 Structure of the thesis

The thesis is composed of the following chapters:

• Chapter 2 discusses the state of the art of the heat exchangers applied in the TDAd
systems. The techniques of measuring the adsorption and desorption kinetics of small-
scale adsorbent samples will be discussed. Moreover, the published results in literature
on the matching between small-scale kinetic measurements and full-scale ones will be
presented and discussed.
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• Chapter 3 presents the adaptation work done on two different commercially available
plate heat exchangers to realize lab-scale Adsorber Plate Heat Exchangers (APHEs).
In addition, the chapter presents the experimental investigation results of the adsorp-
tion and desorption kinetics of the two APHEs. A new methodology developed to
prepare small-scale adsorbent samples representative in terms of the heat and mass
transfer characteristic lengths (HTCL and MTCL) to the adsorbent domain inside the
investigated APHEs is presented. The experimental kinetic results of the small-scale
adsorbent samples are presented and compared to the results of the APHEs.

• Chapter 4 presents the development of a 3-D mathematical model implemented in
COMSOL Multiphysics software. The model calibration and validation against the
APHEs’ kinetic results are presented.

• Chapter 5 presents the performance predicted of an innovative open structured APHE
designed recently by the research team of the Laboratory of Sorption Process (LSP) at
OTH Regensburg. The methodology introduced in Chapter 2, to prepare small-scale
adsorbent sample representative to the adsorbent domain of a real APHE, beside the
3-D simulation model presented in Chapter 4 are applied to predict the performance of
the newly introduced APHE of the LSP’s research team.

• Chapter 6 presents experimental and analytical investigation of the effect of the HTCL
and the MTCL on the adsorption and desorption kinetics of small-scale adsorbent
samples prepared dedicatedly to be representative to the adsorbent domain inside two
different open structured APHEs (presented in Chapter 3 and 5).

• Chapter 7 introduces an innovative design concept of a closed structured APHE. In
addition, the 3-D simulation model is utilized to assess the HTCL and MTCL of the
new design and applied to predicted the performance.

• Chapter 8 presents the application of the plate-type heat exchanger as an evaportor
in an adsorption appliance. An experimental and analytical study on the evaporation
mechanism in a closed-structured PHE employed as a stagnant water evaporator is
presented. Besides, the chapter introduces an analytical model, which correlates the
overall evaporator heat transfer coefficient with the adsorption potential and the time
rate of change of the water uptake in the adsorber.

• Chapter 9 summarizes the results of the thesis and addresses some future research
topics.





Chapter 2

State of the art of the heat exchangers
applied in the adsorption systems

In this chapter, the basic definitions and fundamentals of TDAd systems are first presented.
Then, a very specific literature review on the aspects most related to the objectives of this
dissertation is presented and discussed. In addition, the sustainability of the adsorber heat
exchanger, the fundamentals of proper selection of the adsorbent-adsorbate working pair, the
configuration of the adsorber heat exchanger, the kinetic setups, and the matching between
full-scale and small-scale adsorption kinetic measurements are covered.

The last section of this chapter (Section 2.11) presents the state of the art of evaporator
heat exchangers applied so far in adsorption appliances with particular emphasis on the use
of plate heat exchangers with water as a refrigerant.

2.1 Adsorption phenomenon

Adsorption is a process in which the molecules of a fluid come into contact with the surface
of a solid substance and adhere to it. When the adsorption phenomenon is caused mainly
by van der Waals forces and electrostatic forces between the adsorbate molecules and the
molecules forming the surface of the adsorbent, without any chemical bonding, the process
is called physical adsorption. When the adsorbate and adsorbent interact chemically, the
process is called chemical adsorption or chemisorption. Unlike physical adsorption, chemical
adsorption assumes that molecules cannot move freely on or within the surface. The release
of fluid molecules from the solid surface is called desorption, which is the opposite process
of adsorption.
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Fig. 2.1 Physical adsorption phenomenon

It is important to know the properties of the materials involved in the adsorption process.
The porous solid that adsorbs and desorbs the fluid is called the adsorbent. Adsorbents are
characterized by extremely large internal surface area and high polarity. The fluid molecules
that do not adhere to the surface are called adsorptive, and the molecules that do adhere are
called adsorbates. This is clearly shown in Figure 2.1.

The capacity of adsorption is denoted by w, which is defined as the ratio between the
mass of the adsorbate madsorbate and the mass of the dry adsorbent madsorbent .

w =
madsorbate

madsorbent,dry
(2.1)

The maximum adsorption capacity, which depends mainly on the internal surface area
and void fraction of the adsorbent, cannot be fully utilized because of mass transfer limitation
involved in adsorbate-adsorbent interacting processes. In order to estimate the dynamics
of the adsorption process, it is necessary to have information on adsorption equilibrium.
When the adsorbent is in contact with the surrounding fluid (adsorbate), adsorption takes
place and after a sufficiently long time, the adsorbent and the surrounding adsorbate reach
equilibrium. At the equilibrium state, the rates of attaching and detaching or adsorbing
and desorbing molecules become equal. The development of an equilibrium model of an
adsorbent-adsorbate pair is described in several works, such as [16]. It includes usually
experimental measurements of adsorption isotherms, using e.g. a thermo-gravimetric analyser
(TGA), and fitting the obtained experimental data to a proper equilibrium model, such as
Langmuir, Dubinin-Astakhov or Freundlich model. The following equation refers to the
Dubinin-Astakhov model, which is the most commonly used.

w[g.g−1] = woexp(−(
F
E
)n) (2.2)
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Where wo [g.g−1], n and E [kJkg−1] are fitting parameters. F is the adsorption potential
or the Dubinin-Polanyi potential,

F =−R.T.ln(
P

Psat
) (2.3)

Where P is the adsorbate vapour pressure and Ps is the saturated adsorbate pressure at
temperature T .

2.2 Basic TDAd system

Knowledge of the fundamentals of the adsorption phenomenon is of great importance for the
development of new systems and the improvement of the existing technology. Adsorption
refrigeration/heat pump cycles are based on the adsorption of a refrigerant onto an adsorbent
at low pressure. For cyclic operation, the adsorption process must be followed by a desorption
process that consumes low-grade heat (T<100 °C). The basic configuration of an adsorption
chiller/heat pump consists of three connected heat exchangers. Figure 2.3 shows the so-called
three-heat exchangers configuration. The first heat exchanger is filled in with an adsorbent
material and is called the adsorber/desorber. The second heat exchanger contains refrigerant
and acts as an evaporator, meanwhile the first heat exchanger acts as adsorber. The third
heat exchanger acts as a condenser, meanwhile the first heat exchanger acts as desorber.
Initially, the adsorber/desorber is separated from both evaporator and condeser by Valve 1
(V1) and Valve 2 (V2), respectively. During the preheating process, heat is applied to the
adsorber HEx resulting in increasing the temperature of the adsorbent. A small amount of the
refrigerant is, then, released into the closed vapour phase, which induces a pressure increase
until the pressure reaches the condenser pressure. At this point, the desorption process starts,
by keeping V1 closed and opening V2 to connect the adsorber/desorber with the condenser
(Figure 2.2b). Heating the adsorbent in its heat exchanger (desorber) drives out the refrigerant
from the adsorbent. The desorbed refrigerant gas condenses in the condenser, releasing the
latent heat of condensation until the end of the desorption phse (Figure 2.2b). Then the
adsorber/desorber has to be separated again form both evaporator and condenser (V1 and V2
are closed). A cooled heat transfer fluid (HTF) (mostly at ambient temperature) shall pass
through the adsorber/desorber to cool down the adsorbent inside. This causes the refrigerant
surrounding the adsorbent in the adsorber to be adsorbed and, consequently, the pressure in
the adsorber decreases until it reaches the level of the evaporator pressure. Such process is
called the precooling process (Figure 2.2c). Figure 2.2d shows the adsorption process, in
which V1 is open and V2 is closed. As the adsorbent is cooled and has low content of the
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(a) (b) (c) (d)

Fig. 2.2 Operation cycle of a three-heat exchangers adsorption chiller, (a) preheating, (b)
desorption, (c) precooling, and (d) adsorption

adsorbed refrigerant, it sucks the refrigerant from the evaporator causing the refrigerant to
evaporate and resulting in the production of the cooling effect. To keep a cyclic operation,
the adsorber/desorber should return to its initial state. This means the two valves shall be
closed and a HTF at high temperature shall be allowed to pass through the adsorber/desorber
to raise its temperature and, accordingly, the pressure of the refrigerant inside. During the
preheating process of the next cycle (Figure 2.2a).

From the previous brief description of the cycle, it can be concluded that it is an intermit-
tent cycle since the useful cooling occurs only during the adsorption phase (Figure 2.2d).

2.3 Ideal adsorptive cycle

It belongs to the ideal processes that the desorption-condensation takes place at constant pres-
sure (Figure 2.2b), which is determined by the condenser temperature, while the evaporator
temperature determines the pressure of the adsorption-evaporation (Figure 2.2d) process.

Figure 2.3 presents the ideal working cycle of the adsorption chiller, described above, on
Clapeyron diagram, where the vertical axis represents the adsorbate (refrigerant) pressure
(P), the horizontal axis represents the adsorbent temperature (T ). Thus, the horizontal lines
on the diagram represent constant values of P, the so-called isobars, and the vertical lines
represent constant values of T , so-called isotherms. Each inclined line represents a constant
value of w (see Equation 2.1), which is termed as an isoster. The equilibrium model of an
adsorbent-adsorbate pair refers to the correlation(s) describing the relationship between P,
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T and w. To give the reader sense of the T and P values on a real adsorption chiller/heat
pump, the values depicted on the cycle, in Figure 2.3 are for the silica gel-water pair upon
applying an evaporator temperature of 5°C, a condenser temperature of 35°C and a driving
heat (desorption) temperature of 90°C. For the silica gel-water pair, four different equilibrium
models have been found in the literature [17–19]. The values of T and P of point (2) (T2 and
P2) and point (4) (T4 and P4) depicted on the figure are in accordance with the equilibrium
model introduced in [17].

The cycle processes could be reprsented on the Clapeyron diagram as follows:

• The desorption and adsorption isobars are determined from the intersection points
of vertical isotherms representing the condensation and the evaporation temperatures
(Tcond , Tevap) respectively with the refrigerant vapour pressure line (the left-most last
black dashed line).

• The value of w at the end of the desorption process represented by the inclined line
that passes through the intersection point of the desorption temperature (Th) isotherm
and the isobar that gives the desorption-condensation pressure (Pcond), point (3).

• The precooling process begins after the completion of the desorption process (point
(3)) and ends as the system pressure becomes equal to the adsorption-evaporation
pressure (Pevap), where the adsorption process begins, point (4).

• Adsorption process starts at point (4) and comes to end at point (1), which is determined
by the intersection point of the vertical isotherm representing the adsorption-end or the
condenser temperature and the isobar representing the adsorption-evaporation pressure.

• The preheating process starts from point (1) and ends at point (2), which is deter-
mined by the intersection point of the isoster passing through point (1) and the isobar
representing the desorption-condensation pressure.

• Isobaric desorption process starts at point (2) and comes to end at point (3).

The two most common performance indicators of the adsorption chillers and heat pumps
are the efficiency and the power density. Efficiency is measured by the coefficient of
performance (COP), which is defined as the ratio of the useful (cooling/heating) energy
output to the total energy input for isosteric heating (Qh) and desorption (Qdes) .

COP =
Quse f ul

Qadd
(2.4)
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Fig. 2.3 Ideal periodic adsorption chiller cycle on Clapeyron diagram
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Where,
Qadd = Qh +Qdes (2.5)

In case of chiller:
Quse f ul = Qevap (2.6)

In case of heat pump:
Quse f ul = Qcond +Qads (2.7)

where Qcond and Qads are the heat release from the condenser (during the desorption-
condensation phase) and the adsorber (during the adsorption-evaporation phase), respectively.

Power density, on the other hand, represents the average useful (cooling/heating) power
per unit mass (denoted by SP) or volume (denoted by V SP).

SP =
Quse f ul

tcycle.m
(2.8)

where, tcycle the cycle time and m refers to the mass of the used adsorbent material [20–23],
the adsorber heat exchanger or the whole chiller/heat pump system.

V SP =
Quse f ul

tcycle.V
(2.9)

where, V refers to the volume of the used adsorbent material [24], the adsorber heat exchanger
[25, 20] or the whole chiller/heat pump system [26, 27].

2.4 Research categorization

Research an development activities in the field of the of TDAd systems can be categorized
into three main areas:

• The first is the area of developing novel adsorbents, such as the new family of com-
posite adsorbents called selective water sorbents (SWS) [28, 29], the biomass derived
adsorbents [30, 31] and the metal organic frameworks (MOFs) [32–35]. Rocky et
al [36] presented a comprehensive review on the composite adsorbents. Different
adsorbent families suitable for the application in the adsorption heat pumps, chillers
and thermal storage systems are listed and compared in [37–40].

• The second research area is the design improvement of the system components, such
as developing heat exchangers to act as adsorber/desorber [41, 42, 26] or as evapora-
tor/condenser [43] for the application in the adsorption heat transformation systems.
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• The last research area concerns the system management and integration, such as: (i)
the adsorption cycle time and the time allocation of the adsorption and desorption
phases [25], (ii) the heat and mass recovery [44], which aims at enhancing the system
coefficient of performance (COP), (iii) the improvement of the adsorption and the
desorption dynamics by initiating the processes with different techniques, i.e. pressure
initiated and temperature initiated [45], (iv) the development of new concepts for
specific applications, such as integrating a vapour compression system to an adsorption
system [46] and integrating heat pipes into a finned tube adsorber heat exchanger [47].

Instead of a general discussion of the three aforementioned research areas of the TDAd
systems, the next sections present and discuss a very specific literature review on the aspects
most related to the objective of this thesis.

2.5 Adsorber sustainability

The adsorber/desorber heat exchanger (Ad-HEx) is the core component of an adsorption
system. Realizing highly efficient and durable Ad-HExs is crucial for improving the per-
formance and sustainability of adsorption appliances. Concerning the durability, special
care has to be taken regarding the adsorbent material as well as the Ad-HEx construction
material(s). The cycling stability of the adsorbent material deems to be a crucial requirement
for building a sustainable adsorption system. Many adsorbents, which seem highly promising
in terms of the adsorption capacity, thermal properties and diffusion characteristics do suffer
from poor hydrothermal cycling [48]. Aside from the mechanical robustness of the adsorbent,
some non-desired inert gases could be released upon conducting successive adsorption and
desorption processes. It is related to adding some organic binding materials in the coating
process of the adsorbents [20]. Therefore, the release of non-condensable gases from binder
degradation is expected in coated adsorber heat exchangers, leading to a significant reduction
of their start of life performance [49]. In-situ crystallization technology has been utilized
to produce coating adsorbents without a binder content [50–52], however this technology is
quite costly and a very limited thickness can only be realized (20 -150 microns) [53].

The utilization of loose pellets of adsorbents inside the adsorber heat exchanger is a
cheaper alternative to coating or in-situ crystallization. Figure 2.4 shows the three different
forms of the adsorbent material [53]. Loose pellets offer a high cycling stability than coatings
[53] as well as a high mass transfer area per unit mass. Indeed, the heat transfer characteristics
of in-situ crystalized coatings are quite high compared to the loose pellets, leading to high
specific power outputs (per kgadsorbent). The limited coating thickness restricts, however, the
Coefficient of Performance (COP) and the volumetric storage density [53], if applied as a
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storage system. On the other hand, making use of loose pellets results in relatively high COP
and volumetric storage density with a comparable specific power output (per kgadsorbent)
with the binder-coating form, if the pellets’ size and the adsorbent bed thickness are carefully
optimized. In [54–56], it was demonstrated that a layer of loose pellets can provide the same
specific power of a coated adsorbent layer. Table 2.1 compares between the three forms of
the adsorbent material.

The construction material of the Ad-HEx has to be highly resistive against corrosion,
otherwise inert gases will release out of corrosion reactions resulting in a continuous perfor-
mance reduction and, on the long term, in destroying the heat exchangers and, consequently,
the whole machine [20, 57]. For small-scale systems dedicated for single and double family
houses, where the installation of a vacuum pump for maintenance is not allowed, aluminium
has to be avoided as a construction material of the Ad-HEx, as it is subjected to high corrosion
rates under pure water vapour, ethanol and methanol atmospheres [58, 57, 59].

Moreover, the type of the adsorber heat exchanger plays a significant role in the system
sustainability. For instance, the application of finned-circular and finned-flat tube heat
exchangers attracted the research highest interest so far. Comparisons between several Ad-
HEXs with different designs have been reported in [60, 61]. The authors concluded that the
finned-circular and finned-flat tube Ad-HEX provide the best performance in comparison
with other adsorber designs. Indeed, at the first thought, the application of finned-circular
and -flat tube HEXs seems to be the best choice, thanks to their wide availability and large
heat transfer surface area. Concerning the system’s specific power output (SP), adsorber heat
exchangers that provide large area for the heat transfer are quite favourable. However, when
the sustainability is taken into consideration, they could suffer in the long term from high
heat transfer resistance at the interface between the root of the extended surfaces (fins) and
the main tube surface [62]. See Figure 2.5a. As the fins are normally made of aluminium or
copper and the tubes of copper or stainless steel, corrosion does take place with all known
refrigerants for TDAd systems; namely water, ammonia, methanol or ethanol [63, 64, 57]. In
case of applying a composite sorbent including salt like CaCl2, LiBr or LiCl, the leakage
of the salt does not only lead to performance degradation, it could also completely damage
the adsorber heat exchanger as the corrosion becomes more pronounced [65] and probably
the fins completely lose contact with the main tube surface. Also, if the finned circular-tube
or flat-tube heat exchangers are made of a highly resistive material such as stainless steel,
the poor thermal contact at the interface between the fins’ root and the main tube surface
can only be avoided if the fins are perfectly brazed to the tubes, which implies an additional
corrosion potential.
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(a) (b) (c)

Fig. 2.4 Forms of the adsorbent material, (a) binder-based coating, (b) in-situ crystallization
and (c) loose pellets (grains)

Table 2.1 Comparison between the different forms of the adsorbent material

Binder-based coating In-situ crystallisation
coating Loose grains

Good heat transfer
properties

High heat transfer
properties

Good heat transfer properties if
the grain size is selected

carefully
Limited amount of

adsorbent per unit of HEx
volume

Limited amount of
adsorbent per unit of HEx

volume

high amount of adsorbent per
unit of HEx volume

Low thermal stability Good thermal stability High thermal stability
High production cost Very High production cost Low production cost

To sum up, besides the adsorbent and its binder system have to be stable, the construction
material and the type of the adsorber heat exchanger should also be carefully selected.

2.6 Adsorbent-adsorbate appropriateness

The adsorbent-adsorbate equilibrium properties, their thermal properties and the mass dif-
fusion characteristics do very much influence the performance of an adsorption appliance.
For instance, some MOFs, such as MIL-100 and MIL-101 families, have recently attracted
high attention due to their high capacity of water adsorption [66]. Figure 2.6 depicts the
variation of the water uptake (w) against the adsorption potential (F) of water in different
adsorbents, namely Siogel [17, 18], Zeolites 13X [67], AQSOA-Z02 [68], AQSOA-Z01 [68],
and Metal-Organic Frameworks (MOFs), MIL-101(Cr) and MIL-NH2-125 [19]. Assuming
that Tev/Tcond/Th=10/30/80°C are the operating conditions of an investigated adsorption
chiller for which a suitable working pair has to be selected. As depicted in Figure 2.6, the
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(a) (b)

Fig. 2.5 Most commonly applied HExs in the adsorption field,(a) finned-circular-tube (rect-
angular or annular fins) and (b) finned flat tube

maximum differential water uptake of an adsorption chiller (∆wmax) obtainable at 10/30/80°C
can be determined from the intersection between the vertical black lines referring to the
minimum and the maximum adsorption potentials (Fmin and Fmax) and the w−F curve of
the working pair [69, 70]. The Fmin and Fmax are the minimum and maximum adsorption
potential taking place in an adsorptive cycle of an adsorption chiller, i.e. F at points (3) and
(1) depicted on Figure 2.3. Fmin and Fmax can be evaluated using the following equations;

Fmin = R.T.ln(
Psat(Tcond)

Psat(Tev)
) (2.10)

Fmax = R.T.ln(
Psat(Th)

Psat(Tcond)
) (2.11)

The maximum differential water uptake (∆wmax) obtained from the two w−F curves
of the MOF adsorbents, i.e. MIL-NH2-125 and MIL-101(Cr), are the highest values. They
amount to 0.254 and 0.176 g.g−1, respectively. At first thought, the application of NH2-
MIL-125 represents the best choice, then MIL-101(Cr) comes second. However, in the study
presented by Graf et al. [19], other aspects are presented that must be considered in the
selection of the right adsorbent.

Graf et al. [19] have carried out experimental investigations on the dynamics of water
adsorption on the two aforementioned MOFs; i.e, MIL-101(Cr) and MIL-NH2-125, and
compared them with Siogel, which is characterized by a relatively lower capacity for water
adsorption. The study showed that, for the common temperature set 10/30/80 °C, MIL-
101(Cr) has demonstrated the highest adsorption capacity, but with significantly lower COP
(-19%) and volumetric cooling power (-66%) than Siogel. MIL-NH2-125 demonstrated
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Fig. 2.6 Variation of the water uptake, w, against adsorption potential, F , for different working
pairs

improvement in the COP by 18% compared with Siogel, but with a reduction in the power
density by 28%. From the results, they concluded that, the low performance of the two
investigated MOFs compared with Siogel are due to the non-matched shape of their isotherms
to the specific operating temperatures. Finally, they returned the low efficiency of the MOFs
to their lower density and lower heat and mass transfer characteristics compared with Siogel.

2.7 Adsorber HEx configuration

This section discusses the design of the finned tube adsorber heat exchanger, which is most
commonly applied in the field. In addition, some specially designed adsorber heat exchangers
that have unique performance are separately addressed. Finally, the application of the brazed
plate heat exchanger as an adsorber/desorber is discussed.

2.7.1 Finned tube adsorber heat exchanger

As mentioned previously, the finned-circular and finned-flat tube heat exchangers are the most
commonly applied in the adsorption machines. Their investigation dominate the research
activities in the field. Several communications addressed the optimization of the distance
between the fins and fin geometry, thickness, and height [71–73]. The fin pitch and fin
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height are indicators for both the heat and mass transfer paths in the adsorbent domain of the
adsorber, respectively. However, few studies addressed the optimization of such parameters
experimentally. Kubota et al. [74] presented the improvement in SCP and COP values of a
finned tube adsorber heat exchanger, introduced in [75], after utilizing a numerical simulation
model for optimizing the HEX design [72]. They reported in [74] that the optimized HEX
(having a fin-bitch of 2.32 mm) can achieve more than twice higher cooling output per unit
adsorber volume than the un-optimized one (having a fin-bitch of 5 mm) [75].

In [41, 42] an analysis of variance (ANOVA) has been conducted for evaluating the
weightiness of each design and operating parameter, upon applying finned circular-tube heat
exchanger to act as an adsorber in sorption cooling system (SCS). It was illustrated that,
the contribution of the fin thickness to the COP of the SCS amounts to 48.67% in case of
constructing the Ad-HEx from copper and applying silica gel-water as a working pair [41],
which is reduced to 29% as reported in [42], upon constructing the Ad-HEX from aluminium
and applying the composite adsorbent (CaCl2 in silica gel). In addition, the contribution of
the fin thickness to the COP of the SCS, upon applying aluminium finned-plate Ad-HEX,
has been reported in [42] to be 33%. Abd Elhady and Hamed [76] investigated numerically
the effect of the fin design parameters on the performance of a two-bed SCS and reported
a reduction in the COP by 9.4% upon increasing the fin thickness of a finned-circular tube
Ad-HEx from 0.2 mm to 0.4 mm.

Finally, before closing this section, it is important to mention that the effect of the thermal
resistance at the fin-root-surface interface on the overall heat transfer coefficient is usually
ignored in the analytical and numerical studies, which should not be the case. Few studies
demonstrated, however, that this interfacial heat transfer resistance governs the heat transfer
in the Ad-HEx and, hence, its performance [77–79, 62].

2.7.2 Specifically designed adsorber heat exchangers

Some specially designed adsorber heat exchangers with unique configurations are presented
in the literature. The most interesting are the ones presented in [42, 80]. Bahrehmand and
Bahrami [42] proposed an optimized adsorber HEX prototype, which has been fabricated by
completely machining a finned plate adsorber HEX with a fin thickness of 1 mm out of an
aluminium block. Figure 2.7 shows the two halves of the machined finned plate adsorber
HEx introduced in [42]. They applied coating composite adsorbent, CaCl2 impregnated
in silica gel. For enhancing the heat transfer in the adsorbent, graphite flakes have been
added. They reported that their adsorber can achieve SCP of 1005 W.kg−1 and a COP of
0.60. More recently, Darvish et al. [80] introduced pin fin adsorber heat exchanger made
of copper. They applied the same adsorbent applied in [42]. The best performance reported
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Fig. 2.7 Two halves of the machined finned plate adsorber HEx introduced in [33]

for this adsorber is 1160 W.kg−1 for the SCP and 0.68 for the COP. Such values reported
in [42, 80] are very promising, but the stability of the coating still needs to be intensively
investigated. Moreover, as their production methodology is too expensive for a market
product, more developments are needed to approach the performance of the optimized HEX
by an affordable and sustainable design.

2.7.3 Brazed plate adsorber heat exchanger

The application of an embossed plate heat exchanger made of copper to act as an adsorber heat
exchanger has been suggested for the first time by Hong et al. [81]. A numerical parametric
study with the application of the SWS-1L1 and water as an adsorbent-adsorbate pair has been
conducted. The optimal values of the COP and the specific cooling power (SCP) reported in
[81] at operating conditions of 15 °C evaporator temperature, 30°C condenser temperature
and 80°C desorption temperature amount to 0.512 and 662.8 W.kg−1, respectively. However,
the authors in [81] did not discuss the manufacturability of their suggested embossed plate
heat exchanger and did not report on any corrosion potential, which their PHE would face if
it is made of copper, as reported, and some salt may leak out of the SWS-1L [65]. Dawoud
[82] introduced a nickel-brazed plate heat exchanger composed of stainless-steel thin sheets
(0.3 mm in thickness), to be highly resistive against any potential corrosion, and designed

1a composite adsorbent obtained by impregnating mesoporous silica gel with CaCl2
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dedicatedly to act as an adsorber heat exchanger. The key design advantages of the APHE
introduced by Dawoud [82] is the extremely reduced volume of the heat transfer fluid (HTF)
domain compared to the adsorbent domain, while keeping the uniformity of the temperature
distribution over the heat exchanger’s plates.

As the SP and the COP are the most important performance indicators of an adsorption
appliance, the proper design of the Ad-HEx is a trade-off between the design parameters
governing the heat and mass transfer in the adsorbent domain and the thermal capacity of the
Ads-HEx[83, 41].

2.8 Overview on SP and COP in the literature

Rogala et al [61]. did a survey that covered 10 research papers (published from 2005 to 2016)
to compare different adsorber heat exchangers in terms of the obtained SCP and COP. The
comparison involved adsorber heat exchangers of two different working pairs, namely silica
gel-water and zeolite-water. The configurations of the compared adsorbers were also different,
including plate-fin-and-tube, finned-tube with annular fins, flate-tube and plate-fin adsorber
heat exchangers. The operating temperatures, Tev=11-20°C, Tcond=28-35°C and Th=80-
90°C. Grain size ranges 0.1 to 1.5 mm. The authors concluded that a single bed, lab scale,
adsorption chiller integrating a plate-fin-and-tube adsorber heat exchanger demonstrated
the best performance. Strictly speaking, Specific Cooling Power (SCP) up to 394 W.kg−1,
VCP of 223 W.m−3 and COP higher than 0.6 upon applying zeolite-water working pair,
15/35/90°C as operating conditions, cycle time of 7 min., adsorption to desorption time
ratio=2.5.

Bau [70] conducted a survey that included 64 adsorption chillers. The COP values
ranged from 0.01 to 0.84, and the SCP ranged from 5.7 to 820 W.kg−1. Bau attributed the
wide range of COP and SCP values not only to the adsorption chiller design, but also to
the different input conditions, such as the type of adsorber heat exchanger, working pair,
operating temperatures, thermal management, system configuration, cycle time, and others.
Bau reported that the values obtained in his study are very difficult to compare for evaluating
and improving the intrinsic performance of an adsorber design. For useful comparison, it is
necessary to know and eliminate the design-independent influences on the COP and SCP.

Sharafian et al. [60] did a survey included 57 research papers, in which different adsorber
plate heat exchangers are introduced. The authors made the comparison between the adsorber
heat exchangers in terms of the SCP and the COP. The evaluation of the SCP and the COP in
each research paper has been done upon applying certain adsorber configuration, number of
beds, working pair, operating temperatures, cycle time and heat and mass recovery approach.
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Aristov [84] and Bahrehmand [85] compared between different commercial adsorption
chillers, of different trade marks, models and sizes. It is very clear that such comparisons
are not useful in evaluating the different designs of the adsorber heat exchangers. In fact,
useful comparison can be performed if the influences of the operation conditions, working
pair, cycle time, number of beds, heat and mass recoveries are eliminated.

2.9 Kinetics’ investigation of adsorption and desorption
processes

The fundamental principle of the adsorption heat transformation processes is to perform a
change in the equilibrium state of an adsorbent-adsorbate pair between one state of high
concentration and another state of low concentration of the adsorbate in the adsorbent. The
transformation between these two states can be isobaric or isothermal. The isobaric processes
are initiated by a temperature change of the adsorbent-adsorbate pair at constant pressure
of the adsorbate, while the isothermal processes are initiated by a pressure change of the
adsorbate at constant temperature. Therefore, an isobaric or even quasi-isobaric adsorption or
desorption process initiated by a temperature change is referred to in the literature as a large
temperature jump (LTJ) adsorption or desorption process. The adsorption and desorption
processes that occur in conventional adsorption chillers and heat pumps are of the LTJ type,
triggered by a temperature change between the heat sink temperature (290-310 K) and a
low-grade heat source (330-400 K) [84, 86, 87].

The isothermal, pressure initiated, adsorption and desorption processes are mainly used
for the heat amplification processes [84, 88, 89] . In the literature, such processes are called
large pressure jump (LPJ) adsorption and desorption processes. Figure 2.8 shows LTJ and
LPJ adsoprtion processes ploted on a Clapeyron diagram.

Combined LTJ and LPJ adsorption and desorption processes are very common in the
adsorption heat storage systems [90].

2.9.1 Kinetics’ investigation of full-scale adsorber/desorber

The performance indicators (SP and COP) of a real adsorption chiller/heat pump can not
inform clearly about the dynamic performance of the adsorber/desorber heat exchanger.

To study the adsorption and desorption kinetics of a real adsorber/desorber heat exchanger,
Tokarev and Aristov [91] introduced the so-called Thermal Response Large Temperature
Jump (T-LTJ) method to estimate the instantaneous adsorbate loading from the measured
adsorber and desorber powers obtained during the adsorption and desorption processes,
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Fig. 2.8 LTJ and LPJ adsorption processes depicted on Clapeyron diagram

respectively. They performed a blind process (disconnecting the evaporator/condenser from
the adsorber/desorber) and an active adsorption/desorption process. Figure 2.9 shows the
adsorber powers over time obtained during an active process and the corresponding blind
process. By subtracting the results of the blind experiment from those of the active adsorption
experiment, the temporal adsorption heat can be obtained. The time cumulative integration
of the heat of adsorption (indicated by the green area in Figure 2.9) can be given by the
following equation,

Qadsorption(t) =
∫ t

0
(Q̇active − Q̇blind).dt (2.12)

The temporal adsorbate uptake (w) can be estimated from the time cumulative integration
of the heat of adsorption (Qadsorption) as following,

w(t) = wo +
Qadsorption(t)

mdryads..∆hads(w)
(2.13)

where, wo is the initial adsorbate uptake and ∆hads(w)) is the isosteric heat of adsorption.
In this thesis (Chapter 3), a slight modification to the T-LTJ method [91] is introduced.

Strictly speaking, Instead of performing blind and active adsorption/desorption processes
and estimating the temporal adsorbate uptake from the temporal cumulative integrations
of the heat of adsorption/desorption, the temporal cumulative integrations of the heat of
evaporation/condensation are utilized.
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Fig. 2.9 Thermal response large temperature jump (T-LTJ) methodology

2.9.2 Kinetic’s investigation of small-scale adsorbent sample

An experimental setup to study the adsorption and desorption kinetics of small scale adsorbent
samples according to the LPJ technique was developed by Dawoud in [92].

Concerning the kinetic setup that allows LTJ adsorption and desorption processes to be
performed on small adsorbent samples or small pieces of real adsorber heat exchangers,
there are four LTJ versions in the literature: Volumetric (V) version [93–95], Gravimetric
(G) version [96], Calorimetric (C) version [97] and Thermal (T) version [91]. The kinetic
setup installed in the Laboratory of Sorption Processes (LSP) at OTH Regensburg is a V-LTJ
one. Since the most commonly used versions of LTJ kinetic setups are the volumetric and
gravimetric versions, the V-LTJ and G-LTJ kinetic setups are briefly described in the next
sections.

V-LTJ kinetic setup

A V-LTJ kinetic setup essentially consists of three compartments. The first compartment of
the setup is a constant volume vapour vessel. The temperature of this vessel is controllable
by a water circuit coupled to a circulating thermal bath (Thermostat) (see Figure 2.10,
Thermostat 1). The second compartment is the measuring cell where the adsorbent sample
is placed for testing. The surface temperature of the sample holder in the measuring cell
is controlled by an oil circuit connected to two circulating thermal baths (Thermostat 3
and 4). A three-way valve (3WV) is installed in the oil circuit of the sample holder of the
measuring cell, which allows either the oil supplied by Thermostat 3 or the oil supplied by
Thermostat 4 to pass through the oil circuit of the sample holder. Thermostat 3 is set to the
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initial temperature of the desorption or the adsorption process, while Thermostat 4 is set to
the desired final temperature for the desorption or adsorption processes being performed.
By turning the 3WV to the position where the heated/cooled oil flows into the measuring
cell, either a desorption or an adsorption process can be started. The third compartment is
the steam generator, to which a heating/cooling bath (Thermostat 2) is connected in order
to adjust the temperature of the liquid refrigerant water filled in it and, consequently, the
water vapour pressure in the steam generator in order to reach the equilibrium state at the
beginning of the adsorption or desorption process being carried out.

It is relevant to note that Thermostat 1 also serves to control the temperature of the outer
surface of the interconnecting tubes of the setup (not shown in Figure 2.10) to prevent any
undesirable local vapor condensation.

The execution of a typical LTJ (i.e., isobaric) adsorption process using V-LTJ kinetic
setup involves the following sequences:

• Heating and evacuating the vapour vessel and the measuring cell (100°C), in which the
investigated adsorbent sample is placed, for one hour. The valves V1,V2 and V4 are
open, while V3 is closed during this process.

• Valve V1 is closed and the vacuum pump is switched off. The sample holder of the
measuring cell is cooled down to the set adsorption start temperature (T4 in Figure 2.3
which is set on Thermostat 3). Meanwhile, the steam generator is set to the saturation
temperature corresponding to the desired pressure of the adsorption process (Ther-
mostat 2). As a preparation for the LTJ adsorption process, Thermostat 4, which still
separated from oil circuit of the sample holder, is set to the end temperature of the
planned adsorption process (T1 in Figure 2.3). Then, valve V3 is opened to fill both the
vapour vessel and the measuring cell with the vapour supplied by the steam generator.
This process takes 2 hours to reach the equilibrium state.

• The temperature of the vapour vessel, connections and valves is maintained at 35 °C
for adsorption processes and 60 °C for desorption processes to avoid the condensation
of water on the inner surface of the system components.

• For initiating an adsorption process, the 3WV is turned to allow the cold oil of
Thermostat 4 to pass through the sample holder and, accordingly, cool down the
adsorbent sample to the end temperature of the planned adsorption process.

• The adsorbent sample will adsorb the refrigerant vapour surrounding it and, accordingly,
the amount of vapour filling the vapour vessel and the measuring cell will decrease.
Since the setup is a constant volume system, the temporal vapour pressures recorded
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Fig. 2.10 Schematic diagram of a V-LTJ kinetic setup

for the vapour vessel and the measuring cell indicate the amount of water vapour
adsorbed in the adsorbent sample under investigation. The following equation gives
the instantaneous amount of water adsorbed in time duration ∆t,

∆m(t) =
VVV

R
[
P(t +∆t)
T (t +∆t)

− P(t)
T (t)

]VV +
VMC

R
[
P(t +∆t)
T (t +∆t)

− P(t)
T (t)

]MC (2.14)

where, V , P, T and R refer to volume, vapour pressure, temperature and gas constant,
respectively. The subscripts VV and MC refer th the vapour vessel and the measuring
cell, respectively.

Accordingly, the instantaneous water uptake w(t) of the adsorbent sample can be given
by;

w(t) = wo +
t

∑
0

∆m(t)
mdryads.

(2.15)

where, wo and mdryads. refer to the initial water uptake and the dry mass of the adsorbent
sample, respectively.

The specifications of the V-LTJ kinetic setup installed in the Laboratory of Sorption
Processes at OTH Regensburg are given in Appendix A. The uncertainty analysis of the water
uptake measurements is also given there.
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G-LTJ kinetic setup

Figure 2.11 shows a schematic diagram of a G-LTJ kinetic setup. The setup follows the LTJ
procedure as an approach to study the adsorption and desorption dynamics of an adsorbent
sample or a small fragment of a real adsorber heat exchanger (5-600 g dry adsorbent mass)
under typical operating conditions of the adsorption appliances. The kinetic setup of the
G-LTJ includes the direct evolution of the adsorbate concentration in the adsorbent by
dynamic weight measurement. The main components of the setup are a gravimetric weighing
unit on which the investigated fragment is placed. The other components are vacuum
chambers 1 and 2. Vacuum chamber 1 contains the weighing unit, i.e. it houses the weighing
unit and the investigated Ad-HEX. Vacuum chamber 2 serves as the evaporator/condenser
during the isobaric adsorption/desorption phases. The two chambers are connected by the
electropneumatic valve (V5, see Figure 2.11). As shown in the figure, the AD-HEX under
investigation is connected to two circulating thermal paths (TCR1 and 2) that allow sudden
cooling or heating to initiate an LTJ adsorption or desorption process, respectively. The
temperature of the evaporator/condenser is controllable via TCR3.

The execution of a typical LTJ (i.e., isobaric) adsorption process using G-LTJ kinetic
setup involves the following sequences:

• Heating and evacuating the vapour chamber 1, in which the investigated adsorbent
sample or Ad-HEX is placed, for one hour. The valves V6 is open, while V5 and V7 is
closed during this process.

• Valve V6 shall be closed and V5 open. The vacuum pump is switched off. The
Ad-HEX in chamber 1 is cooled down to the set adsorption start temperature (T4 in
Figure 2.3 which is set on Thermostat TCR1). Meanwhile, the evaporator in chamber
2 is set to the saturation temperature corresponding to the desired pressure of the
adsorption process (TCR3). As a preparation for the LTJ adsorption process, TCR 2,
which still separated from oil circuit of the Ad-HEx under investigation, is set to the
end temperature of the planned adsorption process (T1 in Figure 2.3). This process
takes 2 hours to reach the equilibrium state.

• The temperature of the walls of chamber 1, the connections and the valves is maintained
at 35 °C for adsorption processes and 60 °C for desorption processes to avoid the
condensation of water on the inner surface of the system components.

• For initiating an adsorption process, the cold oil of TCR2 will be allowed to pass
through the Ad-HEX and, accordingly, cool down the adsorbent inside to the end
temperature of the planned adsorption process.
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Fig. 2.11 Schematic diagram of a G-LTJ kinetic setup [90]

• The adsorbent inside the Ad-HEX adsorbs the refrigerant vapour surrounding it, caus-
ing a rapid pressure drop of the water vapour in the system, inducing an evaporation
process in the evaporator located in chamber 2 of the system. Since the setup is
equipped with a load cell ( weighing unit), the temporal evolution of the water vapour
adsorbed in the Ad-HEX can be measured directly.

2.10 Matching between full-scale and small-scale measure-
ments

The adsorption dynamics obtained upon conducting adsorption processes on small adsorbent
samples in form of monolayer or even multilayers (if ≤ 4) of adsorbent grains seem to be
very promising. Chakraborty et al. [98] have estimated 5 kW.kg−1 as a specific cooling
power of an adsorption chiller having the adsorbent in form of a monolayer of loose silica gel
pellets. In [99, 96], the effect of varying the thickness of adsorbent sample of AQSOA-Z02
grains in different size ranges on the adsorption dynamics has been investigated. The ratio
of the heat transfer surface area to the adsorbent dry mass (S/m) is introduced as a design
parameter. The influence of S/m ratio on the specific cooling power, SCP, for different
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adsorbent grain sizes has been carefully studied. For one adsorbent, the S/m ratio is, indeed,
inversely proportional to adsorbent thickness of the adsorbent bed (i.e. the length of the
heat transfer path). It was concluded in [99] that, for the grain size range of 0.2-0.9 mm,
the average SCP of the adsorption chiller is linearly proportional to the (S/m) ratio of the
Ad-HEX.

So far, the publications dealing with the experimental investigation of small-scale ad-
sorbent samples for predicting the performance of real adsorber heat exchangers showed
differences in the adsorption and desorption dynamics of up to a factor of 10 in favour of the
small-scale adsorbent samples. Aristov et al. [100] investigated the adsorption dynamics of
small adsorbent samples configured in different layer numbers (n: 1-8) and with different
grain sizes. They defined, for the first time, the ratio (S/m). The ratio (S/m) can be used as
a configuration characteristic factor of the adsorbent sample instead of the number of the
lose grain layers. From the ratio (S/m) and the average grain size of the sample, the average
number of the grain layers composing the sample can be estimated. Although the specific
output powers estimated from the experimental data of the investigated samples, if they
could be applied in real adsorber heat exchangers, were very promising, the experimental
data of the investigated adsorber heat exchangers, which have similar (S/m) and grain size,
demonstrated specific output powers 2 to 10 times lower than those estimated from the small
samples [100, 84]. This quite large difference is returned in [100, 84] to some imperfections
in the system components and to some issues related to process organization, such as cycle
time, isobaric phase durations, heat and mass recovery and residual air.

Dawoud [95] investigated the adsorption kinetics of water vapour on small-scale AQSOA-
Z02 coated samples and compared them to the adsorption kinetics of two different full-scale
coated adsorber heat exchangers with the same adsorbent material at similar operating
conditions. The thickness of the tested consolidated adsorbent layers was in the range of 150
to 500 µm. The experimental results discussed in [95] indicated that in general, increasing
the adsorbent layer thickness leads to lower adsorption kinetics, however the small-scale
samples demonstrated at least twice higher adsorption kinetics than those of the full-scale
coated adsorber heat exchangers. Dawoud [95] returned the difference in the kinetic results
between the small-scale and full scale adsorbers to their difference in the heat capacities and
heat transfer coefficients.

Beside the attributions reported in [100, 84, 95], those differences in the adsorption
dynamics between the small-scale samples and the full-scale adsorbers should be, in addition,
dedicatedly investigated from the perspective of the combined heat and mass transfer charac-
teristics prevailing in both small-scale adsorbent sample and the adsorbent domain of the
investigated adsorber heat exchanger. In other words, the equality of S/m ratio between the
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Fig. 2.12 Mass transfer in an adsorbent bed

small-scale adsorbent sample and the investigated adsorber heat exchanger reflects similarity
in the heat transfer resistance, however it should be recalled that an adsorption process is a
combined heat and mass transfer process, which takes place inside the adsorbent bed of the
adsorber heat exchanger.

In fact, the mass transfer resistances facing the adsorbate (vapour) flow in the adsorbent
are classified into interparticle and intraparticle resistances. Figure 2.12 distinguishes between
them. The length of the vapour diffusion path in the adsorbent bed determines the interparticle
mass transfer resistance, while the size of the adsorbent grains determines the intraparticle
resistance.

The interparticle mass transfer resistance can be accounted for in a simulation model
using Darcy’s law [133], which gives a relationship between the vapour flow velocity through
a granular adsorbent bed and the associated pressure drop. Darcy’s law states that the vapour
velocity and the pressure drop in the adsorbent are linearly proportional, as depicted in the
following equation,

u⃗v =−
Kapp

µ
.∇p (2.16)
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with −Kapp
µ

being the proportional factor. Kapp is the flow permeability and µ is the vapour

viscosity. This factor,−Kapp
µ

, belongs to the interparticle mass transfer resistance. A low
value of this factor refers to high interparticle mass transfer resistance in the adsorbent. The
following relation gives Kapp as a function in the bed porosity (εb) and the average diameter
of the adsorbent grains (dp).

Kapp =
ε3

b d2
p

150(1− εb)2 (2.17)

This means that the interparticle mass transfer resistance does not rely on the type of
the adsorbent materiel. Contrary, the intraparticle mass transfer resistance relays mainly on
the type of the adsorbent material, which defines the effective diffusion coefficient (De f f )
appearing in the Linear Driving Force (LDF) model [133].

∂w
∂ t

=
15De f f

r2
p

(w∗−w) (2.18)

The LDF model is the most applied model for considering the intraparticle mass transfer
resistance (discussed later in Chapter 4, Section 4.4).

Accordingly, when preparing a small-scale adsorbent sample for use in predicting the
dynamic performance of an adsorber heat exchanger, the following parameters should be
made identical to those of the adsorbent bed (domain) of the adsorber heat exchanger [101].

• The adsorbent grain size,

• The S/m ratio or the length of the heat transfer path (termed afterwards in this thesis as
the heat transfer characteristic length, HTCL),

• The length of the refrigerant vapour diffusion path inside the adsorbent bed (termed
afterwards as the mass transfer characteristic length, MTCL).

Moreover, some other aspects should be considered. For example, the fin efficiency of
the extended surfaces (fins) of the adsorber heat exchanger shall be accounted for upon
estimating the effective heat transfer surface area. In addition, the vapour transfer area into
the adsorbent domain of the investigated adsorber heat exchanger should be represented also
in the small-scale adsorbent sample.
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2.11 Evaporator heat exchangers in adsorption appliances

This section deals with the evaporator heat exchanger of the adsorption appliances. It should
be recalled that one of the objectives of this thesis is to study the application of a closed
structured plate heat exchanger as an evaporator for the adsorption appliances.

Applying plate heat exchangers (PHEx) instead of finned-and-tube or falling film ones
could result in highly compact and efficient adsorption systems. The application of asym-
metric plate heat exchangers (APHEx), which are characterized by heat transfer between
two separated domains of unequal volumes, to act as evaporator/condenser in the adsorp-
tion systems could come with the advantage of realizing high heat transfer coefficients and
low-pressure drops leading to a significant enhancement in the heat and mass transfer rates
[102].

The majority of research studies that dealt with the application of PHEs for evaporation
and condensation processes handled typical vapour compression refrigerants such as R22,
R134a, R290, R245fa, and NH3 [103–107], which except NH3 are not suitable for the
adsorption appliances. A complete set of heat transfer correlations for PHEs under a wide
range of application conditions is given in [103, 104]. The correlations listed include
single and two-phase applications, with different refrigerants, mainly R134a, R22, NH3
and NH3/water mixtures. The tested configurations are different, but the vast majority of
correlations are given for chevron-types PHEs. More recently, in [108], a summary of
correlations for low-GWP refrigerants, which have been developed recently for replacing the
most severe refrigerants of the VCR systems, was introduced. The refrigerants handled in
[108] are R-290, R-1270, R-600, R-1234ze(E), R-1234ze(Z) and R-152a. In the same work,
correlations available for condensation are reported. It has been found that the evaporation
heat transfer coefficient (HTC) increases with increasing the refrigerant vapour quality and
mass flux [103–105] as well as with increasing the heat flux and the refrigerant saturation
temperature [105]. In [109], the authors developed new correlations for estimating the
condensation heat transfer coefficient for different refrigerants inside a brazed, herringbone-
type plate heat exchanger.

The effect of the dimples on the heat transfer inside a PHE, between the plates’ surface and
a stream of air, water and water/air mixture, is reported in [110, 111], [112] and [113, 114],
respectively. The heat transfer enhancement is measured by means of the Nusselt number
ratio between dimpled surface and smooth surface (Nu/Nu0). It was found that the existence
of dimples can result in a remarkable enhancement in the heat transfer coefficient (up to
factor, Nu/Nu0=2). In fact, the topology (corrugations) of the plates composing the PHE do
influence the flow patterns inside the PHE. In [115], a visualized investigation on the flow
patterns of an air/water mixture in a chevron PHE was presented.
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The previously described literature survey on heat transfer correlations for PHEs is
subjected to limitations when it comes to the application in adsorption systems due to the
following items:

• The results of various analysis on large datasets showed that it is not possible to
extrapolate the correlations developed from their original conditions range [103, 108,
109]. In fact, the boundary conditions for sorption systems are extremely different
from those of refrigerants used in vapor compression cycles;

• The majority of correlations refer to chevron or herringbones PHEXs, making it
difficult to generalize the results for other plate topologies.

• Two-phase heat transfer is evaluated for refrigerants working at atmospheric or higher
pressures, whereas water (even in atmospheric conditions) is not generally considered.

• The effect of the dimples as heat transfer enhancers in a PHE has been studied mainly
for water/air streams, which makes it difficult to derive correlations for the operation
in an adsorption appliance.

Few studies dealt with the evaporation of water as a refrigerant in a PHE under atmo-
spheric pressure. In [116], the flow boiling heat transfer in a vertical-chevron-type PHE at
low mass fluxes (200 < Re < 600) and under atmospheric conditions is investigated.

The evaporation of water under sub-atmospheric conditions has also been investigated in
some studies. For instance, in [117, 118] water evaporation in a fin-and-tube heat exchanger,
where pool boiling regime has been realized, has been investigated. In [119, 120], water
evaporation on the surface of tubes with microscopic fin structures and microporous coating
layers, which provide a capillary effect and, consequently, enable realizing wetted tube
surface with a thin water film, has been investigated. It has been reported that the heat transfer
coefficient increases with the evaporation temperature. Besides, it has been recommended
to make the filling level of the evaporator heat exchanger as low as possible, but the tube’s
surface should be kept always wet.

Giraud et al.[121] investigated the water evaporation on vertical smooth plate under
sub-atmospheric conditions (under the typical operating conditions of the LiBr/H2O sorption
chillers). It has been reported in [121] that during the water evaporation in the vertical
channel three successive flow regimes were observed with zero measured cooling capacity
during the first flow regime, which was characterized by appearance and quick collapse of
bubbles at the channel inlet. During the two latter flow regimes, three different areas, upper,
middle and lower were identified in the channel. The authors attributed the achieved cooling
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capacity mainly to the evaporation of the liquid film formed on the upper area of the channel.
The authors concluded that the higher the mass flux and thus the thinner the liquid film, the
higher also the achieved cooling capacity [121]. Song et al. [122] introduced another study
addressed the heat transfer characteristics in an evaporator PHE of a LiBr/H2O sorption
chiller. The plates’ surface of the evaporator PHE studied in [122] was corrugated, chevron
type with high angle. In [123] the same evaporator introduced in [121] has been investigated
against an adsorption module with silica gel. The effect of the filling level on the cooling
capacity of the adsorption cycle has been estimated. It has been concluded that the heat
transfer coefficient and the cooling capacity increase with the filling level of the evaporator
heat exchanger. It was found a critical value for the filling level, further increase in the filling
level resulted in a rapid decrement in both HTC and the cooling capacity.

In [124], the authors investigated the thin film evaporation mode of water in a partially
flooded finned-circular-tube HEx at sub-atmospheric conditions. The major factor of in-
fluence on the thin film evaporation has been found to be the mass flow rate of the heat
transfer fluid (HTF). Increasing the HTF’s mass flow rate increases the flow turbulence and,
accordingly, increases the overall heat transfer coefficient of the evaporator heat exchanger.



Chapter 3

Performance prediction of APHEs using
small-scale adsorbent samples

This chapter presents the results of an experimental study on the adsorption and desorption
kinetics of two differently structured, commercially available, plate heat exchangers (PHEs)
produced by Alfa Laval, Sweden. The PHEs are basically developed to be applied as gas
cooler heat exchangers. Therefore, The PHEs have been adapted first to work as adsorber
plate heat exchangers (APHEs) and are then experimentally investigated in the Laboratory of
Sorption Processes (LSP) at OTH Regensburg, Germany.

A new procedure is introduced to prepare test frames allowing the realization of represen-
tative small-scale adsorbent samples to the investigated APHEs. In addition, evaluating the
matching between the obtained experimental adsorption and desorption kinetic results of the
full-scale adsorbers and small-scale representative samples is introduced. The adsorption
and desorption kinetics of the small-scale adsorbent samples are measured in the existing
V-LTJ kinetic setup [93, 125, 95] (see Section 2.9.2) at similar operating conditions of the
investigated APHEs. For the full-scale measurements, a slight modification to the thermal
response LTJ methodology [91] (see Section 2.9.1), is introduced; namely, to estimate the
instantaneous water loading from the measured evaporator or condenser power during ad-
sorption or desorption processes, respectively, rather than carrying out a blind (disconnecting
the evaporator/condenser from the adsorber/desorber) and an active adsorption process and
estimate the temporal water uptake from the measured temporal heat of adsorption. The

Contents of this chapter have been reprinted from:
M. Mikhaeil, M. Gaderer and B. Dawoud." Experimental investigation of the adsorption and desorption kinetics
on an open-structured asymmetric plate heat exchanger, matching between small-scale and full-scale results".
Frontiers in Energy Research 10 (2022), with permission from Frontiers.
Contributions of the author: Conceptualization, Methodology, Investigation, Formal analysis, Writing original
draft.

https://doi.org/10.3389/fenrg.2022.818486
https://doi.org/10.3389/fenrg.2022.818486
https://doi.org/10.3389/fenrg.2022.818486


36 Performance prediction of APHEs using small-scale adsorbent samples

last should be obtained by subtracting the results of the blind experiment from those of the
active adsorption experiment [91]. The results obtained from both small-scale and full-scale
investigations at four typical operating conditions of adsorption appliances have been com-
pared and discussed in detail. Based on the obtained kinetic results of the small-scale sample,
a completely new evaluation methodology has been introduced to estimate the expected
evaporator and condenser powers of one of the full scale adsorbers. Such theoretical results
have been compared with those obtained upon investigating the corresponding full-size
APHE.

3.1 Open-structured PHE as adsorber/desorber and its test
setup

The first selected PHE in this study is the "GLX30" PHE (AlfaLaval, GLX30), which is the
only, nickel-brazed, stainless steel, open-structured PHE available in the market. Formerly,
this heat exchanger was obtainable form AIREC©, Sweden, under the trade name “Cross-30”
PHE. The GLX30 PHE, depicted in Figure 3.1a, comprises a stack of multi, nickel-brazed
plate-pairs made of stainless steel 316L. For the sake of mechanical stability of the GLX30
PHE, two flat and thick end plates are integrated to the stack by brazing. The plates composing
the heat exchanger channels are embossed (dimpled) in two different forms and arranged
together to form a stack of parallel plate-pairs. The plates have up-and-down dimples with
different profiles and heights. Such configuration results in two asymmetric and separated
domains, one domain for the gas flow and the second is for the liquid flow, and each domain
comprises several identical subdomains. The volume ratio between the two asymmetric
domains of the GLX30 PHE, namely the gas domain to the liquid domain, amounts to 1.91.
Each HTF subdomain (HTF channel), existing inside a single plate-pair, has an inlet and an
outlet port. Those HTF subdomains compose together the HTF domain of the whole GLX30
PHE.

The “GLX30” is a crossflow, gas-liquid plate heat exchanger, thus the other domain
inside the GLX30 is specified for the gas flow. This means that the GLX30 is not primarily
designed to act as an adsorber heat exchanger. However, the open gas domain can be filled
in with loose grains of the adsorbent. Using a suitable stainless-steel sieve on each side for
preventing the adsorbent grains from falling out, the GLX30 PHE can act as an adsorber
heat exchanger. Figure 3.1b shows the adapted GLX30 PHE to work as an adsorber plate
heat exchanger (APHE). The spaces (gaps) existing between the successive plate-pairs are
utilized as an adsorbent domain and filled with 842 grams of the loose microporous Siogel
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(a) (b)

Fig. 3.1 The GLX30 adapted as an adsorber heat exchanger (The open sides for vapour flow
into/out of the adsorbent domain are covered by a stainless-steel sieve to prevent the loose
pellets from falling). (a) Before being filled in with the adsorbent, (b) adapted and filled in
with Siogel grains.

(Oker Chemie, Germany) in the grain size range of 0.71 to 1.0 mm. Table 3.1 illustrates more
specifications of the GLX30 PHE.

A special test setup has been established to investigate the adsorption and desorption
kinetics of the full-scale GLX30 APHE. The setup, depicted schematically in Figure 3.2,
consists mainly of two compartments, the evaporator/condenser unit and adsorber/desorber
unit. The evaporator/condenser unit is a double helical tube heat exchanger fixed inside a
vacuum tight chamber made of stainless steel and equipped with inlet and outlet ports for
the internal double helical tube HEx. Two temperature sensors are mounted on the inlet and
outlet ports of the evaporator/condenser unit for measuring the temperature of HTF passing
through the internal helical tube heat exchanger. In addition, a flow rate sensor is adapted to
measure the volume flow rate of the HTF inside the evaporator/condenser (V̇1).

For an effective evaporation operation, a falling film evaporator concept has been devel-
oped and realized inside the evaporator/condenser chamber. The adsorber/desorber unit is
another vacuum tight chamber made of stainless steel, in which the adapted APHE (3.1b)
is mounted. The chamber is equipped with side connection ports for feeding the internally
mounted APHE with the HTF. Two temperature sensors are mounted on the connection ports
to measure the temperature of the HTF at the inlet and outlet of the APHE. The volume flow
rate of the HTF inside the adsorber/desorber loop (V̇2) is measured by the flow rate sensor.
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Fig. 3.2 Schematic drawing of the test setup.

Both chambers are equipped, at the top part, with vacuum-tight ports, for connecting
vacuum pressure transducers (P1 & P2), and 50 mm diameter ports, to which, central vacuum
flanges are welded, to enable connecting the two chambers together through a vacuum tight
tube having a vacuum gate valve of DN50. Figure 3.3 illustrates the realized test setup for the
GLX30 APHE in the Laboratory of Sorption Processes (LSP) of OTH-Regensburg, Germany.

3.1.1 Closed-structured PHE as adsorber/desorber and its test setup

To realize a test setup for investigating the performance of a closed structured PHE acting
as an adsorber/desorber for the application in the adsorption processes, a pair of identical
closed-structure asymmetric plate heat exchangers produced by Alfa Laval©, Sweden, with
trade name of GL50 was used. Thus, a GL50 PHE of 20 plates was employed to act as
an evaporator/condenser and connected with another identical GL50 PHE acting as adsor-
ber/desorber. Investigating the evaporation and condensation mechanisms of the adsorbate
in the GL50 evaporator/condenser PHE is out the focus of this chapter. The GL50 PHE is
a stack of multi-nickel-brazed parallel plates made of stainless-steel. The brazing of the
plates together forms two separated and non-identical domains inside the PHE. The GL50
PHE is designed to exchange heat between two fluids (gas and liquid). Therefore, each
domain shall be occupied by a flowing fluid, which enters the HEx from an inlet port and
leaves from an outlet port. Moreover, the design of the GL50 PHE allows the draining of the
condensed droplets in case of using it for cooling a condensable gas. Table 3.1 illustrates
more specifications of the GL50 PHE.
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Fig. 3.3 Realized test setup for investigating the APHE at the LSP of OTH-Regensburg,
Germany.

Table 3.1 Technical specifications of the investigated PHEs
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(a) (b)

Fig. 3.4 The GL50 PHE of 20 plates (A=83.0 mm). (a) 3D drawing of the GL50 PHE, (b)
Placing the cylindrical sieves in the vapour manifolds of the GL50 PHE

From the above description, it is clear that the GL50 PHE is not designed to act as an
adsorber/desorber. Therefore, adaptation work is required before being suitable to act as
an adsorber/desorber. The GL50 PHE should enable the heat exchange between a HTF
passing through the fluid domain and an adsorbent material occupying the gas domain. The
volume ratio between the GL50 PHE’s domains is 1.66 and the bigger domain has the two
big ports (see Figure 3.4). From the Coefficient Of Performance (COP) point of view, it
is favorable to select the smaller domain for the HTF and the larger one for the adsorbent
material, thus low heat capacity ratio of the Adsorber (KAdsHX ) [20] and, accordingly, high
COP can be realized. Another advantage of using the larger domain for the adsorbent is the
larger ports (see Figure 3.4), which can be utilized to connect the adsorber/desorber to the
evaporator/condenser with a lower mass transfer resistance.

In order to use adsorbent in form of loose grains and preventing the grains from falling
out of the GL50 APHE in the manifolds of the refrigerant (adsorbate) vapour, a special
construction allowing the vapour to pass through while preventing the adsorbent grains
from falling out has been designed. It is a 3D printed cylindrical frame with a piece of
fine stainless-steel sieve mounted annularly (see Figure 3.4b). Two pieces of the special
construction have been realized by machining and mounted in the vapour manifolds of the
GL50 APHE. To fill the APHE with the adsorbent grains, one of the two small ports for the
condensate draining has been utilized. To realize the highest possible filling density of the
adsorbent in the GL50 APHE, it has been mounted on a vibratory shaker during the filling
process with the adsorbent grains. The GL50 APHE has been filled with 790 gram of dry
Siogel grains produced by Oker Chemie©, Germany, in the size range of 0.71-1.0 mm.
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Figure 3.5 depicts a scheme and a 3D drawing of the test setup configuration. The
setup consists, as prementioned, mainly of two compartments. The first is a GL50 PHE
adapted to work as adsorber/desorber and the second is another identical GL50 PHE (without
any adaptation) to work as evaporator/condenser. The two PHEs are connected together
through two separated pipelines. The connection pipes allow the refrigerant vapour to
transfer between the two PHEs. Two vacuum gate valves (V 2.1 and V 2.2) are mounted on
the pipelines to allow separating the two PHEs from each other. Two pressure transducers
(P1 & P2) are mounted on the pipelines connecting the two PHEs together (see Figure 3.5)
to measure the pressure of the refrigerant vapour in the two PHEs separately, i.e., the vapour
pressure inside the adsorber/desorber and the evaporator/condenser. Finally, two vacuum
valves (V 1.1 and V 1.2) are mounted on the pipelines to allow evacuating the two PHEs
separately. In addition, the valve used to evacuate the evaporator/condenser could be used
also to fill it with the refrigerant.

The pipelines and valves are all made of stainless steel. To prevent the undesired local
vapour condensation on the inner surface of the connection piping and valves, especially
during the condensation-desorption processes, a controlled heating cable is wrapped around
them to keep their wall temperature 5 K higher than the condensation temperature. A leak
test has been successfully carried out. The setup has been well insulated to minimize the heat
lost/gained to/from the surrounding. Figure 3.6 shows the realized test setup at the LSP of
OTH-Regensburg, Germany.

After 6-hour evacuation of the entire test setup, the two gate valves (V2.1 and V2.2) have
been closed to separate the evaporator/condenser from the adsorber/desorber. An external
tank filled with degassed water, which shall be used as refrigerant (adsorbate), has been
placed on a high-sensitive balance and connected to the evaporator/condenser through valve
V1.1 mounted for evacuation and filling the evaporator /condenser with the refrigerant. A
cold HTF ( 5°C) has been allowed to pass through the evaporator/condenser to cool it down
and enables condensation of the water vapour coming out from the external tank. After
accumulating 225 gram of the degassed water in the evaporator/condenser valve V 1.1 has
been closed. The amount of water (refrigerant) used has been determined based on the
amount of the dry adsorbent in the adsorber/desorber and the planned testing conditions. The
amount of water should be a little higher than the maximum amount of water, which could
be adsorbed during any of the adsorption-evaporation processes. A much higher amount
of the refrigerant results in higher film thickness in the evaporator/condenser during the
adsorption-evaporation and desorption-condensation processes limiting the kinetics of the
processes.
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(a) (b)

Fig. 3.5 Layout of the GL50 APHE test unit. (a) Schematic layout including the most
important sensors and actuators, (b) 3D-drawing of the assembled components

Fig. 3.6 Realized test unit for investigating the GL50 APHE at the LSP of OTH-Regensburg,
Germany.



3.2 Hydraulic setup 43

Fig. 3.7 Schematic layout of the hydraulic setup installed at OTH Regensburg

3.2 Hydraulic setup

In order for the experimental investigations of adsorption / evaporation and desorption
/ condensation operation phases of different adsorption heat transformation processes to
be carried out at controlled operating conditions, a dedicated hydraulic setup has been
developed and mounted in the LSP of OTH Regensburg. The hydraulic setup, which is
depicted schematically in Figure 3.7, comprises two separated hydraulic circuits, a primary
and a secondary circuit. The primary circuit (lower loop designated as HK) feeds the
adsorber/desorber heat exchanger, whereas the secondary one (upper loop designated as NK)
feeds the evaporator/condenser heat exchanger. A high precision measuring and control
system has been established, which is monitored and interfaced via a specially developed
LabVIEW code. Via the LabVIEW code, the desired temperature and flow rate of the HTF
on each hydraulic circuit can be realized

In addition, the control system allows sudden falling and rising of the HTFs temperature
on the primary circuit, enabling carrying out large-temperature-jump (LTJ) adsorption and
desorption processes similar to the processes taking place in real adsorption heat pumps and
chillers [93, 125, 95]. The type and accuracy of the individual sensors applied for measuring
the pressure of the refrigerant vapour in both vessels and the inlet and outlet temperatures and
flow rate of the HTFs passing through the units are listed in Table A.1 of Appendix A. The
measurements have been carried out at the following values for evaporator (Tev), condenser
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Fig. 3.8 Realized hydraulic setup at OTH Regensburg

or adsorption-end (Tcond) and desorption-end (Th) temperatures; Tev = 10 & 15°C, Tcond = 30
& 35°C, and Th = 90°C.

Furthermore, thanks to the gate valves connecting the adsorber/desorber to the evapora-
tor/condenser in both constructed test setups, adsorption and desorption processes similar to
the processes taking place in adsorption storage systems can be experimentally investigated.
Moreover, it allows the experimental investigation of adsorption units according to the large
pressure jump (LPJ) method developed in [92], which replicates the processes taking place
in adsorption heat storage and heat transformation systems. Figure 3.8 shows the realized
hydraulic setup installed in the LSP of OTH Regensburg.

3.3 Evaluation of the instantaneous water uptake

In this section, a slight modification to the T-LTJ method [91] (see Section 2.9.1) is introduced.
Rather than conducting blind and active adsorption/desorption processes and estimating the
temporal water uptake from the temporal cumulative integrations of the heat of adsorp-
tion/desorption, the temporal cumulative integrations of the heat of evaporation/condensation
are utilized. In other words, the time integration of the instantaneous power of the evaporator
or condenser have been applied to estimate the temporal amount of refrigerant evaporated
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from the evaporator and adsorbed in the adsorber or the amount water vapour desorbed from
the desorber and condensed in the condenser during each adsorption or desorption process,
respectively. First, the measurements of the volume flow rate of HTF passing through the
evaporator/condenser (V̇1) and the temperature difference between the HTF’s inlet and outlet
of the evaporator/condenser heat exchanger (T1,in −T1,out) have been utilized to evaluate the
instantaneous evaporator/condenser power (Q̇) according to Equation 3.1.

Q̇ = V̇1.ρ.Cp.(T1,in −T1,out) (3.1)

The instantaneous specific (per kg of adsorbent) evaporator/condenser power (q̇) is given
by Equation 3.2.

q̇ =
Q̇

mads
(3.2)

where mads is the mass of the dry adsorbent filled in the investigated APHE.
The time integration of the instantaneous evaporator/condenser power (q̇) results in the

total evaporation/condensation energy up to each time point (q(t)). The integration can
be done by implementing the simplest numerical integration method, i.e., the rectangular
(midpoint) rule, as following

q(t) =
∫ t

0
q̇.dt =

n

∑
i=0

(q̇i ×∆ti) = ∆ti
n

∑
i=0

q̇i (3.3)

Where, i = 0 to N is a counter for the measured points and ∆t is the measuring time step
(1 s). The water uptake obtained in an adsorption process (wads) is defined in Equation 3.4
and in a desorption process (wdes) in Equation 3.5.

wads(t) = wo +
q(t)

h f g(Tev)
(3.4)

wdes(t) = wo +
q(t)

h f g(Tcond)+ cp,v(Tv −Tcond)
(3.5)

Where, wo is the initial water uptake, which is evaluated from the equilibrium model
of the water/Siogel working pair presented in [18], h f g(T ) is the latent heat of evapora-
tion/condensation at given evaporator/condenser temperature. Tv is the temperature of the
water vapour leaving the desorber. The following equation (Equation 3.6) is used for calcu-
lating the h f g(T ) [126] at given evaporator/condenser temperature (T ).

h f g(T ) = 1.91846×106.[T/(T −33.91)]2(J.kg−1) (3.6)
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The specific moving average evaporation/condensation power obtained in an adsorp-
tion/desorption process ( ¯̇q) is calculated as,

¯̇q =
1
t
.q(t) (3.7)

The uncertainty analysis of the water uptake estimation, the instantaneous and moving
average evaporator and condenser power measurements are presented in Appendix A.

3.4 Small-scale adsorbent samples preparation

3.4.1 GLX30 APHE’s representative adsorbent sample

In the GLX30 APHE, the thickness of the adsorbent filling the gap between every two
successive plate-pairs (the adsorbent layer’s thickness) as well as the mass diffusion path
length of the adsorbate (water vapour) in the adsorbent layers are limiting the combined heat
and mass transfer in the adsorbent domain. Due to the surface topology of the plate-pairs,
the adsorbent layers have variant thickness. Figure 3.9a illustrates a 2-D sketch of one of
the plate-pairs composing the investigated APHE. The figure does not depict the complex
surface topology of the plate-pair, since the adsorbent half-layer contacting the front side
of the plate-pair appears in the figure and covers the topologies. Figure 3.9b depicts two
different cross sections of the sketch depicted in Figure 3.9a, namely cross sections A-A
and B-B (see section locations in Figure 3.9a). The metal and the HTF subdomain of the
plate-pair and the two adsorbent half-layers contacting the two sides of the plat-pair appear
in the cross sections (Figure 3.9b).

As the HTF passes quasi-equally through the spaces inside the plate-pairs (HTF channels),
assuming, from the heat transfer perspective, a thermal symmetry plane for each adsorbent
layer, which shall divide it at the middle and pass parallel to the plates of the APHE, is quite
reasonable. This implies that at the upper and lower sides of the cross sections shown in
Figure 3.9b, thermal symmetry boundary conditions could be considered. Therefore, half of
the thickness of an adsorbent layer existing between two successive plate-pairs refers to the
heat transfer characteristic length (HTCL) of the investigated APHE. Indeed, the thickness
of the adsorbent layers is variant; however, 6 mm is the most prevailing thickness of the
adsorbent layers. As the investigated APHE is of open-structure, where the adsorbent layers
in the spaces between the successive plat-pairs are receiving/delivering the refrigerant vapour
equally from/to both open sides, a mass transfer symmetric plane dividing each adsorbent
layer at the middle and parallel to the open sides of the APHE could be considered. The
mass transfer symmetric plane is represented in Figure 3.9a and Figure 3.9b by the C-C line.
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(a) (b)

Fig. 3.9 Cross sections in two successive plate pairs of the GLX30 APHE. (a) 2-D sketch of
one of the plate-pairs, (b) Cross sections at A-A and at B-B

Accordingly, half the width of the APHE could be defined as the mass transfer characteristic
length (MTCL) of the adsorbent domain of the investigated APHE.

For predicting the adsorption and desorption kinetics of the GLX30 APHE, using a small-
scale adsorbent sample, dedicated small structure (test frame) fabricated from polyether ether
ketone (PEEK), which is an insulation material and with low out-gassing characteristics
under vacuum, is used to realize a small adsorbent sample out of the Siogel applied in the
investigated GLX30 APHE and with thickness and the length corresponding to the heat and
mass transfers’ characteristic lengths (HTCL & MTCL) of the GLX30 APHE, respectively.
Strictly speaking, a frame was prepared to realize an adsorbent sample with thickness of 3
mm, which is corresponding to the HTCL of the GLX30 APHE and a length of 58.5 mm,
which is corresponding to the APHE’s MTCL.

The structure (test frame) shall enable the refrigerant vapour (adsorbate) to enter to/leave
from the adsorbent sample placed inside it only from a small slot, at which a piece of a fine
sieve shall be installed to prevent the grains from falling out of the structure. The slot shall
be existing on one side allowing the refrigerant vapour to diffuse in longitudinal direction
through the adsorbent sample. At the down side of the PEEK construction a stainless steel
(SS) substrate of 0.3 mm thickness shall be mounted to allow the heat transfer between the
sample and the sample holder inside the measuring cell, on which the sample shall be placed
during the experimental investigations. The PEEK construction and the SS substrate shall be
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(a) (b)

Fig. 3.10 Test frame prepared to realize small-scale representative adsorbent sample for the
GLX30 APHE; (a) test frame configuration, (b) final fabricated test frame filled with Siogel
and placed on the sample holder of the kinetics’ setup measuring cell

sealed together by a special double-sided adhesive film after filling the construction with the
adsorbent grains.

As the maximum expected measured differential water uptake of the Siogel under the
desired operating conditions does not excess 25 g/100g, the mass of the samples that will be
tested in the sorption kinetics’ setup is limited to 320 mg, in order to allow the adsorption
or desorption measurements under quasi isobaric (∆p < 2 mbar) conditions. Based on
this limitation of the sample mass, the width of the sample has been determined to 3 mm.
Figure 3.10b shows the configuration of the test frame and Figure 3.10b shows the final
fabricated test frame filled with Siogel and placed on the sample holder inside the measuring
cell of the kinetic setup.

3.4.2 GL50 APHE’s representative adsorbent sample

Since the successive plates in the GL50 APHE are not flat but dimpled, the equivalent
thickness of one adsorbent sub-domain could be calculated by dividing the volume of the
adsorbent sub-domain by its projected area (the red shaded area in Figure 3.11a). This results
in an equivalent thickness of 4.5 mm. From the heat transfer point of view, since every
adsorbent sub-domain exists between two successive plate-pairs is subjected to equivalent
cooling/heating effects from the upper and lower sides during the adsorption/desorption
processes, a set of successive parallel symmetric planes dividing the successive adsorbent
sub-domains could be considered. However, the test frame, which shall be placed on top of
the sample holder of the VLTJ kinetic setup is subjected to cooling/heating from one side
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(a) (b)

Fig. 3.11 Evaluation of the equivalent vapour diffusion path length in the GL50 APHE. (a)
projected area of the adsorbent domain of the GL50 APHE, (b) equivalent regular shaped

(the bottom side). The height of the adsorbent sample inside the test frame shall equal to
half of the equivalent thickness between two successive heating/cooling plates inside the
APHE (2.25 mm). The upper side should be the heat transfer symmetry plane, which shall
be thermally isolated.

The GL50 APHE receives/delivers the water vapour (adsorbate) equally from/to the two
identical vapour ports, depicted in Figure 3.4. Therefore, from the mass transfer point of view,
this APHE is symmetric around the A-A plane and the vapour flows in the adsorbent domain
in each part around the A-A plane are identical. The dashed area presented in Figure 3.11a is
one of the two identical areas and should be sufficient to calculate the equivalent length of
the vapor diffusion path in the APHE.

Since the vapour coming in/out from each vapour port flows almost radially through the
adsorbent in both identical parts of the APHE, around A-A plane, the equivalent length of
the diffusion path could be evaluated from the equivalent regular shaped area of one of the
two identical heat exchangers parts around A-A. The equivalent regular shaped area has been
assumed equal to an area between to concentric circles, where the diameter of the inner circle
equals to the diameter of one vapour port (50 mm). Figure 3.11b illustrates this equivalent
regular shaped area. The diameter of the outer circle that makes the area of the equivalent
regular shape in Figure 3.11b equal to the area of the dashed part in Figure 3.11a is 144.5
mm. Thus, it can be considered that the radial distance between the inner circle and the outer
circle of the shape shown in Figure 3.11b is the equivalent length of the vapor diffusion path
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Table 3.2 HTCL and MTCL of the adsorbent samples representative to the investigated
APHEs

in the adsorbent domain of the GL50 APHE. This distance amounts to 47.25 mm and should
be the length of the adsorbent domain inside the test frame.

The frame of the GL50 APHE has been also fabricated from PEEK, which is filled with
Siogel grains in the same previously mentioned size. The Frame has been sealed with SS
substrate in the same manner followed for the GLX30’s test frame. Table 3.2 compares
between the two adsorbent samples representative to the investigated APHEs in terms of the
HTCL and the MTCL.

3.5 Results

As mentioned previously, the adsorbent representative samples are specifically designed
to predict the adsorption and desorption kinetics of the APHEs introduced in this chapter.
Therefore, in this section comparisons between the instantaneously measured water uptake of
the APHEs and their representative samples at different operating conditions, namely adsorp-
tion and desorption processes according to the Large Temperature Jump (LTJ) technique at
evaporator temperatures of 10 and 15°C, condenser (adsorption-end) temperatures of 30 and
35°C and driving source (desorption end) temperature of 90°C, are presented and discussed.
In addition, the instantaneous as well as the moving average evaporator and condenser powers
estimated from the adsorption and desorption kinetic results of the small-scale adsorbent
sample representative to the GLX30 APHE are compared to the powers obtained from the
evaporator/condenser unit, against which the GLX30 APHE has been experimentally tested
at the previously mentioned operating conditions.

3.5.1 Adsorption kinetics

Figure 3.12 illustrates the adsorption kinetics measurements obtained upon performing
adsorption processes on the GLX30 APHE and its representative adsorbent sample under
different sets of operating conditions. Figure 3.13 illustrates the results of the GL50 APHE
and its representative adsorbent sample under the same sets of operating conditions of the
GLX30 APHE. As depicted in Figures 3.12a-3.12d and Figures 3.13a-3.13d, there are small
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differences in the adsorption kinetics between the APHEs and their representative small-scale
adsorbent samples at all applied operating conditions. In general, the adsorption kinetics of
the small-scale samples are slightly slower than those obtained from the full-scale APHEs.
To define a criterion for evaluating the difference in the adsorption kinetics between the
APHEs and their representative adsorbent samples, the experimental adsorption kinetic data
of each are fitted to the exponential form presented in Equation. 3.8.

w(t) = wo +∆w f (1− exp(−t/τ)) (3.8)

where w(t) is the instantaneous water uptake, wo is the initial water uptake, ∆w f refers to
the final or equilibrium differential water uptake (w f −wo) , and τ is the characteristic time
constant. The exponential curve fittings are depicted also in Figure 3.12 and Figure 3.13.
As shown in the figures, all adsorption kinetic curves of each APHE and its representative
adsorbent sample follow the expressed exponential behaviour by Equation. 3.8. Comparison
between the adsorption kinetics of each the APHE and its representative adsorbent sample at
every set of operating conditions could be made throughout the values of the time constants
(τ) of the fitting exponential forms. Table 3.3 illustrates the values of τ and the coefficient
of determination (R2). The relative deviation in the τ value (RD) between each APHE and
its representative adsorbent sample at every applied set of operating conditions is used to
evaluate the adsorption kinetic deviation of the representative adsorbent sample from the
adsorption kinetic of the APHE at every set of operating conditions. For the GLX30, the
maximum RD value is obtained at operating conditions of 15/30/90°C and amounts to 23.7%,
whereas the minimum RD value is 6.4% and obtained at operating conditions of 15/35/90°C.
The matching between the full-scale and small-scale adsorption measurements of the GL50
APHE is much better (see Figure 3.13). Strictly speaking, for the GL50, the maximum RD
value is obtained at operating conditions of 10/30/90°C and amounts to 2.28%, whereas the
minimum RD value is 0.69% and obtained at operating conditions of 10/35/90°C. Table 3.3
shows the RD values obtained in all conducted adsorption processes for both investigated
APHEs. Such results are very promising, as in the literature, according to [84], the typical
factor of the difference in the adsorption dynamics between the full-scale and the small-scale
measurements is 2 to 10.

The difference in the adsorption kinetics between the APHEs and their representative
adsorbent samples can be attributed to the difference in the pressure courses of variation
between the water vapour surrounding the APHEs in their experimental test setups and that
surrounding the small adsorbent samples in the measuring cell of the V-LTJ kinetic setup,
which have been recorded during the experimental processes and depicted also in Figure 3.12
(lower curves) and Figure 3.13 (lower curves). Since the mass of water vapour filling the



52 Performance prediction of APHEs using small-scale adsorbent samples

Table 3.3 Time constant of the exponential fitting (τ) and its (R2) value of the adsorption
kinetic data obtained at each set of operating conditions for the APHEs (Full-scale) and their
representative adsorbent samples (Small-scale).

internal volume of the constant-volume kinetic setup (i.e., the internal volume of the vapour
vessel, the measuring cell, and the connection pipes between them) continuously decreases
during the adsorption process, the pressure of the water vapour surrounding the investigated
sample in the measuring cell decreases with the time of adsorption. The maximum pressure
drop is reached at the end of the adsorption process and it is limited here to 2 mbar, as
explained in Section 3.4.

In the adsorption kinetic measurements of the APHEs, the time course of pressure
variation of the water vapour surrounding each APHE in its experimental setup is quite
similar to that takes place in adsorber of a real adsorption chiller or a heat pump. In other
words, the pressure of the vapour surrounding the adsorber drops sharply during the first
few seconds and then starts to be recovered and approaches its initial level at the end of the
process upon reaching the corresponding equilibrium state. Such behavior has been faced in
the lab-scale setups as well as in real adsorption heat pumps and chillers [127].

The differences in the adsorption kinetics between the adsorbers and the small-scale
adsorbent samples are quite small at the condenser temperature of 35°C. This can be attributed
to the lower differential water uptake obtained in case of conducting adsorption processes with
higher condenser (adsorption-end) temperature, leading to lower drop in the pressure of the
vapour surrounding the small-scale adsorbent sample in the measuring cell and accordingly,
lower difference in the pressure course between the water vapour surrounding the APHE
and that surrounding its small-scale adsorbent sample in measuring cell of the V-LTJ kinetic
setup.
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(a) (b)

(c) (d)

Fig. 3.12 Adsorption kinetic (upper) and vapour pressure (lower) curves of the GLX30 APHE
(full-scale measurements) and its representative adsorbent sample (smallscale measurements)
at evaporator, condenser/adsorption-end and desorption temperatures of (a) 15/30/90°C, (b)
15/35/90°C, (c) 10/30/90°C, (d) 10/35/90°C.

3.5.2 Desorption kinetics

Figure 3.14 and Figure 3.15 depict the desorption kinetic data obtained from the experimental
investigation of the APHEs and their representative adsorbent samples upon performing LTJ
desorption processes at different sets of operating conditions. Indeed, the desorption kinetics
of the APHEs and the small-scale adsorbent samples are remarkably faster if compared with
the adsorption kineties. As depicted in Table 3.4, the GLX30 APHE demonstrates a faster
desorption kinetics by an average factor of 2.85 relative to the adsorption kinetic. For the
GL50 APHE, this factor amounts to 3.73. In addition, it is obvious that, the desorption
kinetics of the small-scale representative samples are higher than those obtained from the full-
scale APHEs. The relative deviation in the desorption kinetic’s characteristic times between
full-scale and small-scale measurements is clearly higher than the RD of the adsorption
characteristic times. Strictly speaking, for the GLX30, the RD amounts to -36.2% in favor of
the small-scale sample at the boundary condition 10/35/90°C, which increases to -45.7% at
15/30/90°C. For the GL50, the RD values do not differ significantly from the values of the
GLX30, -32.0% in favor of the small-scale sample at the boundary condition 15/35/90°C,
which increases to -43.7% at 15/30/90°C.
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(a) (b)

(c) (d)

Fig. 3.13 Adsorption kinetic (upper) and vapour pressure (lower) curves of the GL50 APHE
(full-scale measurements) and its representative adsorbent sample (smallscale measurements)
at evaporator, condenser/adsorption-end and desorption temperatures of (a) 15/30/90°C, (b)
15/35/90°C, (c) 10/30/90°C, (d) 10/35/90°C.

Table 3.4 Time constant of the exponential fitting (τ) and its (R2) value of the desorption
kinetic data obtained at each set of operating conditions for the APHEs (Full-scale) and their
representative adsorbent samples (Small-scale).
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(a) (b)

(c) (d)

Fig. 3.14 Desorption kinetic (upper) and vapour pressure (lower) curves of the GLX30 APHE
(full-scale measurements) and its representative adsorbent sample (small-scale measurements)
at evaporator, condenser/adsorption-end and desorption temperatures of (a) 15/30/90°C, (b)
15/35/90°C, (c) 10/30/90°C, (d) 10/35/90°C.

The relatively large difference in the desorption kinetics between each APHE and its
small-scale adsorbent sample can be attributed to the large difference in the pressure course
of variation between the water vapour surrounding the APHE in its test setup and that
surrounding its small adsorbent sample in the measuring cell of the V-LTJ kinetic setup,
which are illustrated in the bottom diagrams of Figure 3.14 and Figure 3.15. For instance,
at 15/30/90°C, the pressure of the water vapour surrounding the GLX30 APHE in its test
setup reaches to maximum value of 48.5 mbar in the first 110 s from the beginning of the
desorption process and then starts to fall. After around 450 s, the pressure becomes equal
to the pressure inside the small-scale V-LTJ apparatus. Recalling the overall time needed
for reaching equilibrium under this boundary condition, this means that the pressure of the
full-scale apparatus was above that of the small-scale one over 50% of the process time,
which explains why the desorption kinetics of the full-scale GLX30 APHE are slower than
those of the small-scale measurements. This is also the case in the other three boundary
conditions. The same explanation is also valid for the GL50 APHE. As shown in Figures 3.12
and 3.14 (lower diagrams) as well as Figures 3.13 and 3.15(lower diagrams), the maximum
vapour pressure drop in all conducted adsorption processes on the APHE does not exceed 1
mbar in the GLX30 experimental setup and 2 mber in the GL50 setup, whereas the maximum
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(a) (b)

(c) (d)

Fig. 3.15 Desrption kinetic (upper) and vapour pressure (lower) curves of the GL50 APHE
(full-scale measurements) and its representative adsorbent sample (smallscale measurements)
at evaporator, condenser/adsorption-end and desorption temperatures of (a) 15/30/90°C, (b)
15/35/90°C, (c) 10/30/90°C, (d) 10/35/90°C.
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vapour pressure jump in the desorption processes exceeds 6 and 12 mbar in the GLX30 and
GL50 experimental setup, respectively. This explains the deviation in the desorption kinetics.

The deviation between the desorption small-scale and full-scale results is quite acceptable,
as the adsorption time is always longer than the desorption time (an average factor of 2.85
and 3.73 exist between the adsorption and desorption characteristic times for the GLX30
and the GL50, respectively), which means it plays the dominant role in estimating the cycle
time of a real adsorption appliance. Considering the obtained very good matching between
the adsorber kinetics of better than 24% for the GLX30 and 3% for the GL50 (in average
12.37% and 0.45%, for the GLX30 and the GL50, respectively), the introduced methodology
to design small-scale samples is quite promising for reducing the time and cost of developing
efficient adsorber plate heat exchangers.

3.5.3 Evaporator and Condenser powers

As the pressure difference between the water vapour surrounding each APHE in its exper-
imental setup and that surrounding the representative adsorbent sample in the measuring
cell is the cause of the difference in the adsorption and desorption kinetics as well as the
final differential water uptake, comparing each APHE with its representative adsorbent
sample only from the perspective of the temporal change of the water loading could be
misleading. In other words, the success of predicting the performance of a real adsorber
heat exchanger using small-scale representative adsorbent sample has to be judged from the
perspective of the adsorption system output, such as the evaporator and condenser output
powers. Accordingly, comparisons between the instantaneous and moving average specific
powers obtained from the evaporator/condenser units of the full-scale setups and the evapora-
tion and condensation powers estimated from the adsorption and desorption kinetic results
of the small-scale adsorbent samples may be more suitable indicators for the ability of a
representative small-scale adsorbent sample in predicting the performance of a real adsorber
heat exchanger. In the next section, the instantaneous and moving average specific powers
obtained from the evaporator/condenser unit, against which the GLX30 APHE was tested,
and the evaporation and condensation powers estimated from the adsorption and desorption
kinetic results of the GLX30’s small-scale adsorbent sample will be compared and discussed.

Instantaneous Evaporator and Condenser Power

Figures 3.16 and 3.17 present comparisons between the instantaneous specific evaporation
and condensation powers obtained from the evaporator/condenser unit of the GLX30 APHE’s
test setup and the instantaneous specific evaporation and condensation power estimated from
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the kinetic results of the corresponding small-scale adsorbent sample tested in the V-LTJ
kinetic setup, respectively. The estimated instantaneous specific evaporator and condenser
power based on the measured kinetic data of the small adsorbent sample have been estimated
according to Equations 3.9 and 3.10, respectively.

(q̇ev)small−scale =
dw
dt

.h f g(Tev) (3.9)

(q̇cond)small−scale =
dw
dt

.(cp,v(Tv −Tcond)+h f g(Tev)) (3.10)

Where, (q̇ev)small−scale and (q̇cond)small−scale are the estimated instantaneous specific
evaporator and condenser power based on the measured performance of the small-scale
adsorbent sample, respectively, dw

dt is the rate of water vapour adsorption/desorption, h f g(T )
refers to the latent heat of water evaporation/condnesation at the applied T , and Tv is the
temperature of the water vapour leaving the desorbing sample in the V-LTJ kinetic setup.
The specific heat of water vapour at constant pressure cp,v has been assumed constant and
equal to 1920 J.kg−1.K−1.

As shown in Figure 3.16, at all applied operating conditions, there is a good agreement
between the measured evaporation power from the evaporator/condenser unit of the experi-
mental setup built to investigate the GLX30 APHE and the evaporation power estimated from
the adsorption kinetics data of the corresponding small-scale adsorbent sample according to
Equation 3.9.

On the other hand, the condensation power estimated from the desorption kinetic results
of the small-scale adsorbent sample at all applied operating conditions do not match very well
with the power obtained from the evaporator/condenser unit obtained during the desorption-
condensation processes on the GLX30 APHE (see Figure 3.17). This can be explained by
the large difference in the temporal pressure courses of the water vapour surrounding the
GLX30 APHE and that surrounding its small adsorbent sample in their test setups during all
conducted desorption processes. Nevertheless, it is obvious that the condensation energy is
quite equal in both test methodologies.

Time-Averaged Evaporator and Condenser Powers

The time-averaged instantaneous specific evaporator and condenser power, which can be
alternatively described as the moving average specific evaporator and condenser power is
another useful indicator for evaluating the kinetic data of the small-scale measurements.
Equation 3.11 describes the mathematical formula for estimating the evaporator specific
power out of the measured data of the small-scale sample. In other words, such a moving
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(a) (b)

(c) (d)

Fig. 3.16 Instantaneous specific evaporation power of evaporator/condenser unit of the
GLX30 experimental setup (full-scale) and that estimated from the kinetic results of the
adsorbent sample (small-scale), at (a) 15/30/90°C, (b) 15/35/90°C, (c) 10/30/90°C, (d)
10/35/90°C.

average specific evaporator power at a certain duration point (t) is the average evaporator
power achievable, if the time assigned to the adsorption-evaporation process equals that
duration (t). The obtained moving average evaporator powers for both full- and small-scale
measurements are illustrated in Figure 3.18 under the four tested operating conditions.

(q̇ev)small−scale =
w(t)−wo

t
.h f g(Tev) (3.11)

At the beginning of each tested processes, the driving force for adsorption is at its
maximum value. Accordingly, the adsorption kinetics are the fastest and q̇ev increases sharply
and reaches to maximum value in a short time. Afterwards it starts to drop with a slowing
rate. For instance, at 15/30/90°C, q̇ev of the full-scale setup reaches 526.5 W.kg−1

dry adsorbent
in the first 189 s, then it decreases and reaches 257.4 W.kg−1

dry adsorbent at the time required
to reach 80% of the final or equilibrium differential water uptake (∆w f ) (τ80% = 1297 s). At
the same operating condition, i.e., 15/30/90°C, q̇ev estimated from the small-scale sample
adsorption kinetic measurements reaches 554.9 W.kg−1

dry adsorbent (5.4% higher than that
of full-scale setup) in the first 139 s. q̇ev of the sample reaches 182.2 W.kg−1

dry adsorbent
(29.2% less than that of full-scale setup) at the characteristic time τ80% of 1725 s. Such a new
evaluation methodology of the measured kinetic data of the small-scale adsorbent sample
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(a) (b)

(c) (d)

Fig. 3.17 Instantaneous specific condensation power of evaporator/condenser unit of the
GLX30 experimental setup (full-scale) and that estimated from the kinetic results of the
adsorbent sample (small-scale), at (a) 15/30/90°C, (b) 15/35/90°C, (c) 10/30/90°C, (d)
10/35/90°C.

is quite effective in determining the adsorption phase duration based on the target specific
evaporator power to be realized.

Equation 3.12 describes the mathematical formulae for estimating the moving average
specific condenser power out of the measured desorption kinetic data of the small-scale
sample representative to the GLX30 APHE.

(q̇cond)small−scale =
w(t)−wo

t
.(h f g(Tcond)+Cp,v(Tv −Tcond)) (3.12)

Figure 3.19 illustrates the obtained moving average specific condenser powers of both
full- and small-scale measurements of the GLX30 under the four sets of operating conditions.
As depicted in Figure 3.19, the condensation powers estimated from the small-scale mea-
surements are higher than those obtained from the full-scale measurements. The average
relative deviation (ARD) in the moving specific average power is estimated according to
Equation 3.13. Table 3.5 presents the estimated ARD for both moving average evaporator
and condenser powers based on Equation 3.13.

ARD =
100
n

n

∑
1

|q̇ f ull−scale − q̇small−scale|
q̇ f ull−scale

(3.13)
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Table 3.5 Average relative deviation (ARD) of the moving average specific evaporator and
condenser powers between the full-scale and small-scale measurements of the GLX30 APHE
under the four tested operating conditions.

Operating conditions ARDq̇ev
, % ARDq̇cond

, %
15/30/90 15.1 28.4
15/35/90 13.2 25.4
10/30/90 14.8 28.7
10/35/90 5.4 24.6

With a maximum ARD of 15.1% in the moving average evaporator power, it is evident
again, that a good matching between full- and small-scale measurements is reached. Contrary
to that, the ARD in the moving average specific condenser power between the full- and small-
scale measurements (ARDq̇cond

) ranges between 24.6 and 28.7%, at the operating conditions
of 10/35/90°C and 10/30/90°C, respectively. The reason behind the higher difference in
the moving average condensation powers is the large difference in the pressure course of
variation between the full- and small-scale test setups, as explained before.

The obtained good agreements between the adsorption water uptake data (Figure 3.12),
instantaneous specific evaporator power (Figure 3.16) and the moving average specific
evaporator power (Figure 3.18) between the GLX30 APHE and its small-scale representative
sample at all tested operating conditions implies the strength of the introduced methodology,
which has been verified in this work, to utilize the V-LTJ kinetic setup to precisely predict
the performance of real adsorber heat exchangers before building them. Of course, special
attention must be paid for analyzing the heat and mass transfer characteristics of the adsorbent
domain of the adsorber heat exchanger before deciding on the dimensions of its representative
test frame as described and applied in this work. Accordingly, design optimizations can be
easily carried out based on the small-scale measurements before stepping to the fabrication
and validation development phases, which shall save enormous development time and cost.

3.6 Conclusion

This chapter addressed the degree of matching between the adsorption and desorption kinetic
measurements between two commercial, one open and one closed structured asymmetric
plate heat exchangers adapted to act as an adsorbers/desorbers and small-scale adsorbent
samples prepared dedicatedly to be representative for the adsorbent domains inside the
investigated adsorber/desorber plate heat exchangers (APHEs) from the perspective of both
heat and mass transfer characteristic lengths. To this aim, special test setups have been
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(a) (b)

(c) (d)

Fig. 3.18 Specific moving average evaporation power of the evaporator/condenser unit
(full-scale) and that estimated from the kinetic results of the adsorbent sample (small-scale),
at (a) 15/30/90°C, (b) 15/35/90°C, (c) 10/30/90°C, (d) 10/35/90°C.
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(a) (b)

(c) (d)

Fig. 3.19 Specific moving average condensation power of the evaporator/condenser unit
(full-scale) and that estimated from the kinetic results of the adsorbent sample (small-scale),
at (a) 15/30/90°C, (b) 15/35/90°C, (c) 10/30/90°C, (d) 10/35/90°C.
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established to investigate the adsorption and desorption kinetics of the full-scale APHEs. A
slight modification in the thermal response (LTJ) methodology [91] has been introduced. The
adsorption and desorption kinetic investigation of the small-scale representative adsorbent
samples has been conducted using a Volumetric Large Temperature Jump (V-LTJ) kinetic
setup [93]. In addition, the kinetic data of the small-scale adsorbent sample representative to
one of the two investigated APHEs, namely the GLX30 APHE, have been utilized for esti-
mating the expected instantaneous and moving average powers of the evaporator/condenser
heat exchanger, against which the GLX30 APHE has been tested. The obtained small-scale
and full-scale results have been compared and the main outcomes are summarized as follows:

• All kinetic results of the small-scale adsorbent samples and the APHEs have been fitted
to an exponential form with coefficient of determination (R2) values better than 0.9461.

• A very good matching between the small-scale and full-scale adsorption kinetic mea-
surements has been obtained, with average relative deviation (RD) in the characteristic
time constant of the exponential form (τ) by 12.3% for the GLX30 and 1.22% for the
GL50.

• The APHEs demonstrated faster desorption kinetics than its adsorption kinetics by an
average factor of 2.85 for the GLX30 and 3.73 for the GL50. This is in phase with
previous measurements and puts in evidence that the duration of the adsorption phase
dominates the cycle time of the related adsorption appliance.

• The RD in the desorption kinetics’ characteristic time (τ) between the full-scale and
the small-scale measurements for both APHEs was clearly higher than the RD of the
adsorption characteristic times.

• The relatively large difference in the desorption kinetics between the APHEs and the
small-scale adsorbent samples was attributed to the large difference in the pressure
course of variation between the water vapour surrounding the APHEs in their test
setups and that surrounding the small adsorbent samples in the measuring cell of the
V-LTJ kinetic setup, implying a weak condenser performance of the test setups leading
to higher water vapour pressures and, correspondingly, slower desorption kinetics.

• The instantaneous and moving average specific evaporator power estimated from the
adsorption kinetics data of the small-scale adsorbent sample representative to the
GLX30 APHE matched very well with the ones obtained directly from the evapora-
tor/condenser unit, against which the GLX30 APHE has been tested, with an average
relative deviation (ARD) between 5.4 and 15.1% for the moving average power.
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• The condenser moving average power estimated from small-scale measurements of the
GLX30 were higher than those obtained from the full-scale measurements, with an
ARD between 24.6 and 28.7%, which is attributed to the weak condenser performance
of the full-scale test unit, leading to excessively higher pressure.

Despite the relatively higher deviations of the desorption kinetic data, very good agree-
ments have been obtained for the adsorption kinetics regarding the temporal water uptake,
instantaneous specific evaporator power and the moving average specific evaporator power
between the APHEs and their small-scale representative samples at all tested operating condi-
tions. This puts in evidence the strength of the introduced methodology to mimic the heat and
mass transfer characteristics of the adsorbent domain of a plate-type adsorber heat exchanger
by dedicatedly design a test frame for a small-scale adsorbent sample, to be investigated
with e.g. the V-LTJ kinetic setup to precisely predict the performance of the real adsorber
heat exchangers before building it. Accordingly, design optimizations also concerning the
influence of the adsorbent type and grain-size can be easily investigated on the small-scale
level before realizing the full-scale heat exchanger, which shall save development time and
cost.





Chapter 4

Developed 3D simulation model;
calibration and validation against
experimental data

Thanks to the high computational power of the modern computers, the numerical simulation
of the physical phenomena became, recently, quite effective for the development and the
design optimization of the engineering components. The verification of the validity of the
numerical model requires, however, relevant experimental data. In some cases, special
experimental investigations are additionally required to estimate first some relevant parame-
ters of the governing equations composing the numerical simulation model. Therefore, the
conditions of the conducted experiments should be carefully considered.

The development of a highly efficient heat exchanger to act as adsorber/desorber for
the adsorption systems is quite crucial for obtaining high system efficiency. The physics
behind the work of the adsorber/desorber heat exchanger are entangled. It involves un-
steady conductive heat transfer in solid (the heat exchanger metal), unsteady convective heat
transfer in the flowing heat transfer fluid (HTF), unsteady mass diffusion of the adsorbate
in the adsorbent and unsteady conductive heat transfer in the adsorbent. In addition, the
exothermic/endothermic nature of the adsorption/desorption process (heat of adsorption) and
temporal variation in the thermal properties of the applied adsorbent-adsorbate pair during
the conducted adsorption and desorption processes should be taken into consideration. For
instance, Rouhani et al. [128], presented the dependence of the AQSOA-Z02 zeolite thermal
conductivity on the water uptake. Uddin et al. [129], showed the high dependence of the
specific heat capacity of the different carbon based adsorbents on temperature.

Survey of the different numerical models coupling the different physics equations, which
govern the work of the adsorber/desorber heat exchanger, has been introduced in [130].



68 Developed 3D simulation model; calibration and validation against experimental data

The simulation models of the adsorbent domain inside the adsorber/desorber are classified
into the following three main types, lumped parameters (LP), heat transfer (HT) and more
sophisticated heat and mass transfer (HMT) models. The LP model assumes a uniform
distribution of temperature, pressure and refrigerant content inside the whole adsorbent
bed [131]. The HT model takes spatial distribution of the adsorbent temperature into
account, but neglect the mass transfer resistance through the porous adsorbent medium [79].
The more complex HMT model accounts for combined heat and mass transfer during the
adsorption/desorption of adsorbate into/from the adsorbent bed and are able to describe the
variation of the adsorbent temperature, adsorbate pressure and uptake with time and space
[132].

Indeed, the HMT model is the most advanced one, however it can predict preciously the
performance of an adsorber/desorber heat exchanger, if it is fed with; (1) correct thermal
properties of the HEX metal, HTF and adsorbent-adsorbate pair, (2) initial and boundary
conditions, and (3) proper heat and mass transfer parameters. The HMT model can moreover
be applied to estimate the coupled heat and mass transfer parameters of an adsorbent-
adsorbate working pair of an adsorber/desorber, if it is fed with a set of relevant experimental
data and integrated with an optimization model to estimate the heat and mass transfer
parameters.

In this chapter, a HMT model shall be developed for simulating the performance of
the experimentally investigated full-scale APHEs (see Chapter 3). The model shall be
implemented in a commercial software, namely "COMSOL Multiphysics". The conjugate
heat transfer module integrated in COMSOL shall be applied to account for the heat transfer
between the model components, i.e. water vapour, adsorbent grains, metal surface and HTF.
This means that defining the heat transfer coefficients between model components is not
required. The developed simulation model will first be implemented on a 2D geometry
(rectangular) representative to a small-scale adsorbent sample of 3 mm thickness placed in
a top-open frame and tested in the V-LTJ kinetic setup. The small-scale adsorbent sample
receives/delivers the refrigerant vapour from/to its top surface. Thus the interparticle mass
trnasfer resistance in this adsorbent sample is quite low and can be neglected. The numerical
model implementation on the adsorbent sample geometry aims to estimate the effective
diffusion coefficient of water vapour in the Siogel grains (De f f ) by best fitting the obtained
numerical results to the experimental data obtained from the investigation conducted on
the above described small-scale adsorbent sample. The optimization module integrated in
COMSOL shall be applied to perform the best fitting and estimating the values of De f f at
different applied boundary conditions. The obtained values of De f f shall be applied in the
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implementation of the developed numerical model on the 3D geometries of the investigated
Full-scale APHEs

4.1 Estimation of De f f of water vapour in Siogel grains

To simulate an adsorbent bed, predetermination for De f f of the applied adsorbent-adsorbate
pair is necessary. As discussed in the last chapter (Chapter 3), water was applied as adsorbate
and the silica "Siogel" was applied as the adsorbent material in all conducted full-scale
and small-scale experiments. Only one study [19] reported the value of De f f of water
vapour in Siogel grains has been found in the literature. As the reported values in [19]
are for large temperature jump (LTJ) adsorption and desorption processes associated to
only one set of operating conditions, namely Tev = 10°C, Tcond = 30°C and Tdes = 80°C,
it is necessary to estimate De f f values at all sets of operating conditions applied in the
experimental investigations (full-scale and small-scale) discussed in Chapter 3.

Thus, estimation of De f f values of the water adsorption in the Siogel adsorbent grains
at different operating conditions, namely Tev=5, 10 and 15 °C against Tcond=30 and 35°C
and Tdes=90 °C, has been conducted. The estimation of De f f values is done by best fitting
the numerical to the experimental data of a cuboidal adsorbent sample of thickness 3 mm
(equivalent to the HTCL of the GLX30 APHE) placed in an open test frame and investigated
experimentally using the V-LTJ kinetic setup. Figure 4.1a shows the design of the frame and
Figure 4.1b shows the realized frame filled with 320 g (dry mass) of the Siogel grain (size
range: 0.71 to 1.0 mm) and placed on the sample holder in the measuring cell of the V-LTJ
kinetic setup installed in the laboratory of sorption processes (LSP) at OTH Regensburg.
The width of the adsorbent sample placed inside the frame amounts to 3 mm. The height
(thickness) of the adsorbent sample inside the frame amounts to 3 mm. The numerical
simulation model has been implemented using COMSOL Multiphysics on a 2D geometry
(rectangle shape) representative to the adsorbent sample.

Note that the transfer of the water vapour in the adsorbent sample tested in the open
frame faced negligible interparticle mass transfer. This means using the experimental data of
the adsorbent sample tested in the open frame in estimating the values of De f f leads to less
error and shorter computational time compared to the adsorbent samples tested in the frames
explained in Chapter 3. See Appendix B for more information about the fabrication of the
open test frame and the fitting of the simulation results to the experimental data.



70 Developed 3D simulation model; calibration and validation against experimental data

(a) (b)

Fig. 4.1 Test frame used for De f f -estimation of the Siogel-water working pair, (a) 3D-
drawing, (b) realized test frame filled with the Siogel grains and place on the sample holder
of the V-LTJ kinetic setup

4.2 3-D modeling of a repeated section of the Ads-PHE

To develop mathematical models for predicting the sorption performance of the investigated
Ads-PHEs and, at the same time, consume reasonable computational times, appropriate
representative sections of both investigated Ads-PHEs for the numerical study should be
carefully selected. Since the investigated Ads-PHEs consist of several identical plate-pairs,
the adsorbent and the HTF domains between the successive plates are identical as well.
Therefore, the numerical simulations of only a repeated section of each investigated Ads-
PHE can predict their performance preciously. The selection of such repeated section differs
from the “GLX30” Ads-PHE to the “GL50” Ads-PHE. The “GLX30” Ads-PHE consists
of several sets of two differently stamped core plates in addition to the two end plates.
Each plate type has a different stamping geometry on each side. Every plate type shall be
surrounded by two of the other type upon building the stack of the whole PHEX. It follows
that the two alternatively repeated domains for the adsorbent and the HTF are asymmetric.
As a representative section, from which the whole Ads-PHE can be built up, one complete
HTF domain surrounded by two halves of the adsorbent domain is chosen. Because of the
two differently stamped plates, the two halves of the adsorbent domains are not identical.
Figure 4.2 depicts the selected representative intermediate section of the “GLX30” Ads-PHE,
which consists, as explained before, of three contacted parts representing the domain of
the adsorbent (purple colored), the HTF domain (light blue colored) and the metal plates
themselves (gray colored).

The arrows along the two sides of the two halves of the adsorbent domains illustrate the
water vapour flow direction into it (during adsorption) and out of it (during desorption). The
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(a) (b)

Fig. 4.2 Intermediate representative domain of the GLX30 Ads-PHE selected for the numer-
ical simulation, (a) Plate type I (top plate of the HTF domain) with half of the adsorbent
domin on top of it, (b) 180° rotated plate type II (lower plate of the HTF domain) with half
of the adsorbent domain adjacent to it

vertical wide arrows shows the HTF flow direction into the flow distribution port or out of
the flow collecting port. Indeed the flow distribution port conveys the HTF equally into all
HTF domains of the whole PHE. In the same time, the flow collection port receives the HTF
from all HTF domains after having exchanged heat with the adsorbent domains.

The “GL50” Ads-PHE consists of a single stamped plate, however with two different
stamping profiles on each side as can be seen in Figure 4.3. Figure 4.3a depicts the upper
side of the plate with a half adsorbent domain on top of it, while Figure 4.3b illustrates the
lower side of the plate with half HTF domain adjacent to it. The intermediate representative
section of the “GL50“ Ads-PHE for the simulation model, depicted in Figure 4.3, comprises,
therefore, one plate, one half adsorbent subdomain on top of it and one half HTF subdomain
below it.

4.3 Model Assumptions

For both the 2-D (for the adsorbent sample) and the 3-D (for the representative section of
each PHE) models, the following assumptions are adopted:

• The adsorbent grains are spherical with a uniform size and porosity.

• As each adsorbent subdomain in the investigated APHEs is subjected to cooling/heating
effect equality from two plates, a heat transfer symmetrical plane dividing each ad-
sorbent subdomain is considered of the representative sections of both Ads-PHE is
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(a) (b)

Fig. 4.3 Intermediate representative domain of the GL50 Ads-PHE selected for the numerical
simulation, (a) Side I, in contact with half of the adsorbent domain, (b) Side II, in contact
with half of the HTF domain

perfectly insulated. That is due to the existence of a minimum/maximum of temper-
ature, pressure and uptake during the successive adsorption and desorption phases,
respectively.

• Local thermal equilibrium is assumed between the adsorbent, the adsorbed water and
the water vapour.

• The thermo-physical properties of the dry adsorbent grains are assumed constant.

• Water vapour is treated as an ideal gas

• The pressure of water vapour entering into or leaving the Ads-PHEs during the ad-
sorption/desorption process is variant and set equal to the recorded values in the
experimental work.

In addition, the following two assumptions are adopted for the 2-D model of the small-
scale adsorbent sample tested inside the V-LTJ kinetic setup.

• The temperature distribution over the sample holder of the measuring cell is considered
uniform. The sample holder is small and effectively cooled down and heated up, thus
assuming a uniform temperature distribution over its surface is quite reasonable.

• Perfect thermal insulation at the upper surface and the side surfaces of the adsorbent
sample inside the open test frame (see Figure 4.1a).
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Based on the above assumptions and description of the selected sections of the investigated
Ads-PHEs, the governing equations described in the following section have been applied.

4.4 Governing Equation

As mentioned before, the 2-D mathematical model is specifically developed to account for
the combined heat and the mass transfer within the adsorbent sample of the kinetic setup.
The sample holder surface temperature is measured continuously during the adsorption and
desorption experiments. The sensor used to measure sample holder surface temperature
is fixed very close to the position, where the adsorbent sample is placed (see Figure 4.1b).
Therefore, the experimentally measured sample holder surface temperature is applied as a
thermal boundary condition at the bottom side of the adsorbent sample. Accordingly, the
following conservation equations for the heat and mass transfer in the adsorbent sample are
adopted.

Energy balance for the adsorbent

The energy balance for the adsorbent can be described by Equation 4.1 after neglecting the
viscous dissipation and the work done by pressure [130].

ρCpeq

∂T
∂ t

+∇(−keq∇T )+∇(ρvCpv u⃗vT ) = (1− εt)ρad∆had
∂w
∂ t

(4.1)

Herein, ρCpeq represents the equivalent heat capacity of the adsorbent bed. The bed can
be described as a porous medium of adsorbent grains. The grains contain water in their
gas phase as well as in their adsorbate phase. Based on the heat capacity of the adsorbent
grains, where the vapour and the adsorbate are co-existing and the heat capacity of the vapour
surrounding the grains, the equivalent heat capacity ρCpeq is determined as follows [130]:

ρCpeq = (1− εt)ρad(1+w)Cad,wet + εtρvCpv (4.2)

The bed total porosity is given by Equation 4.3 in [134].

εt = εb +(1− εb)εp (4.3)

The water vapour is treated as an ideal gas and the vapour density can be calculated as:

ρv =
P

RT
(4.4)
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The equivalent thermal conductivity of the adsorbent porous medium (keq) is described by
equation 4.5 [135].

keq = (1− εt)kad,wet + εbkv (4.5)

where kad,wet is the average thermal conductivity of the wet adsorbent.

Mass balance for the adsorbate

Equation 4.6 describes the mass conservation of the adsorbate (water) within the whole
system incorporating both adsorbed and the vapour phases [134]. Indeed, water vapour
transfers from the vapour phase into the adsorbed phase during adsorption and vice versa
during desorption.

εt
∂ρv

∂ t
∇(ρvu⃗v) =−(1− εt)ρad

∂w
∂ t

(4.6)

In Equation 4.7, ∂w
∂ t describes the time rate of change of the water uptake per unit mass of

dry adsorbent. The intra-particle mass transfer resistance inside the adsorbent grains affects
this rate. The well-known linear driving force model [133] is applied to account for such
mass transfer resistance as described by Equation 4.7,

∂w
∂ t

=
15De f f

r2
p

(w∗−w) (4.7)

Where De f f represents the effective diffusion coefficient, rp the radius of the adsorbent
grains, w∗ the equilibrium uptake at the instantaneous pressure and temperature and w the
temporal water uptake inside the adsorbent grain.

The equilibrium correlation between pressure, temperature and water uptake for Sio-
gel/Water pair is described by the Dubinin-Astakov-Equation 4.8,

w∗ = wo exp(−(
F
E
)n) (4.8)

F = RT ln(
Psat

P
) (4.9)

where the parameters wo, E and n have been listed in [17, 18]. The adsorption potential
F is defined by Equation 4.9.

If the vapour velocity and, correspondingly, the pressure losses throughout the adsorbent
bed are relatively low, the Darcy’s law can be applied instead of the momentum conservation
equation [136]. The Darcy’s law (Equation 4.10) describes the velocity of the vapour as a
viscous flow through the porous medium.
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u⃗v =−
Kapp

µ
.∇p (4.10)

Where Kapp is the permeability of the bed, which can be estimated according to Equa-
tion 4.11, which has been introduced by Ruthven [135].

Kapp =
ε3

b d2
p

150(1− εb)2 (4.11)

Beside the previously described equations for the combined heat and mass transfer
encountered in the adsorbent sample tested in the kinetic setup, the following energy and
momentum conservation equations for the Ads-PHE’s metal and HTF domains are adopted for
the 3-D mathematical model developed to simulate the representative intermediate domains
of the proposed Ads-PHE.

Energy balance for the APHE’s metal

ρmCm
∂T
∂ t

+∇(−km∇T ) = 0 (4.12)

Where Cm and km are the heat capacity and the thermal conductivity of the metal,
respectively.

Energy balance for the HTF

The energy balance for the heat transfer fluid (HTF) is described by Equation 4.13, from
which the instantaneous temperature distribution along the Ads-PHE can be estimated.

ρ fCpv

∂T
∂ t

+∇(−k f ∇T ) =−∇(ρ fCpv u⃗ f T ) (4.13)

Herein, Cpv and k f are the specific heat capacity and the thermal conductivity of the HTF,
respectively. The u⃗ f is the HTF’s velocity vector. The HTF is assumed to be water, which
has a relatively low thermal conductivity (k f = 0.59W−1.m−1.K−1). Therefore, heat transfer
in the HTF is dominated by convection rather than conduction.

Momentum balance for the HTF

The following momentum conservation equation accounts for the HTF’s velocity distribution
along the Ads-PHE. The flow regime inside the narrow flow channels of the introduced Ads-
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PHE is laminar. The following momentum (4.14) and mass conservation (4.15) equations are
applied [137].

ρ f
∂u f

∂ t
+ρ f (u f .∇)u f = ∇.[−pl +µ(∇u f +(∇u f )

T )− 2
3

µ(∇.u f )l]+F (4.14)

∂ρ f

∂ t
+∇.(ρ f u f ) = 0 (4.15)

4.5 Initial conditions

The pressure, temperature, and adsorbate uptake distributions inside the experimentally tested
adsorbent sample in the kinetic setup as well as the adsorbent domain of the investigated
APHEs are considered uniform at the initial state. The initial pressure of water vapour inside
the adsorbent equals the saturation pressure corresponding to applied evaporator temperature
(Tevap) in the adsorption processes and condenser temperature (Tcond) in the desorption
processes. The initial temperature of the adsorbent is the corresponding adsorption/desorption
start temperature (Tads−start /Tdes−start), which has been determined at the different applied
operating conditions from the available equilibrium model of the Siogel/water pair [17].
The values of the Tads−start and Tdes−start are recorded in Table 4.1. For the metal and
HTF domains of the selected sections for simulating the APHEs, a uniform temperature
distribution of Tads−start and Tdes−start is assumed at the initial state in the adsorption and
desorption processes, respectively.

Table 4.1 Applied temperature initial and end conditions

Tevap, ° C Tads−start , ° C Tcond = Tads−end , ° C Tdes−start , ° C Th=Tdes−end , ° C

5.0
58.5 30.0 57.1

90.0

53.2 35.0 68.4

10.0
66.1 30.0 50.5
58.7 35.0 58.8

15.0
70.5 30.0 44.5
62.4 35.0 55.1

4.6 Boundary conditions

For the numerical simulation of the experimentally tested adsorbent sample, the instanta-
neously recorded temperature of the sample holder and the pressure of the water vapour
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inside the measuring cell are utilized as the related boundary conditions for the adsorbent
domain. The sensor used to measure the sample holder surface temperature is fixed very
close to the position, where the adsorbent sample is placed (see Figure 4.1b). Therefore,
the experimentally measured sample holder surface temperature ( changes from Tads−start

to Tads−end in the adsorption and from Tdes−start to Tdes−end in the desorption) is applied as
a thermal boundary condition at the bottom side of the adsorbent sample. For the other
sides, insulation boundary conditions are applied (∂T

∂n = 0). Since the frame, where the
sample is placed inside, allows the vapour to enter only from the upper side (see Figure 4.1a),
the experimentally recorded pressure variation inside the measuring cell is applied as the
boundary condition at the sample upper side, while zero normal pressure gradient (∂P

∂n = 0)
is assumed on all other boundaries.

For the selected sections to simulate the APHEs, symmetric heat and mass transfer
boundary conditions (∂T

∂n = 0 and ∂P
∂n = 0) are applied at the symmetry planes described

before. In addition, insulation boundary conditions (∂T
∂n = 0) are applied at all outer sides

of the adsorbent and metal domains. At the water vapor entrance to/exit from the adsorbent
domain of each investigated APHE, a pressure boundary condition is applied. The values of
the pressure input to the model are the values recorded during the experimental investigations
of the considered APHEs. At the HTF’s inlet port, fully developed flow with flow rate and
temperature as recorded in the experimental work are applied.

4.7 Implementation

The commercial COMSOL Multiphysics® code, which employs the transient finite element
multi-dimensional modelling, is applied for all simulation tasks. First, a 2-D geometry
representative for the experimentally investigated adsorbent sample is implemented. The
adsorbent domain is treated as a porous media. The physical properties of Siogel/water
pair required for the simulation work are taken from [17, 18]. The “heat transfer in porous
medium” module integrated in COMSOL is applied to account for the energy conservation.
The “Darcy’s law” module is applied to account for the inter-particle mass transfer resistance.
The “chemical reaction” module is employed to represent the linear driving force (LDF)
model, which accounts for the intra-particle diffusion resistance. The integrated optimization
module is applied to estimate the parameters of the diffusion coefficient of water vapour into
the Siogel grains by best fitting the experimental results obtained by the kinetic setup.

Afterwards, the 3-D geometries for the selected sections of the APHEs are implemented
in COMSOL Multiphysics®. The “conjugate heat transfer” module integrated in COMSOL
Multiphysics® is applied instead of the “heat transfer in porous medium” module to account
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for the heat transfer on the three contacted domains; namely the porous medium of the
adsorbent, the metal and the HTF domains. The main advantage of applying this module
is that there is no need to define convective heat transfer coefficients at the contact surfaces
between the related domains [138]. The other modules applied in the simulation of adsorbent
sample are applied also to account for the mass transfer in the tested adsorbent domain of
the selected adsorbent domains of the APHEs. The estimated values of De f f are fed to the
“chemical reaction” module to account for the intraparticle mass diffusion resistance inside
the adsorbent grains. In addition, the integrated “laminar flow” module is applied to account
for the momentum conservation in the HTF.

The effect of the grid size and number of elements on the accuracy of the simulation
results has been carefully investigated. To this aim, the number of grid elements has been
changed and it turned out, that a grid of 2100392 elements for the “GL50” APHE and
2580902 for the “GLX30” APHE were adequate to obtain grid-independent results. The
model has been solved in transient mode for 4000 s with a variant time step between 0.01
and 0.1 s. The relative tolerance has been set to 0.001.

4.8 Results

In this section, the values estimated for the De f f by best fitting the obtained experimental
data with numerical results using COMSOL’s optimization module are discussed. Moreover,
the results obtained from the 3D model developed to simulate the representative sections of
the APHEs are presented and thoroughly discussed.

4.8.1 Estimated De f f of the applied Siogel/water pair

Table 4.2 depicts the De f f values obtained by best fitting the simulation model to the
experimental data of the adsorbent sample at all applied operating conditions. The root mean
square deviation (RMSD) [139] of the obtained De f f values according to Equation 4.16 is
also shown in Table 4.2.

RMSD =

√
1

t90%

∫ t90%

o
(wrel,exp −wrel,sim)2.dt (4.16)

Where t90% is the time to reach 90% of the final differential water uptake. wrel,exp and
wrel,sim are the relative water uptakes obtained from the experimental work and simulation,
respectively. Comparisons between wrel,exp and wrel,sim of the adsorption and desorption
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processes of the adsorbent sample used to evaluate De f f are presented in Appendix B. The
mean value of De f f values shown in Table 4.2 is about 1.25E-10 m2.s−1.

Our values for De f f are in order of magnitude of those reported by Aristov et al. [140]
for the Fuji silica gel. Aristov et al. [140] reported values for De f f between 2.1 E-11 and 1.5
E-10 m2.s−1 in temperature range from 28.8 to 64.0 °C.

Table 4.2 De f f values obtained from best fitting of the simulation model to the experimental
data of the adsorbent sample

Operating conditions Adsorption Desorption
Tevap/Tcond/Th , ° C De f f , m2/s RMSD De f f , m2/s RMSD

15/30/90 1.2E-10 0.048 1.0E-10 0.100
15/35/90 1.3E-10 0.090 1.2E-10 0.082
10/30/90 1.3E-10 0.042 1.2E-10 0.060
10/35/90 1.3E-10 0.064 1.2E-10 0.062
5/30/90 1.3E-10 0.041 1.2E-10 0.048
5/35/90 1.3E-10 0.077 1.3E-10 0.045

4.8.2 Applying the obtained De f f values in the 3D model

The obtained values of De f f have been applied in the 3D simulation model built to simulate
the performance of the two APHEs investigated experimentally in Chapter 3.

GLX30 APHE results

As depicted in Figure 4.4, the model built to simulate the performance of the experimentally
investigated APHEs has been excellently succeeded to predicted the adsorption kinetics of
the GLX30 APHE at the four applied sets of operating conditions. The RMSD values given
in Table 4.3 refers to the degree of matching between the experimental and the numerical
results of the GLX30 APHE.

Table 4.3 RMSD values of the GLX30 APHE

Operating Conditions
Tevap/Tcond/Th, °C Adsorption Desorption

15/30/90 0.081 0.165
15/35/90 0.131 0.156
10/30/90 0.129 0.169
10/35/90 0.056 0.086
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(a) 15/30/90°C (b) 15/35/90°C

(c) 10/30/90°C (d) 10/35/90°C

Fig. 4.4 Simulation results compared to the experimental data of the GLX30 APHE, obtained
upon applying the obtained De f f values

GL50 APHE results

Figure 4.5 shows another evidence of the excellent adsorption kinetics predictability of the
3D developed model. As depicted, the simulation model has been excellently succeeded to
predicted the adsorption kinetics of the GL50 APHE at the four applied sets of operating
conditions upon conducting the processes with the two vapour valves open as well as only
one vapour valve open. Refer to Table 4.4 to check the degree of agreement between the
experimental and numerical results of the GL50 APHE.
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(a) 15/30/90°C (b) 15/35/90°C

(c) 10/30/90°C (d) 10/35/90°C

Fig. 4.5 Simulation results compared to the experimental data of the GL50 APHE, obtained
upon applying the obtained De f f values

4.9 Discussion

4.9.1 T , P and w distributions

GLX30 Vs GL50

As presented above, the developed 3D simulation model can predict the dynamic performance
of an APHE very accurately. Accordingly, the model can be used to investigate the influence
of various design parameters on the dynamic performance of the APHE. In addition, the model
can be used to optimize the design of an APHE, as will be presented in Chapter 7. In the next
paragraphs, the numerically obtained spatial and temporal distributions of the temperature,
the pressure and the water uptake in the adsorbent domains of the two investigated APHEs
shall be presented and discussed for better understanding of the influence of the various
design parameters.

Figure 4.6 depicts the spatial temperature distribution over the adsorbent domain of the
GLX30 and the GL50 APHEs after 600 s of an adsorption process corresponding to set of
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Table 4.4 RMSD values of the GL50 APHE

Operating Conditions
Tevap/Tcond/Th, °C Adsorption Desorption

15/30/90
two valves open: 0.038,
one valve open: 0.055

two valves open: 0.092,
one valve open: 0.101

15/35/90 0.054 0.089
10/30/90 0.099 0.113

10/35/90
two valves open: 0.097,
one valve open: 0.088

two valves open: 0.111,
one valve open: 0.150

operating conditions 15/30/90 °C. As shown in the figure, the temperature distribution over
the adsorbent domains of both APHEs is highly uniform. However, it seems that the GLX30
suffers from poor cooling near the two open sides of the adsorbent domain. Moreover,
Figure 4.6a shows that the temperature distribution on the two sides, side I and II, of the
adsorbent domain of GLX30 are not identical. This can be attributed to the different topology
of the two plates forming the plate-pairs of the GLX30 APHE. In other words, the cooling
from the two plates surrounding an adsorbent subdomain in the GLX30 is not symmetric
around the plane passing through the interfacial surfaces, where the dimples on the two plate
surrounding the adsorbent subdomain are brazed together.

Figures 4.7a and 4.7b show the vapor pressure distributions in the adsorbent domain of
the two investigated APHEs, GLX30 and GL50, respectively, after 10 minutes (600 s) from
starting an adsorption process corresponding to set of operating conditions 15/30/90°C.

As discussed in Section 4.8.2, the adsorption dynamics are very much influenced by
the length of the vapour diffusion path in the adsorbent domain of the APHE. Due to the
relatively high interparticle mass transfer resistance, in the adsorption processes, the vapour
pressure gradually decreases as the vapour moves far away from the vapour inlet ports of the
APHE. For the GLX30 APHE, the vapour pressure decreases in the direction normal to the
symmetric mass transfer plane of the APHE, which is located at the middle distance between
the two open sides of the adsorbent domain of the APHE. For the GL50 APHE with the
two vapour valves open, the symmetric mass transfer plane is located in the middle distance
between the two vapour ports of the APHE.

Despite the shorter distance between the vapour inlet and the mass transfer symmetry
plane in the GL50 APHE compared to the GLX30 APHE, the vapour pressure in the region
near the mass transfer symmetry plane in the GL50, i.e. at the middle distance between
the two vapour ports, is lower than in the region near the mass transfer symmetry plane in
the GLX30. It can be said that the radial diffusion results in a higher pressure drop than
the linear diffusion. Therefore, the lower vapour pressure near the mass transfer symmetry
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plane in the GL50 can be attributed to the semi-radial diffusion of the vapour from the two
vapour ports towards the mass transfer symmetry plane in the GL50 APHE. However, the
radial distances that the refrigerant vapor travels from its ports towards the three sides of
the adsorbent region surrounding each vapour port are relatively short. Thus, semi-linear
diffusion can be considered from each vapour port towards its three surrounding sides of
the adsorbent domain, see the vapour pressure distribution in the adsorbent surrounding the
vapour ports in Figure 4.7b. This explains why, despite the linear diffusion of the refrigerant
vapor in the small-scale experimental adsorbent sample prepared to be representative of the
adsorbent domain inside the GL50 APHE, it succeeded in predicting very accurately the
adsorption dynamics of the GL50 at all applied operating conditions (see Chapter 3).

Figure 4.8 compares between the two APHEs in terms of the spatial water uptake
distribution after 600s of starting an adsoprtion process at 15/30/90°C. Recall that the water
uptake depends on the temperature of the adsorbent (T ) and the pressure of the refrigerant
vapour (P),

w = f (T,P) (4.17)

Thus, the spatial water uptake distributions depicted in Figure 4.8 can be explained from
the temperature distributions (Figure 4.6) and the pressure distributions (Figure 4.7) on the
adsorbent domains of the two investigated APHEs. It can be seen that the water uptake in the
region near the mass transfer symmetry plane in the GL50 is low compared to it in the region
near the mass transfer symmetry plane in the GLX30. However, in the region near the vapor
inlet ports, the water uptake in the GL50 is higher than the water uptake in the region near
the open sides of the adsorbent domain in the GLX30. It can be concluded that the pattern
of water uptake distribution matches very well the pattern of the pressure distribution in the
adsorbent domain of each APHE. Thus, the relatively low adsorption dynamics of the two
investigated APHEs (see Chapter 3) can be attributed to the poor interparticle mass transfer
in their adsorbent domains, since the refrigerant vapour has to diffuse/flow over relatively
long distances to reach all regions inside the adsorbent domains.

Influence of the interparticle mass transfer on the adsorption dynamic

To better understand the effect of interparticle mass transfer in the adsorbent domain on the
adsorption dynamics, Figures 4.9, 4.10 and 4.11 show the T , P, and w distributions on the
adsorbent domain of the GL50 in cases where only one vapour port is open and the two
vapour ports are open. When only one vapour port is open, the vapour has to travel even
longer distances in the adsorbent domain to reach the regions away from the opened vapour
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(a) (b)

Fig. 4.6 Spatial temperature distribution over the adsorbent domains of the investigated
APHEs at time=600 s of an adsorption process, namely 15/30/90 °C (a) GLX30 (side I (left)
and side II (right)),(b) GL50

(a) (b)

Fig. 4.7 Spatial vapour pressure distribution over the adsorbent domains of the investigated
APHEs at time=600 s of an adsorption process, namely 15/30/90 °C (a) GLX30 (side I (left)
and side II (right)),(b) GL50
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(a) (b)

Fig. 4.8 Spatial water uptake distribution over the adsorbent domains of the investigated
APHEs at time=600 s of an adsorption process, namely 15/30/90 °C (a) GLX30 (side I (left)
and side II (right)),(b) GL50

port. Figure 4.9 shows that the temperature of the adsorbent domain of the GL50 is lower
when only one vapour port is open than when the two vapour ports are open. This can be
attributed to the poor adsorption rates with only one vapour port open, particularly near the
closed vapour port ( i.e. top vapour port in Figures 4.9, 4.10 and 4.11), which implies a low
release of adsorption heat and, accordingly, lower temperature of the adsorbent.

Figure 4.10a shows a rather widely distributed pressure in the adsorbent domain of the
GL50 for the case where only one vapour port is open, with quite low vapour pressure in
the top part of the adsorbent domain, which is relatively far from the active vapour port (the
bottom vapour port) of the APHE. The pattern of the water uptake distribution depicted
in Figure 4.11a matches very well with the pattern of the pressure distribution depicted in
Figure 4.10a. This is a further evidence that the adsorption dynamics of APHEs are severely
limited by the interparticle mass transfer of the refrigerant vapour (adsorbate) inside the
adsorbent domains.

Influence of the interparticle mass transfer on the desorption dynamic

The effect of interparticle mass transfer on the desorption dynamics can be understood from
Figures 4.12, 4.13 and 4.14, which show the T , P, and w distributions on the adsorbent
domain after 180 s of starting a desorption process, at 15/30/90°C, of the GL50 in cases
where only one vapour port is open and the two vapour ports are open. Figure 4.12 shows
quite similar temperature distribution on the adsorbent domain in the two cases, i.e. only
one port open Vs two ports open. Concerning the pressure, quite wide distribution has
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(a) (b)

Fig. 4.9 Spatial temperature distribution over the adsorbent domain of the GL50 APHE at
time=600 s of an adsorption process, namely 15/30/90 °C, (a) 1 vapour valve is open, (b) 2
vapour valves are open

(a) (b)

Fig. 4.10 Spatial vapour pressure distribution over the adsorbent domain of the GL50 APHE
at time=600 s of an adsorption process, namely 15/30/90 °C, (a) 1 vapour valve is open, (b) 2
vapour valves are open
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(a) (b)

Fig. 4.11 Spatial water uptake distribution over the adsorbent domain of the GL50 APHE at
time=600 s of an adsorption process, namely 15/30/90 °C, (a) 1 vapour valve is open, (b) 2
vapour valves are open

been obtained in case of only one vapour port open compared to the case of the two ports
open, see Figures 4.13a and 4.13b. However, the quite different pressure distributions on
the adsorbent domain in the two cases, i.e., 1 open port vs. 2 open ports, are not greatly
reflected in the water uptake distributions shown in Figure 4.14. Figures 4.14a and 4.14b
show quasi-similar water uptake distributions. This is also in accordance with the time
variations of the average water uptake (desorption kinetics curves) of the GL50 obtained
experimentally and numerically at 15/30/90 °C in case of 1 open vapour port versus 2 open
vapour ports. See Figure 4.5a. It can be concluded that, in contrast to the adsorption, the
desorption dynamics of APHEs are only slightly limited by the interparticle mass transfer of
the refrigerant vapour (adsorbate) in the adsorbent domains.

4.9.2 MTCL assessment

As shown in chapter 3, the experimental adsorption kinetic data of a small-scale adsorbent
sample in cuboidal shape with height corresponding to the HTCL and length corresponding
to the MTCL of GLX30 APHE agreed excellently with the adsorption kinetic data of the
full-scale GLX30 APHE.

As indicated in Section 4.9.1, the MTCL is the most important design parameter of an
APHE. In this section, the simulation model presented in Section 4.1 of this chapter will be
applied to a 2D geometry representative of the cuboidal adsorbent sample tested in a closed
test frame, like the test frame of the GLX30 APHE described in Chapter 3, Section 3.4.
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(a) (b)

Fig. 4.12 Spatial temperature distribution over the adsorbent domain of the GL50 APHE at
time=180 s of a desorption process, namely 15/30/90 °C, (a) 1 vapour valve is open, (b) 2
vapour valves are open

(a) (b)

Fig. 4.13 Spatial vapour pressure distribution over the adsorbent domain of the GL50 APHE
at time=180 s of a desorption process, namely 15/30/90 °C, (a) 1 vapour valve is open, (b) 2
vapour valves are open
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(a) (b)

Fig. 4.14 Spatial water uptake distribution over the adsorbent domain of the GL50 APHE at
time=180 s of a desorption process, namely 15/30/90 °C, (a) 1 vapour valve is open, (b) 2
vapour valves are open

The objective is to investigate the effect of the MTCL on the adsorption kinetics of an
open-structured APHE in which the refrigerant vapor diffuses almost linearly from the open
sides of the adsorbent domain towards its mass transfer symmetry plane.

It is obvious that the lower the MTCL, the higher the adsorption dynamics of the APHE
and, accordingly, the higher the specific power output (SP) of the adsorption system. In fact,
optimizing the MTCL only with respect to SP leads to zero value. However, extremely low
MTCL result in a quite small width of the APHE, which means difficulties in the fabrication
of the APHE, high pressure losses in the HTF domain inside the APHE, low mass ratio of the
adsorbent to the heat exchanger (metal+HTF) and low mass ratio of the APHE to its vacuum
chamber.

Figure 4.15 depicts a rectangle, i.e. 2D geometry, representative to the cuboidal adsorbent
sample. The geometry has been implemented in COMSOL Multiphysics. the height of the
rectangle is 3 mm, which is the HTCL of the GLX30 APHE. The length of the rectangle
corresponds to the MTCL of the represented APHE. While the HTCL remains fixed at 3 mm,
the MTCL is varied from 18.5 to the 58.5 mm (the MTCL of the GLX30 APHE). The red
edge of the rectangle represents the inlet slot of refrigerant vapour to the adsorbent sample.
The blue edge refers to the contact surface of adsorbent sample to the metal in the represented
APHE. As depicted in the figure at the inlet slot, i.e. the red edge, pressure boundary
condition is applied. Here, the pressure recorded experimentally for the evaporator, against
which the GLX30 APHE has been tested experimentally (see Chapter 3) is applied. The
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Fig. 4.15 Applied boundary conditions on the adsorbent sample representative to the GLX30
APHE at 10/30/90°C

(a) (b)

Fig. 4.16 Effect of the MTCL on the adsoprtion kinetic, simulation with applying the
boundary conditions of the GLX30 APHE at; (a) 10/30/90 and (b) 10/35/90°C

plates’ average surface temperature obtained numerically for the GLX30 APHE is applied as
a thermal boundary condition of the simulated adsorbent sample, i.e. at the blue edge of the
rectangle dipicted in Figure 4.15. For the two other edges of the rectangle thermal insulation
and no flow boundary conditions are applied, i.e. ∂T

∂n = 0.
Figures 4.16a and 4.16b depict the effect of the MTCL on the adsorption kinetics at

10/30/90°C and 10/35/90°C, respectively. The dashed red curve in each figure presents the
adsorption kinetic in case of negligible mass transfer resistance between particles, i.e., with
quite low MTCL. This has been considered in the simulation by setting the interparticle
mass transfer resistance to zero. The figures dipict also the adsorption kinetics data obtained
experimentally and numerically for the GLX30 APHE. As can be seen from the figures, the
adsorption kinetics obtained at a MTCL of 28.5 mm or less are very close to the highest
kinetics obtained at negligible mass transfer resistance between particles, i.e. MTCL=zero.
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Figure 4.17 shows the relation between the characteristic time constant (τ) of the expo-
nential fitting of the kinetic results depicted in Figure 4.16 and the MTCL. Table 4.5 gives
the values of τ depicted in Figure 4.16 and their R2-values. In addition, Table 4.5 gives the
τ-values of exponential fittings of the adsorption kinetic data obtained experimentally and
numerically for the GLX30 APHE. As can be seen in Figures 4.16 and 4.17, the adsorption
kinetics obtained at a MTCL of 28.5 mm or less are very close to the highest kinetics obtained
at negligible interparticle mass transfer resistance. As shown in Figure 4.17 τ value at MTCL
of 28.5 mm is higher than the τ at negligible interparticle mass transfer resistance by about
13.5% for 10/30/90 °C and 5.7% for 10/35/90°C.

Fig. 4.17 MTCL vs τ , simulation with applying the boundary conditions of the GLX30
APHE at 10/30/90 and 10/35/90°C

4.10 Conclusion

A dynamic heat and mass transfer (HMT) simulation model was developed to simulate
the adsorption and desorption kinetics of an adsorber plate heat exchanger (APHE). For
estimating the De f f values of the water vapour adsorption into the applied adsorbent material
(granular Siogel, 0.71-1.0 mm), the model was applied to a 2D geometry representative to
a granular Siogel adsorbent sample with negligible interparticle mass transfer resistance,
previously investigated using the kinetic V-LTJ setup, see Appendix B. The obtained De f f

values were fed into the implementation of the mathematical model on the 3D geometries
representative to the APHEs experimentally investigated in Chapter 3, i.e., the GLX30 and
the GL50 APHEs. Excellent agreement has been obtained between the numerical results
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Table 4.5 Time constant of the exponential form (τ) and its (R2) value of the adsorption
kinetic data obtained at two sets of operating conditions, namely 10/30/90 and 10/35/90°C,
for the GLX30 APHE (experimental and simulation) and its representative adsorbent sample
(simulation with applying the boundary conditions of the GLX30 APHE).

and the experimental data of the two investigated APHEs. The distributions of temperature,
vapour pressure, and water uptake on the adsorbent domains of the two investigated APHEs
were discussed. Finally, the simulation model was used to investigate the effect of the MTCL
on the adsorption kinetics of an open-structured APHE. It was found that a MTCL of 28.5
mm or less results in adsorption kinetics very close to the adsorption kinetics obtained in case
of negligible interparticle mass transfer resistance (MTCL ≈ zero) in the adsorbent domain
of an open structured APHE. Strictly speaking, it was found a relative deviation between the
time constant (τ) values of the exponential fittings of the adsorption kinetic results obtained
at MTCL=28.5 mm and MTCL ≈ zero amounts to less than 13.6%.



Chapter 5

Investigation of an innovative open
structured APHE

The Performance of an innovative adsorber plate heat exchanger (APHE) [82], which was
developed recently by the team of the Laboratory of Sorption Processes (LSP) at OTH
Regensburg for application in adsorption heat pumps, chillers and thermal energy storage
systems, will be investigated experimentally and numerically in this chapter. This APHE
is referred here to the OTH APHE. The OTH APHE has been developed as a successor
adsorber heat exchanger for a gas-fired adsorption heat pump [141], in which a finned-
tube heat exchanger has been coated with the zeolite AQSOA-FAM-Z02. Therefore, the
investigations carried out in this chapter involve the application of AQSOA-FAM-Z02 as
adsorbent and water as adsorbate. Indeed Siogel is less expensive than zeolite AQSOA FAM
Z02, however the latter has a higher water adsorption capacity compared to the former, as
stated in Section 2.6. Although the adsorption capacity is not the only factor affecting the
performance indicators (COP and SCP) of adsorption chillers, as discussed in Section 2.6,
it is believed that the application of AQSOA FAM-Z02 would result in better performance,
since the heat and mass transfer characteristics of the AQSOA FAM-Z02-water pair are not
far from those of the Siogel-water pair [142] .

A test frame has been constructed as a representative segment of the introduced APHE
for applying loose grains of AQSOA FAM Z02. Adsorption kinetic measurements have
been carried out in a volumetric large-temperature-jump (V-LTJ) setup [93, 125] under
typical operating conditions of adsorption processes. The transient 2-D mathematical model

Contents of this chapter have been reprinted from:
M. Mikhaeil, M. Gaderer and B. Dawoud." On the development of an innovative adsorber plate heat exchanger
for adsorption heat transformation processes; an experimental and numerical study". Energy 207 (2020), with
permission from Elsevier.
Contributions of the author: Conceptualization, Model, Investigation, Validation, Writing original draft.

https://doi.org/10.1016/j.energy.2020.118272
https://doi.org/10.1016/j.energy.2020.118272
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developed in Chapter 4 has been applied for the simulation of tested sample inside the V-LTJ
setup. The measured temporal uptake variations with time have been fed to the model,
through which a micro-pore diffusion coefficient at infinite temperature of 2E-4 m2.s−1 and
an activation energy of 42.1 kJ.mol−1 have been estimated. The 3-D model developed in
Chapter 4 was used to simulate the combined heat and mass transfer inside the OTH APHE.
The 3-D model was implemented in COMSOL software as done in Chapter 4.

5.1 The OTH APHE

To completely avoid corrosion, the developed APHE [82] has been designed as an open-
structured stack of multi-nickel-brazed parallel plate-pairs made of stainless steel 316L,
wherein each plate-pair comprises an inlet and an outlet port of 16 mm diameter for the
HTF. The dimensions of one plate is 400 mm in length and 54 mm in width. It should be
recalled that the MTCL of an open-structured APHE is equal to half of its width. Thus, the
MTCL of the presented APHE is 27 mm, which is within the recommended range based
on the discussion in Section 4.9.2 of Chapter 4. The plate thickness amounts to 0.3 mm.
Figure 5.1a depicts the upper part of the APHE showing the exit port for the HTF, which
is connected to the inlet port by seven parallel flow channels, each has an internal diameter
of 2 mm. The clearance between each two successive plate-pairs in the stack amounts to
3 mm, which shall be filled in with loose adsorbent grains. The stacked plate pairs shall
be Nickel-brazed together on the annular rings of the inlet and outlet ports of the HTF to
form the APHE. A suitable cage made of two segments of a perforated stainless steel sheet
has been developed for the APHE to be mounted inside, in order to prevent the adsorbent
grains from falling out of the heat exchanger [82]. Figure 5.1b shows the APHE mounted
inside the adsorber/desorber chamber, which shall be connected to the evaporator/condenser
chamber via the vapour duct [82]. Figure 5.1c presents the cross section A-A of Figure 5.1a
to illustrate the gap between two successive plate pairs, which is open from both sides and
shall be filled in with the adsorbent grains. Water vapour can penetrate, therefore, into the
adsorbent grains from both sides of the stacked APHE.

The number of the plate-pairs composing the APHE is determined according to the
required space volume for the adsorbent material. To provide a space volume of 1 L, the
APHE shall consist of 24 plate-pairs.



5.1 The OTH APHE 95

(a) (b)

(c)

Fig. 5.1 The newly introduced adsober plate heat exchanger (APHE) [77] ; (a) a 3D-Segment
showing the top end of the APHE, (b) the APHE inside the adsorber/desorber chamber and
(c) a cross section in two successive plate pairs (A-A in Figure 5.1a) showing the open
structure of the APHE.
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5.2 Test frame and experimental work

Figure 5.1c illustrates the cross section A-A of Figure 5.1a of the APHE, which consists of
identical plate-pairs.Water vapour, which fills the adsorber/desorber vacuum chamber shall
flow from both sides of the stack into the adsorbent porous media filling the gap between
each two successive plate-pairs during adsorption phase and leaves also from both sides
of the stack during the desorption phase. It is, therefore, why the symmetrical axis B-B
does exist for the mass transfer in the middle width of the plates. The second symmetrical
axis C-C stays for heat transfer in the middle height of the adsorbent gap between each two
successive plate pairs, as the porous media is equally cooled-down or heated-up by the two
contacting plate pairs.

In case of testing AQSOA-Z02 in the V-LTJ kinetic setup installed in the LSP at OTH-
Regensburg, the sample mass should be limited to 250 mg, in order to allow the adsorption
or desorption measurements under quasi isobaric (∆p<2 mbar) conditions. In addition, the
small-scale adsorbent sample should be in close agreement with the adsorbent bed of the
APHE, in terms of the heat and mass transfer paths. The experimental setup enables exposing
the sample to cooling/heating effect from only one side of the sample holder inside the
measuring cell. Because of the symmetry of the adsorbent domain in the proposed APHE
around the axis C-C, the heat transfer in a small-scale sample with a height equal to half of
the adsorbent layer thickness and exposed to cooling/heating effect only from the bottom
side shall be in close agreement with the heat transfer pattern in a half-adsorbent layer. The
mass transfer symmetry around the axis B-B in Figure 5.1c enables cutting down the length
of the adsorbent sample inside the test frame to half of the width of the APHE. Accordingly,
the red segment in the lower left corner of Figure 5.1c must be sufficient to represent the
heat and mass transfer behaviour of the APHE, provided that, the cooling pattern of the plate
pairs is identical with that of the sample holder of the measuring cell, which has been already
approved (see Figure 5.6).

Knowing the bulk density of dry AQSOA-Z02 pellets, in the tested grain-size’s range of
0.61-0.7 mm, the corresponding width of the sample inside the test frame, through which
water vapour shall flow is estimated to 11 mm. A dedicated test frame made of polyether
ether ketone (PEEK) has been designed and realized by milling (see Figure 5.2), in which
the adsorbent grain sample shall be placed. The frame has a slot on one side, which allows
the water vapour to enter/leave the adsorbent domain through a fine stainless-steel sieve. The
frame prevents the vapour to enter/leave the adsorbent domain from all other sides and allows
the heat transfer only from/to the adsorbent mass through a piece of metal strip mounted at
the frame’s bottom side. The test frame, placed on the sample holder inside the measuring
cell of the kinetic setup, is illustrated in Figure 5.2b. The corresponding height of the sample
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(a) (b)

Fig. 5.2 The frame prepared for testing the adsorption kinetics on a small scale adsorbent
sample representing the behaviour of the whole APHE; (a) test frame filled in with loose
grains and (b) test frame mounted on the surface of the sample holder of the V-LTJ kinetic
setup

is 1.5 mm, half the thickness of an adsorbent layer in the proposed APHE. The adsorbent
sample is cooled down or heated up during adsorption or desorption processes, respectively,
allows realizing heat and mass transfer patterns inside the tested adsorbent sample, which are
very close to the patterns occurring in the adsorbent domain of the proposed APHE. Two
adsorption kinetic measurements at different evaporator-temperatures 5 and 10°C have been
carried out at adsorption- and desorption-end temperatures of 35 and 90°C, respectively.

With the help of the available equilibrium data for water vapour adsorption on AQSOA-
Z02 zeolite [18], the temperature at which the isobaric adsorption phase of an adsorption heat
pump/chiller starts (Tad−start) is determined. Thus, to realize water uptake at the beginning
of the adsorption processes corresponding to condenser temperature of 35°C (adsorption-
end temperature), driving source temperature of 90°C (desorption-end temperature), and
evaporator temperatures of 5 and 10°C, Tad−start is determined to 56 and 61°C, respectively.
The details of the V-LTJ kinetic setup, the experimental procedure and the evaluation of
the instantaneous water uptake can be in Chapter 2. The accuracy of the applied individual
sensors and the uncertainty analysis of the measurements are illustrated and discussed in
Appendix A.
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5.3 Mathematical modelling

The experimental activity carried out in this work on a representative segment of the OTH
APHE does require modelling and simulation work for the subsequent design optimization
and upscaling activities.

5.3.1 Estimation of the mass diffusion parameters

For the mathematical modeling of the APHE, it is necessary to determine the effective
diffusion coefficient (De f f ) of the Linear Driving Force (LDF) model, Equation 4.7 (in this
chapter denoted as Equation 5.1).

∂w
∂ t

=
15De f f

r2
p

(w∗−w) (5.1)

For the effective diffusion coefficient (De f f ), which appears in the LDF model ( discussed
in detail in Chapter 4), a new approach is considered for the AQSOA-Z02/water pair, for
which the micro-pore diffusion is the dominating diffusion mechanism. Kärger and Ruthven
[135] have introduced the following Equation 5.2 to account for the diffusion of a single
component into the micro-pores of a porous adsorbent.

De f f = Do.
dlnP
dlnw

|T (5.2)

The effective micro pore diffusion coefficient De f f or the “Fickian diffusivity” is thus
the product of the self diffusion (mobility) coefficient Do or the “corrected diffusivity” and
the thermodynamic correction factor according to Darken [143]. The Darken factor dlnP

dlnw |T
is the inverse of the slope of the equilibrium adsorption isotherm. In fact, except in dilute
systems, the Fickian diffusivity is generally concentration dependent. Equation 5.2 shows
that this dependence may arise from the concentration dependence of either Do or dlnP

dlnw |T .
The concentration dependence of the thermodynamic correction factor is found to be much
more pronounced than the concentration dependence of the corrected diffusivity [135].

The temperature dependence of the corrected diffusivity Do is described in Equation 5.3
by an Arrhenius relationship as a function of the mico-pore diffusion coefficient at infi-
nite temperature (D∞) and the activation energy (Ea) along with the absolute adsorbent
temperature.

Do = D∞exp(− Ea

RmT
) (5.3)
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Dawoud et al. [94], applied the Darken-corrected micro-pore diffusion coefficient to model
the adsorption kinetics of water vapour into a consolidated DDZ-70 zeolite layer, achieving a
very good agreement between the experimental data and the simulation results.

The first part of the modelling work aims, therefore, at estimating the values of D∞ and
Ea for the water vapour diffusion on the investigated AQSOA-Z02 grains. To this aim, a
transient 2-D mathematical model developed in Chapter 4 is applied to simulate the sorption
behaviour of the adsorbent sample during quasi-isobaric processes, when the adsorbent
sample is subjected to a sudden temperature drop. Recall that the model accounts for the
combined heat and the mass transfer process inside the adsorbent sample. The experimentally
recorded values for the instantaneous sample holder surface temperature and vapour pressure
inside the measuring cell are fed into the model to account for the time-variant boundary
conditions of the sample. By best fitting the model results with the experimental data, the
mass diffusion parameters of water vapour in the AQSOA-Z02 grains (D∞ and Ea) have been
estimated.

5.3.2 Modelling of an intermediate section of the APHE

To properly apply the mathematical model developed in Chapter 4 for predicting the perfor-
mance of the proposed APHE and, at the same time, consumes a reasonable computational
time, an appropriate domain for the numerical study should be carefully selected. Since the
introduced APHE consists of several identical plate-pairs, the adsorbent and the HTF domains
between the successive plates are identical as well. Therefore, the numerical simulation of
only an intermediate section can predict the performance of the whole APHE. Indeed, the
adsorbent and HTF domains are symmetric around the axis B-B in Figure 5.1a, which divides
it into two equivalent parts. For one representative plate-pair, half of the adsorbent domain
thickness on each side, is sufficient to represent the whole APHE. Therefore, a section of the
APHE composed of three contacted quarter parts of the domains of the adsorbent, the HTF
and a plate-pair (metal) is selected to be the domain of the numerical study (see Figure 5.3).

5.3.3 Models’ assumptions and governing equations

For both 2-D and 3-D mathematical models, the assumptions discussed previously in Chap-
ter 4 are applied. In addition, for the 3-D model of the APHE’s intermediate section, the
pressure of the water vapour inside the adsorber chamber is assumed constant and equals the
saturation pressure at the evaporator temperature.

The governing equations of the mathematical model have been already discussed in
Chapter 4. However, it is important to mention that the equilibrium correlation between
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(a) (b)

Fig. 5.3 The intermediate representative segments of the APHE selected for the numerical
simulation; (a) adsorbent-metal domain and (b) metal-HTF domain.

pressure, temperature and water uptake for AQSOA-Z02/Water pair is described by the
Dubinin-Astakov relation (see Equation 5.4), where the parameters wo, E and n have been
taken from Ref. [18].

w∗ = wo exp(−(
A
E
)n) (5.4)

5.3.4 Initial conditions

The pressure, temperature, and adsorbate uptake distributions inside the experimentally
tested adsorbent sample in the kinetic setup as well as the adsorbent domain of the newly
introduced APHE are considered uniform at the initial state. The initial pressure of the water
vapour inside the adsorbent is the saturation pressure corresponding to applied evaporator
temperature. The initial temperature of the adsorbent is the corresponding adsorption start
temperature (Tad−start), which has been determined to 56 and 61°C for the evaporator
temperatures of 5 and 10°C, respectively. For the metal and HTF domains of the selected
domains for simulating the APHE, a uniform temperature distribution of Tad−start is assumed
at the initial state.

5.3.5 Boundary conditions

For the numerical simulation of the experimentally tested adsorbent sample, the instanta-
neously recorded temperature of the sample holder and the pressure of the water vapour
inside the measuring cell are utilized as the related boundary conditions for the adsorbent
domain. Since the frame, where the sample is placed inside, allows the vapour to enter
only from one side, the experimentally recorded pressure variation inside the measuring
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cell is applied as the boundary condition at the sample vapour inlet, while zero normal
pressure gradient (∂P

∂n =0) is assumed on all other boundaries. Moreover, the sample holder
temperature recorded during the experimental work, from Tad−start to Tad−end , is applied as
the boundary condition at the lower surface of the adsorbent sample. For the other sides,
insulation boundary conditions are applied (∂T

∂n =0).
For the selected domains to simulate the APHE, symmetric heat and mass transfer

boundary conditions (∂T
∂n =0 and ∂P

∂n =0) are applied at the symmetry planes described before.
In addition, insulation boundary conditions (∂T

∂n =0) are applied at all outer sides of the
adsorbent and metal domains. Different HTF-flow rates (V̇total) have been considered. At
the HTF’s inlet port, fully developed flow with flow rate of V̇total

4Nplate−pairs
and temperature of

Tad−end is assumed.

5.3.6 Implementation

As reported in Chapter 4, the commercial COMSOL Multiphysics® code is applied for all
simulation tasks. Here, the same COMSOL modules that are also applied in the simulation
models of the two APHEs investigated experimentally in Chapter 3 and numerically in
Chapter 4 are applied. The physical properties of AQSOA-Z02/water pair required for the
simulation work are taken from Refs. [18, 144]. The integrated optimization module in
COMSOL is applied to estimate the parameters of the diffusion coefficient of water vapour
into the zeolite pellets by best fitting the numerical results of the 2D model (simulation
model of the adsorbent sample) to the experimental results obtained by the kinetic setup.
The estimated values of D∞ and Ea are fed to the “chemical reaction” module integrated in
COMSOL to account for the mass diffusion resistance in the adsorbent grains. for the 3D
model, the effect of the grid size and number of elements on the accuracy of the simulation
results has been carefully investigated. To this aim, the number of grid elements has been
changed from 265,601 to 2,136,471. It turned out, that a grid of 744,293 elements was
adequate to obtain grid-independent results. The model has been solved in transient mode
for 2000 s with a variant time step between 0.01 and 0.1 s. The relative tolerance has been
set to 0.001.

5.4 Results

In this section, the adsorption kinetic results, obtained experimentally are presented and
compared with some literature values. Moreover, the values estimated for the D∞ and
Ea by best fitting the obtained experimental data with numerical results using COMSOL’s



102 Investigation of an innovative open structured APHE

optimization module are discussed. Finally, the results obtained from the 3D model developed
to simulate the representative section of the APHE are presented and thoroughly discussed.

5.4.1 The representative adsorbent sample

Figure 5.4 presents the experimentally obtained water uptake at evaporator temperatures
of 5 and 10° C starting at a water uptake of 7 g/100 g, which corresponds to a desorption
temperature of 90°C and a condenser temperature of 35°C. The adsorption start temperatures
amount to 56 and 61°C for the evaporator temperatures of 5 and 10°C, respectively. For both
measurements, the adsorption-end temperature is 35°C. Based on the individual uncertainties
of the applied measuring sensors listed in Table A.1 of Appendix A, the maximum error
associated with measuring the temporal differential water uptake is estimated to ±0.332
and ±0.36 g/100 g in case of the adsorption at the evaporator temperature of 5 and 10°C,
respectively. The continuous lines depict the simulated adsorption kinetics of the tested
sample by the 2-D model. The best fitting between both experimental and simulated kinetic
results has been achieved with a micro-pore diffusion coefficient at infinite temperature D∞

of 2 E-4 m2.s−1 and an activation energy of 42.1 J.mol−1.
It was reported in Ref. [142] that the effective diffusivity of the water vapour on the

AQSOA-Z02 has not been measured before. Therefore, to account for the water vapour
diffusion on the AQSOA-Z02 grains, Intini et al.[145] applied the D∞ and Ea values estimated
for the water vapour diffusion in standard zeolite 3 A [146]. For a grain diameter of 0.3 mm,
Youssef et al. [147], have estimated the diffusion parameters for water vapour adsorption onto
AQSOA-Z02 by best fitting the linear driving force model to the obtained isothermal kinetic
data by a DVS instrument. They reported for D∞ and Ea the pairs of 4.85E-9 m2.s−1 and
17709.8 J.mol−1 as well as 2.77E-5 m2.s−1 and 44423.5 J.mol−1, for the pressure ratio (Pr)
between the bed (equilibrium pressure) and evaporator heat exchanger (saturation pressure)
of > 0.1 and ≤ 0.1, respectively. Deviations between the measured and predicted temporal
water uptake in the range of ± 15% have been obtained. It is important to mention that in the
work of Youssef et al. [147], the Darken factor has not been applied. In Teo et al. [148], Do

was implicitly included in the adsorption rate coefficient (Kads), which beside its dependency
on both vapour pressure and temperature also depends on the activation energy Ea, which
has been estimated to 52.250 J.mol−1 for AQSOA-Z02.

The values of D∞ and Ea obtained in this chapter (i.e. 2 E-4 m2.s−1 and 42.1 J.mol−1,
respectively) closely resemble those obtained in previous studies on water vapour adsorption
in silica gel (specifically, Silica Fuji Davison type A and RD) reported in Refs. [149, 140].

Such a similarity between the water vapour diffusivities in silica gel and zeolite pellets
has been reported on by Riffel et al. [150], who developed a transient mathematical model to



5.4 Results 103

Fig. 5.4 Experimental and numerical water uptake of the investigated sample at two different
evaporator temperatures compared with the adsorption kinetics of two different (FFT: Finned-
Flat-Tube & ET: Extruded tube) coated adsorber heat exchangers [89]

simulate the performance of an adsorber heat exchanger. To account for the mass transfer, they
used the definition of the time lag or the time constant (ζ ) instead of the diffusion coefficient.
Strictly speaking, Riffel et al. [150] has applied the following equation to describe the mass
transfer or the time rate of pressure change inside the pores of the adsorbent grains (d p

dt ) as
a function of the temporal pressure difference between the vapour phase of the adsorber
chamber (Pch) and inside the adsorbent grains (p).

dP
dt

=
1
ζ
(Pch −P) (5.5)

By R2-maximisation (coefficient of multiple determination), the time constants that best
fit the model to the dynamic measurements of water vapour adsorption on silica gel and
zeolite AQSOA-Z02 were estimated to ζ = 151.7 s for both adsorbents.

Figure 5.4 illustrates, in addition, the results obtained previously by Dawoud [95] upon
investigating the adsorption kinetics of two different coated adsorber heat exchangers made of
aluminium, which has been operated against a stagnant pool evaporator inside an adsorption
heat pump module. The first adsorber heat exchanger was a finned flat-tube heat exchanger
(FFT) made of brazed aluminium, while the second was an extruded-tube aluminium heat
exchanger (ET). The numbers given aside to the abbreviations (ET or FFT) in Figure 5.4
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correspond to the layer thickness in µm of the coated AQSOA-Z02 layers by Mitsubishi
Plastic Incorporation. All five heat exchangers were investigated under evaporator, condenser
and adsorber-end temperatures of 5 and 35 °C, respectively, while the desorption temperature
amounted to 90°C. This allows the direct comparison with the results obtained at 5°C
evaporator temperature for the representative test segment of the introduced APHE. From
the heat capacity ratio point of view and, correspondingly, the COP point of view, the
extruded tube aluminium heat exchanger coated with 500 µm (ET500) is comparable with
the introduced APHE. The achieved differential water uptake with the introduced APHE at
300 and 600 s amount to 8.2 and 12.2 g/100 g, respectively. This corresponds to a remarkable
enhancement of 310% (compared to 2 g/100 g) and 165% (compared to 4.6 g/100 g) at 300
and 600 s if compared with the ET500 adsorber heat exchanger.

5.4.2 Simulation results of the APHE

The values estimated before for D∞ and Ea have been applied in the 3D simulations of
the repeated segment of the APHE. Figure 5.5 illustrates a good agreement between the
water uptake obtained from the numerical simulation of the APHE and that obtained from
the experimental investigation of the representative segment depicted in Figure 5.2 at the
evaporator temperatures of 5 and 10 °C.

The small deviation between the experimental and the numerical results is attributed to the
applied boundary conditions (constant pressure for the APHE versus reduced pressure on the
VLTJ-kinetic measurements) and the accuracy of the AQSOA-Z02/ water pair’s equilibrium
model, which is responsible for the small deviation in the final equilibrium uptake. Beside
the thickness and the width of the space provided for placing the adsorbent material in the
APHE, which are responsible for the mass transfer dynamics, a quick thermal response of
the surface temperature of the plates to the sudden change in HTF’s inlet temperature is also
necessary to obtain sound combined heat and mass transfer characteristics from the adsorber
heat exchanger. In order to achieve the later requirement, a uniform flow distribution of the
HTF over all platepairs and inside each plate over all flow channels shall be guaranteed. In
addition, the sum of the thermal capacities of the metal and the HTF of APHE related to
the thermal capacity of the adsorbent must be minimized. The distribution of the HTF flow
over the plate pairs and, in each, over the flow channels guarantees a low pressure loss and
consequently a low parasitic energy consumption of the circulation pumps. Due to the low
hydraulic diameter of the flow channels, a high convective heat transfer coefficient is realized,
despite the resulted laminar flow regime.

Figure 5.6 presents the change in the measured temperature of the sample holder’s surface
of the kinetic setup (Figure 5.2b) and the numerical average surface temperature of one APHE
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Fig. 5.5 Experimental and numerical water uptake of the investigated sample compared to
the numerical average water uptake obtained from the APHE’s simulation at two different
evaporator temperatures.

plate, after the sudden change of the HTF’s inlet temperature. In the experimental work,
the sample holder temperature starts to decrease once the sample holder is connected to the
thermal circulating bath set at Tads−end . This is done by changing the position of the three
way valves connecting the sample holder with the thermal circulating baths (Figure 2.10)
[93, 125].

As shown in Figure 5.6 the rate of temperature decrease of both the surface of the sample
holder and APHE’s plates is almost identical over the first 20 s, during which the temperature
is reduced to 38 °C. In the remaining time, the further reduction to 35 °C is faster in the
kinetic setup as the sample mass is very low (250 mg) compared to the adsorbent mass on
the adsorbent domain of the APHE. The comparison depicted in Figure 5.6 implies that the
dynamic performance measured with the representative segment of the APHE is very much
applicable to the dynamic performance of the real APHE.

5.4.3 Adsorber power output

Figure 5.7 illustrates the numerically estimated power output of the introduced APHE, which
consists of 24 plate pairs offering an adsorbent volume of 1 L or 700 g AQSOA-Z02 at an
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Fig. 5.6 Experimental sample holder’s surface temperature and numerical average temperature
of the metal plate’s surface at two different evaporator temperatures.

evaporator temperature of 5 °C and a HTF flow rate of 6 LPM. Because of the simulated
large temperature jump isobaric adsorption phase, the temporal adsorber power increases
sharply and reaches up to 8.25 kW during the first few seconds. This is attributed to the
step change in the HTF’s inlet temperature. At the time of peak power, the HTF’s outlet
temperature is still very close to the APHE’s initial temperature (56 °C), whereas the inlet
temperature attains the adsorprion-end temperature (Tad−end= 35°C). Afterwards, the power
output decreases rapidly and gets lower than 3 kW after 15 s. After that time, the adsorber
power continues to decrease, but with a clearly slower rate until it reaches almost zero power
after 960 s. In order to evaluate the relative values of both sensible and adsorption heat
amounts, a dedicated simulation run has been carried out without allowing the adsorption
process to take place.

The power associated with removing the sensible heat stored in the APHE’s material,
HTF and the adsorbent, is presented by the dashed red line, which vanishes almost completely
after 2 min. The solid blue line represents the overall power including that due to the release
of the heat of adsorption. By subtracting the sensible heat related power (dashed red line)
from the overall measured power (solid blue line), the power due to the release of the heat
of adsorption has been evaluated and presented by the dashed brown line. The cross over
between both contributions (cross point between both dashed red and brown lines) takes
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Fig. 5.7 APHE’s power output and the contribution of the sensible heat stored in it along
with the inlet and outlet temperatures of the HTF at the evaporator temperature of 5°C and
HTF’s flow rate of 6 LPM.

place after 42 s from the beginning of the adsorption process and, from there on, the release
and removal of the heat of adsorption dominates the process dynamics.

As explained before, the lower the sensible heat stored in the metal and the HTF of
the adsorber HX compared to the stored heat of adsorption, the higher the COP of the
adsorption system. From the specific power (SP) point of view, this sensible heat has to
be rapidly transferred to the HTF to allow a rapid and effective cooling of the adsorbent
material and, consequently, a fast adsorption process leading to a high cooling capacity.
The integration of the area under the curve of the power due to the release of the heat of
adsorption or the integration of the area between the two power curves (with and without
adsorption), over the process’ time equals the released heat of adsorption. This concept has
been introduced by Tokarev and Aristov [91] to estimate the temporal development of the
uptake upon experimentally testing representative pieces of adsorber heat exchangers.

5.4.4 Effect of the HTF’s flow rate

Figure 5.8 depicts the effect of the flow rate of the HTF on the adsorption kinetics. Increasing
the flow rate of the HTF leads to enhancing the convective heat transfer coefficient on the
HTF side. The overall heat transfer coefficient is dominated, however, by the heat transfer
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Fig. 5.8 Average water uptake dynamics of the introduced APHE at the evaporator tempera-
ture of 5 °C and different HTF’s flow rates.

on the adsorbent side, due to its very low thermal conductivity. Increasing the HTF’s flow
rate above 3 l/min (LPM) for the encountered 24 plate pairs, is obviously not leading to a
remarkable enhancement in the adsorption dynamics, compared to the dynamics increase
between 1 and 3 LPM.

5.4.5 Effect of the construction material

The proposed APHE is decided to be made of stainless steel (SS) in order to completely
avoid any corrosion potential against water or ethanol as refrigerants [57] or the application
of selective water sorbents, which is formed by impregnating hygroscopic salts like LiBr or
LiCl [8-10] inside the pores of mesoporous adsorbents. Figure 5.9 depicts the adsorption
kinetics obtained numerically from the APHE’s simulation at an evaporator temperature of
5 °C and the HTF flow rates of 1 and 6 LPM for both aluminium and SS as construction
materials. According to the presented results, the construction material has a very limited
effect on the performance of the introduced APHE. Among other factors, the adsorption
dynamics of the APHE depend on the relative magnitudes of the thermal diffusivities of the
construction material and the adsorbent. The thermal diffusivity of SS amounts to 3.8×10−6

m2s−1, which is 18 times higher than the thermal diffusivity of the adsorbent (FAM-Z02).



5.5 Conclusion 109

Fig. 5.9 Numerical water uptake dynamics of the introduced APHE with different construction
materials at evaporator temperature of 5 °C and different HTF’s flow rate.

This implies that the dynamics of adsorption is dedicated by the thermal diffusivity inside the
adsorbent domain. The improvement of the thermal diffusivity of the construction material
by making use of aluminium is, therefore, not leading to a remarkable enhancement on the
adsorption dynamics.

5.5 Conclusion

An innovative plate heat exchanger is developed and introduced to act as a durable and high
efficient adsorber in adsorption heat transformation processes like chillers, heat pumps as
well as heat and cold storage. First experimental investigations on the adsorption dynamics
of the introduced APHE have been carried out on a representative test frame, which has been
constructed to simulate the heat and mass transfer characteristics of the introduced APHE.
Experimental adsorption kinetic measurements on a small-scale adsorbent sample inside the
test frame have been carried out at two different evaporator temperatures in a V-LTJ kinetic
setup at OTH Regensburg.

In addition, a transient 2-D mathematical model developed previously (Chapter 4) is
applied to simulate the combined heat and mass transfer encountered in the investigated
adsorbent sample. The model has been implemented in a commercial simulation software
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and its optimization module has been utilized to estimate the diffusion parameters. This
methodology resulted in a mico-pore diffusion coefficient at infinite temperature (D∞) of
2× 10−4 m2s−1 and an activation energy of 42.1 kJ.mol−1. The mathematical model is
further applied to simulate the introduced APHE. To this aim, a 3-D geometry comprising 3
domains, HTF, metal and the adsorbent/adsorbate is implemented in the commercial simula-
tion software, which makes use of the obtained D∞ and Ea from the previous activities. The
results obtained from the investigation of the adsorbent sample demonstrated the superiority
of the introduced APHE over an extruded aluminium heat exchanger coated with a 500 mm
layer of the same adsorbent. Comparing the obtained results with the literature values for
the extruded aluminium heat exchanger, differential water uptake obtained after 300 s of
adsorption (8.2 g/100 g) implies a sound enhancement of 310%. This result proves the great
potential of the introduced APHE to enhance remarkably the performance of adsorption heat
transformation appliances.



Chapter 6

Effect of the heat and mass transfer
characteristic lengths on the Adsorption
and Desorption Dynamics

A new methodology for preparing small-scale adsorbent sample able to predict the per-
formance of a real APHE has been introduced and validated experimentally in Chapter 3.
Excellent agreements in the adsorption kinetics, at different testing conditions, have been
obtained between commercially available PHEs (GLX30 and GL50, AlfaLaval©, Sweden)
adapted to act as adsorbers/desorbers and small-scale adsorbent samples prepared to be
representative of the investigated PHEs and tested in a volumetric large temperature jump
(V-LTJ) kinetic setup [93]. Strictly speaking, an average relative deviation of only 12.3%
has been obtained between the measured characteristic time constants (τ) of the adsorption
kinetic measurements of the small-scale adsorbent sample and the full-scale GLX30 APHE.
For the GL50 APHE, the matching between the small-scale and full-scale measurements was
even much better with an average relative deviation of only 0.45%.

Although several studies addressed the influence of adsorbent bed thickness on the
adsorption and desorption dynamics using small-scale adsorbent samples of loose grains
or consolidated layers, no experimental study so far has treated the influence of the length
of the refrigerant vapour diffusion path (MTCL) on the adsorption or desorption dynamics.
This deems urgently required, if plate heat exchangers shall be designed and optimized for

Contents of this chapter have been reprinted from:
M. Mikhaeil, M. Gaderer and B. Dawoud."On the application of adsorber plate heat exchangers in thermally
driven chillers; An experimental and analytical study". Applied Thermal Engineering 220 (2023), with
permission from Elsevier.
Contributions of the author: Conceptualization, Methodology, Investigation, Formal analysis, Writing original
draft.

https://doi.org/10.1016/j.applthermaleng.2022.119713
https://doi.org/10.1016/j.applthermaleng.2022.119713
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Table 6.1 Specifications of the two investigated open-structured PHEs

Specification OTH APHE GLX30
HTF’s inlet and outlet ports diameter (mm) 16 30
Thickness of one plate (mm) 0.3 0.35
gap between each two successive plate pairs (mm) 3 6
Width of the PHE (mm) 54 117
Volume of the adsorbent domain (L) 1.1 1.09
Volume of the HTF domain (L) 0.346 0.57
Mass of the heat exchanger (kg) 3.15 3.9

adsorption heat transformation processes. Recalling that the adsorption process is a combined
heat and mass transfer process, the necessity for a comparative study on the influence of both
HTCL and MTCL on the adsorption and desorption dynamics becomes obvious.

This chapter introduces, therefore, an experimental study on the effect of the adsorbent
domain dimensions on the adsorption and desorption dynamics of representative samples
of the adsorbent domains of two different, open-structured and asymmetric adsorber plate
heat exchangers (APHE). Three dedicatedly designed test-frames will be used, which were
constructed following the methodology introduced in Chapter 3 to allow the investigation
of the influence of varying the HTCL at the same MTCL on the adsorption and desorption
kinetics, and vice versa. The adsorption and desorption kinetic tests were performed ac-
cording to the large-temperature-jump methodology in the constant volume kinetic setup
(Chapter 2, Section 2.9.2). The tested samples are loose grains of silica gel Siogel®, Oker
Chemie, Germany, in the range of 0.71 to 1.0 mm. The first test frame (TF1) corresponds to
the OTH APHE depicted in Figure 6.1a (see Chapter 5), while the third (TF3) follows the
design of the commercially available PHE depicted in Figure 6.1b (GLX30, AlfaLaval©,
Sweden). TF2 has been prepared with the same heat transfer characteristic length (HTCL) of
TF1 and the mass transfer characteristic length (MTCL) of TF3 as a variety of each PHE.
The adsorption and desorption processes are conducted under different operating conditions
of real adsorption chillers. Sensitivity analysis of the water uptake in the Siogel grains to the
temperature and water vapour pressure is applied to interpret the effect of the HTCL and the
MTCL on adsorption and desorption kinetics. Moreover, a simple mathematical model has
been developed and introduced to estimate both SCP and COP associated with the application
of the two investigated APHEs in a real adsorption chiller, out of the obtained experimental
adsorption and desorption kinetic data. The obtained results have been compared with the
values of an optimized extruded aluminium finned tube adsorber heat exchanger from the
literature.
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(a) OTH APHE (Chapter 5) (b) GLX30 PHE of Alfa Laval [151]

Fig. 6.1 OTH APHE and the GLX30 PHE

6.1 The representative test frames

The methodology applied in this chapter for preparing small-scale adsorbent samples able
to predict the performance of the investigated APHEs is the one introduced and validated
experimentally in Chapter 3. The methodology has been developed based on the following
assumptions:

• The two investigated APHEs have a uniform temperature distribution over the surface
of their plates. This means that both heat and mass transfer characteristics inside the
adsorbent domain of the APHE are the dominant influencing parameters on its dynamic
performance.

• The sudden change in surface temperature of the sample holder closely mimics the
change in surface temperature of the investigated APHEs, upon conducting LTJ-
adsorption or desorption process. Such assumption is based on previously findings
discussed in Chapter 5, in which a very good agreement between the plates’ surface
temporal temperature of the OTH APHE and the surface of the sample holder of our V-
LTJ kinetic setup, upon conducting sudden temperature decrease to initiate adsorption
processes, has been demonstrated.

• The heat transfer in the adsorbent domain of the investigated APHEs is mainly in the
normal direction to the surface of the APHE’s plates.

• As each investigated APHE receives/delivers the refrigerant vapour mainly from two
opposite side openings, it is assumed that the mass transfer (refrigerant vapour flow)
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into the adsorbent domain occurs mainly in the normal direction to the two opposite
side openings of the APHE.

• Indeed, the evaporator/condenser performance defines the temporal variation of the
vapour pressure surrounding the APHE in its chamber upon the application in a real
chiller, however, keeping the maximum pressure drop/jump of the vapour in the V-LTJ
kinetic setup less than 2 mbar is low enough to replicate the pressure variation obtained
upon applying an efficient evaporator/condenser in a real chiller (Chapter 3).

The dimensions and specifications of the representative adsorbent samples are determined
based on the fact that each adsorbent subdomain of each APHE is surrounded by two HTF
subdomains. Accordingly, a heat transfer symmetrical plan shall exist in the middle of the
thickness of each adsorbent subdomain and will be in parallel to the plates’ surface. It follows
that the HTCL must equal to half of the gap between each two successive HTF-plate pairs.
This means that the HTCLs of the OTH APHE (Chapter 5) and the GLX30 shall amount to
1.5 and 3.0 mm, respectively. Recalling that each of the investigated PHEs is open structured
for a gas or vapour flow, the adsorbent domain is accessible from both sides by the refrigerant
vapour. This implies that the mass transfer shall have a symmetrical plane in the middle
width of each PHE. Accordingly, the MTCL of the newly introduced adsorber PHE and the
GLX30 amounts to 27 and 58.5 mm, respectively.

By considering the prementioned assumptions and description, the adsorption and des-
orption dynamics of small-scale adsorbent samples with same HTCL and MTCL of the
investigated APHEs can predict precisely their real dynamic performance.

Three test frames have been prepared for realizing three adsorbent samples of Siogel
loose grains (0.71–1.0 mm) with HTCL and MTCL corresponding to the two investigated
APHEs. The first test frame (TF1) corresponds to the OTH APHE, while the third (TF3)
follows the design of a commercially available PHE (GLX30, AlfaLaval©, Sweden). TF2
has been prepared with the same HTCL of TF1 but with an identical MTCL of TF3 to offer
the possibility of comparing the effect of two different MTCLs at one HTCL, and vice-versa,
on the adsorption and desorption kinetics.

In order to guarantee quasi-isobaric (∆P< 2 mbar) adsorption/ desorption processes in
the Volumetric Large Temperature Jump (VLTJ) kinetic setup [93, 63], the dry sample mass
of Siogel shall be limited to 320 mg. Accounting for the density of the investigated Siogel
grains, the volume of each test frame shall equal to 526.5 mm3. The width of each adsorbent
domain inside the test frames (T F1, T F2 and T F3) is estimated, accordingly, to be 13, 6
and 3 mm, respectively.
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All test frames have been made of Polyether Ether Ketone (PEEK) for its low thermal
conductivity (k = 0.25 W.m−1.K−1) and negligible outgassing characteristics. Each frame
has a design enabling the refrigerant vapour (water vapour) to enter/leave the adsorbent
sample placed inside the frame only from a small slot existing on one side of the frame.
For preventing the heat transfer through the PEEK frame sides, the thickness of the frame
(walls and ceiling) is determined to 5 mm. Figure 6.2 depicts the configuration of one of the
three prepared test frames,namely T F3. The domain depicted in purple colour refers to the
adsorbent sample. As shown in Figure 6.2, a piece of a stainless-steel sieve is mounted on the
slot to prevent the grains from falling out. The stainless steel sieve is the same sieve applied
for investigating the full-scale adsorber (Chapter 3) and it allows the vapour flow to enter the
adsorbent sample from one side. At the downside of each frame, a stainless-steel substrate of
0.3 mm thickness is mounted to allow the heat transfer between the sample and the surface
of the sample holder inside the measuring cell of the kinetic setup. The PEEK frames and
the stainless steel substrates are sealed together by a special double-sided adhesive films of
0.5 mm thickness after inserting the adsorbent grains. For testing the adsorbent samples in
their frames under the desired operating conditions, each sealed frame is fixed on the sample
holder of the measuring cell using silicon-free thermal paste and the planned adsorption
and desorption processes are performed. Figure 6.2 depicts the realized T F3 placed on the
sample holder inside the measuring cell of the V-LTJ kinetic setup installed in the Laboratory
of Sorption Processes (LSP) at OTH-Regensburg, Germany. More details on the test frames
can be read in Chapters 5 and 3. Table 6.2 gives the dimensions of the adsorbent domains
(depicted in purple colour in Figure 6.2) for the three prepared test frames.

The adsorption and desorption kinetic tests on the adsorbent samples inside the representa-
tive test frames T F1-T F3 have been carried out under the operating conditions of evaporator
temperatures 5, 10 and 15°C, adsorber-end and condenser temperatures of 30 and 35°C, and
a desorption-end temperature of 90 °C. The adsorption and desorption start temperatures,
Tads−start and Tdes−start , associated to the planned operating conditions are determined using
the water-Siogel equilibrium model introduced in [17]. The thermostats feeding the oil circuit
of the sample holder of the V-LTJ kinetic setup allow adjusting the sample holder temperature
to the start temperature (Tads−start or Tdes−start) and performing sudden temperature change
to the sample holder surface until realizing the desired end temperature (Tads−end or Tdes−end).
The temporal change of sample holder temperature reaches 95 % of the final value in less
than 2 min from the start of the cooling/heating process. The uncertainty analysis of the
measured water uptake can be read in Appendix A. The uncertainty of the measured final
differential water uptake σ∆w f is reported in the results section (Tables 6.3 and 6.4).
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(a) (b)

Fig. 6.2 One of the three prepared test frame, namely T F3. (a) configuration of T F3 (b)
realized T F3

Table 6.2 Fabricated test frames to investigate the adsorption/desorption kinetics of both
open-structured PHE in a constant volume, large-temperature-jump kinetic setup (bold:
MTCL, underlined: HTCL)

6.2 Evaluation of the adsorption and desorption kinetic
performance

6.2.1 Exponential fitting

To define a criterion for evaluating the difference in the adsorption and desorption kinetics
between the three adsorbent samples, all the experimental kinetic data have been fitted to the
exponential form defined as

w(t) = wo +∆w f (1− exp(−t/τ)) (6.1)
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where w(t) is the instantaneous water uptake inside the sample, wo refers to the initial water
uptake of the sample, ∆w f to the final or equilibrium differential water uptake (w f −wo),
and τ is the characteristic time constant. To investigate the effect of the HTCL on the
adsorption and desorption kinetics at different operating conditions, the ratio (r3−2) between
the characteristic time constants (τ) of the exponential forms of the test frames T F3 (τT F3)
and T F2 (τT F2) is utilized, as T F3 and T F2 have equal MTCL and different HTCLs. For
investigating the effect of the MTCL, r2−1 has been utilized, which is defined as the ratio
between the time constants of the adsorbent samples inside T F2 (τT F2) and T F1 (τT F1), as
they have the same HTCL but different MTCLs. Recalling that T F1 is representative to the
OTH APHE in Chapter 5 and T F3 is representative to the GLX30 APHE investigated in
Chapter 3, the ratio (r3−1) is used to compare the dynamic performance of the same adsorbent
(Siogel) inside the two APHEs.

6.2.2 Sensitivity analysis

Changing the HTCL and the MTCL affects the cooling/heating efficiency and the vapor
pressure distribution in the adsorbent sample, respectively. In other words, the HTCL affects
the average temperature of the adsorbent sample (Tads) during the adsorption/desorption
processes. Lower HTCL leads to lower Tads during the adsorption and higher value during
the desorption. On the other hand, higher MTCL leads to higher pressure drop in the
adsorbent sample during the adsorption and, accordingly, lower average pressure in the
adsorbent (Pads). Contrary, in the desorption, higher MTCL leads to higher Pads. Therefore,
investigating the effect of changing Tads and Pads on the instantaneous water uptake (w) of the
adsorbent samples shall be useful in the analysis of the data obtained from the experimental
investigation of the HTCL and the MTCL effects on the adsorption and desorption dynamics.

To this aim, the sensitivities of w to Tads and Pads, |∂w/∂T | and |∂w/∂P|, respectively,
are driven from the equilibrium model developed in [17] for the Siogel/water pair, where w
is given as a function in the adsorption potential.

w = woexp[−(
F
E
)−1], (6.2)

Where wo=0.38 g/g, E=220kJ/kg and n=1.1. F is the Dubinin-Polanyi potential or the
adsorption potential, which can be calculated from the following equation.

F =−RTads.ln(Pads/Psat) (6.3)

R is the gas constant of the water vapour (0.461kJ/(kg.K)). Psat is the saturation pressure
at Tads, which can be given by Tetens equation [152].
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Psat = 6.1078exp(
17.27Tads

Tads +237.3
) (6.4)

Where temperature Tads is in (°C) and Psat is in (mbar).
The sensitivity of w to Tads, |∂w/∂T |=− ∂w

∂Tads
and the sensitivity of w to Pads, |∂w/∂P|= ∂w

∂Pads

can be simplified to the following forms.

∂w
∂Tads

=
∂w
∂F

.
∂F

∂Tads
(6.5)

∂w
∂Pads

=
∂w
∂F

.
∂F

∂Pads
(6.6)

From the partial derivation of Equation 6.3 the followings have been obtained

∂F
∂Tads

=−R.ln(
Pads

Psat
)+R.

Tads

Psat
.
∂Psat

∂Tads
(6.7)

∂Psat
∂Tads

shall be obtained from the derivation of Equation 6.4.

∂Psat

∂Tads
= Psat .[

17.27
Tads +237.3

− 17.27Tads

(Tads +237.3)2 ] (6.8)

∂F
∂Pads

is also obtainable from the partial derivation of Equation 6.3

∂F
∂Pads

=−RTads

Pads
(6.9)

∂w
∂F , which appears in Equations 6.5 and 6.6 can be obtained from the derivation of

Equation 6.2

∂w
∂F

= w.
−n
En .F

(n−1) (6.10)

By substituting Equations 6.7, 6.9 and 6.10 into Equations 6.5 and 6.6 the following
relations can be realized

∂w
∂Tads

= w.
−n.R

En .F(n−1)[−ln(
Pads

Psat
)+

Tads

Psat
.
∂Psat

∂Tads
] (6.11)

∂w
∂Pads

= w.
−n.R

En .F(n−1)[−Tads

Pads
] (6.12)

The variables F , w and ∂Psat
∂Tads

shall be calculated from Equations 6.3, 6.2 and 6.8, respec-
tively.
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The results of the sensitivity analysis will be presented and discussed in the results
section.

6.2.3 Estimation of the SCP and the COP

The obtained adsorption and desorption kinetic data of the adsorbent sample in each repre-
sentative test frame have been utilized to estimate the specific cooling power (SCP) of an
adsorption chiller employing the related PHE. Since the SCP of an adsorption chiller depends
mainly on the differential water loading and the durations of both adsorption and desorption
phases, the SCP associated with the application of the two investigated APHEs in a real
chiller was evaluated at different adsorption durations (tads varies from 10 to 4800 seconds)
and desorption durations (tdes varies from 10 to 1800 seconds). Indeed, the application of
arbitrary (equal or different) adsorption and desorption durations in a real adsorption chiller
shall result in a steady-state operation with equal differential water uptakes in the adsorption
and desorption phases [42, 70, 127]. Based on that, an analytical algorithm was developed
and implemented in Matlab© to determine the initial and final water uptake of the adsorption
and desorption stages when different adsorption and desorption durations are applied, based
on the experimentally measured and correlated adsorption and desorption kinetic data. The
analytical model is described in the following paragraphs.

A typical periodical adsorption chiller cycle consists of four successive processes, namely
preheating, desorption, precooling and adsorption processes. Figure 6.3 presents, in dashed
lines, an ideal adsorptive cycle of an adsorption chiller on a Clapeyron diagram with quite
long adsorption and desorption durations (tads and tdes) sufficient to reach thermal equilibrium
between the adsorbent and the HTF flowing through the adsorber heat exchanger. The cycle
presented in bold lines stays for optimized adsorption tads and desorption tdes durations to
realize the maximum cycle’s SCP. The preheating and precooling processes are assumed
isosteric (w1=w2) and (w3=w4). The preheating and precooling phases taking place in a real
adsorption chiller take quite short durations compared with the durations of the adsorption
and desorption phases and depend mainly on the management of the adsorption machine.
The algorithm presented in this work assumes 10 s for each phase according to [153], i.e.,
tprecool.+tpreheat.=20 s.

Figure 6.4 presents a pair of exponentially fitted water uptake kinetic curves for a given
set of operating conditions (i.e. Tev/Tcond/Tdes) according to Equation 6.1. The blue curves
represent adsorption and the red curves represent desorption kinetics. The principle of the
developed algorithm is also illustrated in Figure 6.4. In the zeroth iteration, the algorithm
sets the initial point on the adsorption curve (w4=wmin) as the starting uptake value for the
adsorption phase. The exponential fit form of the adsorption kinetic curve is used to calculate
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Fig. 6.3 Ideal adsorptive cycles of an adsorption chiller/heat pump, the cycle presented in
dashed lines has infinite adsorption and desorption durations (tads and tdes) sufficient to reach
thermal equilibrium with the HTF flowing through the adsorber heat exchanger, while the
cycle presented in bold lines has optimized tads and tdes to get maximum cycle’s SCP.

w1 at the end of the adsorption phase, means at t1=t4+tads. The algorithm then equates the
initial w of the desorption stage (w2) with the calculated final w of the adsorption stage (w1)
and estimates the time (t2). Based on the internal value of tdes the time t3=t2+tdes is calculated.
The final uptake w3 of the desorption stage is then estimated using the exponential fit form
of the desorption kinetic curve at the corresponding operating condition. The algorithm
compares now between w4 and w3. If the difference between them is smaller than 0.0001,
the obtained initial and final uptake values are considered final for calculating the differential
adsorption/desorption water uptake (∆w=w1-w4=w2-w3). Otherwise, the algorithm equates
w4 to the last estimated uptake value of w3 and performs a new iteration. The final obtained
∆w is applied to calculate the specific cooling power SCP. Figure 6.5 depicts the flow chart
of the developed algorithm.

The implementation of the algorithm for each adsorbent sample at every set of operating
conditions results in the values of the differential adsorption/desorption water uptake (∆w),
which shall be applied in the following equation to calculate the SCP of an intermittent
adsorption chiller having only one adsorber-desorber.

SCP =
∆w

tads + tdes + tprecool.+ tpreheat.
.h f g(Tev) (6.13)
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(a) (b) (c)

Fig. 6.4 Iterative principle of the developed algorithm; (a) zero-iteration, (b) first iteration,
and (c) last iteration.

h f g(Tev) is the latent heat of the water evaporation at the investigated evaporator tempera-
ture (Tev).

The mass-specific (per kg of adsorbent) heat added to the adsorber heat exchanger (qin)
during the preheating and desorption phases can be calculated from:

qin = ∆w.∆hads +qs,AdHEx (6.14)

Herein ∆hads is the isosteric heat of water adsorption in Siogel (50.5 kJ/mol [17]) . In
addition, qs,AdHEx stays for the specific (per kg adsorbent) sensible heat added to adsorber
heat exchanger components (metal and HTF), which can be evaluated from the following
equation:

qs,AdHEx =
1

mads
(mmetal.cmetal +mHT F .cHT F).(Tdes −Tads) (6.15)

mads is the mass of the Siogel filling the investigated AdHEx. The GLX30 APHE has been
filled experimentally with 842 g of Siogel as reported in Chapter 3. The APHE introduced in
Chapter 5 can be filled with the same amount, as the volume of its adsorbent domain is equal
to the one of the GLX30 APHE.

The COP of the intermittent adsorption chiller can be calculated as follows:

COP =
SCP
qin

(6.16)
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Fig. 6.5 Flow chart of the algorithm developed to calculate the adsorption system performance
at different pairs of tads and tdes
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6.3 Results and discussion

In this section, the original kinetic measurements and their correlations to Equation 6.1 will
be presented and then utilized to investigate the effects of the HTCL and the MTCL on the
adsorption and desorption kinetics. In addition, the cycle SCPs and the COPs obtained upon
applying both plate heat exchangers illustrated in Figure 6.1 to act as an adsorber/desorber
for an adsorption chiller will be estimated and presented against varying adsorption and
desorption durations for all investigated operating conditions. Finally, the obtained values
for the SCP and the related COP will be compared to the values of an optimized extruded
aluminium finned tube adsorber heat exchanger from the literature.

6.3.1 Adsorption and desorption kinetic measurements

Figures 6.6 and 6.7 depict the measured and the exponential fitting curves according to
Equation 6.1 of the water uptake obtained during the adsorption and desorption processes,
respectively, which were conducted on loose Siogel grains inside the three test frames
TF1-TF3 illustrated in Table 6.2 at all applied operating conditions.

The detail results of the measuring campaign and the values of the time constants (τ) and
the coefficient of determination (R2) are presented in Tables 6.3 and 6.4 for the adsorption
and desorption processes, respectively. The lowest R2 value for the adsorption processes
amounts to 0.9890 and is obtained for TF3 at operating conditions of 15/30/90°C, while the
lowest R2 value for the desorption processes is obtained for TF2 at operating conditions of
5/30/90°C and amounts to 0.9494. It can be concluded that, all adsorption and desorption
kinetic curves for the Siogel samples inside the three test frames do follow the exponential
relationship described in Equation 6.1.

6.3.2 Effect of the HTCL; Comparison between TF2 and TF3

Increasing the thickness of the adsorbent domain (HTCL) from 1.5 to 3.0 mm (TF2 vs. TF3)
while keeping the MTCL equal to 58.5 mm corresponding to the GLX30 PHE, results in a
slight change in the adsorption kinetic, i.e. limited change in the value of τ by almost zero %
at the operating condition of 15/35/90 °C and 10/30/90 °C to a maximum percentage of 19%
at operating conditions of 10/35/90°C. This implies that the effect of doubling the HTCL of
the adsorbent domain on the adsorption dynamics is quite low as long as the MTCL is in the
order of 58.5 mm. In other words, at such high MTCL, the influence of the HTCL, within the
investigated range in this chapter, is less pronounced on the adsorption characteristic time τ .



124
Effect of the heat and mass transfer characteristic lengths on the Adsorption and Desorption

Dynamics

(a) (b)

(c) (d)

(e) (f)

Fig. 6.6 Adsorption kinetic curves for loose grains of Siogel inside the three test frames
depicted in Table 2 at evaporator, condenser/adsorption-end and desorption temperatures of
a) 15/30/90 °C , b) 15/35/90°C, c) 10/30/90°C, d)10/35/90°C, e) 5/30/90°C and f) 5/35/90°C.

It can be further observed that, the effect of doubling the HTCL between TF2 and
TF3 on changing the adsorption characteristic time becomes slightly pronounced at severer
operating conditions, at which the differential water uptake becomes smaller (low evaporator
temperatures (10 and 5°C) and/or higher condenser and adsrober-end temperatures (35°C)).

Contrary to that, doubling the HTCL (TF2 vs. TF3) has a pronounced influence on the
desorption kinetic. The desorption characteristic times are significantly higher for the thicker
adsorbent sample (TF3) compared to TF2. Strictly speaking, doubling the HTCL results in
changing the value of the desorption characteristic time by 24% at operating condition of
10/30/90°C to a maximum percentage of 52% at operating conditions of 5/30/90°C. This
implies that the influence of changing the HTCL is more pronounced on the desorption
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(a) (b)

(c) (d)

(e) (f)

Fig. 6.7 Desorption kinetic curves for loose grains of Siogel inside the three test frames
depicted in Table 2 at evaporator, condenser/adsorption-end and desorption temperatures of
a) 15/30/90 °C , b) 15/35/90°C, c) 10/30/90°C, d)10/35/90°C, e) 5/30/90°C and f) 5/35/90°C.

kinetics than on the adsorption kinetics inside adsorber plate heat exchangers within the
tested range of design conditions (Tables 6.3 and 6.4).

6.3.3 Effect of the MTCL; Comparison between TF1 and TF2

Indeed, both TF1 and TF2 have the same HTCL (1.5 mm) and, accordingly, the same S/m
ratio. According to the existing experiences in the literature [99, 96, 100], they should have
the same kinetic performance. The obtained results in Figure 6.6 puts in evidence that the
MTCL does have a major role on the adsorption kinetics for the same HTCL or S/m ratio.
Strictly speaking, the adsorption characteristic times of the adsorbent sample inside TF2
are much higher than those of the sample inside TF1 (178 to 228 % higher value of the
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Table 6.3 Adsorption start temperature (Tads−start), initial water uptake (wo), final differential
water uptake (∆w f ), measurement uncertainty of ∆w f (σ∆w f ), time constant of the exponential
fitting (τ) and its (R2), ratios of τ (r2−1,r3−2 and r3−1) at each operating condition for the
three tested frames

adsorption characteristic time of the sample inside TF2 if compared to sample inside TF1).
In addition, the ratio of τ (r2−1 in Table 6.3) decreases if the overall mass transfer (the
differential water uptake) is reduced (at the operating conditions of 10/35/90 and 5/35/90 °C).
Reducing the evaporator temperature from 15 down to 10 and 5 °C at 30 °C adsorption-end
and condenser temperature results in reducing the differential water uptake from 16.5 down
to 11.4 and 7.2 g/100g, which is associated with decreasing r2−1 from 2.28 down to 2.25
and 2.12, respectively. The same is valid and more pronounced at the more severe operating
condition of 35°C for the adsorption-end and condenser temperatures.

In contrast, by excluding the effect of HTCL and investigating only the effect of the
change in the MTCL on the desorption kinetic, from 27 mm (TF1) to 58.5 mm (TF2), a
smaller effect of the MTCL on the desorption kinetics has been found compared to the
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Table 6.4 Desorption start temperature (Tdes−start), initial water uptake (wo), final differential
water uptake (∆w f ), measurement uncertainty of ∆w f (σ∆w f ), time constant of the exponential
fitting (τ) and its (R2), ratios of τ (r2−1,r3−2 and r3−1) at each operating condition for the
three tested frames

effect of the HTCL. The ratio r2−1 in Table 6.4, which reflects the effect of the MTCL
on desorption kinetics, implies an increase in the desorption τ-value ranging between 1%,
obtained at operating condition of 15/35/90°C and 20%, at operating condition of 10/35/90°C,
upon changing the MTCL from 27 mm to 58.5 mm.

6.3.4 Effect of both HTCL and MTCL; Comparison between TF1 and
TF3

The comparison between the adsorption and the desorption kinetics of the same adsorbent
inside TF1 and TF3 (the ratio r3−1 of their τ in Tables 6.3 and 6.4, respectively), reveals that
the performance of commercially available heat exchanger (GLX30), as an adsorber heat
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exchanger, is quite poor if compared with dedicatedly designed heat exchanger (i.e OTH
APHE introduced in Chapter 5). It can be concluded, therefore, that the MTCL and the mass
transfer resistance inside the adsorbent domain must be taken into account together with the
HTCL or the S/m ratio, for designing effective adsorber plate heat exchangers.

6.3.5 Interpretation of the experimental results through the sensitivity
analysis

Adsorption results

Figure 6.8 shows the variation of |∂w/∂T | and |∂w/∂P| against Pads and Tads on their
ranges during the investigated adsorption processes. The maximum Pads in the conducted
experiments is ≈ 17 mbar and Tads ranges from a minimum value of 30°C, to maximum
value of ≈ 70°C . As shown in the figure, at each value of Tads, the sensitivity of w to Tads

, i.e. |∂w/∂T |, tends to decrease significantly with the reduction in Pads. This means that
for a higher MTCL and due to the high inter-particle mass transfer resistance, a significant
reduction in Pads is expected and, accordingly, a significant reduction in the sensitivity of w
to Tads. In other words, improving the heat transfer in this case will not improve significantly
the adsorption dynamics. It can be concluded that decreasing the HTCL with keeping the
MTCL high will not lead to a significant improvement in the adsorption dynamics due to the
explained slight dependency of w on Tads.

On the other side, as Figure 6.8 depicts, the sensitivity of w to Pads , i.e. |∂w/∂P|,
increases significantly with decreasing Pads within the adsorption operation range. This
implies that, every measure to enhance the mass transfer shall improve the adsorption
dynamics. The above discussion interprets clearly, why TF2 and TF3, which have a high
MTCL, demonstrate similar low adsorption dynamics despite the inequality in the HTCL.
This explains also, why TF1, which has the least MTCL, demonstrates quite better adsorption
dynamics than TF2 with both having the same HTCL.

Desorption results

Figure 6.9 presents the sensitivity of w to both Tads and Pads within their ranges of operation
during the investigated desorption processes. The minimum Pads in the conducted desorption
experiments is ≈ 42 mbar and Tads ranges from a minimum value of ≈ 45 °C, to a maximum
of 90 °C. As shown in the figure, at each value of Tads, the sensitivity of w to Tads i.e.,
|∂w/∂T |, tends to increase with the increase of Pads, which is expected during the desorption
processes of the test frames with the higher MTCL i.e., TF2 and TF3.
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Fig. 6.8 Sensitivity of w to Tads, i.e. |∂w/∂T | (solid lines) and sensitivity of w to Pads , i.e.
|∂w/∂P| (dashed lines) in the adsorption processes’ ranges

The variation of the sensitivity of w to Pads, i.e. |∂w/∂P| against Pads, especially at higher
adsorbent temperatures (Tads > 70°C) interprets quite clearly why the desorption dynamic
is not affected by the MTCL (see Section 6.3.3). As depicted in the figure, |∂w/∂P| has
the lowest and almost invariant values for all values of Pads illustrated in the figure. The
invariance of |∂w/∂P| against Pads, is highly pronounced at the higher values of Tads. This
discussion elucidates clearly, why TF1 and TF2, which have the same HTCL and different
MTCL, demonstrate quite similar desorption dynamics.

Fig. 6.9 Sensitivity of w to Tads, i.e. |∂w/∂T | (solid lines) and sensitivity of w to Pads , i.e.
|∂w/∂P| (dashed lines) in the desorption processes’ ranges
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6.3.6 Impact of applying the investigated APHEs in an adsorption
chiller

The described analytical algorithm developed to predict the performance of a real adsorption
chiller comprising the two investigated APHEs, has been implemented in a MATLAB code
with the application of Tev equal to 5, 10 and 15° C against condenser temperature (Tcond)
of 30 and 35° C. Figure 6.10 depicts the impact of applying the OTH APHE (Chapter 5) on
the SCP and the COP of a single-bed adsorption chiller at all applied operating conditions.
The change step on the SCP on each chart equals 50 W.kg−1. The value of the SCP-contours
increases towards the lower-left corner of each chart. The step between the COP dashed
lines on the charts amounts to 0.1. The value of the COP contours increases towards the
upper-right corner of each chart. In addition, the maximum possible COP for each boundary
condition at the highest possible adsorption and desorption times is also plotted in each chart.

The illustrated results show that the application of the OTH APHE in a single-bed
adsorption chiller with loose grains of Siogel as an adsorbent can produce a specific cooling
power (SCP) up to 453.6 W.kg−1, and a COP up to 0.614. The results indicate that the SCP as
well as the COP increase with increasing the value of Tev and decreasing Tcond , which can be
attributed to the increase in the differential water uptake and the increased dynamics of both
adsorption and desorption phases. For all applied operating conditions, short adsorption and
desorption durations, tads<200s and tdes<100s, results in the highest obtainable SCP (SCPmax).
In contrary, applying long adsorption and desorption durations leads to highest possible
COP, which is directly proportional to the differential water uptake, which approaches its
maximum or equilibrium values as the time does excessively increase.

Figure 6.11 compares between the three investigated APHEs, represented by the test
frames (TF1-TF3), at the operating condition of 15/30/90 °C. The results show the clearly
higher performance of the OTH APHE represented by TF1 over the APHEs represented by
TF2 and TF3, in terms of both SCP and COP. The higher SCP for TF1 can be attributed
mainly, based on the discussion in Sections 6.3.2, 6.3.4 and 6.3.3, to its short MTCL compared
to the GLX30-APHE. On the other hand, the better COP can be referred to the extremely
reduced volume of the HTF and metal domains of the OTH APHE compared to the GLX30
APHE, see Table 6.1. To keep the SCP of TF1 equal or higher than 90% of the SCPmax, both
tads and tdes should be kept in the range, 60 to 470 s for tads and 30 to 230 s for tdes. To
achieve a COP of 0.5 under the operating condition 15/30/90 °C, the OTH APHE can realize
a SCP of 423.3 W.kg−1 while the GLX30 APHE a SCP of 162.1 W.kg−1.

Figure 6.12 presents a comparison between the three test frames in terms of the maximum
obtainable SCP (Figure 6.12a) and the associated COPs (Figure 6.12b) under each operating
condition. The TF1 representing the OTH APHE [82] demonstrates the highest SCPmax and
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(a) (b)

(c) (d)

(e) (f)

Fig. 6.10 The SCP (black continuous lines) and COP (blue dashed lines) calculated for
the test frame representative to OTH APHE introduced in Chapter 5, a) 15/30/90 °C , b)
15/35/90°C, c) 10/30/90°C, d)10/35/90°C, e) 5/30/90°C and f) 5/35/90°C.
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(a) (b) (c)

Fig. 6.11 The SCP (black continuous lines) and COP (blue dashed lines) calculated at
Tev=15°C, Tcond= 30°C and Tdes=90°C for the three test frames (TF1-TF3), (a) TF1, (b) TF2
and (c) TF3

COP at all applied operating conditions (the blue bars). The SCPmax of TF1 ranges between
157.6 W.kg−1, obtained at 5/35/90°C, tads=140 s and tdes =90 s, and 453.6 W.kg−1 obtained
at 15/30/90 °C and tads / tdes of 190 / 90 s, respectively. The SCPmax of TF3, which represents
the GLX30 APHE, ranges between 87.8 W.kg−1, at 5/35/90°C, tads=210 s and tdes=120 s,
and 225.4 W.kg−1, at 15/30/90 °C, tads= 310 s and tdes = 110 s. It can be concluded that
changing the MTCL from 58.5 to 27 mm while keeping the HTCL equal to 1.5 mm (i.e.
TF1 vs TF2) leads to improvement in the SCPmax by 44.2% (at 5/35/90°C) up to 78.9% (at
15/30/90°C). On the other hand, decreasing the HTCL from 3 to 1.5 mm while keeping the
MTCL=58.5 mm (i.e. TF2 vs TF3) leads to a slight improvement in the SCPmax by 6.0% (at
10/30/90°C) to 26.1% (at 10/35/90°C).

6.3.7 Comparison with a finned tube adsorber heat exchanger

To evaluate the performance of the two investigated APHEs compared to the performance of
a finned tube adsorber heat exchanger investigated under similar operating conditions and
with silica gel/water as a working pair, the adsorber heat exchanger presented in [26] and
experimentally investigated in [153] using a small representative piece filled with loose grains
of silica gel 123 in size range of 0.9 mm and with the application of water as a refrigerant has
been selected. In their work, Lanzerath et al. [26] introduced an extruded aluminum, tube
heat exchanger designed dedicatedly for the application as an adsorber/desorber in thermally
driven adsorption machines. The tubes of this adsorber heat exchanger have a special finned
structure on both internal and external surfaces to enhance the overall heat transfer. Table 6.5
gives some data of this adsorber heat exchanger according to [70, 154, 139]. In [153], the
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(a)

(b)

Fig. 6.12 Cycle’s maximum specific cooling power (SCPmax) and the associated COP ob-
tainable from the three investigated test frames at each operating condition, (a) SCPmax
W/kgadsorbent , (b)COPSCPmax
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adsorption and desorption kinetics of a small piece, representative for this adsorber heat
exchanger have been investigated in a gravimetric large temperature jump (G-LTJ) kinetic
setup [96]. Only the temporal water uptake variation of the adsorption and desorption
processes conducted at 10/35/90°C are presented in [153]. To compare between the two
APHEs investigated in this work and the adsorber heat exchanger of [26],the adsorption
and desorption kinetic data presented in [153] have been fitted into the exponential form
of Eq. 6.1. Table 6.6 compares between the two investigated APHEs and the adsorber
heat exchanger of [26] in terms of τ obtained for the adsorption and desorption processes
conducted at 10/35/90 °C. Indeed, the finned tube adsorber heat exchanger [26] demonstrates
a bit higher adsorption kinetics (τ=243.5 s), if compared with the OTH APHE (τ=257.7 s).
It is also evident that, the OTH APHE demonstrates the highest desorption kinetics (τ=81.1
s) among all three heat exchangers.

In addition, the comparison between the two investigated APHEs and the finned tube
adsorber heat exchanger of [26] has been made in terms of the maximum specific cooling
power (SCPmax) and the associated COP value. In [153] a calibrated mathematical model
to simulate an adsorption chiller applying the finned tube adsorber heat exchanger of [26]
was introduced. The model was used to optimize the adsorption and desorption durations
to get the highest possible SCP, which amounts to 268.0 W.kg−1 upon applying adsorption
and desorption durations of 200 and 125 s, respectively. The time of the preheating and
precooling phases were assumed to be 10 s each. The SCPmax of the OTH APHE at 10/35/90
°C amounts according to Figure 6.12a to 263.6 W.kg−1, upon applying tads and tdes of 150
and 80 s, respectively. The GLX30 APHE provides a much lower SCPmax compared to the
two other adsorber heat exchangers, namely 131.9 W.kg−1, upon applying tads and tdes of
240 and 120 s, respectively.

Beside the differences in the equilibrium differential water uptakes between the two
applied adsorbents, (Siogel in the current study versus silica gel 123 in [153], it is important
to mention that the G-LTJ kinetic setup applied in [153] differs from the V-LTJ kinetic setup
applied in the current study in the principle of water uptake measurement. In the G-LTJ
kinetic setup, direct measurement for the temporal mass change of the tested adsorbent
sample is applied. Indeed, the pressure of the refrigerant vapour surrounding the tested
sample in the G-LTJ kinetic setup could change during the adsorption and the desorption
processes, based on the performance of the applied evaporator/condenser unit, however the
difference between the initial and final pressure of the refrigerant vapour surrounding the
tested sample equals almost zero [96]. This leads to a slight difference between ∆w f obtained
at 10/35/90 °C using the V-LTJ kinetic setup (see Tables 6.3 and 6.4) and the ∆w f obtained
using a G-LTJ kinetic setup at the same operating conditions [153]. Strictly speaking, ∆w f
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Table 6.5 Specifications of the adsorber heat exchanger introduced in [34]

Specification value
Number of fins 14

Thickness of fin, mm 1.42
Height of the outer fins, mm 9.85

Length of the tube, m 7.355
Inner diameter of the tube, mm 12.85
Outer diameter of the tube, mm 15.71

Volume of the adsorbent domain, l 3.1
Volume of the HTF domain, l 0.9538

Mass of the heat exchanger, kg 4.212

obtained using V-LTJ setup with Siogel amounts to 7.5 g/100g, while the one obtained using
G-LTJ with silica gel 123 amounts to 8.9 g/100g [153]. Such a difference of around 19% does
have a large impact on both SCP (Equation 6.13) and COP (Equations. 6.13-6.16) of both
APHEs. To have a fair comparison, the same differential water uptake of 8.9 g/100g have
been applied to estimate the modified performance indicators of both plate heat exchangers
for the operation with silica gel 123. Figure 6.13 presents the modified performance charts
(the charts of SCP∗ and COP∗) of the OTH APHE and the GLX30 APHE at 10/35/90°C,
upon applying the silica gel 123. The maximum specific cooling power (SCP∗

max) of the
OTH APHE amounts to 308.6 W.kg−1, while the SCP∗

max of the GLX30 APHE amounts to
154.5 W.kg−1 (see the red circular marks "•" on Figure 10a and b). Moreover, the modified
obtainable COP at the maximum SCP (COP∗

SCP∗
max

) of the OTH APHE amounts to 0.271,
while the one of the GLX30 APHE amounts to 0.168. These data are summarized also in
Table 6.6. If the target SCP∗ for the OTH APHE is reduced to the same value of the extruded
aluminum heat exchanger; namely, to 268 W.kg−1, the obtainable COP∗ is estimated to 0.42,
which is only 9 points less that the obtainable COP of the extruded aluminum adsorber heat
exchanger. Such an operation can be realized with adsorption and desorption times of 380
and 180 s, respectively, the red cross point in Figure 6.13a.

Indeed, the aluminum finned tube adsorber heat exchanger presented in [26] demonstrated
a bit higher COP than the investigated OTH plate heat exchanger in Chapter 5 at the same SCP.
On the other hand, aluminum is subjected to corrosion with almost all typical refrigerants
like water, ethanol and methanol [63, 64, 57]. The absolutely durable operation associated
with applying the nickel-brazed, stainless steel adsorber plate heat exchangers in adsorption
systems allows, accordingly, further design optimizations and experimental investigations of
such a promising technology.
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Table 6.6 Comparison between the performance of the two investigated APHEs and the finned
tube adsorber plate heat exchanger introduced in [34] at operating conditions of 10/35/90°C
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(a) (b)

Fig. 6.13 The modified SCP (SCP∗) (black continuous lines) and the modified COP (COP∗)
(blue dashed lines) calculated for, (a) the OTH APHE and (b) the GLX30 APHE. The SCP∗

max
and its associated COP∗ marked with "•". The SCP∗ and COP∗ obtainable at tads and tdes of
380 and 180 s, respectively are marked with "+"

6.4 Conclusion

In this chapter, three different test frames (TF1-TF3) are prepared to realize adsorbent samples
representative to different adsorbent domains inside open-structured adsorber plate heat
exchangers (APHEs).Accordingly, the prepared adsorbent samples have different thicknesses
and lengths, termed in this chapter as the heat and mass transfer characteristic lengths (HTCL
and MTCL), respectively. Sensitivity analysis of the water uptake to the temperature and
vapour pressure in the adsorbent domain is applied to interpret the experimental kinetic
results. In addition, a new methodology has been introduced to assess the obtained kinetic
data in terms of the obtainable SCP and the COP at different durations for the adsorption-
evaporation and desorption-condensation phases in a real intermittent adsorption machine
applying the investigated APHEs. Finally, the performance of the investigated APHEs have
been compared with an optimized extruded aluminum finned tube adsorber heat exchanger.
The main outcomes of this chapter are summarized below:

• All obtained adsorption and desorption kinetic curves could be described with one
time constant for each tested boundary condition and frame with a better coefficient of
determination (R2) than 0.989 for adsorption and 0.949 for desorption.
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• Doubling the half thickness of the adsorbent domain from 1.5 to 3 mm at a MTCL
of 58.5 mm (TF2 to TF3) resulted in a slight increase in the characteristic time (τ) of
the adsorption, less than 19%. This small effect implies that such a MTCL is quite
high, so that the mass transfer resistance becomes more dominant than the heat transfer
resistance.

• In contrast, doubling the half thickness of the adsorbent domain from 1.5 to 3 mm at a
MTCL of 58.5 mm (TF2 to TF3) resulted in a significant increase in the characteristic
time (τ) of the desorption, up to 52% at the tested boundary conditions.

• At the same HTCL of 1.5 mm (means the same S/m ratio), increasing the MTCL
from 27 mm (TF1) to 58.5 mm (TF2) results in much slower adsorption kinetics and
a slight influence on the desorption kinetics. The characteristic time τ of adsorption
increases by 78% and 128% at the operating conditions 5/35/90 and 15/30/90 °C,
respectively, while the characteristic time τ of the desorption increases by less than
20%. These results contradict the known results so far; namely to expect the same
adsorption dynamics for samples having the same S/m ratio.

• The obtained results put in evidence the importance of considering the MTCL beside
the HTCL upon designing the adsorber heat exchangers.

• The introduced OTH APHE (Chapter 5) offers up to 2.0 times higher SCP if compared
with the GLX30, which is available in the market as a unique crossflow, gas-liquid
plate heat exchanger.

• The optimal SCP of the OTH APHE (Chapter 5) ranges between 157.6 W.kg−1, ob-
tained at 5/35/90°C, tads=140 s and tdes=90 s, and 453.6 W.kg−1 obtained at 15/30/90
°C and tads and tdes of 190 and 90 s, respectively.

• The OTH APHE (Chapter 5), performs quite comparably to an optimized extruded
aluminium finned-tube heat exchanger [26]. However, the OTH heat exchanger has
the advantage of highest resistivity against corrosion, which takes place if aluminium
is applied as a construction material with all known refrigerants for TDAd systems.

If remarkable achievements concerning the market penetration of sustainable adsorption
heat transformation appliances are targeted, dedicatedly designed, and optimized plate heat
exchangers are needed. To maximize both SCP and COP at the nominal design condition(s),
both heat and mass transfer characteristic lengths should be taken into account, which is
going to be the subject of the next chapter.



Chapter 7

Introduction and design assessment of a
new closed structured asymmetric APHE

The appropriateness of applying stainless steel plate heat exchangers in adsorption systems
as adsorbers/desorbers has been proven in the previous chapters. The investigation showed
that in particular, the application of the closed structure plate heat exchangers seems very
promising as it can bring several advantages in terms of compactness of the system and,
accordingly, the specific power density of the system. In addition, the construction cost of
the adsorption system can be significantly reduced since the adsorber/desorber does not need
to be housed in a vacuum-tight chamber, which is quite bulky and costly. Extremely long-life
operation due to the lack of corrosion potential is a particular additional advantage.

As mentioned earlier, to our knowledge there is no stainless steel plate heat exchanger in
the market specifically designed for use in adsorption systems. In the literature, there is only
one open structured PHE investigated numerically as adsorber/desorber of an adsorption
chiller [81]. In [81], the application of an embossed plate heat exchanger made of copper to
act as an adsorber heat exchanger has been suggested. A numerical parametric study with
the application of the SWS-1L and water as an adsorbent-adsorbate pair has been conducted.
However, the authors in [81] did not discuss the manufacturing of their suggested embossed
plate heat exchanger. In addition, there is a high potential of corrosion that their PHE would
be facing if it is made of copper, as reported, and some salt leaks from the SWS-1L1 [65].

In this dissertation, two innovative plate heat exchangers with different structures are
presented for application as adsorbers/desorbers in adsorption systems. In Chapter 5, the
OTH’s innovative adsorber plate heat exchanger (OTH APHE), which has open structure, is
presented and investigated experimentally and numerically. In this chapter, an innovative

1a composite adsorbent obtained by impregnating mesoporous silica gel with CaCl2
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closed structured APHE will be introduced and investigated numerically. The configuration
and the design optimization in terms of the HTCL and MTCL of the adsorbent domain inside
the new APHE will be discussed. finally, the estimated performance indicators (SCP and
COP) of a single bed adsorption chiller employing the introduced closed structured APHE
will be presented and discussed.

7.1 Key design parameters

The commercially available PHEs investigated in Chapter 3 as adsorbers/desorbers had the
advantage of having a uniform temperature distribution over their plates’ surface. In fact,
most of the PHEs available in the market have this advantage. Usually in 2-3 minutes, a
uniform temperature distribution over the plates surface can be realized. However, only the
uniformity of the temperature distribution over the plates cannot guarantee good performance
for the APHE. There are two aspects, which should be considered upon designing an effective
APHE:

• Due to the intermittent nature of the adsorber/desorber heat exchanger operation in
adsorption systems, high attention must be paid to the sensible heat capacity of the
adsorber heat exchanger components. As explained before (see Chapter 5), the lower
the sensible heat stored in the metal and the HTF of the adsorber HEX compared to
the stored heat of adsorption, the higher the COP of the adsorption system. From the
specific power (SP) point of view, this sensible heat has to be rapidly transferred to
the HTF to allow a rapid and effective cooling and heating of the adsorbent material
and, consequently, a fast adsorption and desorption processes leading to a high SP.
Therefore, an extremely reduced volume of the heat transfer fluid (HTF) domain
compared to the adsorbent domain, while keeping the uniformity of the temperature
distribution over the heat exchanger’s plates must be one key design parameter of the
closed structured APHE introduced in this chapter.

• Both heat and mass transfers characteristics of the adsorbent placed on the plates are
the major influencing parameters on the performance indicators of an APHE. Thus, to
realize an efficient APHE, attention has to be paid to the dimensions of the adsorbent
domain inside the APHE. Strictly speaking, the thickness of the adsorbent domain is
the most important for the heat transfer and the length or the diffusion path length of
the adsorbent domain in the direction of the adsorbate flow is the most important for
the mass transfer.
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Fig. 7.1 The stack of the plate-pairs of the new APHE. The metal, the HTF and the adsorbent
are depicted in different colors. The adsorbent and HTF subdomains do not appear in the
figure because they are located between the plates. Only the HTF at its inlet and outlet ports
and the adsorbent at the filling ports appear in the figure.

7.2 Design concept

To avoid the necessity of housing the APHE in a vacuum chamber where the refrigerant
vapor accumulates during the system operation, the new APHE shall be designed as a closed
stack of multi-nickel-brazed parallel plate-pairs made of stainless steel 316l, wherein each
plate-pair consists of two identical stamped plates brazed together and enclosing a space for
a HTF with an inlet and an outlet port. Figure 7.1shows the stack of the plate-pairs of the
new APHE.

For the new APHE introduced in this chapter, the dimensions of one plate are 500 mm
in length and 280 mm in width. The plate thickness amounts to 0.3 mm. The new APHE
is intended to be filled with about 10 kg of Siogel adsorbent (particle size: 0.71-1.0 mm).
Table 7.1 provides some specifications of the new design. The size of the new APHE can
be scaled up or down by changing the number of the plate-pairs. Each plate has inlet and
outlet ports of 18 mm diameter for the HTF (see Figure 7.2a). The plates shall be formed
by stamping, i.e pressing by dies, to realize a special profile on the plates allowing, after
arranging the plates and brazing them together, the realization of a PHE of closed sides,
in which there is a set of identical spaces (subdomains) for the HTF, i.e HTF domain, and
another set of spaces (subdomains) for the adsorbent material (adsorbent domain).
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Table 7.1 Specifications of the new APHE, designed for 10 kg of Siogel grains

To minimize the volume of the HTF domain while keeping the uniformity of the tempera-
ture distribution over the plates of the heat exchanger, the concept of distributing the HTF in
the open-structured APHE presented in Chapter 5 is followed with some modifications. Thus,
for each plate-pair in the new APHE, the HTF is to flow through a set of parallel channels
(10 channels with 24 mm spacing) created by stamping, arranging, and brazing the plates
together. Figure 7.2a shows the HTF inlet and outlet ports of one plate and Figure 7.2b
shows the HTF subdomain confined in a plate-pair of the new APHE. The channels in each
plate-pair of the new APHE connect the inlet port to the outlet port of that plate-pair. Each
channel has a square cross-section with inner sides of 2 mm. Since the width of the plate
pairs is large, the HTF enters each plate-pair through its inlet port and is then distributed by a
ring to two identical branches. Thanks to the gradually decreasing cross-sectional area of the
branches, the HTF flowing through the branches is distributed quasi-uniformly to the parallel
channels.

Upper and down end-plates of thickness 2 mm are brazed to the stack of the parallel plate-
pairs described above. The down end-plate is blind, while the upper end-plate is equipped
with one big port (d= 50 mm) in the middle of the plate for transferring the refrigerant vapour
to/from the APHE during the adsorption/desorption processes, two ports (d= 18 mm) for the
HTF (inlet and outlet ports) and two small ports (d= 10 mm) for filling the APHE with the
adsorbent (in granular form).

In an adsorption process, the refrigerant vapor entering the new APHE should be evenly
distributed to the identical adsorbent subdomains existing between the successive plate-pairs
in the APHE. In a desorption process, the refrigerant vapour desorbed from each adsorbent
subdomain should find a way to exit the APHE. Moreover, the refrigerant vapour in each
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(a) (b)

Fig. 7.2 (a)a plate-pair of the new APHE, (b) HTF subdomain confined in a plate-pair

(a) (b)

Fig. 7.3 The new closed structured APHE (a) outer design (b) full section
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adsorbent subdomain should encounter a rather limited mass transfer resistance to avoid a
sharp pressure drop during the adsorption and a high pressure rise during the desorption,
which degrade the adsorption and desorption kinetics, respectively, and accordingly reduce
the achievable SP of the adsorption system.

Therefore, special attention has been paid to the distribution of the refrigerant vapour in
this new APHE. The idea for this is to create a number of perforated dimples in shape of
hollow truncated cones on each plate.

A plate with perforated dimples similar to the one shown in the Figure 7.2a can be
made by stamping a perforated flat plate (see Figure 7.4a and Figure 7.4b) with a truncated
cone-shaped punches (Figure 7.4c). To form one perforated dimple, a truncated cone-shaped
punch is pressed onto the flat perforated plate with the centerline of the punch coinciding
with the centerline of the set of holes shown in Figure 7.4b (one center hole (d=2 mm) and 8
small holes (d=1 mm)) distributed on a circle of diameter 5.4 mm.

The dimples on each plate shall be in a segregated arrangement as depicted in Figure 7.2a.
The dimples are to be interfaced with the adsorbent sub-domains on their outer surfaces.
Each dimple has a central large hole on the top for receiving/delivering the vapour and
small holes on the inclined walls for delivering/receiving the vapour to/from the adsorbent
surrounding the dimple (see Figure 7.4d). Since the plates are identical, when the plates
are assembled and brazed together, the successive dimples form vertical distributors for the
refrigerant vapour in the APHE. Figure 7.5 shows a section of the stack of the plate-pairs
(without both the upper end-plate and first thin plate). It can be observed how the refrigerant
vapour can be distributed to the adsorbent subdomains via the vertical distributors. The large
port on the upper end-plate is the only vapour port of the new APHE. Therefore, another
vapour distributor (horizontal distributor) is required to distribute the vapour to the vertical
distributors formed by the successive interfaced dimples. Thus, the space between the upper
end-plate and the first plate pair in the stack of the APHE is not filled with the adsorbent, but
serves as a horizontal vapour distributor for the vertical distributors. Therefore, in this chapter,
the horizontal distributor is referred to as primary distributor and the vertical distributors
are referred to as secondary distributors. Figure 7.6 shows how the vapour is distributed
horizontally and then passes through the vertical distributors. It is important to mention that
the primary (horizontal) vapour distributor is not reachable from the two small ports on the
upper end-plate designated for filling the APHE with a granular adsorbent. The first space
reachable from the filling ports is the one existing between the first two successive plate-pairs
(i.e. the first adsorbent subdomain), See Figure7.7b.
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(a) (b)

(c) (d)

Fig. 7.4 The forming process of the perforated dimples, (a) perforated thin flat plate, (b) one
set of holes, (c) truncated cone-shaped punch, (d) perforated dimple

It is now obvious to the reader that the HTCL and MTCL of the adsorbent domain in the
new APHE can be defined by the height of the dimples and the distance between them in any
of the adsorbent subdomains in the APHE, respectively.

7.3 Examination of the HTF distribution

The HTF distribution in the new APHE should be examined numerically in terms of the
pressure drop and the degree of uniformity of the temperature distribution on the plates’
surface. As done for the APHE presented in Chapter 5, the simulation model developed in
Chapter 4 is applied to only one quarter part of one plate-pair of the new APHE. Note that
each pair of plates of the new APHE is symmetric about two perpendicular planes, one of
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Fig. 7.5 Vertical refrigerant vapour distributors

Fig. 7.6 Horizontal refrigerant vapour distributor
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(a) (b)

Fig. 7.7 Preventing the adsorbent grains from reaching the primary refrigerant vapour distrib-
utor

which is parallel to the surface of the plates and passes through the interfacial surface where
the two plates forming the plate-pair are brazed together, and the other perpendicular to the
surface of the plates and passes through the centerlines of the HTF ports. The simulation
model shall be implemented in COMSOL Multiphysics without including the adsorbent
domain and its related equations in the model implementation.

The HTF inlet temperature experimentally applied in the adsorption and desorption
processes conducted on the two APHEs investigated in Chapter 3 and associated to operating
conditions 10/30/90°C and 10/35/90°C are applied here as thermal boundary conditions
at the inlet port of the HTF of the new APHE. The flow rates applied are to 1, 1.8 and
2 LPM/plate-pair. The other boundary conditions applied in this simulation are the same
as those applied to the metal and HTF domains in the simulation of the quarter part of a
plate-pair of the APHE presented in Chapter 5.

7.4 Representative section of the new APHE

To assess the HTCL and the MTCL of the adsorbent domain inside the new APHE and
then predict the APHE’s performance upon applying relevant operating conditions of an
adsorption appliance, an appropriate (representative) section of the new APHE should be
carefully selected for the numerical investigation. High attention should be paid to the
size of the representative section for consuming a reasonable computational time during
both assessment and the performance prediction of the APHE. The previously developed
mathematical model shall be applied for the aforementioned purposes.
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Fig. 7.8 Heat transfer symmetric planes of a plate-pair and an adsorbent subdomain

Since the new APHE consists of several identical plate-pairs, the adsorbent and the HTF
subdomains between the successive plates are identical as well. So, a representative section
of the new APHE could be a piece of a plate-pair (metal) in contact with pieces of the HTF
and the adorbent domains. It is obvious that each plate-pair of the new APHE is symmetrical
around a plane parallel to the surface of the plates and passing through the interfacial surface
where the two plates forming the plate-pair are brazed together. This described symmetric
plane is referred to as "HT symmetric plane 1", see Figure 7.8. Moreover, as each adsorbent
subdomain of the new APHE is surrounded by two plate-pairs. Accordingly, a heat transfer
symmetrical plane parallel to the plate’s surface shall exist in the middle of the thickness of
each adsorbent subdomain, i.e. passes through the interfacial surface at which the opposite
dimples are brazed together. This described symmetric plane is referred to as "HT symmetric
plane 2", see Figure 7.8.Thus, from the perspective of the heat transfer in the direction
normal to the surface of the plates, the selected representative section should extend from the
"HT symmetry plane 1" to the "HT symmetry plane 2". The height of the adsorbent in the
representative section is defined as the HTCL of adsorbent domain inside the new APHE,
which corresponds to the height of the dimples.

As shown in Figure 7.5, for each adsorbent subdomain, the upper and the down dimples
are identical, therefore the plane passing through the interfacial surface at which the opposite
dimples are brazed together can be considered as a mass transfer symmetry plane. In other
words, concerning the mass transfer in the adsorbent domain, each adsorbent subdomain is
symmetric around a plane parallel to the plate’s surface and existing in the middle of the
thickness of the adsorbent subdomain. For considering the mass transfer in the representative
section, two sets of parallel planes normal to each other and passing through the centerlines
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(a) (b)

Fig. 7.9 Designation for the representative section of the new APHE, (a) surface of a plate of
the new APHE (b) heat and mass transfer symmetry planes normal to the surface of the plate

of the dimples and normal to the surface of the plates are assumed. In other words, for every
dimple, two planes normal to each other and passing through its centerline are assumed.
Thus, all those planes can be considered as mass and heat transfer symmetry planes for the
adsorbent placed on the surface of a plate-pair.

As shown in Figure 7.9 the two sets of the planes mentioned above divide the plate
into identical sections. Thus, one of those sections can be representative to the APHE.
This representative section shall be examined for determining the MTCL of the APHE.
Figure 7.10a shows one of the identical sections of the plate (representative section). The
adsorbent material placed on this section of the plate appears in Figure 7.10b. As shown in
the figure, the adsorbent material of the representative section receives/delivers the refrigerant
vapour from/to two dimples placed in two opposite corners of the section. As depicted in
Figure 7.10b, heat and mass transfer symmetry boundary conditions are assumed on five
sides of the representative section.

As the distance between the two dimples in the representative section defines the inter-
particle mass transfer resistance in the adsorbent domain, this distance shall be defined as the
MTCL of the new APHE. Figure 7.11 depicts the HTCL and MTCL of the representative
section of the new APHE.

To sum up, in the new APHE, the HTCL is defined by the height of the dimples and the
MTCL is defined by the distance between two successive dimples lying on a diagonal line.
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(a) (b)

Fig. 7.10 The representative section of the new APHE,(a) metal domain of the representative
section, (b) boundary conditions of the adsorbent domain of the representative section

Fig. 7.11 The HTCL and the MTCL of the new APHE
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7.5 HTCL and MTCL assessment

It is obvious that the lower the HTCL and MTCL, the higher the adsorption and desorption
dynamics of the APHE and, accordingly, the higher the SP of the adsorption system. In fact,
optimizing the HTCL and the MTCL only with respect to SP leads to zero values for both.
However, extremely low HTCL and MTCL result in a quite low adsorbent to heat exchanger
(metal+HTF) mass ratio and, accordingly, a quite low COP value. For instance, if the HTCL,
i.e. the dimple height, is reduced to half, the adsorbent to heat exchanger mass ratio doubles
and the COP value drops significantly, especially when long adsorption and desorption times
are applied.

As illustrated in Chapter 6, the MTCL dominates the adsorption dynamics of the APHEs,
while the HTCL dominates the desorption dynamics. In Chapter 3 and Chapter 6, it is also
illustrated that for an APHE, the desorption dynamics are on average three times higher
than the adsorption dynamics. Therefore, in this chapter, special attention is paid to the
investigation of the effect of MTCL on the adsorption dynamic of the new APHE.

For this purpose, the adsorption dynamic of the representative section described above
are numerically evaluated upon applying different MTCL values (ranging from 90 to 25
mm) with Siogel/water as a working pair and applying different operating conditions of
the adsorption chillers, namely 10/30/90 °C and 10/35/90 °C. To change the MTCL of the
representative section shown in Figure 7.11 without changing the spacing between the HTF
channels, the width of the section, in y-direction, has to remain fixed, while the length of the
section, in x-direction, has to be changed. Regarding the effect of HTCL on the adsorption
and desorption dynamics of the new APHE, two HTCL values, namely 1.5 mm and 3 mm,
are investigated at the previously mentioned operating conditions and with the application of
the optimized MTCL.

As will be presented later (in the results section), the temperature distribution over the
plates surface of the new APHE upon applying HTF’s flow rate equal or higher than 1
LPM/plate-pair is quite uniform. Based on this, and to minimize the computational time, the
simulation model is applied only to the adsorbent domain of the representative section of the
new APHE, i.e., excluding the metal and HTF domains and the associated energy and mass
conservation equations. Instead of including the energy and mass conservation equations of
the metal and HTF in the simulation, a thermal boundary condition is applied to the surface
of the adsorbent domain at the interface with the metal domain of the representative section
of the APHE. Strictly speaking, the time-average temperature of the active area of the plate
given the HTF flow rate of 1.8 LPM/plate pair is applied as the boundary condition of the
interfaces between the adsorbent and the metal plate.
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Fig. 7.12 The adsorbent domain of the representative section with illustration of all applied
boundary conditions

Figure 7.12 shows the adsorbent domain of the representative section with illustration of
all applied boundary conditions. As shown in the figure, pressure boundary conditions are
applied to the projection areas of the dimples’ holes on the round surfaces of the adsorbent
area, where the adsorbent interfaces the two opposite dimples in the representative section
of the APHE. The pressure values applied as boundary conditions here is the temporally
variant pressure values recorded in the experimental investigation of the GL50 APHE (see
Chapter 3). Recall that the GL50 PHE is a closed structured one which was investigated
experimentally as adsorber/desorber (with Siogel/water as working pair) against an identical
GL50 PHE acting as evaporator/condenser. Thereby, the effect of the evaporator/condeser
performance on the adsorption and desorption kinetics is properly considered in the current
simulation.

To define a criterion for evaluating the effect of the MTCL as well as the HTCL on the
adsorption and desorption dynamics, all the numerical results shall be fitted to exponential
form.

w(t) = wo +∆w f (1− exp(−t/τ)) (7.1)

where w(t) is the instantaneous water uptake, wo refers to the initial water uptake, ∆w f to
the final equilibrium differential water uptake (w f −wo), and τ is the characteristic time
constant.
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In addition, the simple mathematical model developed and introduced in Chapter 6 for
estimating SCP and COP is applied to estimate both performance indicators upon utilizing
the new APHE in a real adsorption chiller and applying the previously mentioned working
pair and operating conditions, and the results will be discussed.

7.6 Results and discussion

7.6.1 Temperature distribution on the plates’ surface

Figure 7.13 shows the temporal and spatial distribution of the temperature on the surface of a
half-plate of the new APHE. The results are obtained upon applying HTF inlet temperature
associated to an adsorption process at operating conditions of 10/30/90°C and HTF flow rate
of 1 LPM/plate-pair. As can be seen in the figure, almost uniform temperature distribution
over the active surface of the plate pair is achieved within two minutes (Figure 7.13b). The
active area of the plate pair refers to the area of the plates adjacent to the adsorbent domain,
i.e. the area of the plates excluding the area of their edges. The obtained total pressure drop
of the HTF due to hydraulic resistance within a plate pair at 1 LPM/plate pair amounts 8.0
mbar.

Figure 7.14 compares the time variation of the HTF at the inlet port of the plate pair (as a
boundary condition) with the time variation of the average temperature of the active surface
of the plates at different flow rates of the HTF. The figure shows that increasing the flow
rate from 1.2 LPM/plate-pair (V̇total=24.0 LPM) to 1.8 LPM/plate pair (V̇total= 32.0 LPM)
results in a slight improvement in convective heat transfer between the HTF and the metal
plates and, accordingly, higher temporal variation of the plates’ surface. Increasing the flow
rate to 2.4 LPM/plate-pair (V̇total= 48.0 LPM) does not result in a noticeable improvement in
the temporal variation of the plate average surface temperature. However, it does result in a
noticeable increase in the pressure drop of the HTF, from 18.5 mbar at 1.8 LPM/plate pair to
28.2 mbar at 2.4 LPM/plate-pair.

7.6.2 MTCL assessment

Figures 7.15a and 7.15b show the effect of the MTCL on the adsorption kinetics of the new
APHE at 10/30/90°C and 10/35/90°C, respectively. For both applied operating conditions,
the HTCL remains fixed at 3 mm. The black curve in each figure presents the adsorption
kinetic of the new APHE with negligible mass transfer resistance between particles, i.e., with
quite low MTCL, meaning quite short distances between dimples. This has been considered
in the simulation by setting the interparticle mass transfer resistance to zero. As can be seen
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(a) (b) (c)

Fig. 7.13 The temporal and spatial distribution of the temperature on the surface of the
half-plate of the new APHE upon applying HTF’s flow rate of 1 LPM/plate-pair, (a) time=
60 s, (b) time= 120 s, (c) time= 180 s

Fig. 7.14 Temporal variation of the average temperature over the active area of a plate-pair
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Table 7.2 Characteristic time constant (τ) of the exponential fitting of the adsorption results
corresponding to different MTCL of the representative section with applying the boundary
conditions of 10/30/90 °C and 10/35/90 °C

from the figures, the adsorption kinetics obtained at a MTCL of 30 mm or less are very close
to the highest kinetics obtained at negligible mass transfer resistance between particles, i.e.
MTCL=zero.

(a) (b)

Fig. 7.15 Effect of the MTCL on the adsorption kinetics,(a) 10/30/90°C, (b) 10/35/90°C

Figure 7.16 shows the relation between the characteristic time constant (τ) of the ex-
ponential fitting of the kinetic results depicted in Figure 7.15 and the MTCL of the new
APHE. Table 7.2 gives the values of τ depicted in Figure 7.16 and their R2-values. As can
be seen in Figures 7.15 and 7.16, the adsorption kinetics obtained at a MTCL of 30 mm or
less are very close to the highest kinetics obtained at negligible interparticle mass transfer
resistance. As shown in Figure 7.16 τ value at MTCL of 30 mm is higher than the τ at
negligible interparticle mass transfer resistance by less than 9% for 10/30/90 °C and 8% for
10/35/90°C. In order to make the spacing between the dimples in x-direction not less than 18
mm, a MTCL of 30 mm is considered optimal for the new APHE.

7.6.3 HTCL assessment

Figure 7.17 shows the adsorption and desorption kinetics of the representative section with
MTCL equal to 30 mm and two different values for the HTCL, namely 1.5 and 3 mm. This
is in agreement with the results of the sensitivity analysis of w to Tads and Pads presented in
Section 6.3.5. As discussed in Section 6.3.5, the influence of the HTCL on the adsorption
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Fig. 7.16 MTCL vs τ , for the representative section with applying the boundary conditions
of 10/30/90 °C and 10/35/90 °C

(a) (b)

Fig. 7.17 Effect of the HTCL on the adsorption and desorption kinetics with applying MTCL
of 30 mm, (a) 10/30/90°C, (b) 10/35/90°C

dynamics is pronounced only for low values of the MTCL. This is the case for the new
APHE with a MTCL of 30 mm. Table 7.3 gives the τ and R2 values of the adsorption and
desorption curves depicted in Figure 7.17. Those values shall be used in the estimation of the
performance indicators, i.e. SCP and COP, of an adsorption chiller in which the new APHE
is integrated.

7.6.4 SCP and COP of the new APHE

The simple mathematical model developed and presented in Chapter 6, section 6.2.3, was
used to estimate both SCP and COP of a single-bed (intermittent) adsorption chiller utilizing
the new APHE. Figures 7.18 and 7.19 show the SCP and COP associated to the application of
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Table 7.3 Characteristic time constant (τ) of the exponential fitting of the adsorption and des-
orption results corresponding to different HTCL of the representative section with applying
MTCL= 30 mm and boundary conditions of 10/30/90 °C and 10/35/90 °C

the new APHE at 10/30/90°C and 10/35/90°C, respectively. Assuming that 0.5 is the target
COP of the new APHE, the new APHE with HTCL=1.5 mm can provide a SCP of 272.6
W.kg−1 at 10/30/90°C when tads and tads of 360 and 180 s are applied, respectively. The SCP
of the new APHE with a HTCL of 3 mm, at the same operating conditions, decreases to 219.5
W.kg−1, which can be achieved by applying tads and tads of 210 and 130 s, respectively.

At 10/35/90°C, for a target COP of 0.5, the new APHE with HTCL=1.5 mm can provide
158.6 W.kg−1 when tads and tads of 510 and 350 s, respectively, are applied. For the design
with HTCL=3 mm, the achievable SCP decreases to 138.3 W.kg−1, when tads and tads of 290
and 190 s, respectively, are applied.

It should be recalled that the open-structured APHE presented in Chapter 5 (OTH APHE),
which was didactically designed for the application in the adsorption machines, demonstrated
comparable performance to an optimized aluminum adsorber heat exchanger with extruded
finned tubes [26] (see Section 6.3.7 in Chapter 6). Indeed, with the application of Siogel-
water as a working pair and at the same operating conditions, the maximum SCP (SCPmax)
of the open-structured APHE (OTH APHE) is higher than the SCPmax of the closed APHE
presented in this chapter (see the results of the OTH APHE with Siogel-water as working
pair in Chapter 6). However, the closed APHE presented here outperforms the OTH APHE
if a target COP of 0.5 is considered. Strictly speaking, at a target COP of 0.5, the new
closed structured APHE with HTCL=1.5 m demonstrated a SCP that is 18.2% higher than
the OTH APHE at 10/30/90°C. At the 10/35/90°C operating conditions, the new closed-
structured APHE provides 158.6 W.kg−1 at the target COP, while the OTH APHE introduced
in Chapter 5 could not achieve a COP higher than 0.458. At this highest COP, the OTH
APHE can only produce about 75 W.kg−1 as SCP.

It is worth noting that the application of the new APHE in an intermittent adsorption
chiller can result in a COP of up to 0.73 (see Figure 7.18b). To the best of our knowledge,
no higher COP values have been previously published for an intermittent adsorption chiller
(single-bed adsorption chiller). At a target COP of 0.6, the new APHE can achieve a SCP
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(a) (b)

Fig. 7.18 The SCP (black solid lines) and COP (blue dashed lines) calculated for the repre-
sentative section of the new APHE at 10/30/90 °C, (a) HTCL=1.5 mm, (b) HTCL=3 mm.
The red cross symbols refer to the operating points at a COP target of 0.5. The green point
refers to the operating points at a COP target of 0.6

of up to 215.0 W.kg−1 at 10/30/90 °C and 127.0 W.kg−1 at 10/35/90 °C, see green points in
Figures 7.18 and 7.19. In addition, the COP can be significantly improved by up to 38% by
applying heat recovery [22] when the new APHE is applied in a multi-bed adsorption chiller.

7.7 Conclusion

This chapter presents a new closed asymmetric stainless steel plate heat exchanger for the
application as adsorber/desorber in adsorption appliances. In fact, it is the first ever specially
developed closed structured APHE. Besides the corrosion-free advantage of a stainless steel
APHE, the most attractive advantage of using a closed-structured APHE is that it does not
have to be housed in a vacuum chamber. Concerning the dynamic performance of the closed
structured APHE presented in this chapter, a design optimization was performed based on
the simulation model presented and validated in Chapter 4. The design optimization leads to
a superior performance of the presented closed-structured APHE compared to all adsorber
heat exchangers numerically and experimentally investigated in this dissertation. The main
outcomes are summarized below:
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(a) (b)

Fig. 7.19 The SCP (black solid lines) and COP (blue dashed lines) calculated for the rep-
resentative section of the new APHE at 10/35/90°C, (a) HTCL=1.5 mm, (b) HTCL=3 mm.
The red cross symbols refer to the operating points at a COP target of 0.5. The green points
refer to the operating points at a COP target of 0.6

• A quite uniform temperature distribution over the active surface of the plate pairs of
the APHE is achieved within two minutes (Figure 7.13b) after the start of the sudden
temperature change of the HTF inlet temperature.

• The obtained total pressure drop of the HTF due to hydraulic resistance within a plate
pair ranges between 15.3 and 28.2 mbar at a flow rate of 1.8 to 2.4 LPM/plate-pair (i.e.
total volume flow rate (V̇total) ranges between 24.0 and 48.0 LPM).

• Increasing the flow rate from 1.8 to 2.4 LPM/plate-pair (i.e. V̇total from 36.0 to 48.0
LPM) does not result in a noticeable improvement in the temporal variation of the
plate average surface temperature . However, it does result in a noticeable increase in
the pressure drop of the HTF, from 18.5 mbar at 1.8 LPM/plate pair to 28.2 mbar at
2.4 LPM/plate pair.

• The optimal MTCL for the new closed structured APHE is defined as 30 mm.

• At a target COP of 0.5, the new closed structured APHE with HTCL=1.5 m demon-
strated a SCP of 272.6 W.kg−1 which is 18.2% higher than the open structured APHE
(the OTH APHE introduced in Chapter 5) at 10/30/90°C (230.6 W.kg−1).
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• At the 10/35/90°C operating conditions, the new closed-structured APHE provides
158.6 W.kg−1 at the target COP, while the open structured APHE of OTH could not
achieve a COP higher than 0.458.



Chapter 8

Application of closed structured
asymmetric plate heat exchanger as
evaporator/condenser

AS shown in Chapter 3 the dynamics of the adsorption-evaporation processes are quit low
compared to the desorption-condensation processes. For an adorptive cycle, it was found, as
explained in Chapter 3, that the desoprtion-condensation process is in average three times
faster than the adsorption-evaporation. Therefore, This Ph.D study pays more attention to the
adsorption-evaporation processes. In the last chapters, the performance of different APHEs
has been thoroughly investigated with focus on the adsorption-evaporation processes. As
the evaporator plays a significant role in the adsorption-evaporation dynamics, this chapter
presents an experimental and analytical study on the evaporation mechanism in a closed-
structured asymmetric plate heat exchanger (PHE) employed as a stagnant water evaporator
for the application in an adsorption chiller.

To this aim, the experimental setup presented in Chapter 3 for investigating the appli-
cation of the GL50 PHE as adsorber/desorber is utilized, with endoscopes inserted into
the evaporator/condenser heat exchanger. Recall that the GL50 experimental setup com-
prises two identical GL50 PHEs, one acting as an adsorber/desorber and the second, as an
evaporator/condenser. Two endoscopes are mounted inside the investigated evaporator to
visualize the evaporation mechanism when performing adsorption evaporation processes

Contents of this chapter have been reprinted from:
M. Mikhaeil, S. Nowak, V. Palomba, A. Frazzica, M. Gaderer and B. Dawoud."Experimental and analytical
Investigation of applying an asymmetric plate heat exchanger as an evaporator in a thermally driven adsorption
appliance". Applied Thermal Engineering, 228 (2023), with permission from Elsevier.
Contributions of the author: Conceptualization, Methodology, Investigation, Formal analysis, Writing original
draft.
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https://doi.org/10.1016/j.applthermaleng.2023.120525
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Table 8.1 Geometric parameters of the GL50 PHE as an evaporator

Parameter Value
Number of plates 20
Overall dimensions 278 [mm] x 123 [mm] x 83 [mm]
Heat transfer surface per plate 0.0393 [m2]
Empty weight 3.4 [kg]
Volume refrigerant side 1.5 [L]
Volume HTF side 0.9 [L]
Plate thickness 0.35 [mm]

under different boundary conditions. It turned out that the evaporation mechanism is a
partially covered, thin film evaporation.

A heat transfer analysis is performed to evaluate the heat transfer coefficient of the
thin film evaporation (h f ) inside the investigated evaporator. Moreover, the obtained h f at
different operating conditions is correlated to the film thickness δ and the wetted area (Aw)
of the evaporator. In addition, an analytical model is developed and introduced to correlate
the overall evaporator heat transfer coefficient with the adsorption potential and the time rate
of change of the water uptake.

8.1 Experimental setup and test procedure

8.1.1 Test unit

The experimental setup (see Figure 8.1) built to investigate the application of the GL50
PHE as adsorber/desorber and as evaporator/condeser has been described in detail in Sec-
tion 3.1.1. Table 8.1 presents the specifications of the GL50 PHE. For the visualized
investigation, two different endoscope video cameras (BS-3.9/1m QVGA and BS-350XIPSD,
from VOLTCRAFT®) are used for the visualization of the evaporation process inside the
investigated evaporator heat exchanger. The main characteristics of the endoscopes are
listed in Table 8.2. The endoscopes are inserted into the evaporator heat exchanger using an
electrical vacuum feedthrough (MIL-C-24308) on a KF40 flange (VACOM®), as shown in
Figure 8.2. The installation positions of the endoscopes inside the evaporator heat exchanger
are schematically illustrated in Figure 8.3, where it can be seen that one endoscope, namely
endoscope (1), is positioned inside the fifth refrigerant channel to visualize the evaporation
mechanism. Endoscope (2) is positioned in one of the two refrigerant vapour manifolds of
the evaporator heat exchanger to observe the bottom of the manifold as well as the inlet of
the refrigerant channels interfaced with the vapour manifold.
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(a) (b)

Fig. 8.1 GL50 experimental test setup, (a) 3D-drawing , (b) realized setup

Fig. 8.2 Vacuum feedthrough of the two endoscope cameras into the test unit

Table 8.2 Properties of the used endoscope video cameras

Parameter Endoscope (1) Endoscope (2)
Model BS-3.9/1m QVGA BS-350XIPSD

Position refrigerant channel manifold
Diameter 3.9 [mm] 8 [mm]

Resolution 320x240 640x480
Focusing 10 [mm] to 50 [mm] 30 [mm] to 60 [mm]

Field of vision 54° 54°
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Fig. 8.3 Schematic drawing for illustrating the position of enoscopes (1) and (2) inside the
evaporator heat exchanger

8.1.2 Test conditions and experimental procedure

Throughout the course of investigating the GL50 PHE as an evaporator, the adsorption-
evaporation processes have been conducted following the Large Temperature Jump (LTJ)
technique under different operating conditions of a real adsorption chiller. Figure 8.4 presents
the ideal adsorption chiller process (in black) versus those taking place in a real adsorption
chiller (in red). As the evaporator-condenser heat exchanger is not of infinite size, the pressure
can’t be kept constant. At the beginning of each process, the adsorption or desorption sucks
or drives out more water vapour than that producible by the evaporator or condensable by the
condenser. As the adsorption unit represent thermodynamically a closed system, the pressure
shall decrease/increase at the beginning of the adsorption/desorption process, respectively,
the case of the red lines 4-1 for adsorption and 2-3 for desorption in Figure 8.4. Approaching
the final equilibrium state, the rate of adsorption/desorption decreases, so that the size of the
evaporator/condenser becomes big enough to retain the initial pressure level according to the
inlet temperature into the heat exchanger.

The LTJ adsorption-evaporation processes have been conducted at evaporator temper-
atures (Tevap) of 15 and 10°C, condenser (adsorption-end) temperatures (Tcond =Tads−end)
of 30 and 35°C and driving heat source (desorption-end) temperature (Th) of 90°C. The
adsorption-start temperature (ads-start), i.e., the temperature of state 4 (T4) has been deter-
mined using the equilibrium model developed in [17] for water adsorption in Siogel at all
defined sets of operating conditions and listed in Table 8.3. Two selected sets of operating
conditions, namely 15/30/90°C and 10/35/90°C, have been conducted 3 times to check the
repeatability of the measurements.
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Fig. 8.4 Schematic representation of both ideal and real adsorption and desorption processes
of an adsorption chiller in a Clapeyron diagram

Table 8.3 Boundary conditions of the conducted adsorption-evaporation processes

Process Tevap/Tcond/Th °C Tads−start , T4°C Tads−end or Tcond , T1°C
1 15/30/90 70.5 30.0
2 15/35/90 62.4 35.0
3 10/30/90 66.1 30.0
4 10/35/90 58.8 35.0
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The test procedure of a LTJ adsorption-evaporation process consists of the following
two phases, during which the gate valves (V2.1 and V2.2) connecting the adsorber to the
evaporator are kept open (Figure 3.5a):

1. The preparation phase, which aims at realizing the adsorption start condition. This is
done by setting the adsorber heat exchanger to the adsorption start temperature (T4)
and, at the same time, setting the temperature of the evaporator heat exchanger to
the required evaporation temperature (Tevap). This preparation phase takes 2 hours to
ensure reaching the equilibrium state 4.

2. The second phase is the LTJ-quasi-isobaric adsorption phase, in which the temperature
of the HTF feeding the adsorber experiences a step-change to the adsorption-end
temperature (T1). The LabVIEW code written to control the whole set-up allows
setting the desired end-temperature and realizing it at the inlet of the adsorber heat
exchanger in about 2 minutes after finishing phase one. The adsorption phase is
measured over 2 hours to ensure reaching the equilibrium state (state 1) at the end of
the process.

8.1.3 Evaluation of the evaporator performance

A MATLAB® code has been developed to estimate the evaporator power out of the recorded
experimental data, the overall and the individual heat transfer coefficients of the investigated
evaporator heat exchanger for all conducted adsorption-evaporation processes (see Table 8.3).
The achieved evaporator power has been calculated according to Equation 8.1,

Q̇evap = V̇HT F .ρHT F .CpHT F .(THT F,in −THT F,out) (8.1)

Where Q̇evap, W , is the evaporator power, V̇HT F , m3.s−1, is the measured volume flow rate
of the heat transfer fluid (HTF), ρHT F , kg.m−3 is the density of the HTF, CpHT F , J.kg−1.K−1,
is its specific heat capacity and THT F,in, °C, and THT F,out , °C, are the measured inlet and
outlet temperature of the HTF. The thermodynamic properties of the HTF (water) have been
determined at the mean temperature between the inlet and outlet of the HTF passing through
the evaporator heat exchanger using the thermophysical property database CoolProp, which
is coupled to MATLAB®.

Having calculated the evaporator power, the overall heat transfer coefficient U , W.m−2.K−1,
in the evaporator can be estimated by the following equation.

U =
Q̇evap

AtotalLMT D
(8.2)
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Fig. 8.5 Thermal resistances of the evaporator HEx

Where, Atotal , m2, is the heat transfer area of the evaporator and LMT D, K, is the
logarithmic mean temperature difference, which is defined by Equation 8.3.

LMT D =
THT F,in −THT F,out

ln THT F,in−Tre f
THT F,out−Tre f

(8.3)

Tre f is the saturation temperature of the refrigerant (water) corresponding to the measured
vapour pressure inside the evaporator (Pevap). The total thermal resistance of the evaporator
heat exchanger can be represented as a series connection of three resistances as shown in
Figure 8.5. Accordingly, the overall thermal resistance Rtotal , K.W−1, can be expressed as:

Rtotal = Rre f +Rplate +RHT F (8.4)

Where Rre f , K.W−1, is the thermal resistance of the evaporating water from the channel’s
wall, RHT F , K.W−1, is the convective heat transfer resistance between the HTF and the
channel’s wall and Rplate, K.W−1, is the conductive thermal resistance through the channel’s
wall.

Based on the basic heat transfer relationship (Equation 8.5), between the overall heat
transfer coefficient and the total thermal resistance, the unknown evaporative heat transfer co-
efficient on the refrigerant (water) side hre f , W.m−2.K−1 can be determined by Equation 8.6.

U.Atotal =
1

Rtotal
(8.5)

hre f = (
1
U

− 1
hHT F

− 1
hplate

)−1 (8.6)

where the heat transfer coefficient hplate, W.m−2.K−1, represents the conduction through
the wall (see Equation 8.7) and hHT F , W.m−2.K−1, is the convective heat transfer coefficient
between the wall and the HTF (cf. Equations 8.8 and 8.9).

hplate =
kplate

Lplate
(8.7)
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Where kplate is the thermal conductivity of the plate, amounts 15 W.m−1.K−1 and Lplate,
m, is the plate thickness, amounts to 0.35 mm.

The heat transfer coefficient hHT F between the wall and the HTF is determined using the
correlation proposed by Gnielinski [155]:

Nu = 0.664.Re1/2
HT F .Pr1/3 (8.8)

hHT F = 1.5Nu
kHT F

dh,HT F
(8.9)

Where Nu is the Nusselt number, Re is the Reynolds number of the HTF and Pr its
Prandtl number. KHT F , W.m−1.K−1, is the thermal conductivity of the HTF and dh,HT F , m,
the hydraulic diameter of the HTF channel. dh,HT F is estimated using the 3D drawings of the
”GL50” plates and equals 7.5E-3 m. The factor 1.5 is to account for the effect of the dimples
on the hHT F [112, 111, 114].

8.1.4 Uncertainty of the measurements

The uncertainty of the overall heat transfer coefficient (σU) is calculated by means of the
law of error propagation for Equation 8.10, leading to the following expression,

σU =

√
(

∂U
∂ Q̇evap

.σQ̇evap)2 +(
∂U

∂LMT D
.σLMT D)2 +(

∂U
∂A

.σAtotal)2 (8.10)

With σQ̇evap, σLMT D and σAtotal being the uncertainty of the evaporator power, the
logarithmic mean temperature difference (LMT D) and the overall heat transfer area, respec-
tively. σQ̇evap and σLMT D are determined by means of the law of error propagation for
Equation 8.1 and 8.3, respectively. σAtotal is estimated based on the uncertainty of the plate
dimensions given by the “GL50” PHE’s manufacturer [151] and found about ±1.55%.

σQ̇evap =

√
(

∂ Q̇evap

∂THT F,in
.σTHT F,in)2 +(

∂ Q̇evap

∂THT F,out
.σTHT F,out)2 +(

∂ Q̇evap

∂V̇HT F
.σV̇HT F)2 (8.11)

The uncertainty of ρHT F and CpHT F , i.e., σρHT F and σCpHT F have been neglected.
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σLMT D =

√
(
∂LMT D
∂THT F,in

.σTHT F,in)2 +(
∂LMT D
∂THT F,out

.σTHT F,out)2 +(
∂LMT D

∂Tre f
.σTre f )2

(8.12)
The uncertainty expected by the estimation of the film heat transfer coefficient (σh f ) is

calculated according to Equation 8.13 based on Equation 8.6

σhre f =

√
(
∂hre f

∂U
.σU)2 +(

∂hre f

∂hplate
.σhplate)2 +(

∂hre f

∂hHT F
.σhHT F)2 (8.13)

Where; σhplate and σhHT F are the uncertainty of hplate and hHT F , respectively.

8.2 Analytical investigation

8.2.1 Thin film evaporation; a theoretical background

During evaporation in a stagnant evaporator, the heat flux densities required for nucleate
boiling are not achieved at the prevailing evaporator pressures. Convective boiling is also not
to be expected due to the large temperature differences required between the surfaces of the
water layer to be evaporated. Furthermore, the filling quantity of the evaporator in such an
intermittent adsorption appliance shall be reduced to the minimum required level, in order to
minimize the pre-heating and pre-cooling losses. Accordingly, the filling levels of the water
required for convective boiling are not available. For the explained reasons, the expected
evaporation mechanism is heat conduction through a thin film.

The applied asymmetric plate heat exchanger shall offer the required large heat transfer
surface area, in order to realize an effective thin film evaporation. Lang [156] and Wester-
feld [157] have introduced and analyzed a set of finned-tube evaporator and adsorber heat
exchangers for intermittent adsorption heat pumps. Sato and Niceno [158] have studied
nucleate boiling and its transition to film boiling on horizontal surfaces. They reported that, in
case the length of the liquid-vapour interface is smaller than the so-called “critical wavelength
(λC) defined by Equation 8.14, the interface becomes stable resulting in a stable film boiling.
Otherwise, the interface becomes unstable and nucleate boiling is the dominating evaporation
mechanism. The critical wavelength can be considered as the instability limit according to
the Rayleigh-Taylor instability as introduced in [159, 160].

λC = 2π.

√
σ

(ρl −ρv).g
(8.14)



170Application of closed structured asymmetric plate heat exchanger as evaporator/condenser

For the tested water evaporation at 10 to 15 °C, the critical wavelength amounts to 17.3
mm. The applied asymmetric plate heat exchanger is equipped with dimples with a maximum
diameter of less than 9 mm and a maximum flat surface distance between two successive
dimples of less than 12 mm. Accordingly, a stable thin film evaporation is expected to take
place inside the introduced PHEx. To achieve a good heat transfer coefficient h f , with the
low thermal conductivity of water (λw) of 0.57 W.m−1.K−1, thin layers of the liquid film are
required, which depends on the surface tension of the liquid water (σ ) and the surface forces
between the phases in contact. Wolf [161] gives the following relationship (Equation 8.15)
for the minimum or critical layer thickness, δmin or δc, of a liquid film on a flat solid surface:

δmin or δc =

√
2σ

ρ.g
(1− cosθ) (8.15)

The critical layer thickness is, obviously, a function of the contact angle, which in turn
depends on a large number of influencing factors. Upon wetting metallic surfaces with water,
contact angles of almost zero degree can generally be achieved [162, 163]. In technical
applications, however, the contact angle can be higher due to the contamination of the surfaces
with wetting-inhibiting substances. Measures to increase wetting, such as the application of
a capillary structure on the metal surface by sandblasting or etching, in turn, lead to a sharp
reduction in the contact angle [164]. Furthermore, a distinction must be made as to whether
the liquid spreads over the surface to be wetted, in which case the contact angle is termed as
the advancing contact angle. In case the liquid film contracts over the surface, which is the
expected case in our stagnant film evaporator during the adsorption-evaporation process, the
contact angle is termed as the receding contact angle [165, 166].

A precise statement about the contact angle is difficult due to the complex relationships,
since the values contained in the literature for metal-water pairings under vacuum and in the
temperature range under study are quite scarce. Hobler [167] gives a value of = 37.7° for
the pair aluminum-water, without specifying whether it is an advancing or receding angle.
Harmati [164] determined an advance angle of = 39° in spray tests.

To minimize the wetting angle and thus the minimal water layer thickness in the evapora-
tor of adsorption appliances, the evaporator surfaces shall be sandblasted and cleaned in an
ultrasonic bath [156]. The experimental observations during the evaporation process of [156]
revealed that, with carefully pretreated, clean evaporator surfaces, minimal layer thicknesses
of well below 1 mm can be achieved. As the investigated asymmetric plate heat exchanger
is a nickel-brazed heat exchanger, the surface of each plate can be simply assumed to be
perfectly clean as the brazing process takes place inside a vacuum oven at around 1100 °C.
The residuals of the nickel foils can be seen on the surface of the brazed plates with a simple
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(a) (b)

Fig. 8.6 Scenario 1 of the thin film evaporation. (a) Side view of a volume element, (b) Top
view of a plate

endoscope, which are expected to reduce the contact angle very much (doing the same effect
like sandblasting, however in a much cleaner way).

The obtained results of the experimental investigations of the currently studied evaporator
shall be applied to derive a relation between the liquid film thickness (δ ), the active (wetted)
area of the evaporation (Awet) and the film evaporation heat transfer coefficient (hre f ). The
following paragraphs present the analytical model to account for film evaporation at layer
thicknesses greater or equal to the critical film thickness.

8.2.2 Development of the h f -δ -Awet correlations

Upon developing a correlation between the thin-film heat transfer coefficient (h f ), the film
thickness (δ ) and the wetted evaporator area (Awet), a distinction must be made between three
expected evaporation scenarios. In the first scenario (Scenario 1), the thickness of the liquid
water film is higher than a critical liquid film thickness (δc) (as defined by Equation 8.15),
see Figure 8.6. Hereby the thickness of the liquid film decreases homogenously with
ongoing time (Figure 8.6a), whereas the whole plate’s area remains fully wetted with liquid
(Figure 8.6b).

Once the liquid film thickness reaches its critical value δc, due to the continuous evapora-
tion of the water, the evaporation mechanism changes, and one of the two following scenarios
(Scenarios 2 and 3) shall be encountered. In Scenario 2, see Figure 8.7, the liquid film
thickness cannot decrease below a critical value and thus remains constant at δc over time
(Figure 8.7a), but the wetted area covered with water starts to shrink continuously as long
as the evaporation is still ongoing (Figure 8.7b). In other words, the plate’s area is partially
wetted, and the wetted area is decreasing with time at a constant critical film thickness. In
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(a) (b)

Fig. 8.7 Scenario 2 and 3 of the thin film evaporation. (a) Side view of a volume element, (b)
Top view of a plate

Scenario 3, the value of the critical liquid film thickness δc is variable (δc= f (t)) due to the
existence of the dimples and, consequently, both the wetted area and the film thickness shall
change continuously as long as the evaporation is still ongoing.

Based on the above discussion for Scenarios 2 and 3, it can be considered that Scenario 3
is a general case for any non-fully covered thin film evaporation, while Scenario 2 represents
a special case of Scenario 3, in which the liquid film thickness does not decrease below the
critical or minimum value.

Based on the previous discussion of the three scenarios, the correlated film heat transfer
coefficient h f ,corr can be expressed as:

h f ,corr =
kl

δ (t)
Awet(t)
Atotal

(8.16)

Where kl , W.m−1.K−1, is the thermal conductivity of the liquid water, Awet(t), m2, is
the wetted or the active evaporation area, and δ (t), m, is the instantaneous film thickness.
Depending on whether Awet , m2, is equal to Atotal , m2, (Scenario 1) or less (Scenarios 2 and
3), the following equation is developed for the calculation of δ , m.

δ (t) =


δ f (t), Awet = Atotal (Scenario 1)

δc = constant, Awet < Atotal (Scenario 2)

δ (t), Awet < Atotal (Scenario 3)

(8.17)

δ f (t), m, is the liquid film thickness if the film is fully covering the evaporator area, i.e.,
if the liquid film does cover the whole plates’ area. Equation 8.18 accounts for δ f (t)
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δ f (t) =
Vl(t)
Atotal

(8.18)

where Vl(t) is the liquid water volume in the evaporator heat exchanger (Equation 8.19).
The realization of a liquid film with a thickness of δ f is not inevitable during an evaporation
process as the evaporation process can start with non-fully covered liquid film. In this case,
the actual initial thickness of the liquid film will equal δc and shall either remain invariant
during the whole evaporation time (Scenario 2) or may increase during the evaporation
because of the collection of the water in the concave, downward-oriented dimples (Scenario
3). However, the wetted area of the plates in both scenarios (2 and 3) shall shrink with the
ongoing time of the evaporation process. The water volume as a function of time can be
obtained from the following equation.

Vl(t) =Vl(t = 0)− t
ρl.h f g

∫ t

0
Q̇evap.dt (8.19)

Hereby h f g, J.kg−1, is the water’s latent heat of vaporization and ρl , kg.m−3, is the
density of liquid water.

The ratio Awet/Atotal appearing in Equation 8.16 is to account for the influence of the
active or wetted evaporator area Awet , m2, on h f ,corr, as h f ,corr shall be associated to Atotal

as done with the evaporation heat transfer coefficient obtained experimentally, i.e. h f (cf.
Equations 8.5 and 8.6). The active or wetted area during thin film evaporation Awet , m2, can
be determined knowing the current water volume Vl(t) in the evaporator heat exchanger:

Awet(t) =
Vl(t)
δ (t)

(8.20)

From Equations 8.16 and 8.20 the following equation for the correlated thin-film evapo-
rative heat transfer coefficient can be derived.

h f ,corr(t) =
kl

δ (t)2
Vl(t)
Atotal

(8.21)

A sensitivity analysis is conducted for every applied set of operating conditions to find
the instantaneous film thickness δ (t) that best fits h f ,corr to the experimentally obtained value
of h f for each time point (t). The best fitted film thickness at a certain time point, δ (t), is the
one that minimizes the sum of the absolute differences between h f ,corr and h f over a time
duration t −∆t to t +∆t. For each couple of the residuals (instantaneous values) of the h f ,corr

and h f , the following equation is applied to get the instantaneous δ value, δ (t).
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min
δ (t)

t+∆t

∑
t−∆t

|h f ,corr(δ (t))−h f (t)| (8.22)

After getting the instantaneous δ (t) values, Equation 8.20 shall be applied to estimate
the instantaneous wetted area Awet(t).

8.2.3 Correlating the Evaporator and the Adsorber performances

It is well-known, that the prime mover for the evaporation process in an adsorption chiller,
heat pump or storage unit is the adsorber performance. Indeed, the size and performance
matching between both adsorber and evaporator heat exchanger dictate the temporal be-
haviour of the encountered combined heat and mass transfer process. If the adsorber HEX
is more effective than the evaporator HEX, the pressure is expected to decrease very much,
which implies a non-isobaric adsorption process. Indeed, the adsorption potential of the
adsorbent and the high heat and mass transfer characteristics of the adsorber HEX results
in a high adsorption rate (high time rate of change of the water uptake). If the evaporator is
not able to supply the water vapour at the dictated rate, based on the adsorber performance,
the pressure shall decrease and, consequently the temperature of the evaporated water is
going to decrease compared to the heat transfer fluid temperature. The instantaneous value of
the overall evaporator heat transfer coefficient (U) depends, consequently, on the measured
evaporator power according to equation 8.1 and the logarithmic mean temperature difference
(LMT D) as defined by equations 8.2 and 8.3. Under extremely good operating conditions
for the adsorber (high evaporator and low adsorption-end temperatures) the expected time
rate of change of the water uptake is quite high and, in turn, the pressure reduction. This
implies an increase in the LMT D and not necessarily an increase in U . On the contrary,
moderate operating conditions would imply moderate pressure reduction and, consequently
lower LMT D leading to a higher overall evaporator heat transfer coefficient. In the following
paragraphs, an attempt to explore the dependency of the evaporator’s overall heat transfer
coefficient on the adsorption potential and the time rate of change of the water uptake is
introduced.

As depicted in Equation 8.2, the overall heat transfer coefficient in the evaporator (U) is
proportional to the evaporator power divided by the logarithmic mean temperature difference
(LMT D), where the proportional factor is the reciprocal value of the total heat transfer area.

U ∝
Q̇evap

LMT D
(8.23)
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As the amount of the evaporated water from the evaporator equals to the amount adsorbed
in the adsorber, the evaporator power Q̇evap, W , can be also expressed by the following
equation.

Q̇evap = mads.
dw(t)

dt
.h f g (8.24)

Herein, mads, kg, is the mass of the dry adsorbent filled inside the adsorber heat exchanger,
dw(t)

dt , s−1, is the time rate of change of the instantaneous water uptake, which is dictated
by the adsorber HEX, h f g, J.kg−1, is the latent heat of evaporation corresponding to the
prevailing evaporator temperature Tevap. From the above equation, the following relationship
can be formulated.

Q̇evap ∝
dw(t)

dt
(8.25)

As depicted in Equation 8.3, the LMT D is a function in THT F,in, THT F,out and Tre f . The
instantaneous change in the LMT D value is mainly due to the change in the Tre f . Recalling
that THT F,in is constant during each conducted adsorption-evaporation process. Due to the
suction of water vapour by the adsorber, the evaporation process in the evaporator is induced
leading to a temporal drop in Tre f and, consequently, a drop in THT F,out . It can, therefore, be
considered that the LMT D is mainly a function in Tre f .

LMT D = f (THT F,in,THT F,out ,Tre f ) = f (Tre f ) (8.26)

Tre f is measured implicitly during the conducted adsorption-evaporation processes by
means of measuring the temporal vapour pressure in the evaporator (Pevap). Tetens equation
is used to estimate the temporal Tre f out of the measured pressure inside the evaporator [152]
as presented in Equation 8.27.

Tre f (t) = Tsat(Pevap(t)) =−237.3(
ln(Pevap(t)/6.1078)

ln(Pevap(t)/6.1078)−17.27
) (8.27)

In Equation 8.27, Pevap is in mbar and the obtained Tre f is in C. From Equations 8.26 and
8.27,

LMT D = f (Pevap) (8.28)

The Linear Driving Force (LDF) model [133, 150] gives a relationship for dw
dt as a function

in the instantaneous water uptake (w(t)), the evaporator pressure Pevap, the instantaneous
vapor pressure inside the adsorbent (Pad) and the instantaneous adsorbent temperature Tad .
The following relationship for Pevap can, therefore, be considered.
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Pevap = f (Pad,Tad,
dw
dt

) (8.29)

At the same time, the adsorption potential or the so-called “Dubinin-Polanyi” potential
(A), J.kg−1,[168] also represents a relation between Pad and Tad as follows.

A =−R.Tad.ln(
Pad

Psat
) = f (Pad,Tad) (8.30)

Hereby R, kJ.mol−1.K−1, is the universal gas constant and Psat , Pa, is the saturated
vapour pressure corresponding to the instantaneous adsorbent temperature Tad . Eliminating
Tad and Pad from the relationships 8.29 and 8.30, the following functional relationship can
be formulated to couple the LMT D (Equation 8.28) and both the adsorption potential and the
time rate of change of the water uptake.

LMT D = f (A,
dw
dt

) (8.31)

From the relationships 8.23, 8.25 and 8.31, the following dependency is expected for the
overall evaporator heat transfer coefficient on the adsorption potential and the time rate of
change of the water uptake inside the adsorbent.

U ∝

dw
dt

f (A, dw
dt )

≈ f (A,
dw
dt

) (8.32)

As Tad cannot be directly measured, the instantaneous values of the adsorption potential
(A), kJ.kg−1, are estimated out of the equilibrium function for the water uptake, w of the
utilized adsorbent (Siogel) inside the adsorber heat exchanger [17].

A = E.(−ln(
w
wo

))(
1
n
) (8.33)

Where wo=0.38 kg.kg−1, E=220 kJ.kg−1 and n=1.1.
In the result section, the type of the function, which best describe the developed functional

relationship 8.32 will be presented and the obtained results will be discussed.

8.3 Results and discussion

8.3.1 Visualized investigation on the evaporation mechanism

The visualization of the water evaporation on the surface of one of the refrigerant channels
and one of the two refrigerant vapour manifolds inside the investigated evaporator plate
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heat exchanger is utilized to determine the evaporation mechanism prevailing during the
conducted adsorption-evaporation processes. A number of screenshots taken from the
video film recorded by endoscope (1) during the adsorption-evaporation process under the
operating condition of 15/30/90 C are presented in Figure 9, showing the vision of endoscope
(1) between two successive HTF channels. Six inclined surfaces of different dimples and the
flat horizontal surfaces connecting them can be distinguished [169]. The dimples appearing
in the vision of endoscope (1) are categorized into (i) two opposite, deep and concave
dimples, (ii) two opposite, shallow and concave dimples, and (iii) two opposite and convex
dimples brazed together at their interfacial surface. As the thin liquid film is transparent, the
visualization of the free surface of the liquid film in the refrigerant channel cannot be clearly
observed by the illustrated screenshots. Therefore, red, and blue contours on the boundary of
the liquid film covering the surface of the deep and shallow dimples, respectively, have been
added to all screenshots illustrated in Figure 8.8. In addition, a short video (Video 1) from
the recording of endoscope (1) is attached. The video shows the movement (shrinking) of the
liquid film during the evaporation, which is detectable by the change in the brightness of the
liquid film.

It can be noticed that, at the beginning of the evaporation process (Figure 8.8a) the
dimples were covered with a liquid film. After about 5 minutes of evaporation, a small
amount of liquid was evaporated, and the liquid film start to shrink. With ongoing time, the
liquid film especially in the upper deep concave dimple shrinks noticeably and disappeared
completely (Figure 8.8b). Lastly, the liquid film in the lower deep concave dimple evaporated
completely and the area appearing in the vision of endoscope (1) became dry at the end of
the evaporation process (Figure 8.8c). Indeed, the test unit is filled with 225 g of degassed
water, which is higher than the total water amount that can be exchanged between the
adsorber and evaporator under the most severe applied operating condition (Tevap=15 C
and Tads−end=Tcond = 30 C). This means that the visualization of a totally dry area in a
refrigerant channel as depicted by the viewed segment of endoscope (1) and (Figure 8.8c),
does not imply that the whole evaporator shall be empty at the end of the evaporation process.
Based on the above discussion and, most specifically, the observed film shrinking in all
investigated videos from the beginning till the end of the conducted adsorption-evaporation
processes, it can be concluded that partially covered (discontinuous) thin film evaporation is
the evaporation mechanism taking place in the investigated asymmetric plate heat exchanger
acting as a horizontally placed, stagnant evaporator for the adsorption chilling unit presented
in Figure 8.1.

Figure 8.9 depicts two screenshots taken from a video film of endoscope (2), which has
been recorded simultaneously with the video film of endoscope (1). A short video (Video 2))

https://www.editorialmanager.com/ate/download.aspx?id=668277&guid=24a0a580-a637-4e56-8963-776f5925c8b0&scheme=1
https://www.editorialmanager.com/ate/download.aspx?id=668278&guid=98e67b5a-225e-401b-bbca-14c8894d9c7b&scheme=1
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(a) (b) (c)

Fig. 8.8 Screenshots from endoscope (1) between the plates. (a) at the start of the evaporation,
(b) upper deep and concave dimple becomes almost dry, (c) at the end of the evaporation

(a) (b)

Fig. 8.9 Screenshots from endoscope (2) in the manifold. (a) at the start of the evaporation,
(b) at the end of the evaporation

from the recording of endoscope (2) is attached as well. The visualization of endoscope (2)
presented in Figure 8.9a illustrates that from the start of the adsorption-evaporation process
the bottom of the manifold is almost dry. However, during the first few seconds after the start
of the adsorption-evaporation process, the free water surface at the entrance into all parallel
evaporation domains are very much disturbed (Figure 8.9a). This is attributed to the high
adsorption rate at the beginning of the adsorption-evaporation process. With ongoing time,
the amount of the liquid water existing at the inlet of the refrigerant channels is reduced very
much and quite thin liquid film on the edges of the refrigerant channels’ inlet was realized.
Finally, this thin liquid film on the edges of the refrigerant channels’ moves (shrinks) into the
inside of the successive evaporation domains (see Figure 8.9b and Video 2). Similar results
were obtained in the tests at the other boundary conditions.
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Fig. 8.10 Calculated evaporator power for all applied operating conditions.

8.3.2 Evaporator power and its overall heat transfer coefficient

The measured temporal evaporator powers of all conducted adsorption-evaporation processes
are depicted in Figure 8.10. The uncertainty analysis of the obtained Q̇evap-values (σQ̇evap)
according to Equation 8.11 in Section 8.1.4 results in a maximum relative error of ±2%. The
evaporator power obtained from the adsorption-evaporation process conducted at 15/30/90
°C is nearly twice as high as that conducted at 10/35/90 °C, whereas the evaporator power
obtained at 15/35/90 °C is almost equal that obtained at 10/30/90 °C. This implies that
the time rate of change of the water uptake at the condition 15/30/90 °C is almost twice
as high as that at 10/35/90 °C operating condition. The cooling effect, which is the time
integral of the evaporator power as described by Equation 8.25 is directly proportional to the
differential water uptake, ∆w, kg.kg−1, of the adsorbent. Strictly speaking, ∆w equals 0.182
kg.kg−1 at 15/30/90 °C , and 0.094 kg.kg−1 at 10/35/90 °C [17]. At the operating conditions
15/35/90 °C and 10/30/90 °C, almost the same differential water uptakes (∆w) have been
obtained; namely, 0.129 kg.kg−1 and 0.123 kg.kg−1, respectively. The measured evaporator
power curves at both boundary conditions (green and blue curves in Figure 8.10) are almost
identical, which implies similar temporal course of variation of their respective dw

dt .
Figure 8.11 presents the test results to investigate the repeatability of the obtained results

out of the experimental setup. Indeed, almost identical evaporator power curves have been
measured upon repeating the adsorption-evaporation process at 15/30/90°C (Figure 8.11a)
and at 10/35/90 °C (Figure 8.11b). The maximum deviation between the measured curves is
less than ± 0.3%, which proves the repeatability of the experimental setup and the measuring
devices.
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(a) (b)

Fig. 8.11 Calculated evaporator power for repeated adsorption evaporation processes at two
different operating conditions. (a) 15/30/90°C, (b) 10/35/90°C

Figure 8.12 shows the estimated evaporator’s overall heat transfer coefficient according
to Equation 8.2 for repeated adsorption-evaporation processes, at 15/30/90 °C (Figure 8.12a)
and at 10/35/90°C (Figure 8.12b). Here also quite similar U curves have been obtained for
every applied set of operating condition. This indicates a high stability of the established
experimental setup. Since the experimental data of Q̇evap and the LMT D obtained at the
beginning of the adsorption-evaporation processes are close to zero, the calculated U-values
are characterized by fluctuations with a higher level of uncertainty. The same is valid after
2400 s from the beginning of each process, where the equilibrium condition is approached
and, consequently, the temperature difference becomes so low that the uncertainty in mea-
suring that temperature difference and, accordingly, the U-value does remarkably increase.
Therefore, the analysis of the experimental results is done for the period between 60 s and
2400 s. In the fixed time range for the analysis, the uncertainty of Q̇evap and the LMT D,
i.e. σQ̇evap and σLMT D are less than ±2% and ±14%, respectively. The corresponding
uncertainty of U (σU) is estimated to be less than ±20%.

8.3.3 Individual contributions to the overall heat transfer coefficient

Applying Equations 8.1 to 8.9, the contribution of each individual heat transfer coefficient to
the overall heat transfer coefficient under the operating condition 15/30/90°C are estimated
and presented in Figure 8.13. It is a basic heat transfer knowledge that the overall heat
transfer coefficient (U) shall be less than the least heat transfer coefficient in the serial
connection according to Figure 8.5, for which the total heat transfer resistance is expressed
by Equation 8.4.

It is clearly visible that the film evaporation heat transfer coefficient on the refrigerant side
h f is the one with the major influence on U , followed by the heat transfer coefficient on the
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(a) (b)

Fig. 8.12 Calculated overall heat transfer coefficient (U) of the evaporator for repeated
adsorption evaporation processes at two different operating conditions. (a) 15/30/90°C, (b)
10/35/90°C

Fig. 8.13 Contributions to the overall heat transfer coefficient



182Application of closed structured asymmetric plate heat exchanger as evaporator/condenser

HTF side (hHT F ) and the heat transfer coefficient due to conduction through the plate’s wall
hplate. Based on Equation 8.6, the observed temporal fluctuation appearing in h f are mainly
caused by those existing in U , which are attributed to the main uncertainty in estimating the
LMT D as described before. The uncertainty in h f (σh f ) based on Equation 8.13 is estimated
to be less than ±20% in the determined time range for the analysis.

8.3.4 Fitting h f ,corr to h f ,exp

Figure 8.14 illustrates the temporal courses of; (i) the experimentally obtained overall heat
transfer coefficient U of the evaporator (in black), (ii) the experimentally obtained thin
film evaporation heat transfer coefficient h f ,exp (in red out of Equation 8.6), and (iii) the
analytically obtained thin film evaporation heat transfer coefficient h f ,corr (in blue according
to Equations 8.16-8.21 that best fit the experimentally obtained results at all applied sets of
operating conditions.

As shown in Figures 8.14a-8.14d, the value of h f over the whole investigated boundary
conditions decreases from an initial value in the range of 1330±260 down to 160±32
W.m−2.K−1 upon approaching the equilibrium condition, at the end of each process. As
illustrated in Figures 8.14a-8.14d, both U and h f values do decrease from a higher value,
at the beginning of each process, with time. This implies that each investigated process
does start with a partially covered thin film (Awet<Atotal), which excludes Scenario 1 from
the further analysis (cf. Equation 8.17). The obtained values of h f are very close to the
range of the evaporation heat transfer coefficient found for a finned tube flooded evaporator
[118], which varies between 465 and 1390 W.m−2.K−1 in the evaporator temperature range
between 5 and 20°C. In addition, the evaporation heat transfer coefficient measured for a
capillary-assisted evaporator with fine fins on the tube’s outer surface [170], has been found
in range between 500 and 1000 W.m−2.K−1, which is not far from the measured range of
h f inside the investigated plate heat exchanger. In [119, 120], capillary assisted evaporator
tubes have been investigated against a vacuum pump and a condenser, respectively, showing
a very promising performance. Strictly speaking, evaporator U-values up to 5 KW.m−2.K−1

have been measured resulting in thin-film evaporative heat transfer coefficients of up to
11300 W.m−2.K−1. Because of the applied constant rate of evaporation, dictated by the
vacuum pump [119] and the condenser at a lower temperature [120], both overall evaporator
and thin film evaporation heat transfer coefficients do increase with time, in contrast to
the behaviour obtained in this work, in which the evaporator works against a real adsorber
heat exchanger. The presented temporal courses of U and h f in Figures 8.13 and 8.14
decrease with time because the driving force of evaporation; namely, the adsorption rate
decreases with time approaching the equilibrium state at each operating condition. Indeed,
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(a) (b)

(c) (d)

Fig. 8.14 Experimentally obtained U and h f (h f ,exp) Together with the correlated thin film
heat transfer coefficient (h f ,corr) at all applied sets of operating conditions, (a) 15/30/90°C,
(b) 15/35/90°C, (c) 10/30/90°C and (d) 10/35/90°C

the evaporator performance is highly dependent on the adsorber performance, as already
explained in Section 8.2.3 and will be presented in Section 8.3.6. The extremely good values
presented in [119, 120] stay, therefore, as upper limits, until the proposed evaporator heat
exchangers will be applied and measured against an adsorber heat exchanger.

8.3.5 Correlating the film evaporative heat transfer coefficient h f to δ

and Awet

Figure 8.15 depicts the temporal development of the film thickness δ (in black) and the
active or wetted to total area ratio Awet/Atotal (in red) of the thin liquid film covering the
plates’ surface in the evaporator at all applied sets of operating conditions. As illustrated
in Figure 8.15a, the variation of the liquid film thickness δ is very limited at the operating
condition of 15/30/90°C. The film starts with a thickness of δ=0.35 mm, which remains
constant within ±0.01 mm over the whole adsorption evaporation time. This implies a
constant film thickness, while the wetted to total area ratio decreases continuously with time.
This case matches exactly Scenario 2 as described in detail in Section 8.2.2. The quite low
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film thickness of 0.35 mm can be attributed to the very clean surface due to vacuum brazing
and the sandblasting like effect by the residuals of the nickel foils, which are observable on
the evaporator surface.

The temporal developments of δ (in black) and Awet (in red) obtained at all other applied
sets of operating conditions, depicted in Figures 8.15a-8.15d, are in accordance with Scenario
3, in which both the δ and Awet do vary with time. It can be even observed that, during
the first 10 minutes of each process, the film thickness remains constant while Awet/Atotal

decreases, which implies that Scenario 2 is valid over that period. After that time Scenario
3 is realized and continues till the end of the evaporation process. It is worth to notice that
the value of δ tends to increase for the three above mentioned sets of operating conditions,
as depicted in the Figures 8.15a-8.15d. As mentioned in Section 8.2.2, in case of realizing
partially covered, thin film evaporation on a flat surface, a constant and uniform film thickness
equal to a minimum or critical value (δmin or δc) shall be encountered (Scenario 2). However,
the existence of the different dimples on each plate of the studied plate heat exchanger
can lead to spatial and temporal variation in the thickness of the partially covered film.
In other words, realizing constant film thickness in only a special case, at 15/30/90 °C,
while increasing film thickness in the other cases can be interpreted by the effect of the
dimples. It is important to emphasize that the temporal film thickness discussed through this
work (δ (t)) refers to the instantaneous average thickness of the liquid film, which partially
covers the plates’ surface of the evaporator. This means that a spatial distribution of the
film thickness is expected. Due to the gravity effect, it is expected that on the lower plate
of a refrigerant channel, the thickness of the liquid film covering the bottom of the concave,
deep and shallow, dimples is higher than the thickness of the film covering the flat surfaces
between the dimples of this plate. In fact, the liquid film thickness should be thinner on the
flat surfaces between the dimples and increase gradually along the inclined surfaces of the
concave dimples towards their centerlines, as observed upon investigating a thin film of water
evaporation on spherical, concave and downward oriented surfaces [171]. Concerning the
upper plate, the film thickness distribution shall be the opposite case compared to the one
described for the lower plate. This means that the liquid film thickness should be thinner on
the top plates’ concave dimples and increase gradually along the inclined surfaces towards
the flat surfaces between the dimples.

The evaporation and, consequently, the shrinking of the thin liquid film leads to tearing
the film in several segments. The collection, even partially, of the separated film segments in
the lower concave dimples, due to the gravity effect, leads to a continuous increase in film
thickness in the lower dimples. This explains the slight increase in the average film thickness
observed in Figure 16.b-d after the first 10 to 15 minutes. The high rate of adsorption,



8.3 Results and discussion 185

(a) (b)

(c) (d)

Fig. 8.15 Temporal development of the thin film thickness (δ ) and the wetted area to total area
ratio (Awet/Atotal), at all applied sets of operating conditions, (a) 15/30/90°C, (b) 15/35/90°C,
(c) 10/30/90°C and (d) 10/35/90°C
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Table 8.4 Slope and R2 values of the linear fittings, U vs
√

dw/dt
A

Process Tevap/Tcond/Th
°C

Slope
J.m−1.kg−0.5.K−0.5 R2

1 15/30/90 1.023E+6 0.9794
2 15/35/90 1.168E+6 0.9545
3 10/30/90 1.045E+6 0.9101
4 10/35/90 1.123E+6 0.9469

which dictates a high evaporation rate may change the situation and results in an invariant
film thickness. The above interpretation probably explains why the high evaporation rate
associated with the operating condition 15/30/90 °C has resulted in an almost invariant
average film thickness as depicted in Figure 8.15a at the operating condition 15/30/90 °C.

Indeed, the existence of a complex topology (such as dimples) on the plates’ surface does
increase the heat transfer area of the evaporator and enhance the convective heat transfer
on the HTF side. However, the above discussion shows the necessity for more dedicated
investigations and for a careful design of the plates’ topology. Based on Equation 8.15 and
the presented results of the film thickness in Figure 8.15, the contact angle (θ ) lies between
11° and 16° for water on the tested heat exchanger (Nickel-brazed stainless steel) under
the listed operating conditions in Table 8.3. As the liquid film contracts with time over the
evaporator’s surface, the estimated contact angles are receding contact angles as defined in
[165, 166]. The quite low contact angles are attributed to the very clean evaporation surface
because of the applied vacuum brazing process.

8.3.6 Adsorber-Evaporator performance correlation

Based on the discussion in Section 8.2.3 and, most specifically Equation 8.32, the “curve
fitting” facility built in MATLAB® has been used to find the most suitable functional
relationship between the evaporator’s overall heat transfer coefficient (U) and the adsorption
potential (A) and the time rate of change of the water uptake (dw

dt ) of the adsorber. The
following relation has been found,

U ∝ (
dw/dt

A
)n (8.34)

With n equal to 0.5, a linear relation between U and
√

dw/dt
A is observed. Table 8.4

gives the slopes obtained for the four applied sets of operating conditions. The coefficient of
determination (R2) values are also presented in Table 8.4.
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(a) (b)

(c) (d)

Fig. 8.16 Variation of U against the term
√

dw/dt
A for all applied sets of operating conditions.

(a) 15/30/90°C, (b) 15/35/90°C, (c) 10/30/90°C and (d) 10/35/90°C. Red scattered points
represent experimental data, solid and dashed black lines represent the linear fittings

Figure 8.16 presents the experimentally measures U values (scattered red circles) as a

function of the term
√

dw/dt
A at the four applied sets of operating conditions. The solid black

lines represent the linear fitting with the given slopes in Table 8.4. The dashed black lines
represent the linear fitting with the average slope of 1.089E+06. It can be concluded that, a

linear relationship does exist between U and
√

dw/dt
A for the introduced test unit in Figure 8.1

under each set of the investigated operating conditions.

In order, however, to check, whether the linear relationship between U and
√

dw/dt
A is

valid without limitations or may have an upper limit, both temporal values are presented

in Figure 8.17. As can be seen in Figure 8.17a, the term variation of
√

dw/dt
A attains

its maximum value at the operating condition 15/30/90°C followed by the two operating

conditions 15/35/90°C and 10/30/90°C. The least values of the term variation of
√

dw/dt
A

are obtained at the operating condition 10/35/90°C. Unless at the first operating condition
(15/30/90°C) the temporal U values, depicted in Figure 8.17b do follow the same trend with
time as the U values do. Indeed, the maximum obtained evaporator power takes place at
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(a) (b)

Fig. 8.17 Temporal variation of the term
√

dw/dt
A and U at all applied sets of operating

conditions, (a) variation of
√

dw/dt
A , (b) variation of U

the operating condition (15/30/90°C), as depicted in Figure 8.10, which is associated with

the highest
√

dw/dt
A values (cf. Figure 8.17a). Both results do not, necessarily, mean that

the evaporator’s overall heat transfer coefficient
√

dw/dt
A shall attain its maximum value

as depicted in Figure 8.17b. Indeed, the high adsorption rate
√

dw/dt
A results in a severe

reduction in the vapour pressure, and consequently, in the refrigerant (water) temperature
(Tre f ) leading to an increase in the LMT D. Based on Equation 8.2, the higher LMT D
is responsible for the lower U-values despite the measured higher evaporator power. It

can, therefore, be concluded that a linear relationship does exist between
√

dw/dt
A and the

evaporator’s overall heat transfer coefficient U until a certain threshold for the
√

dw/dt
A values,

which is defined by the green curve in Figure 8.17a representing the operating condition of
10/30/90°C. Beyond that threshold, the U values tend to decrease again because the LMT D
increases due to the induced reduction in the vapour pressure inside the evaporator by the

excessively high adsorption rate
√

dw/dt
A .

8.4 Conclusion

This chapter presents the first experimental study on the application of an asymmetric plate
heat exchanger, with a closed structure and a horizontal orientation, to act as a stagnant water
evaporator heat exchanger under typical operating conditions of an adsorption chiller. The
main outcomes of this chapter can be summarized as follows:

• Partially covered (discontinuous) thin film evaporation mechanism was identified by
the inserted endoscopes.
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• The thermal resistance related to the evaporation heat transfer coefficient (h f ) domi-
nates the total heat transfer resistance and, consequently, the evaporator’s overall heat
transfer coefficient (U) of the investigated evaporator.

• The film evaporation heat transfer coefficient (h f ) of the investigated evaporator varies
from 1330±260 W.m−2.K−1 at the beginning of the adsorption-evaporation processes
to a minimum of 160±32 W.m−2.K−1 upon reaching the end of each process.

• During the evaporation in the investigated plate heat exchanger two scenarios of the
following three different scenarios took place, namely Scenario 2 and 3,

- Scenario 1: δ decreases, while Awet=Atotal and remains invariant

- Scenario 2: δ equals critical value (δ = δc) and remains invariant, while
Awet<Atotal and decreases continuously.

- Scenario 3: both δ and Awet/Atotal vary with time.

• The values of δ and Awet/Atotal that best fit the experimental data are in the range of
0.34 to 0.78 mm and 0.16 to 0.78, respectively.

• The overall heat transfer coefficient of the evaporator U is linearly proportional to the

adsorption rate defined as
√

dw/dt
A , however until a certain threshold, beyond which U

decreases because of the excessive pressure reduction and, consequently the increase
in the logarithmic mean temperature difference.

The results obtained in this chapter imply the appropriateness of application, which could
bring several advantages in terms of the system compactness and, accordingly, the specific
power density of the system. Besides, the construction cost of the adsorption appliance
may be considerably reduced if the closed-structure PHEs are adopted for use, as there is
no need to place the evaporator/condenser inside a vacuum tight chamber, which is quite
bulky and costly. The extremely durable operation because of the no corrosion potential is
a special added advantage of the introduced technology (Nickel brazing of Stainless-Steel
sheets). More investigations are needed, however, to define and optimize the design rules
of such special plate heat exchangers for the application in adsorption heat transformation
appliances.





Chapter 9

Conclusion and future work

This thesis addresses the application of brazed stainless steel plate heat exchangers in the
adsorption appliances as adsorber/desorber (Chapters 3-7) and as evaporator (Chapter 8).

As adsorber/desorber: Commercially available PHEs have been adapted to act as
adsorber/desorber and investigated experimentally in the lab. Small-scale adsorbent samples
have been prepared in the way that makes them representative to the adsorbent domain
inside the investigated APHEs. A Volumetric-Large-Temperature-Jump (V-LTJ) kinetic setup
has been used for investigating the adsorption and desoprtion kinetics of the small-scale
adsorbent samples under the same applied operating conditions of the APHEs. The small-
scale adsorbent samples succeeded to predict the performance of the investigated APHEs.
The results of the small-scale adsorbent samples have been utilized in estimating the effective
diffusion coefficient of applied adsorbent-adsorbate working pair. The obtained effective
diffusion coefficient values have been fed into a newly developed 3D simulation model,
which has been validated against the obtained experimental data of the investigated APHEs.
The concept of predicting the performance of real APHE using small-scale adsorbent sample
and 3D simulation model has been applied on an open structured APHE developed in 2018
by the research team of the Laboratory of Sorption Processes (LSP) at OTH-Regensburg. For
better understanding the effect of the heat and mass transfer characteristic lengths (HTCL
& MTCL) of the adsorbent domain inside an APHE, adsorbent samples of different HTCL
and MTCL have been prepared and investigated using V-LTJ kinetic setup. Finally, the
knowledge acquired about the nature of the heat and mass transfer encountered in an APHE
have been utilized in developing a large-scale closed structured APHE.

As evaporator: Experimental and analytical investigation on a commercially available
closed structured asymmetric PHE oriented horizontally to act as a stagnant water evaporator
against a closed structured APHE filled with Siogel. The evaporation mechanism inside
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the evaporator has been investigated visually using endoscopes under different operating
conditions of an adsorption chiller.

Below, the results and the findings of this thesis are summarized (Section 9.1). Moreover,
suggested possible future research are discussed in Section 9.2.

9.1 Summary and conclusion

1- Matching between full-scale and small-scale measurements

The adsorption and desorption kinetics of the two commercial, one of open (GLX30) and
one of closed structure (GL50), asymmetric plate heat exchangers adapted to act as adsor-
bers/desorbers and experimentally investigated in the lab have been compared to the kinetic
results of small-scale adsorbent samples dedicatedly prepared to be representative for the
adsorbent domains inside the investigated adsorber/desorber plate heat exchangers (APHEs).
In addition, the kinetic data of the small-scale adsorbent sample representative to the GLX30
APHE, have been utilized for estimating the expected instantaneous and moving average
powers of the evaporator/condenser heat exchanger, against which the GLX30 APHE has
been tested. The main outcomes of the study are summarized below:

• A very good matching between the small-scale and full-scale adsorption kinetic mea-
surements has been obtained, with average relative deviation (RD) in the characteristic
time constant of the exponential form (τ) by 12.3% for the GLX30 and 1.22% for the
GL50.

• The APHEs demonstrated faster desorption kinetics than its adsorption kinetics by an
average factor of 2.85 for the GLX30 and 3.73 for the GL50. This is in phase with
previous measurements and puts in evidence that the duration of the adsorption phase
dominates the cycle time of the related adsorption appliance.

• The instantaneous and moving average specific evaporator power estimated from the
adsorption kinetics data of the small-scale adsorbent sample representative to the
GLX30 APHE matched very well with the ones obtained directly from the evapora-
tor/condenser unit, against which the GLX30 APHE has been tested, with an average
relative deviation (ARD) between 5.4 and 15.1% for the moving average power.

• The obtained results in this part of the thesis put in evidence the strength of the
introduced methodology to mimic the heat and mass transfer characteristics of the
adsorbent domain of a plate-type adsorber heat exchanger by dedicatedly design a test
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frame for a small-scale adsorbent sample, to be investigated with e.g. the V-LTJ kinetic
setup to precisely predict the performance of the real adsorber heat exchangers before
building it.

2- Building a 3D simulation model

A heat and mass transfer (HMT) mathematical model was developed to simulate the adsorp-
tion and desorption kinetics of an APHE. For estimating the effective diffusion coefficient
(De f f ) of the water vapour adsorption into the applied adsorbent material (granular Siogel,
0.71-1.0 mm), the model was applied to a 2D geometry representative to a granular Siogel ad-
sorbent sample with negligible interparticle mass transfer resistance, previously investigated
using our V-LTJ kinetic setup. The obtained De f f values were fed into the implementa-
tion of the mathematical model on the 3D geometries representative of the experimentally
investigated APHEs. The main outcomes are summarized below:

• Excellent agreement has been obtained between the numerical results and the experi-
mental data of the two investigated APHEs.

• The distributions of temperature, vapour pressure, and water uptake on the adsorbent
domains of the two investigated APHEs were utilized for understanding the effects of
the HTCL and MTCL on the APHEs’ performance

• The simulation model was used to investigate the effect of the MTCL on the adsorption
kinetics of an open-structured APHE. It was found that a MTCL of 28.5 mm or less
results in adsorption kinetics very close to the adsorption kinetics obtained in case
of negligible interparticle mass transfer resistance (MTCL ≈ zero) in the adsorbent
domain of an open structured APHE. Strictly speaking, it was found a relative deviation
between the time constant (τ) values of the exponential fittings of the adsorption kinetic
results obtained at MTCL=28.5 mm and MTCL ≈ zero amounts to less than 13.6%.

3- Performance prediction of OTH open-structured APHE

The concept of constructing a test frame to realize a small-scale adsorbent sample represen-
tative of a real APHE is applied to predict the performance of a new APHE [82] recently
developed by the team of LSP for application in the adsorption appliances. The previously
developed transient 2-D and 3-D mathematical models were used to simulate the combined
heat and mass transfer in the adsorbent sample under study. The main outcomes of the study
are summarized below:
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• A micropore diffusion coefficient at infinite temperature (D∞) of 2×10−4 m2s−1 and
an activation energy of 42.1 kJ.mol−1 for the applied AQSOA-Z02-water pair were
estimated.

• The obtained results showed the superiority of the introduced APHE over an extruded
aluminum heat exchanger coated with a 500 mm thick layer of the same adsorbent.
Comparing the obtained results with the literature values for the extruded aluminum
heat exchanger, the differential water uptake (8.2 g/100 g) obtained after 300 s of
adsorption represents a sound improvement of 310%.

4- Experimental investigation in the HTCL and MTCL effects on the
performance of different APHEs

Three adsorbent samples of Siogel grains (0.71-1.0 mm) representative to different APHEs,
i.e having different heat and mass transfer characteristic lengths (HTCL and MTCL) were
prepared. Sensitivity analysis of the water uptake to the temperature and vapour pressure in
the adsorbent domain is applied to interpret the experimental kinetic results. In addition, a new
methodology has been introduced to assess the obtained kinetic data in terms of the obtainable
SCP and the COP at different durations for the adsorption-evaporation and desorption-
condensation phases in a real intermittent adsorption machine applying the investigated
APHEs. Finally, the performance of the investigated APHEs have been compared with an
optimized extruded aluminum finned tube adsorber heat exchanger. The main outcomes of
the study are summarized below:

• Doubling the HTCL from 1.5 to 3 mm at a MTCL of 58.5 mm resulted in a slight
increase in the characteristic time (τ) of the adsorption (less than 19%). This small
effect implies that such a MTCL is quite high, so that the mass transfer resistance
becomes more dominant than the heat transfer resistance.

• In contrast, doubling the HTCL from 1.5 to 3 mm at a MTCL of 58.5 mm resulted in a
significant increase in the characteristic time (τ) of the desorption, up to 52% at the
tested boundary conditions.

• At the same HTCL of 1.5 mm (means the same S/m ratio), increasing the MTCL from
27 mm to 58.5 mm results in much slower adsorption kinetics and a slight influence
on the desorption kinetics. The characteristic time τ of adsorption increases by 78%
and 128% at the operating conditions 5/35/90 and 15/30/90 °C, respectively, while
the characteristic time τ of the desorption increases by less than 20%. These results
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contradict the known results so far; namely to expect the same adsorption dynamics
for samples having the same S/m ratio.

• The obtained results put in evidence the importance of considering the MTCL beside
the HTCL upon designing the adsorber plate heat exchangers.

• One of the prepared adsorbent sample is representative to the APHE developed recently
by the team of the LSP at OTH Regensburg. The results demonstrated that this APHE
offers up to 2.0 times higher SCP if compared with the GLX30, which is available in
the market as a unique crossflow, gas-liquid plate heat exchanger.

• The optimal SCP of the OTH APHE ranges between 157.6 W.kg−1, obtained at
5/35/90°C, tads=140 s and tdes=90 s, to 453.6 W.kg−1 obtained at 15/30/90 °C and tads

and tdes of 190 and 90 s, respectively.

• The OTH APHE performs quite comparably to an optimized extruded aluminium
finned-tube heat exchanger [26]. However, the OTH APHE has the advantage of
highest resistivity against corrosion, which takes place if aluminium is applied as a
construction material with all known refrigerants for TDAd systems.

5- Dedicatedly designed closed structured APHE

The major achievement of this thesis is a novel stainless steel closed asymmetric plate heat
exchanger (APHE) designed for application as an adsorber/desorber in adsorption systems. It
is the first ever specially designed closed APHE. In addition to the corrosion-free advantage
of a stainless steel APHE, the most attractive advantage of using a closed-structured APHE is
that it does not need to be housed in a vacuum chamber. Using the previously developed 3D
simulation model, a design optimization was performed. The main results are summarized
below:

• A quite uniform temperature distribution over the active surface of the plate pairs of
the APHE is achieved within two minutes (Figure 7.13b) after the start of the sudden
temperature change of the HTF inlet temperature, which corresponds to the operating
conditions of 10/30/90 °C of a Siogel-water adsorption chiller. The applied flow rate
of the HTF is 1 LPM/plate pair.

• The obtained total pressure drop of the HTF due to hydraulic resistance within a plate
pair at 1 LPM/plate pair amounts 0.8 kPa.
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• Increasing the flow rate to 2 LPM/plate-pair does not result in a noticeable improvement
in the temporal variation of the plate average surface temperature . However, it does
result in a noticeable increase in the pressure drop of the HTF, from 1.85 kPa at 1.8
LPM/plate pair to 2.16 kPa at 2 LPM/plate pair.

• The optimal MTCL for the new closed structured APHE is defined as 30 mm.

• At a target COP of 0.5, the new closed structured APHE with HTCL=1.5 m demon-
strated a SCP that is 18.2% higher than the open structured OTH APHE at 10/30/90°C.

• At the 10/35/90°C operating conditions, the new closed-structured APHE provides
158.6 W.kg−1 at the target COP, while the open structured OTH APHE introduced in
Chapter 5 could not achieve a COP higher than 0.458.

6- Investigation of a closed structured plate heat exchanger as an evapo-
rator

Experimental study on the application of an asymmetric plate heat exchanger, with a closed
structure and a horizontal orientation, to act as a stagnant water evaporator heat exchanger
under typical operating conditions of an adsorption heat transformation appliance was
performed. The main outcomes can be summarized as follows:

• Partially covered (discontinuous) thin film evaporation mechanism was identified by
the applied endoscopes.

• The thermal resistance related to the film evaporation heat transfer coefficient (h f )
dominates the total heat transfer resistance and, consequently, the evaporator’s overall
heat transfer coefficient (U) of the investigated evaporator.

• The film evaporation heat transfer coefficient (h f ) of the investigated evaporator varies
from 1330±260 W.m−2.K−1 at the beginning of the adsorption-evaporation processes
to a minimum of 160±32 W.m−2.K−1 upon reaching the end of each process.

• During the evaporation in the investigated plate heat exchanger two scenarios of the
following three different scenarios took place, namely Scenario 2 and 3,

- Scenario 1: δ decreases, while Awet=Atotal and remains invariant

- Scenario 2: δ equals critical value (δ = δc) and remains invariant, while
Awet<Atotal and decreases continuously.
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- Scenario 3: both δ and Awet/Atotal vary with time.

• The values of δ and Awet/Atotal that best fit the experimental data are in the range of
0.34 to 0.78 mm and 0.16 to 0.78, respectively.

• The overall heat transfer coefficient of the evaporator U is linearly proportional to the

adsorption rate defined as
√

dw/dt
A , however until a certain threshold, beyond which U

decreases because of the excessive pressure reduction and, consequently the increase
in the logarithmic mean temperature difference.

9.2 Future work

1- Fabrication of the closed structured APHE

The design of the closed structured APHE presented in this thesis should be reconsidered for
different adsorbent-adsorbate working pairs. The mechanical stresses associated to the plate
forming process should be numerically simulated using COMSOL Multiphysics software.
Subsequently, the designs should be discussed with a manufacturer. The design associated to
the working pair that gives the best performance should be fabricated and investigated in the
laboratory under the relevant operating conditions. If necessary, a design review should be
performed.

2- Closed structured evaporator/condenser plate heat exchanger

The evaporation and condensation of water in closed structured asymmetric plate heat
exchangers under the relevant boundary conditions of the adsorption appliances has not
been fully investigated. To best of our knowledge, only this thesis and the master’s thesis of
Sebastian Nowak [172] (carried out at the LSP of the OTH Regensburg) have dealt with the
appropriateness of the application of such heat exchangers in adsorption appliances.

It is suggested to perform experimental visualisation with higher precision endoscopes
and numerical investigations on the evaporation and condensation of different refrigerants
(water, methanol and ethanol) in closed-structured asymmetric PHEs to cover the following
aspects:

• Better fundamental understanding of the effects of the different design parameters on
the evaporation and condensation processes. such as

(1) Different plate topologies
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(2) Different sizes, i.e. different adsorber/desorber to evaporator/condenser ratios

(3) Different brazing materials, mainly nickel and copper, as the brazing material of
the PHE has significant effect on the liquid film stability inside the evaporation
and the droplets attaching and detaching during the condensation.

• Developing useful correlations for the performance prediction of such special PHEs
when employed as evaporators and condensers

• Optimizing the design of such PHEs for application as evaporators and condensers in
different adsorption system configurations.

• Develop a comprehensive computational fluid dynamics (CFD) model that is calibrated
based on the outcomes of the experimental works.

• Conduct parametric studies based on the developed CFD model.

3- Development of compact vacuum valves

The development of closed-structured plate heat exchangers for use in adsorption systems
should result in compact systems. However, the size of the vacuum valves integrated into
the adsorption system strongly influences the overall compactness of the adsorption system.
The research team of the LSP at OTH Regensburg has recently developed low-cost, vacuum
valves for application in the adsorption systems. However, further downsizing of the valves
is necessary to realize more compact adsorption systems.

4- 2-bed adsorption chiller prototype integrating the fabricated APHEs

A prototype of a 2-bed adsorption chiller is to be built, utilizing the fabricated APHEs.
The prototype is to be investigated in the laboratory under relevant operating conditions.
Optimization for the operating cycle time and the control strategy, concerning the time
allocation between the adsorption and desorption phases, deems quite necessary. Investigation
of the application of heat and mass recovery techniques is also suggested as a future work.
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Appendix A

Uncertainty analysis

The uncertainty of the full scale and the small scale measurements are presented here. The
content of this appendix has been attached as a supplementary material to our article published
in Frontiers in Energy research journal, which included most of the results presented in
Chapter 3
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The accuracy of measuring the ∆𝑡𝑡 is very high, as its error is negligible. The specific moving 
average evaporator/condenser power obtained in an adsorption/desorption process (𝑞̇𝑞�) is 
calculated as, 

 𝑞̇𝑞� =
1
𝑡𝑡

 . 𝑞𝑞(𝑡𝑡) (A.4) 

Its uncertainty is obtained from Eq. (A.5),  
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Where, 𝜎𝜎𝑡𝑡 is the uncertainty of time, which can be neglected. 

The water uptake obtained in an adsorption process (𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎) is calculated according to Eq. (A.6) 
and in a desorption process (𝑤𝑤𝑑𝑑𝑑𝑑𝑑𝑑) to Eq. (A.7). 
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ℎ𝑓𝑓𝑓𝑓(𝑇𝑇𝑒𝑒𝑒𝑒)

 (A.6) 

 
𝑤𝑤𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡) = 𝑤𝑤𝑜𝑜 +

𝑞𝑞(𝑡𝑡)
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎. (ℎ𝑓𝑓𝑓𝑓(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) + 𝑐𝑐𝑝𝑝,𝑣𝑣(𝑇𝑇𝑣𝑣 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) (A.7) 

The term 𝑐𝑐𝑝𝑝,𝑣𝑣(𝑇𝑇𝑣𝑣 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)  in Eq. (A.7) is very small (less than 3.5% of the latent heat term), 
ℎ𝑓𝑓𝑓𝑓(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐), and, therefore, its uncertainty can be neglected. The uncertainty in the measured 
water uptake can be evaluated for both the adsorption and desorption process by Eq. (A.8). 

 
𝜎𝜎𝑤𝑤 = ��

𝜕𝜕𝜕𝜕
𝜕𝜕𝑤𝑤𝑜𝑜

× 𝜎𝜎𝑤𝑤𝑜𝑜�
2

+ �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

× 𝜎𝜎𝑞𝑞�
2

+  �
𝜕𝜕𝜕𝜕
𝜕𝜕ℎ𝑓𝑓𝑓𝑓

× 𝜎𝜎ℎ𝑓𝑓𝑓𝑓�
2

�

0.5

 

      = �(𝜎𝜎𝑤𝑤𝑜𝑜)2 + � 1
ℎ𝑓𝑓𝑓𝑓

× 𝜎𝜎𝑞𝑞�
2

+ � −𝑞𝑞
ℎ𝑓𝑓𝑓𝑓2

× 𝜎𝜎ℎ𝑓𝑓𝑓𝑓�
2
�
0.5
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𝜎𝜎𝑤𝑤𝑜𝑜 is the uncertainty of 𝑤𝑤𝑜𝑜 (Frazzica & Freni, 2017) and 𝜎𝜎ℎ𝑓𝑓𝑓𝑓 is the uncertainty of ℎ𝑓𝑓𝑓𝑓 which 
amounts to ± 0.02% (Hans-Joachim Kretzschmar & Wolfgang Wagner, 2008).  

Table A.1. illustrates the accuracy of the applied individual sensors of the full-scale setup. The 
results of the accumulated absolute accuracies of measured 𝑞̇𝑞, 𝑞̇𝑞� and 𝑤𝑤 of the full-scale setup are 
listed in Table A.2. 

Table A.1. Sensors applied in the full-scale setup and their accuracies. 

Sensor Accuracy Measured quantity 

Balance 

KERN type EMB 6000-1 

±0.1g Dry weight of adsorbent 
filled in the 
adsorber/desorber 

Pressure transducers 

PFEIFFER VACUUM type 
CMR 362 

±0.2% of reading Vapour pressure inside the 
adsorber/desorber and 
evaporator/condenser 

RTD temperature sensors 

TMH type Pt100 

1/10 DIN class B 

±0.1 × (0.3 + 0.005𝑇𝑇(°𝐶𝐶)) 

HTF’s temperatures at the 
inlet and outlet of both the 
adsorber/desorber and 
evaporator/condenser 

Flow meters 

SIEMENS type Sitrans F M 
MAG 100 

±0.2% of reading HTF’s flow rate at the inlet of 
both the adsorber/desorber 
and evaporator/condenser 
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Table A.2: Absolute uncertainties upon Estimating 𝑞̇𝑞, 𝑞̇𝑞� and 𝑤𝑤 of the full-scale setup (Chapter 3) 

Operating 
Conditions 

𝑻𝑻𝒆𝒆𝒆𝒆/𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄/𝑻𝑻𝒉𝒉[°C] 

Process 𝝈𝝈𝒒̇𝒒[W/kg] 𝝈𝝈𝒒̇𝒒� [W/kg] 𝝈𝝈𝒘𝒘[g/100g] 

15/30/90 
Ads. ±26.4 ±26.4 ±0.64 

Des. ±31.7 ±31.8 ±0.64 

15/35/90 
Ads. ±26.4 ±26.4 ±0.41 

Des. ±33.5 ±33.5 ±0.43 

10/30/90 
Ads. ±24.7 ±24.6 ±0.45 

Des. ±31.7 ±31.7 ±0.44 

10/35/90 
Ads. ±24.6 ±24.6 ±0.28 

Des. ±33.5 ±33.4 ±0.29 

 

A.2 Small-scale sample measurements 

The differential water uptake obtained upon conducting LTJ adsorption and desorption processes 
on the small-scale adsorbent sample has been measured implicitly as explained in (Aristov et al., 
2008; Dawoud, 2007, 2013). Strictly speaking, the total pressure drop/increase of the vapour filling 
the setup’s volume has been utilized in evaluating the differential water uptake of the tested sample. 
The pressure (𝑃𝑃) and temperature (𝑇𝑇) of the water vapour filling the vapour vessel (𝑉𝑉𝑉𝑉𝑉𝑉 =46±0.06 
litre) and the measuring cell (𝑉𝑉𝑀𝑀𝑀𝑀 =4.5± 0.066 litre) of the setup have been measured at the initial 
and final states of all conducted adsorption and desorption processes. The equation of state has 
been applied to calculate the decrease/increase in the mass of the vapour filling the setup volume 
(∆𝑚𝑚), which refers to the amount of water adsorbed/desorbed by the tested sample. Eq. (A.9) 
describes the increase/decrease in the mass of water vapour filling the setup.  

 
∆𝑚𝑚 =

𝑉𝑉𝑉𝑉𝑉𝑉
𝑅𝑅 �

𝑃𝑃𝑖𝑖
𝑇𝑇𝑖𝑖
−
𝑃𝑃𝑓𝑓
𝑇𝑇𝑓𝑓
�
𝑉𝑉𝑉𝑉

+
𝑉𝑉𝑀𝑀𝑀𝑀
𝑅𝑅 �

𝑃𝑃𝑖𝑖
𝑇𝑇𝑖𝑖
−
𝑃𝑃𝑓𝑓
𝑇𝑇𝑓𝑓
�
𝑀𝑀𝑀𝑀

 (A.9) 
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       = 𝑉𝑉𝑉𝑉𝑉𝑉
𝑅𝑅
�𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑓𝑓�𝑉𝑉𝑉𝑉 + 𝑉𝑉𝑀𝑀𝑀𝑀

𝑅𝑅
�𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑓𝑓�𝑀𝑀𝑀𝑀 

Where 𝑦𝑦 = 𝑃𝑃
𝑇𝑇
 and its error is described by 

 
𝜎𝜎𝑦𝑦 = �(

1
𝑇𝑇
𝜎𝜎𝑃𝑃)2 + (

𝑃𝑃
𝑇𝑇2

𝜎𝜎𝑇𝑇)2�
0.5

 (A.10) 

Therefore, the error in the calculated ∆𝑚𝑚 can be obtained from the following equation 

 
𝜎𝜎∆𝑚𝑚 = ��
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The water uptake (𝑤𝑤) in the sample and its error are described in Eq. (A.12) and (A.13)  

 𝑤𝑤 = 𝑤𝑤𝑜𝑜 +
∆𝑚𝑚
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎

 (A.12) 

 
𝜎𝜎𝑤𝑤 =  �(𝜎𝜎𝑤𝑤𝑜𝑜)2 + �

1
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2

�
0.5

 (A.13) 

 

The expected instantaneous specific evaporator power (𝑞̇𝑞𝑒𝑒𝑒𝑒) and condenser power (𝑞̇𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 
estimated from the measured kinetic data of the small-scale sample are calculated based on Eq. 
(A.14) and (A.15), respectively. 

 
𝑞̇𝑞𝑒𝑒𝑒𝑒 =

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 .ℎ𝑓𝑓𝑓𝑓(𝑇𝑇𝑒𝑒𝑒𝑒) (A.14) 

 
𝑞̇𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 . (ℎ𝑓𝑓𝑓𝑓(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) + 𝑐𝑐𝑝𝑝,𝑣𝑣(𝑇𝑇𝑣𝑣 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)) (A.15) 
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Again, the term 𝑐𝑐𝑝𝑝,𝑣𝑣(𝑇𝑇𝑣𝑣 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)  is very small compared with ℎ𝑓𝑓𝑓𝑓(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐), and, therefore, its 
uncertainty can be neglected. The uncertainty of 𝑞̇𝑞𝑒𝑒𝑒𝑒 and 𝑞̇𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is calculated by Eq. (A.16). 

 𝜎𝜎𝑞̇𝑞 = �2 × (
1
∆𝑡𝑡

× ℎ𝑓𝑓𝑓𝑓 × 𝜎𝜎𝑤𝑤)2 +  (
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

× 𝜎𝜎ℎ𝑓𝑓𝑓𝑓)2�
0.5

 (A.16) 

The specific moving average evaporation/condensation power is obtained from, 

 𝑞̇𝑞� =
1
𝑡𝑡

 . 𝑞𝑞(𝑡𝑡) (A.17) 

and its uncertainty is obtained from,  

 
𝜎𝜎𝑞̇𝑞� = �(

1
𝑡𝑡

× 𝜎𝜎𝑞𝑞)2 +  (−
𝑞𝑞
𝑡𝑡2

× 𝜎𝜎𝑡𝑡)2�
0.5

 (A.18) 

Table A.3 illustrates the accuracy of the applied individual sensors of the small-scale setup. The 
results of the accumulated absolute accuracies of measured 𝑞̇𝑞, 𝑞̇𝑞� and 𝑤𝑤 of the small-scale setup 
are listed in Table A.3. 

Table A.3. Sensors applied in the small-scale setup and their accuracies. 

Sensor Accuracy Measured quantity 

Balance 

KERN type ALS 250-4 A 

±0.0007g Dry weight of the tested 
sample 

Pressure transducers 

PFEIFFER VACUUM type 
CMR 362 

±0.2% of reading Vapour pressure inside the 
vessel and measuring cell 

RTD temperature sensors 

TMH type Pt100 

1/10 DIN class B 

±0.1 × (0.3 + 0.005𝑇𝑇(°𝐶𝐶)) 

Vapour temperature inside 
the vessel and measuring cell 
and sample holder surface 
temperature 
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Table A.4: Absolute accuracies of measured 𝑞̇𝑞, 𝑞̇𝑞� and 𝑤𝑤 of the small-scale setup (Chapter 3) 

Operating 
Conditions 

𝑻𝑻𝒆𝒆𝒆𝒆/𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄/𝑻𝑻𝒉𝒉[°C] 

Process 𝝈𝝈𝒒̇𝒒[W/kg] 𝝈𝝈𝒒̇𝒒� [W/kg] 𝝈𝝈𝒘𝒘[g/100g] 

15/30/90 
Ads. ±15.93 ±26.0 ±0.46 

Des. ±43.47 ±65.2 ±1.26 

15/35/90 
Ads. ±16.32 ±26.1 ±0.47 

Des. ±55.86 ±99.1 ±1.63 

10/30/90 
Ads. ±11.56 ±18.8 ±0.33 

Des. ±42.68 ±75.4 ±1.24 

10/35/90 
Ads. ±11.86 ±19.0 ±0.34 

Des. ±55.47 ±98.8 ±1.62 
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4972. https://doi.org/10.1016/j.ijheatmasstransfer.2007.10.042 
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Desorption into/from Loose Pellets of FAM-Z02 under a Typical Operating Condition of 
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Dawoud, B. (2013). Water vapor adsorption kinetics on small and full scale zeolite coated 
adsorbers; A comparison. Applied Thermal Engineering, 50(2), 1645–1651. 
https://doi.org/10.1016/j.applthermaleng.2011.07.013 

Frazzica, A., & Freni, A. (2017). Adsorbent working pairs for solar thermal energy storage in 
buildings. Renewable Energy, 110, 87–94. https://doi.org/10.1016/j.renene.2016.09.047 

Hans-Joachim Kretzschmar, & Wolfgang Wagner. (2008). International Steam Tables; 
Properties of Water and Steam based on the Industrial Formulation IAPWS-IF97, 2nd 
edition, Springer Verlag Berlin Heidelberg. doi: 10.1007/978-3-540-74234-0 

219



Sur, A., & Das, R. K. (2017). Experimental investigation on waste heat driven activated carbon-
methanol adsorption cooling system. Journal of the Brazilian Society of Mechanical 
Sciences and Engineering, 39(7), 2735–2746. https://doi.org/10.1007/s40430-017-0792-y 

  

220 Uncertainty analysis



Appendix B

Experimental work for estimating the
effective coeffcient of water vapour
diffusion in Siogel grains

A frame has been made of Polyether Ether Ketone (PEEK) for its low thermal conductivity
(k = 0.25 W.m−1.K−1) and negligible outgassing characteristics. The frame has a design
for placing a granular adsorbent sample having a cuboidal shape. The frame enables the
refrigerant vapour (water vapour) to enter/leave the adsorbent sample placed inside from
the top surface of the adsorbent sample. Figure B.1 shows the construction of the open test
frame.

For preventing the heat transfer through the PEEK frame sides, the thickness of the
frame’s walls is determined to 5 mm. At the downside of the frame, a stainless-steel substrate
of 0.3 mm thickness is mounted to allow the heat transfer between the sample and the surface
of the sample holder inside the measuring cell of the kinetic setup. The PEEK frame and the
stainless steel substrate is sealed together by a special double-sided adhesive film of 0.5 mm
thickness.

For testing the adsorbent sample in the described test frame under the desired operating
conditions, the sealed frame is fixed on the sample holder of the measuring cell using silicon-
free thermal paste and the planned adsorption and desorption processes are performed.

The adsorption and desorption kinetic tests on the adsorbent sample inside the test
frame have been carried out under the operating conditions of evaporator temperatures 5,
10 and 15°C, adsorber-end and condenser temperatures of 30 and 35°C, and a desorption-
end temperature of 90 °C. The adsorption and desorption start temperatures, Tads−start and
Tdes−start , associated to the planned operating conditions are determined using the water-
Siogel equilibrium model introduced in (Sapienza et al., 2017). The thermostats feeding
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grains

(a) (b)

Fig. B.1 Construction of the open test frame used for estimating De f f of the Siogel-water
working pair, (a) top view, (b) down view

the oil circuit of the sample holder of the V-LTJ kinetic setup allow adjusting the sample
holder temperature to the start temperature (Tads−start or Tdes−start) and performing sudden
temperature change to the sample holder surface until realizing the desired end temperature
(Tads−end or Tdes−end). The temporal change of sample holder temperature reaches 95 %
of the final value in less than 2 min from the start of the cooling/heating process. The
uncertainty analysis of the measured water uptake can be read in Appendix A. The boundary
conditions of the conducted adsorption and desorption processes as well as the uncertainty of
the measured final differential water uptakes σ∆w f are depicted in Table B.1.

The 2-D mathematical model developed in COMSOL Multiphysics environment and
presented in Chapter 4 (Section 4.1) for simulating the heat and mass transfer in a cuboidal
adsorbent sample is applied. As illustrated in Chapter 4, the optimization module integrated
in COMSOL has been applied to obtain the effective diffusion coefficient of water vapour in
the Siogel grains (De f f ) at all applied operating conditions. Figures B.2 and B.3 show the
best fit of the numerically obtained adsorption and desorption kinetics results, respectively,
to the corresponding experimental data of the adsorbent sample tested in the above described
test frame. The corresponding De f f values are reported and discussed in Chapter 4.
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Table B.1 Adsorption and desorption start temperature (Tdes−start , Tads−start), initial water
uptake (wo), final differential water uptake (∆w f ), measurement uncertainty of ∆w f (σ∆w f ),
time constant of the exponential fitting (τ) and its (R2), ratios of τ (r2−1,r3−2 and r3−1) at
each operating condition for the top-open tested frame
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grains

(a) (b)

(c) (d)

(e) (f)

Fig. B.2 Best fitting of the numerical simulation results to the experimental data of the
adsorbent sample tested in the open test frame of the GLX30 APHE, adsorption processes;
a) 15/30/90 °C , b) 15/35/90°C, c) 10/30/90°C, d)10/35/90°C, e) 5/30/90°C and f) 5/35/90°C.
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(a) (b)

(c) (d)

(e) (f)

Fig. B.3 Best fitting of the numerical simulation results to the experimental data of the
adsorbent sample tested in the open test frame of the GLX30 APHE, desorption processes;
a) 15/30/90 °C , b) 15/35/90°C, c) 10/30/90°C, d)10/35/90°C, e) 5/30/90°C and f) 5/35/90°C.
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