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Zusammenfassung

Kern dieser Arbeit ist die Optimierung von adsorptiven Wiarmepumpen fiir die Anwendung einer
regenerativen Kihlung. Es werden mehrere Ansitze und deren Potential untersucht, um die
Effizienz adsorptiver Kiltemaschinen zu optimieren. Dabei steht jeweils eine kombinierte
Untersuchung der Prozess- und Materialeigenschaften im Fokus. Die kombinierte Material- und
Verfahrensentwicklung ist vielversprechend, da beide Faktoren einen erheblichen Einfluss auf die

Prozessperformance haben und eine unabhingige Betrachtung lediglich lokale Optima liefert.

Der Adsorptionskilteprozess ist ein zyklisches Verfahren und besteht aus drei Hauptapparaten:
Adsorber, Verdampfer und Kondensator, wobei die Kilteproduktion durch Verdampfung eines
Kiltemittels erfolgt. Zur Verdampfung kommt es infolge eines Druckabfalls in der Gasphase,
welcher durch die Anlagerung (Adsorption) von Gasmolekilen an einem hoch pordsen Feststo ff
(Adsorbens) hervorgerufen wird. Das Adsorbens befindet sich im Adsorber, das Herzstiick einer
Adsorptionskaltemaschine. Ist das Adsorbens gesattigt, wird der Adsorber aufgeheizt, das
Kiltemittel vom Adsorbens desorbiert und im Kondensator verflissigt. Angetrieben wird eine
Adsorptionskiltemaschine durch Wirme, welche zB. aus solarer Finstrahlung oder durch
Abwirme aus Industrieprozessen bereitgestellt werden kann. Zur Bewertung des Prozesses
werden der thermische Wirkungsgrad (Coefficient of Performance - COP) als Effizienzgro3e und
die spezifische Leistungsdichte (Specific Cooling Power - SCP) verwendet. Wie viele Prozesse
zeichnet sich der Adsorptionskilteprozess durch die Pareto-Optimalitit von Effizienz und
Leistungsdichte aus. Betriebsbedingungen mit hoher Effizienz weisen eine geringe
Leistungsdichte auf und umgekehrt. Das Pareto-optimale Verhalten wird in der vorliegenden
Arbeit berticksichtigt, indem fir verschiedene Prozess-Material Kombinationen nach dem

maximalen COP gesucht wird, welcher sich bei einer gewtinschten Leistungsdichte einstellt.

In Adsorptionskalteanlagen kommen unterschiedliche Adsorbenzien zum Einsatz, wobei jeweils
ein zum Adsorbens passendes Kiltemittel genutzt wird. Die gingigen Stoffpaare sind Silica-Gel
mit Wasser, Zeolith mit Wasser oder Aktivkohle mit Methanol. In dieser Arbeit werden
exemplarisch Kohlenstoff haltige Adsorbenzien in Form von kompaktierten, quaderférmigen
Kompositen und Methanol als Kaltemittel untersucht. Aktivkohle ist ein attraktives Adsorbens,
da sich der Prozess damit mit Niedertemperaturwirme unter 100 °C betreiben lisst. Die

entwickelten Methoden sind jedoch auf beliebige Stoffpaare tbertragbar.
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Der adsorptive Kilteprozess ist ein attraktives Verfahren, um nicht genutzte Wirmequellen oder
solare Wirme zur regenerativen Kalteproduktion zu nutzen. Vor allem der apparative Aufwand
sowie die geringe thermische Effizienz und Leistungsdichte stehen jedoch einer weiten
Verbreitung von kommerziellen Anlagen im Wege. Ein wesentlicher Grund fir die geringe
Prozessperformance lisst sich in den konkurrierenden Eigenschaften des Adsorbens
identifizieren. Auf der einen Seite wird eine hohe Porositit und innere Oberfliche bendtigt, um
den Gasmolekilen eine gute Zuginglichkeit zu den Bindungsplitzen sowie eine grof3e
Adsorptionskapazitit zur Verfigung zu stellen. Durch die hohe Porositit weisen technische
Adsorbenzien ecine geringe Wirmeleitfahigkeit auf. Aufgrund der Exothermie der Adsorption
bzw. Endothermie der Desorption wird jedoch eine gute Wirmeleitfahigkeit benotigt, um das
Adsorbens méglichsthomogen zu temperieren. Die Anforderungen an ein optimales technisches
Adsorbens sind somit vielfiltig: Neben einer grolen Adsorptionskapazitit werden auch gute

Wirme- und Stofftransporteigenschaften benotigt.

Die im Zuge dieser Arbeit untersuchte kombinierte Material- und Verfahrensentwicklung zielt im
Speziellen darauf hin, optimale Materialeigenschaften flir verschiedene Prozessbedingungen zu
identifizieren und somit Ansitze zur Verbesserung der thermischen Effizienz des Prozesses zu
liefern ohne FinbuBlen in der Leistungsdichte hinzunehmen und somit zu einer weiteren
Verbreitung der Technologie beizutragen. Im Wesentlichen wurden zwei Ansitze identifiziert
und in  Prozesssimulationen untersucht. Erstens: Heterogene Strukturierung von
Adsorbenskompositen mit perkolierenden Wirmeleitstrukturen und Transportkanilen zur
Intensivierung der Warme- und Stofftransporteigenschaften. Zweitens: Interne Riickgewinnung

von sensibler sowie latenter Wirme durch Anwendung eines Mehrbettverfahrens.

Experimentelle Charakterisierung von Adsorbenskompositen

In Kapitel 24 werden zunichst valide Materialmodelle zur Beschreibung der
Adsorbenskomposite abgeleitet, welche mit Hilfe experimenteller Daten parametriert wurden.
Hierbei lag das Augenmerk darauf, die Materialeigenschaften, wie Transportparameter,
Adsorptionskapazitit usw. in Relation zur Kompositzusammensetzung zu setzten. Die
Formulierung der Materialmodelle ist durch experimentelle Erkenntnisse motiviert. Die
experimentelle Parametrisierung der Materialmodelle wird in Kapitel 4 vorgestellt wobei zunachst
Adsorbenspulver und anschlieBend Adsorbenskomposite mit variierendem Anteil und Typ an
Binder und Wirmeleitadditiv untersucht und Material-Wirkungskorrelationen abgeleitet werden.

Die Wirmeleitadditive wurden den Kompositen hierbei statistisch zugemischt.
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Kombinierte Material- und Prozessauslegung fiir 2-Bett

Adsorptionskiltemaschinen

Neben der Zusammensetzung spielt die Schichtdicke der Komposite eine wesentliche Rolle fiir
den Wirme- und Stofftransportwiederstand sowie fiir die Adsorptionskapazitit. Wird eine hohe
Leistungsdichten (SCP) angestrebt, sollten moglichst diinne Schichten eingesetzt und der Prozess
mit kurzer Zykluszeit betrieben werden. Nachteilig bei dinnen Kompositschichten und kurzen
Zykluszeiten ist jedoch, dass ein zunehmender Anteil an Energie fur den Temperaturwechsel der
inerten Massen anstatt fir die Regeneration des Adsorbens aufgewendet werden muss. Derartige
Prozessvariationen weisen somit eine geringe thermische Effizienz (COP) auf. Umgekehrt ldsst
sich die Prozesseffizienz durch dickere Kompositschichten sowie lange Zykluszeiten erhéhen,
wobei jedoch nur geringe Leistungsdichten erzielt werden. Um die konkurrierenden Material-
und Prozesseigenschaften zu untersuchen, wird in Kapitel 3 ein eindimensionales, dynamisches
Prozessmodell des 2-Bett Adsorptionskilteprozesses abgeleitet, wobei der Wirme- und
Stofftransport in den Kompositen entlang der Schichtdicke aufgelést wird. Mit Hilfe effektiver
Materialmodelle koénnen damit beliebige Kompositzusammensetzungen unter dynamischen
Prozessbedingungen untersucht und optimale Material-Prozesskombinationen identifiziert

werden.

Die kombinierte Material- und Verfahrensoptimierung wurde zunichst mit Prozesssimulationen
fir ausgewihlte, experimentell charakterisierte Komposite durchgefithrt. Das Vorgehen und die
Ergebnisse sind in Kapitel 5 dargestellt. In den Prozesssimulationen wurde fir beliebige
Leistungsdichten die optimale Kombination aus Schichtdicke und Zykluszeit identifiziert, fur
welche die Effizienz maximal ist. Mit diesen Untersuchungen konnte festgestellt werden, dass
durch die statistische Zugabe von Wirmeleitadditiven zu Adsorbenskompositen keine
Verbesserung der Prozesseffizienz erzielt werden kann. Das ist im Wesentlichen darauf
zuriickzufihren, dass durch die statistische Zugabe zunichst nur lokal isolierte Kluster mit
deutlich erhéhter Wirmeleitfahigkeit entstehen, welche jedoch nur in geringem Malle zur
effektiven Wirmeleitfahigkeit der Komposite beitragen. Eine signifikante Steigerung der
effektiven Wirmeleitfahigkeit lisst sich erst beim Erreichen der Perkolationsschwelle erzielen,
wofir ein hoher Anteil an Additiven bendtigt wird. Der hohe Anteil der inerten Additive geht zu
Lasten der Adsorptionskapazitit, deren Verringerung durch die Erhéhung der Wirmeleitfahigkeit
nicht Uberkompensiert werden kann. Diese FErkenntnisse konnten durch weitere
Prozesssimulationen bestitigt werden, welche mit einem Materialmodell durchgefiihrt wurden,
welches aus der Theorie effektiver Medien abgeleitet wurde. Durch diese Prozesssimulationen

konnte somit eine wichtige Erkenntnis gewonnen werden: Die statistische Zugabe von
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Wirmeleitmaterialien zu  Adsorbenskompositen — verspricht keine Verbesserung  der

Prozesseffizienz von Adsorptionskiltemaschinen.

Da Transportwiederstinde in den Adsorbenskompositen jedoch ein wesentlicher Grund fiir die
geringe Prozesseffizienz darstellen, wurden im néchsten Schritt strukturierte Komposite
untersucht, wobei perkolierende Wirmeleitstrukturen betrachtet wurden. Bereits mit einem
geringen Anteil perkolierender Strukturen kann die effektive Wirmeleitfahigkeit von Kompositen
stark erhoht werden, ohne mit einer signifikanten Reduktion der Adsorptionskapazitit
einherzugehen. In Kapitel 5.3 wurden diese Untersuchungen zunichst mit einem einfach
Materialmodell mit perkolierender, linearer Warmeleitstruktur durchgefithrt. Neben Zykluszeit
und Schichtdicke wurden in den Prozesssimulationen zusitzlich die Volumenanteile an
Adsorbens  und  Wirmeleitadditiv ~ variilert und im  Anschluss die  optimalen

Parameterkombinationen identifiziert.
3D-Strukturierung von Adsorbenskompositen

Basierend auf diesen Erkenntnissen wurde in Kapitel 6 die gezielte Strukturierung von
Adsorbenskompositen untersucht. Hierfiir wurde exemplarisch eine Rippengeometrie gewahlt,
welche die Komposite vollstindig durchdringt und somit zu einer deutlichen Erh6hung der
effektiven Wirmeleitfahigkeit beitrdgt. Zusatzlich wurden makroskopische Transportkanile in die
Komposite eingebracht, die zu einer besseren Verteilung des gasférmigen Kiltemittels tber der
Hohe der Komposite beitragen. Die heterogen strukturierten Geometrien wurden zunichst in
Prozesssimulationen optimiert, wodurch nochmals eine deutliche Effizienzsteigerung gegentiber
den linear strukturierten Kompositen erzielt werden konnte. AnschlieBend wurde eine
vielversprechende Rippengeometrie ausgewihlt und heterogen strukturierte Komposite
hergestellt, welche in einer Laboranlage auf ihre Prozessperformance untersucht wurden. Mit den
experimentellen Untersuchungen konnten die Simulationsergebnisse bestitigt werden: Durch die
heterogene  Strukturierung  von  Adsorbenskompositen  kénnen  die  Stoff-  und
Wirmetransporteigenschaften verbessert und damit die Schichtdicken deutlich erhéht werden,

was zu einer signifikanten Steigerung der Prozessperformance beitragt.
Wirmeintegriertes Mehrbettverfahren

Neben der Strukturoptimierung der Adsorbenskomposite bietet die Prozessverschaltung grof3es
Potential zur Verbesserung der Effizienz. Hierbei ist die Wirmeintegration zur Rickgewinnung
von sensibler Wirme und vor allem latenter Adsorptionswirme ein vielversprechender Ansatz.

Um das volle Wirmerickgewinnungspotential auszunutzen, wurde in Kapitel 7 ein
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Mehrbettverfahren untersucht, wobei mehrere stofflich getrennte Adsorbensbetten zum Einsatz
kommen. Die Verschaltung der einzelnen Adsorber wurde derart gewihlt, dass die exotherme
Adsorptionswirme teilweise fur die endothermen Desorption zur Verfiigung steht, wodurch die
benétigte Wiarme fur den Antrieb des Prozesses deutlich reduziert wird und somit die
Prozesseffizienz gesteigert werden konnte. Die Verschaltung der Adsorber und die Umschaltung
zwischen den einzelnen Prozessschritten erfolgt durch das Umschalten des Wirmetridgerfluids.
Somit ergibt sich eine simulierte Bewegung der Adsorber durch den thermodynamischen
Kreisprozess, was auch als Simulated-Moving-Bed bekannt ist. Fir die effiziente simulative
Untersuchung des Mehrbettverfahrens wurde ein stationires True-Moving-Bed Modell abgeleitet
und wiederum eine kombinierte Material- und Verfahrensoptimierung durchgefithrt. Zusatzlich
zur Kompositschichtdicke und Zykluszeit wurde hierbei die Warmeriickgewinnungszone als
Parameter in der Optimierung betrachtet. Durch die Optimierung der Material- und
Prozessparameter und vor allem durch die interne Riickgewinnung von sensibler und latenter

Wirme konnte die Prozessperformance nochmals deutlich gesteigert werden.

AbschlieBend lisst sich  festhalten, dass durch die kombinierte Material- und
Verfahrensoptimierung die Prozessperformance von Adsorptionskiltemaschinen gesteigert
werden kann. Vor allem die heterogene Strukturierung von Adsorbenskompositen und die
interne Warmeriickgewinnung von sensibler und latenter Wirme sind vielversprechende Ansitze.
Die Methoden wurden in dieser Arbeit exemplarisch fir kohlenstoffhaltige Adsorbenzien in
quaderférmiger Kompositform mit Methanol als Kiltemittel entwickelt. Die Ubertragung auf
andere Stoffpaare und Kompositgeometrien ist durch die Anpassung der Material- und
Prozessmodelle direkt méglich. Des Weiteren wurden die Untersuchungen exemplarisch fiir
adsorptive Wiarmepumpen fir die Kalteanwendung durchgefihrt. Die Methoden lassen sich auch

dquivalent zur Optimierung von Adsorptionswirmepumpen fiir den Heizzweck tbertragen.
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Abstract

The core of this work is the optimisation of adsorption heat pumps for the application of
regenerative cooling. Several approaches and their potential are investigated to optimise the
efficiency of adsorption refrigeration machines. In each case, the focus is on a combined
investigation of the process and material properties. The combined material and process
development are promising, as both factors have a significant influence on the process

performance and an independent consideration only provides local op tima.

The adsorption refrigeration process is cyclic and consists of three main apparatuses: Adsorber,
Evaporator, and Condenser, where refrigeration is produced by evaporation of a refrigerant.
Evaporation is driven by a pressure drop in the gas phase, which is caused by the adsorption of
gas molecules on a highly porous solid (adsorbent). The adsorbentis located in the adsorber, the
heart of an adsorption refrigeration machine. When the adsorbent is saturated, the adsorber is
heated, the refrigerant is desorbed from the adsorbent and liquefied in the condenser. An
adsorption chiller is driven by heat, e.g. from solar radiation or waste heat from industrial
processes. To evaluate the process, the thermal efficiency (Coefficient of Performance - COP)
and the specific power density (SCP) are used. Like many processes, the adsorption refrigeration
process is characterised by the Pareto optimality of efficiency and power density. Operating
conditions with high efficiency have low power density and vice versa. The Pareto-optimal
behaviour is taken into account in this work by searching for the maximum COP that is obtained

at a prescribed power density for different process-material combinations.

Different adsorbents are used in adsorption refrigeration systems, whereby a refrigerant is used
that matches the adsorbent. Conventional material pairs are silica gel with water, zeolite with
watet, or activated carbon with methanol. In this work, carbon-containing adsorbents in the form
of compacted, cuboidal composites and methanol as a refrigerant are investigated. Activated
carbon is an attractive adsorbent, as the process can be operated with low-temperature heat

below 100 °C. The methods developed can, however, be applied to any material.

The adsorption refrigeration process is attractive for the utilization of unused heat sources or
solar heat for regenerative cold production. However, the complexity of the equipment and the
low thermal efficiency and power density are the main obstacles to the widespread use of

commercial plants. A major reason for the low process performance can be identified in the
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competing properties of the adsorbent. A high porosity and internal surface area are required to
provide good accessibility to the adsorption sites and a large adsorption capacity. Due to the high
porosity, technical adsorbents have a low thermal conductivity. However, due to the exothermic
nature of adsorption or the endothermic nature of desorption, a good thermal conductivity is
required to keep the adsorbents as homogeneously tempered as possible. The requirements for
an optimal technical adsorbent are therefore manifold: in addition to a large adsorption capacity,

good heat and mass transfer properties are also needed.

The combined material and process development applied in the course of this work aims in
particular at identifying optimal material properties for different process conditions and thus
providing approaches for improving the thermal efficiency of the process without sacrificing
power density and thus contributing to further dissemination of the technology. Two main
approaches were identified and investigated in process simulations. First: 3D structuring of
adsorbent composites with percolating heat conduction ribs and transport channels to intensify
the heat and mass transfer properties. Second: Efficient internal recovery of sensible as well as

latent heat by applying a multi-bed process.
Experimental characterisation of adsorbent composites

For the combined material and process development, material models for the description of the
adsorbent composites are outlined in chapter 2.4, which were parameterised with experimental
data. The focus was laid on correlating the material properties, such as transport parameters,
adsorption capacity, etc., to the composition of the composite. The formulation of the material
models is motivated by experimental findings. The results of the experimental parameterisation
of the material models are outlined in chapter 4. Adsorbent composites with varying amounts
and types of binder and the thermal additive were investigated and material-property correlations

were derived. The heat-conducting additives were statistically mixed with the composites.
Combined material and process design for 2-bed adsorption chillers

In addition to the composite composition, layer thickness plays an important role in the heat and
mass transfer resistance. If high power densities are desired, thin layers should be used, and the
process should be operated with a short cycle time. The disadvantage of thin composite layers is
their low specific storage capacity for the refrigerant. Therefore, such process variations have low
thermal efficiency. Conversely, process efficiency can be increased by thicker composite layers
and long cycle times, but only low power densities are achieved. To investigate the competing

material and process properties, a one-dimensional dynamic process model of the 2-bed
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adsorption refrigeration process was derived in Chapter 3, where the heat and mass transfer in
the composites is resolved. With the help of effective material models, any composite
compositions can be investigated under dynamic process conditions and optimal material-process

combinations can be identified.

The combined material and process optimisation was carried out in chapter 5 with process
simulations for selected, experimentally characterised composites. Here, the efficiency was
optimised in such a way that the optimal combination of layer thickness and cycle time was
identified for any power densities. With these investigations, it could be determined that no
improvement of the process efficiency can be achieved by the statistical addition of heat
conduction additives to adsorbent composites. This is mainly because the statistical addition
creates locally isolated clusters with significantly increased thermal conductivity, which, however,
only contribute to a small extent to the effective thermal conductivity of the composites. A
significant increase in the effective thermal conductivity can only be achieved when the
percolation threshold is reached, for which a high proportion of additives is required. The high
proportion of inert additives is at the expense of the adsorption capacity, the reduction of which
cannot be overcompensated by the increase in thermal conductivity. These findings could be
confirmed by further process simulations, which were carried out with a material model derived
from effective medium theory. Through these process simulations, an important insight could
thus be gained: The statistical addition of heat-conducting materials to adsorbent composites

does not promise an improvement of the process performance.

However, since transport resistances in the adsorbent composites are a major reason for the low
process efficiency, structured composites were investigated in the next step, whereby percolating
heat-conducting additive was considered. Even with a small proportion of percolating additives,
the effective thermal conductivity of composites can be greatly increased without being
accompanied by a significant reduction in adsorption capacity. In chapter 5.3, these investigations
were first carried out with a simple material model with a percolating, linear heat-conducting
additive. In addition to cycle time and layer thickness, the volume fractions of adsorbentand heat
conduction additive were also varied in the process simulations and the optimal parameter
combinations that provided the maximum efficiency for different power densities were

subsequently identified.
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3D-structuring of adsorbent composites

Based on these investigations, the 3D-structuring of adsorbent composites was examined in
detail in chapter 6. For this purpose, a rib geometry was chosen, which completely penetrates the
composites and thus contributes to a significant increase in the effective thermal conductivity. In
addition, macroscopic transport channels were introduced into the composites, which contribute
to a better distribution of the adsorptive over the height of the composites. The 3D-structured
geometries were first optimised in process simulations, which resulted in a further significant
increase in efficiency compared to the linearly structured composites. Subsequently, a promising
rib geometry was selected, and 3D-structured composites were produced, which were tested for
their process performance in a laboratory setup. The experimental investigations confirmed the
simulation results: The 3D-structuring of adsorbent composites can improve the mass and heat
transport properties and thus significantly increase the layer thickness, which contributes to a

significant increase in process performance.
Heat-integrated multi-bed process

In addition to the structural optimisation of the adsorbent composites, the process design offers
a high potential for improving efficiency. Here, heat integration for the recovery of sensible heat
and especially latent heat of adsorption is a promising approach. To exploit the full heat recovery
potential, a multi-bed process was investigated in chapter 7, whereby several adsorbent beds
separated by material are used. The interconnection of the individual adsorbers was chosen in
such a way that the exothermic adsorption heat is partly available for the endothermic
desorption, which significantly reduces the heat required to drive the process and thus increases
the process efficiency. The interconnection of the adsorbers and the switching between the
individual process steps is done by switching the heat transfer fluid. This results in a simulated
movement of the adsorbers through the thermodynamic cycle, which is also known as Simulated -
Moving-Bed. For the efficient simulative investigation of the multi-bed process, a steady-state
True-Moving-Bed model was derived and again a combined material and process optimisation
was performed. In addition to the composite layer thickness and cycle time, the heat recovery
zone was considered as a parameter in the optimisation. Through the optimisation of the material
and process parameters and especially through the internal recovery of sensible and latent heat,

the process performance could again be significantly increased.

In conclusion, it can be said that the combined material and process optimisation provides
approaches for improving adsorption chillers. Especially the 3D-structuring of adsorbent

composites and the internal heat recovery of sensible and latent heat are promising approaches.
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In this work, the methods were developed exemplarily for carbon-based adsorbents in cuboidal
composite form with methanol as refrigerant. The transfer to other material pairs and composite
geometries is directly possible by adapting the material and process models. Furthermore, the
investigations were carried out exemplarily for adsorptive heat pumps for refrigeration
applications. The methods can also be transferred equivalently to the optimisation of adsorption

heat pumps for heating purposes.
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1. Introduction

The supply of regenerative cooling energy is a central task of the 21st century which is driven by
two dominant energy trends: decarbonization of the global energy sector and rapidly growing
cooling demand in developed and developing countries due to global warming. The global
cooling demand is expected to increase significantly due to rising prosperity and population
growth especially in hot regions of the world, as well as global climate change [1]. Especially
maintaining a comfortable indoor climate, primarily through cooling, is essential to keep humans
comfortable and productive. Forecasts predict that by 2050, two out of three private households
could have air conditioning, with India, China, and Indonesia alone accounting for half of all
units [2]. The growing demand for cooling requires ever-increasing amounts of electricity, which
must be produced by carbon-neutral sources to protect the planet from further warming. With
energy demand for space cooling being one of the least considered, yet one of the largest energy
consumers today, there are warnings of an impending global "cold crunch" [2]. Air conditioning
already accounts for 20 % of total electricity consumption in buildings, with the potential to triple
if no countermeasures are taken [2]. In addition, the expected global electricity demand is rising,
especially due to electrification of building and industry, transportation, digitalization, and
population and prosperity growth. Due to the increasing electricity demand, a near-term

conversion of electricity production to climate-neutral technologies is not to be expected [3].

In addition to the production of climate-neutral electricity (by sun, wind, water, etc.), the
reduction of electricity consumption and sustainable utilization of industrial and transport heat
(waste heat usage, heat transformation, and storage) are the central tasks [4]. Concerning space
climatization, advantageous is the locally as well as temporally simultaneously occurring demand
for cooling energy and heat input by solar insolation. The regions which are exposed to large
solar heat input, have at the same time a large demand for cooling energy. Systems are needed
that take advantage of this, such as photovoltaic-powered compression chillers [1] or thermally-
driven sorption heat pumps [5]. Joemann compares the solar thermal and solar electrical cooling
systems [6]. Solar electrical cooling systems seem to be advantageous if it comes to system
efficiency, potential improvement of the efficiency, higher value of excess electricity compared to
solar heat excess, and lower investment costs. However, often, the local cooling demand requires
more than half of the peak electricity consumption [7] and to overcome this, decentral electricity
production with photovoltaic is required [1]. Alternatively, the heat supply can be utilized in solar

thermal cooling systems directly taking advantage of the low-quality heat instead of converting
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solar insolation to electricity with the help of photovoltaic systems. This technology is very
interesting to recover energy with great potential for saving energy [8]. Beyond that, a free choice
of heat sources can be applied in sorption heat pumps, such as industrial waste heat or gas

burners.

Thus, to reduce the electricity consumption by air conditioning, the usage of low-quality energy
sources with low temperatures such as thermal energy, geothermal energy, and waste heat is the
key [7]. These low-quality heat sources have significantly lower temperature potential below
100 °C than that achieved by burning fossil fuels and thus giving rise as a potential niche
technology and can directly be applied in thermally driven sorption chillers [4]. For that, either
adsorption or absorption heat pumps can be applied. In this thesis, the adsorption refrigeration

process is investigated, and optimization potentials are identified.

1.1 Adsorption Heat Pumps for cooling purposes

Solid sorption heat pumps are regenerative alternatives for meeting future cooling and heating
demands. Thermal energy is required to drive these machines, which can be provided by solar
heat or industrial waste heat, thus reducing primary energy consumption. Besides, the commonly

used adsorption pairs are environmentally friendly, reducing the direct greenhouse gas emissions
[4]-

In adsorption heat pumps, no mechanical or electrical energy is produced or used (only for
pumping the external heat transfer circuits). Instead of mechanical compression, thermal
compression is the key mechanism to overcome the pressure difference between evaporator and
condenser. This takes place in the adsorber where gas molecules are adsorbed on the pore walls
of a solid medium (adsorbent) under the release of adsorption heat (exothermic), at ambient
temperature level (mid), and evaporator pressure. Adsorption from the gas phase is accompanied
by a pressure decrease which drives the evaporation of refrigerant on the low-temperature level
in the evaporator. If cooling production is the purpose of the adsorption heat pump, evaporation
of refrigerant is the benefit of the process, which cools down an external heat transfer circuit.
After a certain time, the adsorbent is saturated where the adsorption rate becomes zero, and the
evaporation stops. Subsequently, heat at a high-temperature level is supplied in the (endothermic)
desorption step to regenerate the adsorbent. By providing the driving energy, the gas molecules
are released from the adsorbent at condenser pressure. Depending on the molecular binding-
forces between adsorbate and adsorbent, regeneration temperatures as low as 50-70 °C can be

used in adsorption heat pumps. Common adsorbent materials are zeolites [9], [10], silica gels
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[11]-[16], activated carbons [17]-[22], or metal-organic frameworks (MOFs) [23], [24]. As the

refrigerant, mostly water or alcohol (methanol or ethanol) are used.

Technical adsorption processes for energetic or separation purposes are operated cyclic with
alternating adsorption and desorption. To ensure quasi-continuous refrigeration, at least two
adsorbers are required, one of which is always in the adsorption phase and the other in the
desorption phase. In addition to the cooling production and regeneration phases, the process also
includes two shortsteps (pre-cooling and pre-heating), in which the adsorbers are not connected
to either the condenser or the evaporator. Schematically, the process set-up with two adsorber
beds is shown in Figure 1-1 on the left, with adsorber 2 connected to the condenser via valve V-b
being regenerated/ desorbed and adsotber 1 connected to the evaporator via valve V-c. In
addition, the thermodynamic changes of states are shown in a Clausius-Clapeyron diagram on the
right together with the supplied and removed heat flows at the corresponding temperature levels.
Initially, in the thermodynamic cycle, adsorber 1 is located at point 1 where the evaporation step
(cooling production) starts with minimally loaded adsorbent, and adsorber 2 is located at point 3

where the condensation step (adsorbent regeneration) starts with maximally loaded adsorbent.
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Figure 1-1: On the left: Adsorption chiller with 2 adsorbers, condenser, and evaporator. Heat fluxes
transferred via the external system boundaries as well as the corresponding external
temperature levels are shown. On the right: States and heat fluxes are shown in a Clausius-

Clapeyron diagram.
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The cycle starts at point 1 with the evaporation step and the cooling production as soon as the
valve V-c between evaporator and adsorber 1 opens. At this point, the adsorbent is already pre-
cooled and has the minimum loading X,;,. For a certain evaporation time (t,), the adsorber is
connected to the evaporator and further cooled, until the adsorption half cycle is terminated and
the minimal adsorber temperature T(Zlién and maximal loading X qx are reached at point 2. The
heat flux g g45 leaving adsorber 1 contains sensible heat and latent heat of adsorption. At point 2

valve V-c is closed and the desorption half cycle begins with the pre-heating step by supplying

the heat flux qpeqe In this pre-heating step, the sensible masses of the adsorber are heated up

along the isostere (constant loading) to Tjes'

des for a certain time of tpeqp The increase in

temperature is accompanied by a decrease in the adsorption potential inducing desorption of
refrigerant followed by an increase of the adsorber pressure. As soon as the condenser pressure
Dsat (T;) is reached at point 3, the check valve V-a to the condenser opens inducing the isobaric
condensation period with a duration t., which requires the supply of the heat flux qgeg
containing latent and sensible contributions. The desorption step is finished when point 4 is
reached and valve V-a is closed. At that point, the adsorption half cycle begins with the pre-
cooling step by removing the heat flux gy containing the sensible heat of the passive mass
(e.g., heat exchanger, inert additives). The pre-cooling takes place along the isostere with minimal

(Zli(;x is reached at point 1. Here, adsorber 1 reaches the

loading and for a duration of t;qq; until
initial state as shown in Figure 1-1 and the cycle is completed with a specified cycle time of
teye = teool T te + theat + e While evaporation and condensation can be specified by the
user, the duration of the pre-heating and pre-cooling period depend on the apparatus setup (e.g.,
gas volume in the adsorber), the mass of adsorbent in the system, the overall kinetics of the
system adsorbent — heat exchanger (AdHex) as well as the adjusted evaporation and
condensation times. Alternatively, the total adsorption and desorption durations can be user-
specified. In this work, the adsorption time t,q45 is defined as pre-cooling plus evaporation time

and the desorption time tges is the pre-heating plus the condensation time. The single process

steps and conditions of adsorbers and valves are summarized in Table 1-1.

In technical applications, the adsorbent is temperature-controlled utlizing a heat exchanger
(Hex). The interaction of the AdHex is crucial for the performance of adsorption heat pumps. In
the simulation studies conducted in this work, stainless steel flat tubes are regarded for the Hex
on which adsorbent composites are attached, which is schematically shown in Figure 1-2 on the
left. Additionally, the cross-section of a flat tube is shown on the right with adsorbent composites

as investigated in this work consisting of primary adsorbent particles.
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Table 1-1: Mode of operation and state of components. Regarding the valves, X means closed and O

means open.

adsorber 1 adsorber 2 V-a V-b V-c V-d
Switching | pre-cooling | pre-heating X X X X
Ads/ Des cooling heating X O O X
Switching | pre-heating | pre-cooling X X X X
Des/ Ads heating cooling O X X O

The process efficiency and power density of adsorption refrigerators are commonly evaluated

with the coefficient of performance (COP) and the (adsorbent mass) specific cooling power

(SCP) obtained in one cycle with cycle time ¢y,

tcyc .
dt
COP — f() qe (1_1)

teyey . . ’
fo Y (Gheat + Gaes)dt

teyc .
Jo 7 q.at

SCP = (1-2)

Meompleyc

COP and SCP exhibit a Pareto-optimal behaviour, representing the trade-off between efficiency

and power density. If the driving power is available at a low cost (e.g., solar insolation, industrial
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waste heat), SCP should be preferred as a cost function.

Figure 1-2: Stainless steel flat tube Hex covered with adsorbent composites on both sides.
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However, the COP should be maximized if the thermal process efficiency is the decisive
parameter. Due to the Pareto optimality, a combined measure of performance is preferable,
taking efficiency and power density into account. Concerning the efficiency of adsorption heat
pumps, due to the inevitable temperature swing between adsorption and desorption, a high ratio
of adsorbent to passive Hex mass is required which can be realized with thick layers of
adsorbent. This, however, is accompanied by increased transport paths for heat and mass
reducing process kinetics and thus is contradicting the power density. From these considerations,
it follows that the heat and mass transfer properties of the adsorbent must be improved without
reducing the adsorption capacity to any significant extent. However, these requirements for an
optimal adsorbent are contradictory, as the improvement of one parameter is always
accompanied by a reduction of another parameter. Therefore, the adsorbent composition,
structuring, and layer thickness need to be optimally tailored to the process interconnection,
process conditions, and the user specifications requiring a simultaneous investigation of material

and process.

A serious disadvantage of solid sorption heat pumps is their low thermal efficiency. Additionally,
the low specific power, which leads to large systems, and the comparatively high costs are
limiting factors for the further dissemination of this technology [25]. To improve COP and SCP
of solid sorption heat pumps, different approaches can be identified which are outlined in the

next section.

1.1.1 Potentials for intensification of solid sorption heat pumps

The adsorbent itself, the process interconnection, and heat recovery offer the greatest chances
for enhancing adsorption heat pumps. Although these approaches have been known for a long
time, they still represent the greatest potential for improvement [25]. The work carried out can be
roughly divided into the fields of material development (adsorbents) and process development
(optimum parameters, interconnections). The combination of these two efforts is a promising

approach for the targeted optimization of solid sorption heat pumps.

In adsorption heat pumps, a high adsorbent mass to passive mass ratio is targeted to reduce the
detrimental influence of the thermal swing and therefore to improve the thermal process
efficiency. Concerning the flat-tube Hex, this could be achieved with thick layers of adsorbent
composites. However, by increasing the layer thickness of composites, the heat and mass transfer
resistance increases which lead to low power densities. Therefore, the perfect adsorbent should
have a high adsorption capacity, high thermal conductivity as well as high mass transfer

capability, enabling thick layers of composites which leads to high thermal efficiencies without
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sacrificing power density [4], [20], [27]. However, in technical adsorbents, these requirements are

contradicting.

Due to the contradicting nature of the adsorbent characteristics, technical adsorbents are always a
compromise, and depending on the structural properties of the porous material, heat and mass
transport and capacity are strongly related. Therefore, in recent studies, considerable effort has
been devoted to improving the cooling power density by intensifying heat and mass transfer in
adsorbents as well as heat transfer resistance between adsorbent and Hex. This can be achieved
by using composites of binder, adsorbent, and additives [28], [29], consolidation of the adsorbent
[19], [30]-[32], in situ direct synthesis on the Hex, and binder-based coatings [33]. Furthermore,
thermal conductivity can be intensified, e.g., by using fin-type heat exchangers, thermally coupled
adsorbent beds, foamed adsorbent beds, consolidated adsorbents, and adsorbent coatings [33]. In
addition, heat additives can be used to improve the thermal conductivity of consolidated
adsorbents [31], [32], [34], [35]. Most recently, homogeneously structured adsorbents (consisting
of one material) gain interest, mainly for application in adsorption separation processes [36]—[39].
However, homogeneous structured adsorbents are limited in the free choice of adsorbent
materials. Thus, 3D-structured adsorbents (wherein the pure material properties of two or more
components are utilized) can overcome this drawback with an almost free choice in the

adsorbent material, conductivity structure, and mass transfer paths.

Besides adsorbent-related improvements, novel process interconnections and optimization of
process parameters are promising to intensify the performance. Due to the dynamic nature of the
sorption heat pumps, the cycle time is a decisive process parameter that needs to be optimized
depending on the user requirements. With long cycle times, the adsorbent approaches
equilibrium where it is maximally saturated with refrigerant molecules. In equilibrium, the thermal
efficiency reaches the maximal value. However, since the uptake kinetic is very slow close to the

equilibrium loading, the cooling power decreases with increasing cycle times.

In addition to process parameters, novel process designs are promising aiming to reduce the
energy demand and thus to improve the process efficiency. For that, heat and mass recovery can
be utilized [40], [41]. For utilizing internal heat recovery, at least two adsorbers or additional heat
storage are required. In addition to sensible heat, especially, internal heat regeneration of latent
heat of adsorption shows a large potential for improving adsorption heat pumps [42]. Thus,
novel designs need to be developed exploiting the full potential of heat recovery concerning
sensible as well as latent heat. Multi-bed setups are promising for increasing processes

performance by utilizing internal heat regeneration [43]—[45].
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1.2 Aim and outline of this work

Over the last decades, numerous studies have focused on the improvement of adsorption cooling
machines. However, poor system performance, low efficiency, and comparably high costs are still
limiting commercial dissemination [25], [46]. Mostly, the research either focuses on improving the
adsorbent material properties, the process parameters, or the process interconnection. By
examining material and process separately, identification of an overall optimum is impossible. So
far, only a few studies have simultaneously analysed material and process properties, trying to
identify optimal structural material properties together with optimal operational parameters and
process interconnections to intensify energy efficiency. Therefore, the approach followed in this
work is a combined material and process optimization dedicated to the intensification of the

thermal efficiency of adsorption refrigerators without sacrificing specific cooling power.

On the material side, for the two-bed process shown in Figure 1-1, the main aim is to achieve the
thickest possible composite layers, which is to be achieved by intensifying the heat and mass
transfer properties. One approach is an experimental variation of the statistical composite
composition (adsorbent, binder, thermal conducting additives) and determination of
composition-property correlations. Based on the experimental observations, effective material
models are developed. These statistical composites are compared to novel-developed 3D-
structured adsorbent composites. The effective material models are the basis for distributed
process simulations. In the process simulations, a combined material and process optimization
for the classic two-bed process is carried out by varying the material (composition, layer
thickness) and process parameters (cycle time). Here, the aim is to identify sets of parameters that
optimize the thermal process efficiency regarding prescribed power densities. Additionally, the
great potential of 3D-structuring of adsorbent composites is investigated in simulations of the
two-bed process. Finally, the internal heat recovery potential is exploited with multi-bed
interconnections revealing the high potential of heat regeneration for improving solid sorption

heat pumps.

After a literature review of the fundamentals concerning adsorption as well as heat and mass
transport in porous media at the beginning of chapter 2, effective material models are developed.
In chapter 3, the process models are developed which are parameterized with experiments
outlined in chapter 4. Subsequently, the simulations dedicated to the combined optimization of
process and material parameters are outlined for the classical two-bed process in chapter 5.
Material design is investigated in chapter 6 in experimental and simulation studies. The potential
of internal heat recovery is investigated with a novel multi-bed process setup in chapter 7 and

chapter 8 summarizes and concludes this thesis.
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2. Literature review

Adsorption describes the adhesion of molecules from a fluid phase to a solid surface due to a
reduction in the potential energy of the molecule by the existence of a force field at the solid
surface [47]. The reverse process is termed desorption. If the adherence takes place by Van der
Waals forces, the process is termed physisorption which is reversible, and often multiple layers of
molecules are adsorbed. Chemisorption is limited to monolayer coverage, and the forces involved
are much stronger than in physisorption. The solid surface is the adsorbent, the fluid phase to be
adsorbed is the (ad)sorptive, and the adsorbed phase is termed adsorbate. The ability of technical
adsorbents to adsorb molecules to a high amount is based on a large internal surface area due to
internal pores. According to the definitions introduced by the International Union of Pure and
Applied Chemistry JUPAC) [48], the pores can be classified into micro-, meso- and macropores
as listed in Table 2-1.

Table 2-1: Pore classification based on the IUPAC recommendations [48].

Micropores: | Pore width < 2 nm

Mesopores: | 2 nm < Pore width < 50 nm

Macropores: | Pore width > 50 nm

The accessible volume in micropores can be regarded as adsorption space, and, thus, the
underlying process is termed micropore (volume) filling compared to surface coverage taking
place on the walls of the macro- and mesopores. In microporous solids, the adsorption capacity
corresponds to the micropore volume being much larger than the monolayer coverage [47].
During volume or micropore filling, due to the narrow sizes of the micropores, the surface
adsorption transitions to volume adsorption due to the overlapping force fields of opposing pore
walls. Concerning porous media, defined terminologies are necessary to avoid ambiguity,
especially regarding porosities, pores, density, etc. The terminology used in this thesis is taken
from the standard literature concerning adsorption [49]. Further informative sources are [50]—

[52].

The following section provides a literature review of the relevant physical phenomena for this
work concerning adsorption thermodynamic, mass transport as well as heat transport in porous

media, and effective parameter models describing adsorbent composites.
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2.1 Thermodynamics of Adsorption

2.1.1 Adsorption equilibrium

In the (dynamic) adsorption equilibrium between adsorptive (V) and adsorbed phase (ad), the
average molecular flows of the adsorption and desorption process are equal. This state depends
on three variables: the partial pressure of the adsorptive in the gas phase, the temperature, and

the adsorbed volume (loading of the adsorbent (s)). The loading is defined as the mass ratio of

adsotbate to adsorbentin gad/gs

Mmad
x=2 @
orin terms of moles per adsorbent mass in mol®® /kg®
Nad
=N 2-2)

With temperature, pressure and loading, the equilibrium of adsorption can be described in three
ways:
e Adsorption isotherms: constant temperature T (p, X)

e Adsorption isobars: constant pressure p (T, X)

e Adsorpton isosteres: constantloading X (T, p)

In equilibrium thermodynamics of pure component adsorption, the adsorbent surface A% is
regarded as an inert component assumed to be independent of temperature and pressure. The
adsorbate is represented as a separate and single-component phase that is in thermodynamic
equilibrium with the adsorptive. According to the condition introduced by Josiah Willard Gibbs
(1839 - 1903), the free enthalpy (G) of the total system (here adsorbate + adsorptive phase) must
be minimal in equilibrium. Further details of the fundamental thermodynamic relationship
between pressure, temperature, and loading can be reviewed in the literature, e.g., in the works of
Ruthven [47], [53], Kast [54], Do [55], Rouquerol [49], and [56]. Following, the relevant theory
used in this thesis is briefly outlined.

The enthalpy difference of adsorbate and adsorptive is known as the heat of adsorption [53]
which is additively composed of the enthalpy of binding (4pingh) and the enthalpy of

condensation (—4gyaph)

Aadsh = h? — hY = (had - hl) - (hv - hl) = Abindh - Aevaph- (2‘3)
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Here, the index [ denotes a fictitious liquid phase that is in thermodynamic equilibrium with the
adsorptive phase. Since this fictiious liquid phase is not affected by the force field of the
adsorbent, the enthalpy (h) is greater than the adsorbate enthalpy (h%%). The binding enthalpy
(Apinah) denotes the enthalpy released during the transition from the liquid to the adsorbed state
and thus has a negative sign. Since the molecules in the adsorbed state are at a lower energy level

than in the gas phase, adsorption is exothermic, and desorption is an endothermic process.

The Clausius-Clapeyron equation for the adsorption equilibrium at constantloading is given by

<azn(pv(T,x))> __ Deash(TX) (0-4)
X

a(—1/T) R

With the assumption of a temperature-independent heat of adsorption, integrating equation (2-4)
with temperature yields a straight-line equation which states that the isosteres in a Clausius-

Clapeyron diagram (In(p¥) over —1/T) are straight lines (see Figure 1-1 on the right)

Aadsh(X)

RT &)

In (p¥) = konst +

The advantage of this graph is that the adsorption enthalpy can be directly determined from the
straight-line slope of the respective isostere. Compared to the corresponding vapor pressure
curve, the isosteres are steeper because the adsorption enthalpy is greater than the evaporation
enthalpy. Another statement can be made about the position of the isosteres. Due to the vapor
pressure reduction in the presence of an adsorbent and the resulting lower pressure level than in

the imaginary liquid phase, the isosteres are below the vapor pressure curve [56].

The heat of adsorption is a function of the degree of coverage, which is determined by the strong
loading dependence of the binding enthalpy. Ruthven [53] gives values of Aggsh = 1.5 —
2A¢paph for a first estimation. While the maximum heat of adsorption is released during the
adsorption of the firstlayers of molecules, adsorption gradually turns into condensation at higher
loadings. This provides the basis for the BET theory, which describes multilayer adsorption.
Another basic adsorption isotherm is the Langmuir isotherm, which represents the important
monomolecular surface coverage. A variety of other statistical, empirical, or physically motivated
models are available to describe the thermodynamics of adsorption equilibrium, which will not be
discussed in further detail. The adsorption isotherm used in this work was developed by Dubinin

based on Polanyi's potential theory, which is presented in the subsequent section.
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2.1.2 Adsorption isotherm models

Physisorption isotherm data can classically be assigned to one of the five isotherm types (or an

extension of these) shown in Figure 2-1, which are reproduced from [57].

Thommes et al. give a broad explanation of the individual isotherm types. In this work, mainly
Type I and Type II isotherms are of interest. Type I(a) isotherms are mainly observed in strictly
microporous materials with narrow pore size distribution and Type I(b) isotherms are possible
when additionally small mesopores are present. If macropores are also present in the porous
media, Type II isotherms can be observed. A sharp change in incline at point B marks the
transition from monolayer to multilayer adsorption, whereas an indistinct point B indicates an
overlap of monolayer and multilayer adsorption. In all isotherm types, the curves show linear

course in the limit of zero loadings at very low relative pressures, which is described by the Henry

isotherm.
I(a) I(b) 11 I11
B
o ~
0
; ey
e
= IV(a) IV(b) \ VI
g |
g
[

relative pressure

Figure 2-1: Five classic adsorption isotherm types originally presented by Brunauer et al. [58]. An

extension of these was given by Thommes et al. [57].

Henry’s Law

For physisorption of molecules at very low pressure (no competition for free adsorption sites) on
a uniform surface, the surface coverage is sufficiently low that the adsorbed molecules do not
interact. This is described by the Henry law which is a simple linear relationship between

adsorptive pressure and adsorbentloading [53]

q=K'p. (2-6)
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Therefore, the slope of the isotherm is given by the thermodynamic equilibrium constant for
adsorption K’ (Henry constant) [59]

y%(aq/ op)r =K' 2-7)

The temperature dependence of K’ follows a van’t Hoff expression

dinK'  Aggsh
dT ~ RT?’

(2-8)

with the difference in enthalpy Aggsh between adsorbate and adsorptive. Integration (and
neglecting differences in the heat capacities of the phases [59]) yields

K' = Kéoe_Aadsh/(RT)_ (2-9)

Due to the exothermic nature of adsorption, K’ decreases with temperature. At higher pressures
and loadings, interaction of adsorbate molecules occurs, and the equilibrium behaviour deviates

from the ideal linear behavioutr.

Langmuir isotherm

Langmuir developed his model to describe monolayer adsorption phenomena on a plane,
homogeneous surface which was dedicated to describing the adsorption on non-porous surfaces
[60]. The main assumptions are: The surface consists of well-defined adsorption sites which can
each hold one adsorbed molecule and which are all energetically equivalent; the adsorbed

molecules do not interact [61]. The adsorption and desorption rates are given by [53]

Nads.: kadsp(l - @)' (2_10)

Nges = kges0,
with the fractional sutrface coverage @ = q/qsqt being the ratio of equilibtium to saturaton
loading [61]. In the dynamic adsorption equilibrium, the equivalence of adsorption and

desorption rates follows to

kads — ¢
Kpos! 1-0

@-11)

With the adsorption equilibrium constant b = kgqg/Kges, the Langmuir adsorption isotherm is

given

0 = 1 = bp . (2-12)
Gsat 1+ bp
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Qsat and b are the model parameters of the Langmuir isotherm. The saturation capacity
represents a fixed number of adsorption sites and is therefore independent of temperature. The

equilibrium constant, however, follows a van’t Hoff equation [53]

b = bye~Badsh/(RT), (2-13)

In the limit of low pressure, the Langmuir isotherm approaches Henty’s law with K' = qgq¢b. In
the Langmuir model, it is assumed, that the horizontal plateau of Type I isotherms is present due
to completed monolayer coverage. However, today it is clear, that the plateau represents the
completion of pore filling of micropores instead of monolayer coverage [48] and thus,

Langmuit’s equations are not applicable on highly microporous adsorbents [62].

Brunauer-Emmet-Teller (BET) method

To describe multilayer adsorption, Brunauer, Emmet, and Teller introduced their BET-isotherm
in [63] which is still widely used even though critics raised about the non-physical basis of this
isotherm. The BET theory was developed in the 1930s and represents an extension of the
Langmuir isotherm to multilayer adsorption [63]. Originally, it was used to describe Type II and
IV isotherms, which results in linear BET plots in the suggested range of ¢ = p/pgq¢ = 0.05 —
0.3 [64]. In a conclusion, the transition from monolayer to multilayer adsorption was localized at
the beginning of the middle, linear part of the isotherm (referred to as Point B), where the uptake
was in good agreement with the BET monolayer capacity (NA in mol) [62]. N&% is the amount
needed to cover the adsorbent surface with a monolayer of adsorbate molecules and thus it can
be used to identify the specific surface area of a porous material, which is a key parameter to
characterize porous materials [53]. The BET method is still standard for the characterization of
porous materials based on physisorption measurements [57] and applied in this work in section
4.2. However, especially for microporous adsorbents, its application is questionable since the
adsorption mechanism is rather pore-volume filling than multilayer surface adsorption. Then, the
surface obtained with the BET method rather represents an apparent or equivalent BET surface
area [65]. Sing identifies the difficulties and uncertainties in applying the BET method as follows:
Validity of monolayer capacity, heterogeneity of monolayer surface, and failure of assumptions
when micropore filling occurs [62]. Despite its limitations, the BET method is widely used and
accepted in the characterization of microporous adsorbents (e.g., surface area, micropore volume)
[20], [57], when its applicability is checked for. A critical review of the applicability of the BET
method on microporous adsorbents and its underlying assumptions is given by Rouquerol et al.

[66]. The following assumptions were made in the development of the BET theory [63]:

e Adsorption on an energetically uniform surface of all molecules in the monolayer.
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e No steric limitation for the thickness of the adsorption layer.
e Oneadsorbed molecule provides one adsorption site for a molecule in the next layer.

e Adsorption energy is released when molecules are adsorbed in the first layer whereas

liquefaction energy is released when molecules are adsorbed in the upper layers.
e The interaction of molecules in the same layer is negligible.

e The growth of the upper layer begins before the completion of the first layer.

The BET-isotherm in terms of the equivalent adsorbed gas volume V744 is given by [53]

v,ad
V _ 4 _ bp/Psat (2-14)

va,ad dm (1= p/Psat) (A = p/Psat + b0/ Psar)’

with the equilibrium and saturation pressures p and Pgq¢, tespectively, b the BET parameter
which is in equivalence to the Langmuir parameter b and ypad the adsorbed monolayer gas

quantity in terms of volume units. The BET parameter b contains information on the shape of

the isotherm in the BET range [57]. Most often, the BET isotherm is related to the mass of

v,ad

adsorbent using the specific adsorbed gas volume v yielding the specific adsorbed monolayer

gas quantity vY% in unit volume per mass. The BET-isotherm can be written in a linear form

which gives ‘the BET plot’

p/psat — 1 +b_1p/p
vv,ad(l _p/psat) Uyl;iadb Uriil’adb sat

(2-15)

v,ad

In this form, the two parameters b and v~ can be obtained from a linear fit, when using

relative pressures and adsorbed gas volumes from physisorption experiments. This method is
limited to the linear patt of the BET plot, which is often in the range of p/psqe~0.05 — 0.3 (for
Type II and Type IVa isotherms [57]).

From the specific adsorbed monolayer capacity v the specific monolayer surface area (a° in
m?2g~1) can be calculated, when the molecular cross-sectional area occupied by one adsorbate

molecule (0, in M?2) is known and identical for all adsorbed molecules. Further assumptions are

[66]:

e The adsorbed molecules are arranged hexagonal close-packed.

® 0, can be obtained from the adsorptive density in the bulk liquid state.

Then, with the Avogadro number N4 (in mol™1) or the Loschmidt constant N; (in m~3), the

specific surface area is given by
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v,ad
U Npop
@t =————= V2N, 6. (2-16)
0

which is an important material parameter in the characterization of porous media. With the mole
volume of an ideal gas at norm conditions vy = 0.02241 m3mol~1. Often, the amount
adsorbed to cover the adsorbent with a monolayer of molecules is given in terms of the specific

monolayer capacity (N3¢ in molg™1)

vv,ad
pad — “m 2-17)
m .
Vo

This procedure is commonly applied to evaluate nitrogen physisorption experiments, with
OmnN, = 0.162nm?. It is suited for Type Il and IV isotherms even though great caution is
needed in the presence of micropores since a distinction of monolayer-multilayer adsorption and
micropore volume filling is not possible [57]. Then, the obtained surface area should rather be

termed equivalent or apparent BET area [65].

The following recommendations should be considered when applying the BET method on
microporous adsorbents, even though they do not necessarily confirm the validity, but still

provide reproducible, meaningful, and useful information [57], [66]:

e 'The BET parameter b should be positive, otherwise, it would be meaningless.
e Selection of appropriate pressure range: The BET method should be used exclusively in
the range where the term V744 (1 — p /psqs) is monotonically increasing with p/Psqas.

e The relative pressure p /Dgqt m associated with Vrz’ad should bein the selected BET range

(the linear range).

Due to the microporous nature of the carbon active materials used in this work, these
recommendations are checked for in section 4.2 before applying the BET method on N,

physisorption experiments.

Polanyi followed another path in his potential theory and introduced the idea of volume filling
which is more intuitive than multilayer-surface adsorption concerning micropores with sizes in
the range of a few molecule diameters. Based on these ideas, Dubinin and co-workers developed
the Dubinin-based adsorption isotherms, which are widely used in characterizing carbon-based

adsorbents with predominantly micropores.

Potential theory of Polanyi and Dubinin
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Adsorption isotherms considering adsorption as surface layering such as the Langmuir equation
or its extensions, consider the adsorbent as inert and its chemical potential as independent of
loading. Especially for substances with a high boiling temperature, where the intermolecular
forces are in the range of the adsorption forces or when energetically heterogeneous,
microporous adsorbents (e.g., activated carbon) are considered, this simplification is no longer
valid. Therefore, for microporous adsorbents, where adsorption is rather volume filling than
surface adsorption, the adsorbent chemical potential depends on loading, which is considered in

Dubinin’s isothermal theory [55].

The origins of Dubinin's isothermal theory are based on Polanyi's potential theory [67]. The
characteristic variable for adsorption is not the adsorbent inner surface area, but the pore volume
available for adsorption. This consideration is particularly useful for very small pores, where it
can no longer be assumed that the adsorbent is loaded layer by layer on a surface, and therefore
the term micropore volume filling has been introduced [55]. In such pores, the adsorptive
molecules are exposed to the superimposed force fields of the adsorbent and thus the forces
involved are greater than in the case of surface adsorption. Furthermore, it is assumed that the
adsorbate behaves like a liquid. Due to the influence of the adsorbent, the properties of the liquid
adsorbate differ from the properties of a theoretical bulk liquid, which is not exposed to the force
field of the adsorbent.

Dubinin took a macroscopic approach to illustrate the thermodynamic relationships and defined
the adsorption potential A [68]. A describes the potential difference of the free energy between a
theoretical bulk liquid and the adsorbate phase. The reference point of the bulk liquid is a liquid
that is in equilibrium with the adsorptive phase at the saturation vapor pressure Pgq¢ and has the

same temperature as the adsorbate

A= —Apina9g(T,p,X) = p (T, psar) — u**(T,p, X) = —RTIn (p;‘“). (2-18)

The adsorption potential can be interpreted as the isothermal compression work of an ideal
adsorbate, which is released during the transition from the saturated vapor pressure Psq¢(T) of

the bulk liquid to the equilibrium pressure p at a given loading and temperature.

The second central quantity in Dubinin's theory is the specific pore volume w in cm3/g$
describing a volumetric loading
yad X

w = 72 m. (2'19)
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Here, V4 is the adsorbate volume and M the reference mass which can eg. be the active
adsorbent mass or the composite mass. The density of the adsorbate phase Qad(T) can be
approximated in the subcritical range with the liquid density [53]. The maximum specific pore
volume wy = Voad/M is assumed to be independent of temperature and is an important

parameter in the Dubinin formalism. The maximum loading, however, depends on temperature

and can be obtained from the maximum specific pore volume and the adsorbate density

Xo(T) = woe**(T). (2-20)

The adsorption equilibrium is thus given by the interaction of the three quantities w, 4, and T.

A central assumption in Dubinin’s theory is the temperature invariance of the specific pore
volume at constant adsorption potential. Thus, it is assumed that the filled pore volume does not

explicitly change with temperature

(Z—‘;')A =0. 2-21)

This assumption is justified with experimental observations, which could be confirmed for alarge
number of substance pairs (among others [69], [70]), although thermodynamic consistencyis not
fully present [71]. Ruthven explains why the experimental data can nevertheless be represented
very well with the help of a characteristic curve [53] for non-polar systems with the fact that the
adsorption energy is applied solely by temperature-independent Van der Waals forces.
Furthermore, the entropy fraction of the adsorption potential is negligible. Consequently, there is
only an implicit temperature dependence of the pore volume w via the adsorption potential
A(T), and the adsorption equilibrium is reduced to a two-dimensional dependence of w and A.
This relationship is called the characteristic curve and contains the essential thermodynamic
information of the adsorptive — adsorbent pair. For activated carbon adsorbents, the
characterization of the adsorption equilibrium by the Dubinin method works well. The equation

of the characteristic curve is given as follows [68]

A 2

W = Woexp l— (—) l (2-22)
BEo

This is the commonly known Dubinin-Radushkevich equation. Ey has the unit of specific energy

and is termed the characteristic adsorption energy. This value depends solely on the properties of

the adsorbent and should not be interpreted as the interaction energy between adsorbate and

adsotrbent. f = E/E represents an adsorptive-specific constant value, which Dubinin describes

as an affinity coefficient [72]. Since Dubinin performed his experiments on the substance pair
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activated carbon - benzene, he chose benzene as the reference gas with 8 (CgHg) = 1. For other

gases, [ deviates from 1.

A generalization of the Dubinin-Radushkevich approach is the Dubinin-Astakhov approach, in

which the quadratic exponentis replaced by an arbitrary exponent n [72]

A\
W = wgexp l— <E) l (2-23)
n take values between 1.5 and 3 for activated carbon and gives information about the
homogeneity of the adsorbent. The higher the value of n to characterize the experimental data of
an adsorbent, the greater its homogeneity. Replacing the adsorbed pore volume with the loading

according to equation (2-19) and the adsorption potential with equation (2-18), the adsorption

isotherm can be formulated in a loading-specific manner

n
RTln (psat)
X(p,T) = woe®®(Texp |- Tp : (2-24)

This equation represents the adsorption isotherm used in the present work for describing

methanol uptake on carbon active adsorbents.

In the Dubinin formalism, the heat of adsorption follows with the adsorption potential

(equations (2-3)and (2-18)) [71]

Agash = Apingh — Aevaph = Apinag + TApinas — Aevaph

——A+T6—A —A,.. h=—-A+Ta 04 — A, h (2-2)
- Ty, —ever™ dln(w)l, v

with the thermal expansion coefficient of the adsorbate

ad
g 00 (2-26)

Qad oT
The thermal expansion coefficient is small and often neglectable and thus saturation capacity is
constant and not affected by temperature [73]. This is the case if the adsorbate density is
approximated with the fluid density [74]. If the thermal expansion of the adsorbate is neglected,

the heat of adsorption follows to

Agash = —A — Aepaph, (2-27)

which is the formulation used in this work.
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Due to its non-physical asymptotic behaviour and inherent weakness in describing adsorption
data in the Henry law region in the limit of low relative pressures, the Dubinin-based adsorption
isotherms are of limited value for the application in fundamental studies [47]. However, despite
the lack of theoretical validity, the Dubinin-based isotherms are useful semi-empirical correlations
of adsorption equilibrium and represent adsorption equilibrium data of alcohols on activated

carbons well [69].

2.2 Mass transport in porous media

To model mass transportin packed beds of porous adsorbents viscous and diffusive fluxes need
to be considered, depending on the underlying transport regime. The mass transport in the pore
system can be divided into different processes, some of which occur in succession and some in

parallel [75]:

e Viscous flow (adsorptive phase)

e Khnudsen diffusion (adsorptive phase)

e Continuum and free-molecular pore diffusion (adsorptive and adsorbate phase)

e Surface diffusion in the adsorbed monolayer (adsorbate phase)

e Hydrodynamic flow in the adsorbate layers above mono-layer coverage (adsorbate phase)

e Capillary condensate flow

Surface diffusion, hydrodynamic flow, and capillary condensate flow are present in the adsorbate
and condensate phase predominantly in the micropores of the adsorbent, and the greater the
loading, the greater their contribution to the total transport. However, since adsorption
predominantly takes place in the micropores of the primary particles, a contribution to the total
flux in consolidated adsorbents or packed adsorbent beds by adsorbate or condensate transport
would require mass transport between adjacent particles. Therefore, in highly dynamic, technical
gas-phase adsorption processes, the transport processes in the adsorbate and condensate phases
are often neglected [76]. Furthermore, in pure-substance systems, no free diffusion occurs and

thus, the total mass transfer occurs in the adsorptive phase.

To model mass transport in the adsorptive phase, the Dusty gas model (DGM) can be used,
containing viscous flow, the Knudsen diffusion, and free pore diffusion [77]. The different
transport phenomena are treated individually and summarized to an effective transport parameter
which can be used to model the spatially distributed mass transportin porous media (at least one-
dimensional). Mason et al. [77] interpreted the combined modes of transport with an electrical

analogy, which should just be a “mnemonic device” for interpreting the combined fluxes in the
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DGM. Diffusive fluxes combine in series to an effective diffusion flux, in analogy to resistors.
The total diffusive flux then combines in parallel with other fluxes (viscous flux, surface flux), in

analogy to electrical current as shown in Figure 2-2.
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Figure 2-2: Macroporous adsorbent bed with interparticle voids and microporous primary particles as
well as electrical analogue resistant circuit combining different mass transport phenomena.
Adsorptive molecules are transported by a combination of viscous flux (1) and diffusive flux
(2, continuum, free-molecule, and Knudsen) in the voids and by diffusive as well as surface
flux (3) in the primary particles. The diffusive fluxes add up in series to the total diffusive flux

which itself adds up in parallel with viscous and surface flux.

In contrast to spatially resolved models, in a lumped parameter approach the entire transport
resistance is transferred to a fictiious boundary layer, which is assigned a fictitious resistance
parameter. In such models, the entire mass transport resistance of a porous medium is described
using effective driving force approaches where the overall coefficient for the transport resistance
scales with the driving force. Most often, the loading or concentration difference between
equilibrium and actual conditions is used as the driving force. The model parameters are obtained
by fitting the simulations to experimental data or by using a model approach, eg., an LDF

approach (Linear Driving Force).

In this work, a spatially distributed and lumped parameter approach are combined to model the
mass transport in consolidated adsorbent composites as shown in Figure 2-3. In detail, the
transport of adsorptive molecules in the interparticle voids is spatially resolved and takes place by
a superposition of viscous flow and Knudsen-diffusion. The overall intraparticle transport
resistance in the micropores of the primary adsorbent particles is transferred in the particle’s

boundary layer using the LDF approach. Thus, the intraparticle transportis notresolved spatially.
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Figure 2-3: Modelling approach for mass transfer in the consolidated adsorbent composites.
Transport in the interparticle voids is spatially resolved and modelled with the Dusty-Gas-

Model. The transport resistance in the intraparticle adsorbent pores is summarized in the

LDF approach.

The total flux of a component j in molj/m?/s is given by a supetimposition of the individual

transport phenomena

. — . . . D . S
ny ny; + n + i : 2-28)

visco;:‘} flow dif fusiv:?ransport surf ace:vc_{i ffusion
Due to the bimodal pore size distribution of the investigated consolidated composites (macro-
and micropores), different transport phenomena need to be considered. Viscous flow and
Knudsen diffusion contribute to the interparticle void transport

A = ny; + 1M, (2-29)

and in the micropores of the adsorbent particles, the pore width is narrow, so that transport is
either dominated by adsorptive molecule — pore wall interactions or by transport in the adsorbed

phase, which is summarized in the LDF approach

e e I T (2-30)

Subsequently, the different transport phenomena are briefly introduced and discussed,

concerning transportin porous media.

2.2.1 Continuum, viscous flow in porous media

Viscous flow occurs in the continuum regime where the molecule-molecule interactions

predominate and thus the flow is driven by a pressure gradient [77]. In pressure-driven, laminar

flow of a fluid in a pore or a porous media, the pressure drop due to fluid friction with the
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surrounding solid matrix is predominant and dominates all other forces in the Navier-Stokes
equations. This flow can be described with Darcy’s law, which was empirically motivated and
originally published in 1856 [78]. Even though Darcy originally studied the flow of water in a bed
of sand, it is equally valid for gas flows. Formally, it can be derived by volume averaging of the
Navier-Stokes equation [79], [80]. Neglecting gravity, the viscous flux of the gas phase in a
porous media driven by the pressure gradient Vp9 can be described according to Darcy’s law

[81], [82]

) = ———Vp9I 2-31
n n RT pY, (2-31)

where N(T) is the dynamic viscosity. The structural parameter By is termed permeability. For

laminar flow through a circular capillary with a diameter d,, the permeability is [83]

_ %

_Ir (2-32)
32’

B

known as Hagen-Poiseuille law. (Remark: The gradient V in equation (2-31) is related to the inner
dimension of the transport pores which are not straight but rather tortuous. To relate it to the
outer dimension of the consolidated adsorbent composite, it needs to be scaled with the

tortuosity-factor; see equation (A-30)).

2.2.2 Knudsen flow in porous media

Knudsen diffusion occurs in the transition flow regime when the mean free path 7\]- of 2 molecule

is significantly larger than the width of the corresponding transport pore dy,, which is quantified

by the Knudsen number

Kn = 2;/d, >> 1. (2-33)

The mean free path is the average distance a molecule travels between two impacts and can be

calculated from the kinetic theory of gases

L _MwN, M
7 \R2mo2p 2mo?p

with 0 the collision diameter, MW the molecular mass, Ny the Avogadro number, @ the mass

(2-34)

density, and M the mass of the molecule [84], [85]. The Knudsen number is generally used to

categorize the flow regime as shown in Table 2-2.
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Table 2-2: Regimes of gas flow in porous media categorized with the Knudsen number [85].

Continuum regime 0 <Kn< 1072
Slip flow 1072 < Kn< 1071

Transition regime 1071 < Kn< 10

Free-molecule flow 10 <Kn< o)

Mason et al. [77] provided a fundamental work concerning flow regimes in porous media. The

following abstract is reproduced from their publication.

Knudsen diffusion occurs when molecules move entirely independently of each other. This has

intensively been studied by Knudsen considering a very thin plate with a small hole. The number
of molecules passing through the hole in one second in [molecules/cm? /s] can be described

as follows

nk" = wnyv, (2-35)
with the gas number density ny in molecules/cm3, and w a dimensionless probability factor.

For an infinitesimal thin plate with a very small hole, w = 1/4. For a long straight circular tube

of radius r and length L, w gets (2/3)(r/L). v is the mean molecular velocity

1/2

T
5= (sa=T )" 23
v ( BIMW

with kg the Boltzmann constantand T the absolute temperature. If gas is presentat both sides of
the hole, the flux of molecules is proportional to the gradient of the gas number density Vny

between both sides and the Knudsen-diffusion coefficient DK™ in cm? /s

nkn = —pknpn,, 2-37)

By comparing equations (2-37) and (2-35), the proportionality of DK™ to ¥ becomes apparent.
This proportionality can be made explicit for a long, straight, cylindrical pore of radius 7 and with

equation (2-306), the Knudsen-diffusion coefficient follows

4r_  4r T \"?
DKn:___:__<8k ) _ (2-38)
327 7 32\" Bamw
With the Avogadro-constant Ny, the gas number density in equation (2-37) can be expressed as

mole density or concentration in mol/cm3
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Ny

=— 2-39
= 2-39)

In terms of molj/cm? /s, the Knudsen-diffusion flux of a molecule species j can be expressed

with the concentration

s Kn __ K
akn = —pknpc; (2-40)

and the Knudsen-diffusion coefficient with the universal gas-constant R = Nykp

1/2
d T
pkn — Pl gp _ 2-41

J 3 ( nMWj> @4

It is noteworthy, that the Knudsen-diffusion coefficient proportionally scales with T1/2, which
can be used to verify gas flow measurements of a single component gas through a porous
medium. In addition, Graham’s law [86]—[88] can be derived when assuming isothermal, isobaric
conditions on both sides of the hole with two different gases with different molecular masses.

Then, equations (2-41) and (2-40) result in the correlations

afn  pfn (sz)l/z

— = = 2-42
nXn — pkn o \mw, 42

)

which can also be used to compare Knudsen-diffusion coefficients obtained with gas flow

measurements of single-component gases through the same porous medium.

2.2.3 Surface diffusion

The transport of molecules in the monolayer of the adsorbed phase is called surface diffusion
and combines additively with the viscous flow and gas-phase diffusion. It mainly occurs in the
micropores of adsorbent particles, where all molecules are exposed to the force field of the
adsorbent, and it is negligible in macropores. The surface diffusion flux of a single species can be

formulated in form of a Fickian equation [77], [83], [89]

nS = —DSV ¢4, (2-43)

with 18 the surface flux in mol per cross-sectional area adsorbate, DS the surface diffusion

ad DS

coefficient in m?2 /s related to the concentration of the adsorbed species ¢ is often termed

corrected diffusivity, composed of surface diffusivity at zero coverage Dg multiplied with a
thermodynamic correction factor (Darken factor) containing the intraparticle adsorptive

concentration ¢? and adsorbate concentration ¢4 in mol/m3 [90], [91]
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Cad/cv

@T?)T ' (2-44)

N ———
Darken—f actor

DS = Dg

The Darken expression describes the dependence of adsorbed amount on the surface diffusivity
and states, that the surface diffusivity at any loading is equal to the value at zero loading Dg
multiplied by a thermodynamic factor [55]. Application of the corrected diffusivity requires
knowledge of the adsorption isotherm. Mostly, the Darken-factor is given in terms of the

derivative of the logarithms [75], [89], [91]

dlnc? dc? ad
(e, = Geaa). o 45
dlnc%/ 0ct)r cv

For almost all isotherms (except Henry isotherm), the thermodynamic factor increases with
loading, and thus D increases with loading (if Dg is constant). This model is widely used, even
though it overestimates the surface flux and underestimates the gas flux due to a neglection of the

path: desorption — gas diffusion — adsorption [92].

2.2.4 Linear-driving force approach

The linear driving force (LDF) model introduced by Glueckauf in 1955 [93] is a frequently used
approach to model the effective mass transportin porous media. The overall transport resistance
is transferred into a theoretical boundary layer with an effective transport coefficient kjpr [94],
which results in a significant reduction in simulation time due to dimensional reduction of the
transport equation [95]. For the driving force often the difference between averaged loading and
the equilibrium loading at bulk conditions is used. Even though strong simplifications are made
in the derivation, the LDF approach is well suited to describe the kinetics in adsorption processes

[96]. Formally, it can be derived from the mole balance of the pores (in mol/m3) of a spherical
adsorbent particle with radius Rpg, with the intraparticle adsorptive concentration ¢¥ and

adsorbate concentration ¢4 [97], [98]

(c? + c9)

2-46
o (2-406)

7oam =

A detailed derivation of the LDF approach and the application on the DA-adsorption isotherm is
outlined in Appendix A.1.
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In the classic LDF approach for a spherical particle with a parabolic loading profile presented by
Glueckauf, the loading difference between equilibrium loading at bulk conditions and average

loading in the adsorbentis used as driving force

0X _15peffmi

== (xea(obuik,T) - X), @-4)
ot RZ.4r
with the LDF-factor
15peffimi
kiaf = —p5— (2-48)
par

The effective micropore diffusion coefficient Def/™ is a superposition of adsorptive and
adsorbate diffusivity and depends on the spatial loading distribution in the adsorbent particles.
However, since the determination of micropore diffusion coefficients is not the aim of this work,
for simplification the intraparticle transportis supposed to be of a solely gaseous diffusive nature.
For a single-component gas, the transport in the adsorptive phase can thus be formulated with

the Knudsen-diffusion coefficient

peffmi » pv = pknmi (2-49)

with the Knudsen diffusion coefficient defined in equation (2-41).

2.2.5 Generalized Maxwell-Stefan Diffusion and Dusty-Gas Model

In the following the Dusty-Gas Model (DGM) for a single-component gas is introduced based
on the work of Krishna and Wesselingh [83] beginning with the generalized Stefan-Maxwell
multi-component transport approach. The DGM was developed by Evans, Mason, and co-
wotkers in the eatly 1960s [77], [81], [99] and serves as a formalization of the coupling of
convection and diffusion mechanisms. Besides continuum diffusion and viscous flow, it also
considers the molecule-pore wall interactions where the solid particles are treated as a fixed
component of the gas mixture (Knudsen diffusion). In a single-component gas, the solid particles
are treated as the second component. The DGM is well suited to describe the effective mass
transport of adsorptive in packed beds of adsorbent particles, adsorbent composites, and
adsorbent primary particles. In the DGM, the question of pore geometries is avoided until it can
be handled separately, which is a huge advantage and underlines the generality of the DGM. The
mass flux M of a single-component gas in a porous medium can be written according to the

DGM as follows
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Mwema (DEn B n\d
m=— ( + "p)—p (2-50)

RT T ™m Jdz’

A derivation of the DGM is outlined in Appendix A.2.

In addition to mass transport, the energy transport in porous media plays a decisive role in
describing technical adsorption processes. Besides convectively transported energy, the effective

thermal conductivity of an adsorbentbed or composite is crucial for energy transport.

2.3 Thermal conductivity in porous media

In thermal swing adsorption processes, the overall heat transfer resistance in the adsorber is
crucial. In recent years, many studies have emphasized the resistances between the heat transfer
medium and the adsorbent as well as the effective thermal conductivity of the adsorbent bed as
limiting variables in adsorption refrigeration [100]. The first resistance is not investigated in this
work but can be reduced e.g., by direct crystallization of the adsorbent onto the heat exchanger
[33], coating the heat exchanger with adsorbent utlizing a binder, or by direct adsorbent
deposition over metallic foams [101]. However, the focus in this work lies in the description and
reduction of the second resistance, the resistance due to the poor effective thermal conductivity

of adsorbent composites.

The effective conductive heat flux in Watt per cross-sectional area of composite is modelled with

Fourier’s law with the temperature gradient as the driving force [102]

Geff = —\efIvT. (2-51)

The description of the effective thermal conductivity of a porous medium A¢// consisting of two
or more phases requires sufficient models including the thermal conductivities of the pure
components, their volume concentrations (porosities) and shapes as well as the distribution of
the phases in the composite. Five basic structural models are existent on which most analytical
models for describing effective thermal conductivities are based; the Parallel, Series, Maxwell-

Eucken 1&2, and the Effective Medium Theory (EMT) models [103], [104].

Due to the high porosity of technical adsorbents, the cross-sectional area for heat flux is limited
resulting in low thermal conductivities, especially for beds of loose grains. The main contribution
of heat conduction in porous media is along the solid adsorbent paths. Besides, at sufficiently
high rates of loading, the contribution of the adsorbate phase can be of relevant order of
magnitude requiring a combined formulation. Furthermore, heat is transferred via thermal

conduction in the adsorptive phase. However, when the process pressure regime is low, thermal



2. Literature review 29

conductivity in the adsorptive may be negligible low [55]. For the determination of the effective
transport properties of heterogeneous systems containing multiple constituents, sufficient model
approaches are required. Subsequently, a short literature overview of common approaches
applied in adsorption heat transformation technology is given followed by the introduction of a
very simple model containing parallel and serial phases. Subsequently, the idea of effective

medium approximations is discussed.

Loose beds of spherical silica-gel adsorbents were investigated [12], [105], where the adsorbent
particles effective thermal conductivity A57%% was formulated by additively summing up the

single contributions of adsorbentand adsorbate

Astad — Js 4 xpad(T), (2-52)

In this formulation, the thermal conductivity of the adsorptive in the interparticle voids is
supposed to be negligibly small, A5 is the apparent thermal conductivity of the adsorbent particles
(intraparticle porosity included) at zero loadings, and 224 is the adsorbate thermal conductivity.
Cacciola et al. [28] assumed a parallel, percolating adsorbent phase and used intraparticle- (™ =
Ep,comp) and void- (€™%) porosities to corelate the individual thermal conductivities with the
effective thermal conductivity of composite carbon bricks. Dawoud et al. [9] studied the effective
thermal conductivities of wetted zeolite (4A zeolite with water) and came up with a validated,
theoretical model which uses an extended formulation of equation (2-52). In that formulation,

the temperature dependency of the adsorbent and the thermal conductivity of the adsorptive

(AY) are considered.

Woodside and Messmer [100] used a model containing parallel and serially alighed phases to the
heat flux direction to describe the effective thermal conductivity of a porous medium saturated
with a fluid phase. Applying this model concept to composite adsorbents consisting of micro-
porous adsorbent particles, heat conductive additive, adsorbate, and adsorptive, the model sketch
in Figure 2-4 (left) can be developed. This model sketch is simplified and is only applicable if the
heat conductive additive phase is percolating. For a non-percolating, randomly distributed heat
additive, the description of the effective thermal conductivity gets more complicated [32], and the
application of effective medium approximations is required. In the simplified model sketch in
Figure 2-4 (left), heat conductive additive, solid adsorbent, and intraparticle macropores (void
adsorptive) are considered as parallel aligned phases, while adsorbate and fractions of adsorbent
and adsorptive are oriented in series to the heat flux direction. In analogy to the mass transportin
porous media, a resistance circuit diagram for the thermal conductivity can be developed as

shown in Figure 2-4 on the right.
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Figure 2-4: Model sketch with phases aligned in series or parallel to the heat flux direction and
contributing with arithmetic or harmonic mean to the effective thermal conductivity (left) as

well as electric analog resistance circuit diagram (right). The lengths specifications are given in

relative values: 1 = a+ b +c¢; + ¢, +d.

The serially arranged phases are described with a weighted harmonic mean of the individual
thermal conductivities involved, whereas the phases arranged in parallel are described with the

weighted arithmetic mean. Therefore, the effective thermal conductivity can be formulated as

Aslad ASAY
TA-or@ sy a—or (2-53)

contributionsin series

AT = @AM 4 bA° + d2” + ¢y

parallel contributions

Since the thermal conductivity of the gas phase is often significantly lower than the other
contributions, in literature the terms concerning adsorptive are often neglected. This is a valid
assumption for the adsorptive (low-pressure methanol vapour) regarded in this work (e.g.,

'éH3 on(T = 298K) = 0,0157 W/m/K [107]). Therefore, equation (2-53) can be reduced to

yu Aad

+ (1 — e)a%d @59

26T = adh +b2* + ¢ —

While the relative lengths perpendicular to the heat flux (a, b) can be cotrrelated to geometrical
parameters which are experimentally accessible, this is not applicable for the length e being a
measure of the serial contributions. Instead of geometrically weighting the serial fraction of
adsorbate, the mass loading X can be used as a weighting factor [9], [12], [105], which is
physically plausible. The more micropores are filled with adsorbate, the higher the loading X and
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thus, the contribution to thermal conductivity by the adsorbed phase. Applying this

simplification, equation (2-54) reduces to

Aeff = gaha 4 pAs + x 194, (2-55)

If a three-dimensional composite with a constant cross-sectional area is considered, volume

fractions instead of relative lengths can be used

l=a+btcototd=eht+es+e™+eme, (2-56)

&S

with the volume fractions of heat additive "

@ solid adsorbent skeleton &%, micropores €™ and
macropotes M4, respectively. Instead of A5, the thermal conductvity of the dry adsorbent
particle AS (interparticle porosity included) can be used corresponding to the particles apparent

volume fraction &5. With these considerations, equation (2-55) follows to

Aeff = ghajpha 4 gs)s 4 x)ad = ghagha 4 gsjs 4 X )04, (2-57)

The method of serial and parallel alighed phases can also be applied to a sub-system of the
composites. Therefore, without taking the macropores into account, the combined thermal

conductivity of adsorbate, adsorbent, and heat additive can be formulated to

ha =S ad

~ 3 3 ~ XA\

d ha — h

Aadtstha — P Shax a4 T (7\5 + > (2-58)

By combining equations (2-56) and (2-58) and comparing this with equation (2-57), the following

relation can be identified

Aeff = (1 — gma)fs+ad+ha (2-59)

The model concept of treating thermal conductivity of parallel phases weighted by their volume
fraction in analogy to parallel resistors, has been widely used and experimentally validated. This
approach is adapted to formulate a model for effective thermal conductivity used in this work,
based on equation (2-57). However, this formulation is only valid for linear, percolating phases. For
composites with statistically distributed particles of heat additive as regarded in this work, this
modelis not appropriate which requires more complex approaches from effective medium theory.
Independent of the model used, increasing the thermal conductivity of adsorbents and adsorbent

composites is crucial to improving the process performance of adsorption heat pumps.

The effective thermal conductivity of a loose bed of adsorbent particles can be increased by

compaction [19], [108]—[110], however, with a detrimental effect on permeability. Furthermore,
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heat-conducting additives can be added to the adsorbent grains. For different adsorbents, effective
thermal conductivity was increased by using graphite flakes [19], [32], [108], metallic additive [100],
or boron nitride [34]. Regarding this method, three related problems can be identified. First, the
adsorption capacity of the composites is reduced by the addition of inert additives. Second, the
additives are usually mixed in such a way that they are statistically distributed in the composite. By
that, the effective thermal conductivity is only slightly increased as long as the volume fractions of
the additives are too small to reach the percolation threshold. Third, if the additives are smaller
than the adsorbent particles, the interparticle voids are filled increasing the bulk density and
reducing the permeability. Aiming to describe and optimize the composition of consolidated
composites containing adsorbent particles and additives, more sophisticated approaches are

required.

2.3.1 Effective medium theory

In addition to mass transport, energy transport in porous media is elementary and, however,
incomparably more difficult to describe for heterogeneous, anisotropic media. Especially for
multi constituent materials with different pure material heat conductivities, random distribution
and volume fractions of the single phases, a complete description of heat conduction through
such a network is very complicated [102]. Regarding a system with multiple constituent phases as
quasi-homogeneous and determination of an averaged or rather effective thermal conductivity is
thus simplifying the system. Numerous approaches have been developed to describe effective
transport properties of heterogeneous media by assuming the medium to be macroscopically
homogeneous. A comprehensive review of models from the effective medium theory (EMT) is
given by Pietrak et al. [103]. Often, these EMT approximations are unable to correctly predict
properties of heterogeneous material beyond the percolation threshold. In a quasi-homogeneous
or effective medium, temperature and heat flux can be interpreted as averaged values over the
system volume. Heterogeneities need to be small compared to the size of the quasi-homogeneous
system, which itself needs to be small compared to the overall dimension of the conducting

system.

This section gives a brief overview of the simplest and most common effective medium models
for the determination of effective thermal conductivity of heterogeneous media. The general idea
behind the effective medium theory is to consider multiphase systems as quasi-homogeneous
with effective transport characteristics, e.g., effective thermal conductivity 18/, Among other
things, these transport characteristics depend on the volume concentrations and shapes as well as

transport properties of the pure-component phases. Major attempts describing the effective
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electrical conductivity of heterogeneous systems were conducted by Maxwell in the 19" century'.
Mathematically, thermal conductivity can be treated in analogy to electrical conductivity [103].

The same dependencies are present when determining electrical conductivities, diffusion
coefficients, or permeabilities [106]. For small volume fractions &, (below about 25% [103]) of
non-percolating, non-interacting solid spheres with conductivity 4;, embedded in a second

continuous solid phase with conductivity A4, Maxwell provided the following relation

Aeff -1 3€b
Aa +<,1,,+ 2/1a)_ o (2-60)
/1b_/1a b

Equation (2-60) is a simple correlation for the determination of the effective thermal conductivity
of a heterogeneous two-component system, where the volume fraction of the diluted phaseis far
beyond the percolation threshold. However, Maxwell's approach neglects any interfacial
resistance between the two phases. In composite materials, the interfacial transport resistance can
arise from poor chemical or mechanical adhesion at the interface and different physical
properties of the constituents (different thermal expansion parameters). The latter one is known
as Kapitza resistance Ry, discovered by Kapitza who investigating temperature discontinuities at
the interface between constituent phases [111]. The interfacial thermal resistance is dramatically
influencing the effective thermal conductivity of composites [112], especially with decreasing
particle sizes and thus increasing the area of interfacial contact related to the volume of the
composite [103]. In the presence of interfacial resistance to heat transfer, the temperature profile
experiences a discontinuity across the interface between the two phases proportional to the heat
flux. Taking the dimensionless Kapitza resistance Nk, into account, Oecttinger obtained a

modified Maxwell equation [113]

A
=1+ 2
Aa

2-61)

2 +%(1 + 2Ngg)
a

In the limit of Ngq = 0, equation (2-61) converges to equation (2-60). An extension of the

Maxwell model is the Maxwell-Eucken formulation [104], [114] considering one phase dispersed

1'J. C. Maxwell, A Treatise on Electricity and Magnetism, Oxford University Press, 3™ edition (1891, reprinted 1998),
Vol. 1
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(index b) in a continuous phase (index a). In that formulation, the effective thermal conductivity

is given as follows

31
Aaga + lbgbm

32,
fat 77 317,

Aeff = (2-62)

Finally, in the EMT model, a random distribution of the two components is assumed. In the

EMT model, the effective thermal conductivity is given as follows [104]

A —2°IF 2y — 2SS

0=tag Tozer7 &7 T ameT (2-63)

In adsorption heat transformation technology, often consolidated composite types are used
consisting of adsorbent particles, binder, and heat conducting additives. The components form a
complex heterogenous network with interparticle voids required for mass transport. The
description of effective thermal conductivities of such multi-component composites is very
complex and often not possible since an exact distribution of the components is not known.
However, the previously introduced model approaches can be applied to develop models for the
determination of effective thermal conductivities of composites. Nevertheless, for exact

determination, visualization techniques and/ or expetimental investigations are necessatry.

As shown and pointed out by Wang et al. [104], a combination of each of the beforementioned
model approaches can be used to describe the effective thermal conductivity of composite
materials. Therefore, a composite containing a dispersed heat additive phase in a continuous
phase of adsorbent primary particles and void space can be described in a two-step approach. In
the first step, an effective thermal conductivity of the parallel phases is calculated with the parallel
model approach. In the second step, the value obtained in the first step is combined with the
Maxwell-Eucken model to describe the dispersed heat additive phase. This procedure will be

applied in the next section.

2.4 Effective material models of consolidated composites

To reduce the dimensions and thus complexity of a model, a heterogeneous system can be
approximated as quasi-homogeneous described with effective parameters. Subsequently, three
different effective material models are derived based on the basic structural models introduced in

section 2.3.
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2.4.1 Material model of (quasi-) homogenous materials

In this section, an effective material model of consolidated adsorbent composites is developed
based on the basic parallel model. This model describes the adsorbent composites as quasi-
homogeneous mediums with the material parameters being a function of the volume fractions of

adsorbent particles and interparticle voids. The volume fractions add up to 1 as follows

1=¢° -I: gmi 4 gma (2-64)

gs

In this effective model, it is assumed, that primary adsorbent particles, as well as voids, form
percolating, parallel phases, which is simplified in a linearized model sketch shown in Figure 2-5.
The composite consists of primary adsorbent particles, the interparticle voids, and a negligible

volumetric contribution of binder (CMC, <2 weight % with a density of 1.6 gem™3).

The derivation of the model is driven by the idea of correlating experimentally accessible
transport and material parameters with the local volume fractions. The appatent porosity £°
describes the apparent volume fraction of adsorbent particles (micropores included) which is
expetimentally more easily accessible than €°. Equation (2-64) can be reformulated to obtain the

skeleton adsorbent volume fraction €5 in m3 /m3,m,,

s &S emt 5S em =S ggnxip 2-65
E> =& 1—? =& 1_1——8ma =& 1—W ) (" )

with €™ /&5 describing the ratio of micropore volume to primary particle volume. This ratio is a
constantand depends on the grade of porosity of the primary particles which can be determined
experimentally. Independent of the volume fractions of voids, primary particles, and heat-
conducting additive, it remains constant. Therefore, by specifying €4, the values of €° and &°

can be calculated with equations (2-66) and (2-65).
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Figure 2-5: Schematic representation of the composite consisting of microporous adsorbent particles

and interparticle voids (macropores) (left). A linearized material model assuming percolation
of adsorbent and macropores (middle) and the quasi-homogeneous medium with effective

material parameters (right).

The bulk density in units kg¢omp /mg’omp can either be calculated with the adsorbent skeleton

density Qgkeq O the apparent density of the primary particles Qgpp par and is given by

0Pk = £505 = 505101 = E%0apppar- (2-66)

For loose composites with high void porosity and primary particles with high porosity, the bulk

density is low.

In this work, the Dubinin-Astakhov adsorption isotherm introduced in section 2.1.2 is used to
describe the material pair methanol — carbonaceous adsorbent. The adsorption capacity is related
to the mass of composites and is given in units cm3k g;olmp. The maximum adsorption capacity
of a consolidated composite is correlated with the maximum specific micro- and mesopore
volume wq of the carbon active porous material. A variation in void porosity and according to
equation (2-64) in the volume fraction of primary particles is not influencing the maximum

specific micropore volume and thus

wo =wg . (2-67)

This correlation is valid if no inert additive (e.g., heat-conducting additive) with a significant mass

fraction is added to the consolidated composite. The contribution of the binder is considered by
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taking the maximum specific micropore volume Woxp into account which is experimentally

obtained for consolidated samples containing the binder.

The mass transport of adsorptive molecules depends on the void geometries and sizes. However,
in the effective model approach, it is modelled with the Dusty-Gas model introduced in section
2.2.5. The effective permeability and the Knudsen-diffusion coefficient lineatly scales with the
void porosity which will be discussed in detail in section 4.4.1. Using these correlations, the mass

transport parameters can be formulated as follows

ma npeff
gMmap
geff — 0.exp (2-68)
0 ma ’
Exp
ma nKn,const

eMAD
pKnconst — N (2-69)

ma

& exp

Finally, the effective thermal conductivity is formulated assuming percolating phases of

adsorbent particles and void space using the parallel model as introduced in section 2.3

AeIT = €525 + X294 = £57 + XA, 2-70)

which is applied to calculate the effective heat flux per cross-sectional area of consolidated
composites using equation (2-51). Alternatively, the combined heat flux per apparent adsorbent

cross-sectional area can be formulated by utilizing equation (2-59)

s ad d —q i 2-71
GOt = AHVT = ——, 271)
with the combined thermal conductivity
s cs X/lad Aeff
ad+s — s _
A - emi g gs A°+ &S - 1 — gma’ (2_72)

A% is the thermal conductivity of the solid, skeleton adsorbent which is not accessible
experimentally. ‘Therefore, the apparent porosity & and apparent thermal conductivity AS are

used to formulate the thermal conductivity (with €"® = 0 in equation (2-58))

X)\ad

pad+s = jad+s — }s 4 —.
€

(2-73)

By locally varying the composition of the composite in the effective material model, different

kinetic and equilibrium parameters are obtained to be used in process simulations. In the context
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of material design, the determination of the optimal spatial distribution of additives in the

composite requires sufficient optimization techniques.

So far, the contribution of heat additive is not included in the effective material model. This part

will be covered in the next section for a percolating and a non-percolating heat additive phase.

2.4.2 Effective material models of composite materials

Previously, a material model describing quasi-homogeneous adsorbent composites was outlined.
By adding heat additive to the composites, besides thermal conductivity, further quantities such

as adsorption capacity are influenced which requires effective material models.

Taking the inert heat additive phase with volume fraction €@ and density @ into account, the

apparent porosity of the primary particles is given by

§S=1—gMa —gha = g5 4 cmi (2-74)

and the bulk density extended by the heat additive term can be written as follows

Qbulk — SSQS + ghtha — gsgapp,par + Ehtha_ (2_75)

The specific adsorption capacity related to the composite mass scales with the active adsorbent
mass and is thus reduced by the inert heat additive according to
SAS
exp €°0

Wo =W, .
0 ESQS + ghtha

(2-76)

It is assumed, that mass transport is independent of the heat additive and only depends on the
void porosity. Therefore, equations (2-68) and (2-69) can equally be applied to describe the

effective mass transport in composites with heat additives.

Heat conducting additive is added to improve the effective thermal conductivity of consolidated
composites. However, according to percolation theory, the desired effect is only achieved when
the heat additive phase reaches the percolation threshold [115]. In the following sections, two
effective medium models are formulated, one assuming statistically distributed, non-interacting

heat additive particles and the other a percolating heat additive phase.
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2.4.2.1 Statistical materials without percolating heat conducting additive

If the heat additive particles are statistically distributed within the consolidated composites as
schematically shown in Figure 2-6, the effective thermal conductivity needs to be formulated with

approaches from the effective medium theory outlined in section 2.3.1.

Consolidated composite  Parallel + ME model Quasi-homogeneous
— P — S i
g ] »: £ !
L o L AN : )%
R > | =: a 2

Figure 2-6: Consolidated composite with statistically distributed inert heat additive (left), parallel and

Maxwell-Eucken model (middle), and quasi-homogeneous models (right).

Assuming non-percolating, non-interacting spheres of heat additive with low volume fraction,
and neglecting interfacial transport resistances, the Maxwell-Eucken formulation can be applied.
Therefore, the heat conducting additive with A, is treated as the diluted phase randomly

distributed in a quasi-continuous phase consisting of adsorbent primary particles and interparticle

voids with effective thermal conductivity Aflf T In a first step, the effective thermal conductivity

of the continuous phase is obtained with the parallel model approach

&s . Xﬂad
= 21, e

In the second step, the Maxwell-Eucken model (equation (2-62)) is applied to obtain the effective

thermal conductivity of the composite with A, = lsz, Ap =AM g, =F5 + M and g, = eha

327
a
227 + Aha
BAeff
a
227 + e

27 (&5 + gma) 4 phagha

Aeff = 2-78)

(85 +ema) 4 gha
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For the description of the mass transport, the bulk density, and the adsorption capacity,

equations (2-68), (2-69), (2-75), and (2-76) are equally valid as described in the previous sections.

With the effective material model with a statistically distributed heat additive, the contradicting
trends of adsorption capacity and thermal conductivity can be visualized. To show this,
experimentally obtained material parameters of composites without heat additive (termed
Expcpc), which are outlined in Table B-6, are used to evaluate the model equations. The
effective thermal conductivity is calculated at 330K and with an aluminium alloy (AlISi10Mg) as
heat conducting additive with A"* = 140Wm~1K~1 and o"* = 2680kgm =3 [116]. Due to the
insulation of the individual heat additive particles, they contribute only slightly to the effective
thermal conductivity as can be seen in Figure 2-7. Even with a heat additive volume fraction of

up to 20 vol%, the effective thermal conductivity does notexceed 1.2 W/m/K.
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Figure 2-7: Effective thermal conductivity and adsorption capacity as a function of the volume
fractions of heat additive &"® and voids €™® obtained with the combined parallel and
Maxwell-Eucken model (equations (2-77) and (2-78)). The dot shows experimental material
parameters evaluated at 330K which are the base of the effective material model

(experimental parameters are outlined in Table B-6). Aluminium was chosen for the heat

conducting additive with A" = 140Wm ™K~ and o"* = 2680kgm~3.

2.4.2.2 Materials with percolating heat additive phase

Optimally, the heat additive percolates and contributes in parallel to the effective thermal
conductivity of an adsorbent composite. The extension of the material model presented in
section 2.4.1 by a linear, percolating heat additive phase is straightforward and shown in Figure

2-8.
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Consolidated composite  Parallel & Serial model Quasi-homogeneous

<1€at & mass transpor>
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Figure 2-8: Consolidated composite with percolating inert heat additive, a simplified material model

containing parallel and serial contributions, and quasi-homogeneous medium.

This model is very simplified and not developed to correctly reproduce the experimentally
determined thermal conductivities of consolidated composites. It should rather be used in
process simulations to investigate the maximal benefit of percolating, heat-conducting structures

aiming to conduct a virtual material design.

The thermal conductivities are extended by the term of the heat conducting additive and follow

to (also see equations (2-57) and (2-58))

Aeff = ghagha 1 gsjs 4 x a4, 2-79)
- gha g (. Xxaad
a ha — h
Radrstha = e 4 |+ ). (2-80)

This effective model is applied to investigate the benefit of percolating, linear heat conducting

structures on the overall process performance of adsorption chillers.

Figure 2-9 shows surface plots of the effective thermal conductivity and the adsorption capacity
as functions of the void and heat additive volume fractions. While the addition of heat
conducting additive has a dramatic effect on the effective thermal conductivity, the influence of
the volume fractions of voids, as well as adsorbent particles, are negligible. For the mass-specific
adsorption capacity, however, the volume fractions of heat additive, as well as adsorbent

particles, are decisive. The higher the amount of heat conducting additive, the greater the



2. Literature review 42

influence of the void fraction which results in increasing gradients of the straight lines with

constant adsorption capacity.
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Figure 2-9: Effective thermal conductivity (left) and adsorption capacity (right) as functions of the
volume fractions of heat conducting additive e"® and voids €™* obtained with the effective
material model with percolating heat additive phase (equations (2-76) and (2-79)). The dots
show experimentally obtained parameters evaluated at 330K which are the base of the
effective material model, and which are summarized in Table B-6 (Expcpc). Here, an

ha _—

aluminium alloy was chosen for the heat additive with A"* = 140Wm 1K1 and @

2680kgm™3 (see Table 5-1).

Due to the improved effective thermal conductivity, the transport resistance for heat conduction
is reduced and thicker composite layers can be realised. As thermal conductivity increases, the
likelihood that mass transport will limit the overall kinetics increases. Hence, a further
enhancement of thermal conductivity does no longer contributes to process improvement. If this
is the case, an enhancement of the mass transfer is required by e.g., increasing the void porosity
or introducing macroscopical mass transfer channels in the composites. However, both, thermal
conducting structures and macroscopical mass transfer channels introduced in a defined manner
reduce the volume fraction of the active adsorbent phase. The local composition of such
structured adsorber composites thus represents an optimization problem, the solution of which

promises to improve the process performance of adsorption chillers.

In summary, the presented material models are obtained by treating the individual phases by the
serial, parallel, or Maxwell-Eucken models introduced in section 2.3. Each of the models is based
on assumptions and none of the presented models can describe the effective thermal
conductivity near the percolation threshold, let alone the transition of non-percolating to

percolating heat additive phase. Nevertheless, applying the presented effective models in process
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simulations is helpful to get an idea of how important percolation and thus structuring of the
thermal conducting phase is. With this understanding, in chapter 6 another effective material
model is derived describing structured composites with triangular prism-shaped heat-conducting

ribs as well as macroscopic mass transfer channels.
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3. Adsorption refrigeration process — Modelling

Adsorption cooling machines are environmentally friendly apparatus, which are driven by
thermal energy supplied by an external heat source as described in section 1.1. In the application,
the adsorbent needs to be heated and cooled using a heat transfer fluid. Therefore, heat
exchangers (Hex) are required with a minimum thermal resistance as well as passive mass. The
ratio of active adsorbent to passive Hex mass is crucial for the efficiency of adsorption heat
pumps due to the inevitable temperature swing between adsorption and desorption. In this work,
stainless steel flat tubes are used as Hex as schematically shown in Figure 1-2, with a wall
thickness of 0.5 mm and a mass density of oP™ = 8000k g /m3. From that, the specific mass of
the Hex results to 4 kg/m?. In addition, the three ambient temperature levels are crucial
parameters for thermal heat pump performance. For the sake of comparison, the simulation
studies in this work were conducted with constant boundary temperature levels which are listed

in Table 3-1 in addition to the Hex parameters.

Table 3-1: Temperature boundary conditions of the adsorption refrigeration process and parameters

of the heat exchanger passive mass.

T* /K 353.15

mn — T /K |303.15

ads

T,/K 288.15

ey /UkgTrK1) | 500

mP™ /(kgm™=2) 4

3.1 Evaluation of adsorption chiller process performance

The maximum thermal efficiency a heat engine can achieve is known as Carnot efficiency. For
processes with non-isothermal heat transfer with variable temperature levels, the classical
formulation of the Carnot efficiency is insufficient and leads to a significant overestimation [71].
Therefore, the varying temperature levels needs to be considered by introducing energy
conservation equations for the four steps presented in the Clausius-Clapeyron diagram in Figure
1-1. This diagram shows the idealized, thermodynamic changes of states of the adsorbent. In

each step, the adsorbent is exposed to varying pressure and temperature conditions since the
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adsorber is heated or cooled and connected to the condenser or evaporator. The thermodynamic
cycle consists of four separate steps, during which the heat transfer occurs at varying temperature
levels. The adsorption period includes pre-cooling and adsorption. The desorption period
includes pre-heating and regeneration of the adsorbent. In an ideal thermodynamic cycle with an
ideal change of thermodynamic states (pressure, loading, and temperature), these four steps can
be separated into isobaric and isosteric changes of state. During pre-cooling and pre-heating, the
loading of the adsorbent is almost constant, whereas the ideal adsorption and desorption steps

are isobaric.

For the evaluation of the thermal efficiency of adsorption chillers, the Coefficient of
Performance (COP) is commonly used which was introduced in equation (1-1). The
thermodynamic ideal COP can be calculated as follows

teye g
fO qédealdt

coptheo = — .
- ideal - ideal
Jo P (gldeat 4 gldeal)qge

G-

The real process efficiency deviates from the thermodynamic efficiency which is caused by
inefficiencies, e.g., due to mass and heat transport resistances in the adsorbent composites. In the

limiting case of infinite cycle time, the process COP (equation (1-1)) reaches the theoretical

COPtheo The idealized cooling heat flux (5% is calculated with the equilibrium adsorption

0X,
rate (a—;q), heat of evaporation (deyaph) and the mass density of the dry adsorbent (m?®), reduced
by the recycle of liquid methanol from the condenser to evaporator. (Note: if the mass of binder
in the composites is negligible and no further additive is used, M & M¢gmyp. Otherwise, Meomp

needs to be used or the adsorption isotherm needs to be referred to the dry mass of the

adsorbent.)

. 0X,
Qédeal =m? a;q (Aevaph - ng,c (Tc - Te))- (3-2)

The denominator of COPt"€? is separated into two terms resulting from the lumped-parameter

model which is discussed subsequently in section 3.2.1

j oT
q;gafz%l = (Xmaxmscgd + mScy + mpmcgm ETE (3-3)
i oT 0Xeq
G = (Xoqmecg+mcg +mPme)™) = — m*— 2L Agqsh. (3-4)
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Equation (3-3) describes the sensible heat flux provided to the adsorber for heating the Hex,
adsorbent composite as well as adsorbate from Tﬁisn to Tégén. Equation (3-4) contains sensible
and latent heat contributions and describes the heat flux required for further heating up the Hex
and dry adsorbent with constant mass as well as adsorbate with variable mass due to desorption.
Additionally, the heat of desorption is considered. At this point, the importance of taking the
passive mass of the heat exchanger into account for a correct evaluation of the thermal efficiency
of the process must be emphasized. If the passive masses were not considered, an optimization
would always result in an adsorbent composite with maximum transport parameters and
minimum transport paths, since the adsorption capacity is no longer of importance. In the limit

of long cycle times, the identical COP would result regardless of the adsorbent mass used, which

does not correspond to the real adsorption refrigeration process.

In addition, by using the idealized heat flux provided to the evaporator ¢&¢%, a theoretical
(mass) specific cooling power can be calculated
teye . ideal
t
scptheo _ Jo_ d°dt (3-5)
Meompteyc

The thermodynamic evaluation criteria are useful to quickly estimate the maximum expected
performance for an adsorber design and adsorbent — adsorbate pair. However, the true
performance deviates due to transport limitations in the system. Therefore, the equations (1-1)
and (1-2) need to be used and evaluated with the true heat fluxes obtained from process

simulations or experiments.

3.2 Model development

Physical processes can be modelled at different time and size scales with varying levels of detail.
Models on the molecular scale offer the highest level of detail yet are not suitable for describing
macroscopic technical processes. In opposite, models on the macroscopic scale do not include
microscopic or molecular interactions. Bird, Steward, and Lightfoot [102] distinguish three
different model approaches with increasing level of detail, without defining sharp boundaries
between the scales: macroscopic level, microscopic level, and molecular level. Figure 3-1 shows

the three levels exemplified for a fixed bed containing microporous adsorbent primary particles.

The macroscopic models are typically in the size range of technical devices, e.g., fixed bed
adsorbers with several meters of length. The more detailed microscopic level typically includes all

size ranges from um to centimetres and sometimes meters, depending on the length of the
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investigated fixed bed. The microscopic level also contains a spatial resolution of the system or
parts of the system, e.g., primary particles, if continuum equations apply to the underlying
transport processes. On the molecular scale, interaction forces between the individual molecules
are investigated. In this thesis, only models of the first two types are used since molecular level

simulations for complete technical processes are numerically not feasible.

macroscopic black box Process level
scale [cm-m]

Fixed bed, agglomerate

) composite
! \
. . ! -
microscopic / N [mm-cm]
1
scale ' K
I' \
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\
i \ primary particles
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Level of detail & computational expense

-\ / Molecule interaction
molecular . )
in micropores
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Figure 3-1: Three classical levels of detail for modelling physical processes following the

nomenclature of Bird, Steward, Lightfoot [102]: Macroscopic scale, microscopic scale, and

molecular scale.

In the case of negligible kinetic transport resistance (with large transfer parameters between the
individual systems), only the equilibrium is important, which depends on state variables such as
pressure and temperature. If this is the case, so-called thermodynamic models are obtained [117],

which are a useful tool for evaluating limiting thermal efficiencies.

The determination of suitable system boundaries is of decisive importance in modelling
engineering processes. In the following sections, a macroscopic level lumped -parameter model of
adsorption refrigeration machines is outlined. It contains macroscopic balances of mass and
energy of adsorber, evaporator, and condenser. In addition, a thermodynamic model is derived

from the lumped-parameter model. With the aim of the structural design of adsorbent
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composites, subsequently, spatially distributed equations of change for mass and energy of the
consolidated adsorbent composites are derived (microscopic level model), which represent the

heart of the process models applied in this work.

3.2.1 Macroscopiclevel — lumped-parameter model of adsorption chillers

In lumped-parameter models, conservation equations of momentum, mass, and energy are used
on a macroscopic level. The conservation quantities change by the introduction or removal of
these quantities via entering or leaving streams and other inputs and outputs via the system
boundaries. The modelling of exchange flows in macroscopic models is often motivated by the
properties of connecting armatures, e.g., using flow characteristics for valves. Individual systems
are considered as quasi-homogeneous black boxes without spatial resolution. The definition of
the system boundaries is one of the first steps in modelling which is an important matter. A
lumped-parameter model of an adsorption chiller can e.g., be composed of macroscopic balance
equations for adsorber, evaporator, and condenser containing conservation equations of mass
and energy. The mass in the individual apparatus only changes by entering and leaving streams
according to the process setup whereas the total mass is constant since adsorption chillers are
closed systems. The energy of the individual apparatus changes due to heat transfer to and from
the surroundings and via convective energy transport across the system boundaries. The number
of individual systems increases if the level of detail increases, whereby the system boundaries do
not necessarily have to represent the physical dimensions of the apparatus. It is often appropriate
to consider phases with different physical properties as separate systems that are connected via
interphase mass, energy, and momentum transport. The formulation of interphase fluxes
between such imagined system boundaries cannot be motivated by connecting, physical
armatures. Therefore, transfer coefficients (e.g., heat or mass transfer coefficient) are used to
describe the interphase fluxes of adjacent phases accounting for the transfer resistance and thus is

a measure of the kinetics of the transfer.

The adsorber can e.g., be divided into individual systems describing heat transfer fluid, passive
mass, the adsorbent composites, and a free gas phase as shown in Figure 3-2, with the advantage
of assigning individual kinetics to the respective interphase fluxes. By summarizing the
conservation equations of the individual phases, a black-box model of the adsorber is obtained in

terms of fluxes across the apparatus boundaries.

Subsequently, lumped-parameter conservation equations of energy and mass for the individual
phases are presented. Furthermore, lumped-parameter models for evaporator and condenser are

used completing the lumped-parameter model of the adsorption chiller. In the remainder of the
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thesis, all model equations are written in specific quantities. The quantities are related to the

cross-sectional area of the adsorbent composites.
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Figure 3-2: Macroscopic level modelling approach of an adsorption chiller containing adsorber,
evaporator, and condenser. The adsorber is subdivided into four individual systems coupled

with interphase fluxes.

The heat required for desorption and released by adsorption is transferred from or to the
surroundings via the heat transfer fluid which is modelled as an ideal stirred tank without spatial
resolution. In the adsorption half cycle (pre-cooling and evaporation steps), the inlet temperature
is below the outlet temperature and vice versa in the desorption half cycle (pre-heating and
condensation steps). The mass flux of the heat transfer fluid (hf) is constant and thus, only an

energy balance is required, which, in terms of temperature, is given as follows

hf
- = mhfcz’)lf (Thfin — TRF) — g 1S, (3-6)

The heat flux ™ referred to the cross-sectional area of adsorbent composites (in units

nggmp) is the interphase flux exchanged with the adjacent heat exchanger wall (passive mass,

pm) with the temperature difference as driving force and the heat transfer coefficient k"

Ghf = |chf (TR — TPm), (3-7)

The temperature of the Hex changes due to heat transfer to or from the heat transfer fluid and

the adsorbent composites
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pm omOTP™ e om (3-8)
mPe," — — = grm,

with the heat flux between adsorbent and passive mass of Hex

qrm = gpm(TP™ —T). (3-9)

Here, kP™ includes the heat transfer between adsorbent composite and Hex as well as the heat

conductivity of the Hex.

In the lumped parameter model approach, the adsorbent composites containing heat conducting
additive, adsorbent, adsorbate, and adsorptive are regarded as quasi-homogeneous system
without spatial resolution of the transport processes. Its total mass changes by the total
adsorption and desorption fluxes. The temperature of the adsorbent composites T depends on
the heat exchange with the Hex (qP™), the enthalpy input of the entering mass flux and the
source or sink of the adsorption or desorption enthalpy (4445h). In the adsorber, a free gas phase
encloses the adsorbent composites. In a technical adsorption chiller, the adsorber is designed
with a minimal volume of the free gas phase reducing the mass and energy hold-up. Therefore,
the mass fluxes entering and leaving the composites (1) are approximately the fluxes exchanged

with evaporator and condenser.

The lumped-parameter energy balance of the adsorbent composites for adsorption and

desorption in terms of temperature can be formulated as follows

oT
(Xmsc{,‘d + mScj + mhac{}a) %

Adsorption:
= mg Agash +qP™+ Thg C;,’,e (T, —T1),

(3-10)

. aT
Desorption: (Xmocg + mScs +mhe ) — = m Agash + 4™ (3-11)

The accumulation terms contain contributions from the dry adsorbent, heat conducting additive,
and adsorbate; the energy hold-up of the adsorptive phase in the voids and micropores is
negligibly small. If the free gas phase in the adsorber is neglected, the change of mass of the
adsorbent composites solely depends on the interphase transfer flux between the adsorber and
evaporator or condenser 11§ in units kgm;ozmps_l. In terms of loading, the mass balance can be
formulated with a (macroscopic) linear-driving force approach summarizing all kinetic resistances
in the adsorbent composites. The difference between equilibrium loading at bulk conditions and

adsorbentloading serves as the driving force
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dX
s

E = mg = msk%a;ro(Xeq - X). (3‘12)

m

In the evaporation step, the equilibrium loading is a function of adsorbent temperature and
evaporator pressure Xeq(T,pe). While the adsorbent is regenerated, equilibrium loading is a

function of adsorbent temperature and condenser pressure Xeq (T,pc). The linear driving force

parameter k5" © in 1/s describes the total transport resistance of the composites in terms of an

integral transfer resistance. For thin composites with homogeneous temperature, pressure, and
loading the lumped-parameter approach is sufficient. However, for large gradients and
differences in the dynamic states, which is the case for thick layers with large transport resistance,

the overall kinetic cannotbe described with a lumped-parameter approach.

For a first evaluation of the process performance, the thermodynamic limiting case can be

evaluated assuming local adsorption equilibrium either by using a large transfer resistance

parameter k]hx"° or by using the total derivative of the adsorption isotherm. Then, the

equilibrium mass balance can be formulated in terms of the loading X with the total differential

of the equilibrium loading X4 (T, p) with p being evaporator or condenser pressure, respectively

dx 0Xeq\ dp [0Xeq\ dT
s — ;S - — . -1
ac " (( ap )Tdt+ or ) dt G-13)

The adsorber can be described as a black-box system using a lumped-parameter approach, where

the total mass changes only by the amount adsorbed or desorbed during the adsorption and
desorption steps. Therefore, equations (3-12) or (3-13) can be used as the total mass balance of
the adsorber. For the total energy balance of the black-box model, the single balances are
summed up. Hence, the energy conservation equation of the adsorber contains contributions
from heat transfer across the adsotber boundary, a source/ sink term for adsorption/ desorption
heat, and in the case of adsorption, a term describing superheating of adsorptive from evaporator

to adsorber temperature

s~ad S,S ha ~ha m,pm\oT _ . v
(Xm cp® + micy + mtey® +mPey )at—moAadsh‘*'

Adsorption: hf .
) (ThIn — ThE) bl o (T, — T),

(3-14)
m..pm)d .
(XmScg? + mSc§ + mhache + mp cp )_a: = mgdaash +

Desorption: ]
mhfcgf('rhf,m _ Thf)_

(3-15)

If the heat transfer fluid temperature is constant (e.g., large hold-up or velocity), the hf -phase

can be neglected reducing the equation for conservation of total enerey of the adsorber to
g g q gy
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(XmScad + mSc$ + mpmcpm)a—T
Adsorption: p p P 7ot (3-16)
= hgAgash + g™ +m) ek (T, —T),
. aT
Desorption: (Xmscgd + mscy + mpmcgm)a =myAgash +q". (3-17)

In the process simulations carried out in this thesis, the free gas phase in the adsorber is
neglected due to its negligible influence on a technical scale. However, for the validation of the
mathematical process model with small-scale dynamic experiments (see Appendix C.1), taking the
gas-phase hold-up into account is inevitable. Then, the conservation equations of the adsorbent
composites are formulated by using boundary variables from the free gas-phase (pressure,
temperature) instead of evaporator or condenser variables. In terms of mass density 0945, the

conservation of mass in the free gas-phase can be formulated as follows

ans

y9as
at

= Acomp (The/c - m’é), (3-18)

with the total volume of the free gas-phase V9%, the mass fluxes exchanged between evaporator
and adsorber Mg, or adsorber and condenser M. If the mass hold-up in the free gas phase is

considered, valve equations can be used describing the fluxes between the adjacent apparatus by

e.g., using linear transfer resistances with the pressure differences as the driving force

titge = oo (PS4 = PI%). (3-19)
If a specific valve type is modelled, B, . can be formulated so that the opening and closing
characteristics are reproduced. In the validation of the mathematical model in Appendix A, B, .
are fitting parameters. If the mass hold-up in the free gas phase is considered, Mg describes the
mass flux between adsorbent composites and free gas phase related to the composites cross-
sectional area Acomp. Otherwise, it describes the fluxes between the adjacent apparatus as
outlined previously. The energy hold-up in the free gas phase can be modelled using a lumped-

parameter energy conservation equation

gas anngasR aTgas _ . .
(anngast - = Acomp (e Cpe (T, — T995) — mgc;)j (T -

Mw atggas (3-20)

R d
gas 79as _* mpgasygas
T945) 4+ q945) + MWT 1% or

The first two terms on the right-hand side are relevant if the adsorptive enters the free gas phase.
For mass fluxes leaving the free gas phase, these terms are zero. The last term on the right-hand
side results from the work performed on the system and ¢9%° describes the heat exchange

between adsorbent composite surface and free gas phase by radiation
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§9as = q9as(T — T995), (3-21)

The methodology used for deriving a lumped-parameter model of the adsorber can also be
applied for the evaporator and condenser. Instead of the adsorbent composites, the evaporator
and condenser contain liquid refrigerant. By neglecting the gas hold-up, the mass balances for

evaporator and condenser in units kgmgozmps ~Lare

am ) .

ate = Mo — M, (3-22)
om ) .

atc =1, — Me,. (3-23)

Here, Mg, is the flux of liquid refrigerant from the condenser to evaporator, and M, and m, are
directly given by 1hy, when neglecting the adsorber gas phase. The consetvation equations for the
energy of heat transfer fluid and passive mass are equivalent to equations (3-6) and (3-8). The
energy balances of the refrigerant contain the heat of evaporation or condensation instead of the
heat of adsorption or desorption. When neglecting the gas hold-up, the energy balances are given

as follows

o .
MoChe—E = =tedeuaph(Te) + GE™ + theeche (T = To), 3-24)
oT, ) . _
Me Czl)'ca_tc - mCAevap h(TC) + qu + mccz,des (Tdes - Tc)- (3-25)

The last terms in equations (3-24) and (3-25) describe the energy input by the reflux from the
condenser to evaporator and the cooling of adsorptive from desorption to condensation
temperature, respectively. In equivalence to the procedure demonstrated for the adsorber,

conservation equations for the total energy of evaporator and condenser can be formulated.

If evaporator and condenser are assumed to be isothermal and in steady-state, the heat flux
provided to the evaporator, and heat to be dissipated from the condenser can directly be

calculated as follows

Ge = Medevaph(Te) — mecczla,c (Te—Te), (3-20)
Ge = MeAepaph(Te) +1mccygos(Taes — Te)- (3-27)
These formulations are convenient if the kinetics of the evaporator and condenser are not of

interest. Since the process simulations in this work are subjected to the goal of developing

structured adsorber composites and novel process designs, the kinetic influences of the
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evaporator and condenser are neglected and thus equations (3-26) and (3-27) are used to evaluate
process performance instead of the dynamic conservation equations previously introduced.
However, the dynamic conservation equations are required and adapted for validation of the total

process model in Appendix C.1.

3.2.2 Thermodynamic/ steady-state model of adsorption refrigerators

In this section, the simplest type of model is briefly introduced. As previously discussed, to
evaluate the performance of adsorption heat pumps, the varying temperature levels need to be
considered with energy-flux equations for the four steps shown in the Clausius-Clapeyron

diagram in Figure 1-1. The formulations result from the lumped-parameter model described in

section 3.2.1.
. dT
Pre-Cooling: dcool = (Xminmsc{,ld +mscy + mmeSm)E, (3-28)
dT dX
Gaas = (XmScgd +mscs + mpmczm)a — mSE Agash
Adsorption: dx (3-29)
- mSECzl,‘e (Te - T),
. daT
Pre-Heating:  heat = (Xmaxmscgd +mSc3 + mpmcgm T (3-30)
) daT ax
Desorption: Gdes = (Xmscgd +mScy+ mpmcgm)a — mSE Agash. (3-31)

While pre-cooling and pre-heating only contain energy contributions from sensible heat,
adsorption and desorption steps also contain latent heat due to the phase change from adsorptive
to adsorbate and vice versa. The adsorption step further includes a term accounting for

superheating of adsorptive from evaporator temperature to adsorption temperature.

To minimize entropy production due to irreversibility and thus optimize the thermodynamic
efficiency, as much sensible and latent heat as possible needs to be recovered. Schwamberger et
al. [118]—[120] introduced a thermodynamic analysis that provides the heat recovery potential for
adsorption cooling machines depending on the material pair, adsorber parameters, and
temperature levels. In the present thesis, the method is applied to the Dubinin-Astakhov

isotherm. The following section gives a brief overview of the method, and its application is

outlined in Appendix D.1.

The state of the adsorbent can be described by two of the three dynamic states pressure,

temperature, and loading. Thus, the differential, path-dependent heat (8q), which is transferred
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to the adsorber during the desorption cycle and removed during the adsorption cycle, can be

described by partial derivatives of two of these dynamic states, e.g.,

éq éq

oq = <ﬁ)p dT + (5)T dp. (3-32)

Using the chain rule, equation (3-32) can be rewritten to

_ 6q) <5q) <6X> (3-33)
64 = <6T T 6x ) ap) P

The first term describes the differential, path-dependent change of heat with a change in
temperature at constant pressure. The pressure p = f (T, X(T)) is a function of temperature T
and loading X (T, which is a function of temperature itself. Using this dependency, the first term
in equation (3-33) can be separated into two parts. The first part describes the differential change
of heat with the temperature at constant loading. The second part contains the differential change
in the heat with a change in loading and, additionally, the dependence of the loading on

tem perature

sa=|59), G0, o) Jor+ (59), ), & =

Adsorption half-cycle:

The adsorption cycle contains the isosteric pre-cooling and the isobatic adsorption/ evaporation
steps. The differential heat transferred during the adsorption cycle can be written in terms of the

heat flows shown in Figure 1-1

qcool+ads :f 6q = {cool + Yads
A

ds isoster  isobar (3-35)
t1 tz
= J 4 coot (T, Xmintp(Terin)) dt +J Gaas(T,X (e, T),pe) dt.
to t1

The heat co0; is removed in the isosteric pre-cooling step at X and ¢ is removed in the
isobaric adsorption step at evaporator pressure P,. Using the first formulation in equation (3-32)

and the heat flow from equation (3-28), the isosteric step can be formulated as

ty T /s Ty
ft G coot At = qcoor = L (%) dT = (XminmSng + mscf, + mpmcf,’m) dT. (3-36)
0 0

Xmin To
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It contains sensible heat removed from adsorbate, adsorbent, and heat exchanger. Schwamberger
[120] introduced a necessary driving temperature difference AT for the heat transfer, which can
be varied during the thermodynamic analysis. The highest efficiency can theoretically be achieved
with a driving temperature difference of AT = 0K, which is physically not feasible. Using the
driving temperature difference, the starting temperature of the pre-cooling step Ty can be
calculated from the maximal available regeneration temperature

Tp = TJe* — AT.
07 “des (3-37)

In analogy, the starting temperature of the adsorption step Ty can be evaluated using the maximal

adsorption temperature

Ty = T3 + AT. 538)

X needs to be obtained iteratively and describes the temperature at which the equilibrium

loading X (pe, T) is equal to the loading Xpmin (Pc, T1as™)-

Using the formulation introduced in equation (3-34) and the heat flux from equation (3-29), the
isobaric adsorption/ evaporation step can be formulated, which contains contributions from

sensible and latent heat

Jtz T, Sq
Jaas dt = = j (—) dr
\ ads Qads T1 5T/,

1
T;
= jT {(X(pe, T)mScd? + msc; + mpmcgm) (3-39)

1

—ms (Aadsh(X(pe, T),T) + cbo(T, — T)) @_)T()pe} dT.

In analogy to above, the minimal adsorption temperature T, can be calculated with a driving

temperature difference from the minimal available boundary temperature

T, = T/ + AT,

(3-40)

Desorption half-cycle:

The desorption cycle contains the isosteric pre-heating step (at Xppgy) and the isobaric
regeneration step (at p), where the adsorber is connected to the condenser. The heat transferred

during the desorption cycle can be written as follows
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Gheat+des = 56] = qheat + fl_{iﬁg
Des isoster  isobar (3-41)
ts ts
= j C.Iheat(Terax'p(Tr Xmax)) dt + f C.Ides(T:X(pc'T)'pc) dt.
) ts3

With the formulation for the differential heat introduced in equation (3-34), the heat input for the

isosteric pre-heating step can be written as

t3 T3

(Sq)

- dT

8T Xmax

T3 (3-42)

= | (Xmaxm® cf?+mscy + mpmcsm) dT.
T;

Gheat At = Qpeat = f

[ ) T;

In equivalence to the other temperatures, T3 can be calculated with the driving temperature

difference for the heat transfer and the minimal temperature of the desorption step. Tyre® needs

des
to be calculated iteratively and describes the temperature, at which the equilibrium uptake

min
Tads :

X(p:, T)is equal to the loading X;nax(Pe,

The last, isobaric desorption step partly contains sensible heat contributions as well as latent heat
contributions from the endothermic desorption. Using the heat flux introduced in equation

(3-31), the desorption step can be formulated to

ST
m5(Agash(X (e, T), T)) (Z—)T()pc}dT.

ty . Ty (8 L.
ft; (s At = Quos = fT: (_Q)pch - fT:{(X(Pc,T)mscgd +mScs + mpmcgm ) - (3543

The first term in the integral describes the sensible heat contributions and the second term

contains the latent heat dissipated by desorption. Due to the cyclic process, Ty is equal to Tj.

In dynamic models, the evaporation energy required in the evaporator g, can be calculated by
integrating the heat flux g, over the cycle time. In the thermodynamic model, with the maximal
loading difference AX and the energy provided from the condenser due to recirculation of

condensate, ¢, is directly obtained from

ge = m°AX (Aevap h(Te) - C;ly,c (Tc - Te))- (3-44)
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3.2.3 Microscopic level - Equations of change for adsorbent composites
(distributed-parameter model)
Microscopic models aim to obtain information about temperature, velocity, pressure, and
concentration profiles within a small region of a macroscopic apparatus or process. For the
application of the classical conservation equations of continuum theory, the smallest systems
must contain enough molecules so that fluctuations do not play a role and an averaging over the
considered volume is justified. In the case of adsorption chillers, the microscopic transport
phenomena of mass and energy within the adsorbent composites are well understood, which
raises the question of why a model at the microscopic level is necessary, with the obvious
disadvantages of a higher computational cost and effort for the parameterisation of the model?
On the one hand side, the performance of adsorption chillers is strongly dependent on the
coupled heat and mass transfer within the adsorbent, which is accompanied by large gradients,
requiring the application of a model at the microscopic level. On the other hand, a model at the
microscopic level is more generally valid and can be adapted to varying composite dimensions
without introducing a new integral transport resistance kjpr ' ©, as is necessary for the lumped-
parameter model. With the objective of a combined material and process development pursued
in this work, the use of a microscopic model for the adsorbent composites is thus valid, even
though the spatial resolution requires parametrisation with transport properties determined with
some experimental effort. Aiming to keep the focus on the transport processes in the
composites, the remaining phases are kept as simple as possible, which is why only one further
macroscopic lumped-parameter equation is used describing the Hex of the adsorber (equation
(3-8)). As described in section 3.2.1, evaporator and condenser are regarded as isothermal, steady -
state apparatus and thus, equations (3-20) and (3-27) are used. Since the computational effort
strongly increases with increasing model-dimensionality, a one-dimensional microscopic model is
used spatially resolving the transport processes over the layer thickness of the consolidated
composites, and a linear-driving force approach is applied to condense the intraparticle transport
into an effective approach. This results in a “1 + 0 - dimensional” model approach, where the
coupling between intraparticle pores and interparticle void is achieved via boundary conditions.
Thus, the smallest scale resolved is the wm-scale. The interconnections between adsorber and
evaporator as well as adsorber and condenser are considered in the boundary conditions of the

consolidated composites.

Transferring the “1 + 0 - dimensional” modelling approach to the adsorbent composites
investigated in this work, as discussed in section 2.4, the following abstracted phases can be

identified: The interpatticle void space with porosity €™, the ptimary particle space with &%, and



3. Adsorption refrigeration process — Modelling 59

the heat additive phase with £"?, The primary particles include the solid adsorbent skeleton as
well as adsorbate and adsorptive in the micropores. It is assumed, that mass transport over the
height of the adsorbent composites exclusively occurs via adsorptive transport in the void space
and that the void porosity, as well as void widths, remains constant for different loadings.
Adsorption takes place in the form of micropore volume-filling in the primary particles with
dynamically and (over the composite height) spatially varying adsorbate concentrations. Heat
transport in the composites is mainly due to heat conduction in the skeletal adsorbent phase as
well as the heat additive phase and, depending on the loading, to a certain extent in the adsorbate
phase. Due to the high porosity of technical adsorbent composites, the volume fraction of solid
adsorbent is commonly small which results in low effective thermal conductivities often below 1
W/m/K which is why adding highly conducting heat additive is advantageous. The following
requirements thus arise for the microscopic modelling approach of the consolidated adsorbent

composites:

e Derivation of spatial equations of change for mass and energy for all phases.

e Formulation of boundary conditions for the spatially resolved balances.

To reduce the number of energy equations a local quasi-homogeneous temperature is assumed in
the modelling approach. Thus, the energy balances of adsorptive, adsorbate, adsorbent, and heat
conducting additive are combined into a spatially resolved, quasi-homogeneous energy balance.
The model is set up with the volume fractions of the individual phases being a function of the
spatial coordinate, which is necessary for the context of heterogeneous material design. Here, the

main underlying assumptions and an overview of the derivation are outlined.

Figure 3-3 shows the conceptional system to be modelled containing the individual phases of
adsorptive in macropores (void), adsorptive in micropores, adsorbate in micropores, solid

adsorbent, and heat additive.

Concerning 3D-structured adsorbent composites with spatially varying volume fractions of heat
additive, adsorbent primary particles, and macroscopical transport channels (see section 6.1), a
generally valid model is derived with the volume fractions being a function of space.
Furthermore, besides space, the volume fractions of adsorbate and adsorptive in the micropores
are functions of time due to transient increase and decrease of loading. With the assumption of
adsorption exclusively taking place in the micropores, the adsorbate and adsorptive phases can be

combined into the micropore phase with volume fraction €™ without having to worry about the

time variation of these phase fractions. Thus, a fictitious, time-depending adsorbate density 3¢
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is modelled, which describes the mass of adsorbate per micropore volume, which is further

converted to the loading X.

adsorptive
‘ ......... mlcrOpOl‘CS
]

o~ void/
:  macropores

Z = Scdc Hex (passive mass) V¥ vie e | e heat additive

Figure 3-3: Model sketch with the exchanged mass fluxes and heat fluxes (left); local section of an
adsorbent composite containing microporous adsorbent particles, interparticle void, and heat

additive (right).

Subsequently, the one-dimensional equations of continuity of the individual phases are
considered, generally applicable to the material models investigated in this work which is
followed by the same procedure for the energy conservation equations. The discretization
scheme of the modelled domain is shown in Figure D-1. The model is validated with small-scale

experiments which are outlined in Appendix C.

3.2.3.1 Equation of continuity of adsorbent composites

The main undetlying assumption in the derivation of the continuity equations is one-dimensional
gas transport in the macropores and thus, partial differential equations are obtained. Axial
transport in the micropores is neglected resulting in accumulation — source term ODEs for the
adsorbate concentration. This approach is used to model mass transport in the macropores
resulting in spatially one-dimensional adsorptive concentration profiles over the height of the
consolidated adsorbent composites. Micropore transport and kinetic as well as adsorption kinetic

is notresolved in detail but rather modelled with an effective driving-force approach.

The equation of continuity describes the time rate of change of mass density in a fixed point in

space [102] by the net rate of mass addition

ET +V- gv = 0. (3-45)
V-m
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Subsequently, the equations of continuity in one spatial coordinate are set up separately for the

individual phases shown in Figure 3-3.

The adsorptive density @V in the interpatticle void changes due to the net flux across the element
boundaries. It is composed of the net flux exchanged with neighbouring void elements and the
flux across the interface of void space and apparent adsorbent particles. The adsorptive flux
between interparticle void space and micropores V"™ accounts for the adsorption or
desorption rate calculated with a linear-driving force approach. With the volume fraction of the

void space €M% = V™% [V, and the adsorbent composites width Ly, the one-dimensional

continuity equation of adsorptive in the voids results as follows

do¥  demamy 1
L v-miv — . 3-46
at oz L™ -4

Ema

For 3D-structured adsorbent composites, the void porosity can change with the height and thus
eMa(z) is a function of space. However, assuming adsorption in the void space being negligible,
gma

the void volume fraction remains constant throughout the process, and hence, is no

function of time.

Adsorption predominantly occurs in the micropores of the primary particles due to volume
filling. The grade of filling strongly depends on the dynamically and spatially varying temperature,
pressure, and loading conditions. Therefore, the adsorbate volume-fraction (zt) =

mmiv=ad accounts for mass transfer

Vad/Vcomp is a function of space and time. The mass flux
across the interface between the adsorbate phase and micropores adsorptive phase. No mass is
transferred over the adsorbate-adsorbent interface and hence, m*%¢=S = 0. Axial mass flux in the
micropores, cither in adsorptive or adsorbate phase, e.g., surface diffusion, is neglected, and

hence the mass adsorbed solely changes by the rate of adsorption or desorption. Applying these

assumptions, the continuity equation of adsorbate is given by

ad ad
M — immi,v—ad =0. (3-47)
ot Ly
However, resolution of the time-dependency of the adsorbate volume-fraction is inconvenient.
This can be overcome by neglecting the holdup in the adsorptive micropores, which is very small
compared to the adsorbate mass. Since the dynamic variation in adsorbate volume is equal to the

negative change in micropore adsorptive volume,
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dVad dei,v

=_ : (3-48)
dt dt
the micropore volume fraction €™ is only a function of space
eMi(z) = e™¥(z,t) + £%4(z,t). (3-49)

Therefore, for the model derivation, it is more convenient to use the apparent adsorbate density
8% (mass of adsorbate referred to the volume of the micropores) which is equal to the adsorbate
density 0% in the limiting case of filled micropores. Using %% is advantageous since the volume
of the micropores is stationary whereas the adsorbate volume dynamically changes throughout
the process. The apparent and true adsorbate densities can be transferred into each other using

the ratios of adsorbate to micropore volume-fraction

ad
god = £ 0 0 (3-50)
gml (Z)

Accordingly, the adsorbate continuity equation can be formulated using the volume fraction of

the micropores €™ = Vmi/Vcomp, transferring the boundary condition to the interface between

micropores and interparticle void space

~ad
mi 6§t _Limv—ad ~o. (3-51)
x

For 3D-structured adsorbent composites, the volume-fraction of the adsorbent primary-particle
phase is a function of the spatial coordinate z. Therefore, the local micropore volume fraction
and thus the volumetric adsorption capacity is also a function of space. This gets more obvious
when using the practical (mass) loading X instead of @*¢. Using the loading X and the spatial
dependent bulk-density @?¥*(z), the experimentally accessible mass of the adsorbent phase M$

and the composite volume V;opmy are introduced.

MS()X  MS(2)X

gmi(z)éad = gmi (Z) —
yad Vcomp

= XoPuk (7). (3-52)

Using equation (3-52), the micropore continuity equation in terms of loading follows to

oX 1
bulk ——_ _ — qv-ad — (. 3_53
S -9

To describe the adsorption and desorption rate exchanged between macropores and micropores

m?=% in [kg/m?/s], a linear driving force (LDF-) approach is used, with the difference of
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equilibrium loading and loading serving as driving force. By using the LDF-approach, the total
transport resistance of the adsorbent particles is transferred into the boundary surface. By
comparing equations (3-53) and (2-47), the boundary condition between macropores and
micropores can be identified

1 S
m?=ed — =k, pp (X7 — X)

= kpr(X®9 — X)oPulk,

L, AyAzL, (3-54)
~———
MS/Vcomp
Hence, the micropore continuity equation can be written as
0X
Qbulka = kypp (X9 — X)bulk, (3-55)

By applying the boundary condition V=24 = 1P~ on the continuity equation (3-46) of the

void space, it finally results to

0g” | 0e™y oX

bulk 72 _
ot Bz 5 =0

gma

(3-50)

describing the mass density of adsorptive in the interparticle void or macropores of the
consolidated adsorbent composites. The Dusty-Gas model is used as the transport approach to
describe the mass flux density m} with an effective mass transport parameter as transport

property (see equation (4-12)).

3.2.3.2 Equation of change for energy

In analogy to the continuity equations, the equations of change for the energy are derived for the
individual phases shown in Figure 3-3, which are subsequently coupled with boundary
conditions. In addition, it is assumed that the temperature variance over the height of the
consolidated composites is much larger than in one cross-sectional layer of the composites, and
thus, the energy balances of the individual phases are combined into a quasi-homogeneous
energy balance. This approach is common and has some advantages. First, the model size is
reduced and second, the transport resistances between the individual phases are not explicitly
modelled, for which otherwise suitable approaches would have to be used or experiments

conducted.

The equation of change for volume-specific internal energy ou (without viscous dissipation) in

1

units J/m~3s71is given as follows [102]

9 .
%+V~(Quﬁ)+l7-q+p|7-ﬁ=0. (3-57)
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The term pV - U represents a reversible mode of energy interchange and describes the

interconversion from mechanical into thermal energy. V - ¢ is the gradient of the heat flux vector
and V - (ouv) describes “the rate of energy addition per unit volume by convective transport”. A

more useful formulation of the energy equation is obtained by introducing the specific enthalpy h

and in the next step the temperature. With u = h — p/p and the mass flux m= ov,

doh Op > —
oen %P AZ L S — 3.58
5t ot +V (q + mh) vlp = 0. (3-58)

In the following sections, the formulation from equation (3-58) is used to formulate energy
equations for the individual phases. Subsequently, these equations are summarized to obtain the
spatial depending, quasi-homogeneous energy equations of the adsorbent composites in which
the adsorption enthalpy occurs as a source term. In equivalence to the continuity equations, the

individual energy equations are formulated with spatially dependent volume fractions.

The volume fraction of the heat additive phase for a one-dimensional material is given by £¢ =
yha /Veomp- The total differential of the specific enthalpy as a function of temperature and

pressure is given as follows

dh = <6h> dT + <0h) d
—\ar/, ap/,. P (3-59)
——
Cp
with the specific heat capacity ¢),. Energy transport in the heat additive is exclusively by thermal
conduction and the heat additive is independent of pressure, thus the energy balance is given by
oTha aghaqéul qha—s

ghthaCha + — = 0. (3_60)
Poot 0z Ly

Energy transport across the interface between heat additive and adsorbent ¢S is eliminated

with boundary conditions in the summation to the quasi-homogeneous equation.

In equivalence to the heat additive phase, energy transport in the solid adsorbent phase

exclusively occurs due to heat conduction

0TS agsq;‘ qs—ha _ qs—ad
S .S =0. 3-61
Gt 5, T I (3-61)

&P
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Here, £€°9° is used which is the apparent volume fraction times the apparent density of the
primary particles having the same value as €°9%, but which is experimentally more easily

accessible.

Adsorption predominantly occurs in the micropores of the porous primary adsorbent particles
due to volume-filling depending on the local pressure and temperature conditions. Therefore, the
adsorbate volume-fraction £%%(z,t) and micropores adsorptive volume-fraction €™ (z,t)
related to the composite volume are functions of space and time. In analogy to the continuity
equation, the energy equation for the adsorbate is formulated related to the stationary micropore
volume rather than the dynamic varying adsorbate volume. The energy holdup in the micropore-
adsorptive phase is small compared to the contributions from adsorbate and can thus be
neglected. Furthermore, since the micropore adsorptive phase rather contributes to the spatial
transport nor contains a sink term, it exclusively consists of the accumulation term and fluxes
across the adjacent interfaces, which are vanishing when summing up the individual energy
equations to the quasi-homogeneous energy equation. For an ideal fluid, the differential specific

enthalpy is given as follows

1
dh = c,dT + Edp. (3-62)

Applying the beforementioned assumptions on equation (3-58), the adsorbate energy equation in

terms of apparent adsorbate density 324 is given by

] ~ad Tad mijad s ad—s _ ( ad ad
£m<hw§&_+émcwaa >+a€ LA G+ )™ _ (3-63)

ot p 0z L,

In equivalence to the apparent adsorbate density §%¢ (equation (3-50)), the apparent or rather
effective heat conduction in the micropores G2% is correlated with the heat conduction in the

adsorbate phase via the volume fractions of adsorbate and micropores

£4(z,t) . .

sad — -
With equation (3-52), the adsorbate energy equation is expressed in terms of mass loading X
ad mi 5ad ss—ad _ (yah)ad ad
pbulk pad a_X + pbulk ngXaT + 0e™q; + q (ih) 7 + (vp) =0. (3-65)

ot ot 0z L,

Finally, the energy equation for the interparticle void space with volume fracton €™@ contains

the accumulation term and transfer contributions across the interfacial boundaries. Assuming
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ideal gas behaviour with the differential enthalpy dh = ¢, dT, the energy equation of the

interparticle void space is given by

(Smagvcv —_ Sma QU> aTv _l_ (8mahv _ gma R TU) agv + emamvcv aTv
p MW ot MW ot 2P 9z 366
y de™mmy 9™ p (mh)* (vp)? 0 (3-66)
9z % o0z L, L,

Equations (3-60), (3-61), (3-65), and (3-66) are describing the energy equations of the individual
phases shown in Figure 3-3 on the left. If the individual temperatures are of interest, these
balances can be solved separately and coupled via boundary conditions. However, assuming the
temperature differences with the z-coordinate being large compared to the temperature
differences in adjacent phases on the same height level, a quasi-homogeneous energy equation
can be derived. Therefore, the temperature is exclusively a function of z and not of the individual

phases

T = Tvlz — Tadlz — Tslz — Thalz' (3_67)

For coupling of the individual energy equations, the following set of boundary conditions is used

qs—ha —gha-s =9

, (3-68)
(mh)? — (vp)? — (hh) 4@ + (vp) %4 = 0.

qad—s — qs—ad =0

Furthermore, the enthalpy difference between adsorbate enthalpy h@¢ and adsorptive enthalpy

h? is the adsorption enthalpy introduced in equation (2-27)

Agash = h® — RV, (3-69)
Using these relations and the continuity equation (3-506), the individual energy equations are
summed up to the quasi-homogeneous energy equation in the unit ]mc_g’mps_1
T _ cma BT 90

. oT agMap
emamlcel— — vy = 0.
+ Z"P 9z Z 9z

ha ,ha ~ha 8S3SAS bulk ad ma v v_R_QU
(e 0%y + E°0°cy + 07" Xcpt + € (Q Cp MW))
a(l_gma)qéla+s+ad

oPUWEA pashk pr(Xe4 — X) + py

agma

The term v; P is often quite small and negligible compared to the adsorption enthalpy and

heat conduction terms. For the effective thermal conductivity A%// in the gradient of the effective

heat conduction g eff
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oT
001 — emygporsrat _ggerr (AN @) ) 671

0z 0z 0z ’

the approaches derived in section 2.4 are used. Especially for the application of 3D-structured
adsorbent composites, the spatial dependency of the effective thermal conductivity is of crucial
importance which needs to be considered when discretizing the gradient of the heat conduction.
For the equilibrium loading X®? in the linear driving-force approach, the Dubinin-Astakhov
adsorption isotherm introduced in section 2.1.2 is used. For the adsorptive mass flux in the
interparticle voids m}, the Dusty-Gas model introduced in sections 2.2.5 and 4.4.2 is used as

transport approach.

3.2.3.3 Boundary conditions

For solving the set of partial differential equations (equations (3-506), (3-28)), a set of boundary
conditions for the upper and lower layer of the adsorbent composites is required. For the bottom
layer (z = S¢q¢) of the adsorbent composites (CDC = carbide derived carbon), no-flux mass and

Neumann energy boundary conditions are applied

Y z=s504c = 0, (3-72)
aT krm
L o ) (3-73)
aZ Z:scdc eff ( Z Scdc)

The energy boundary condition is obtained by using the equality of the heat fluxes gP™ = § /7,
For the boundary conditions at the interface of adsorbent composites and gas phase (z = 0), it is
necessary to distinguish between the adsorption and the desorption mode of the adsorber. To
check whether the check valves are open or closed, the pressure differences between adsorber
and evaporator, and adsorber and condenser are evaluated, respectively. In the evaporation step,
a check valve is open when p§% > p?|,_¢ and in the condensation step, if p$** < p?l,—¢. In
pre-cooling and pre-heating, the check valves are closed. Therefore, the following density
Neumann and Dirichlet boundary conditions and temperature Neumann and Danckwerts [121]

boundary conditions apply to the adsorber in the adsorption half cycle

doV
0z lz=9

=0 if P <Pl OTY

pett MW

=P MW p— (3-75)
z=0 RT|2=0 lf pe —p |Z—0

i
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In the pre-heating and condensation steps (desorption half cycle), the following Neumann and

Dirichlet density and Neumann temperature boundary conditions apply to the top layer of the

adsorbent composites
a v
Q —0
aZ z=0
’ ptMw
0"lz=0 = T _R
z=0
oT — 0
aZ z=0 B '
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(3-77)
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3.2.3.4 Summary of microscopic model equations and boundary conditions
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doV

=0 ; sat < p?|. _
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BC top layer Qvlz—o = pem MW if pst = pv|z_0
adsorbent comp. oT 0 .
- = P £ onSa v
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. ,0T 0q
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BC bottom layer
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Evaporator

Energy balance of

refrigerant

e = meAevaph(Te) - mecczl),c (Tc - Te)

T, = const.

Condenser

Energy balance of

refrigerant

C.IC = mCAevaph(Tc) + mccg,des(TdeS - TC)

T, = const.
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4. Experimental Characterization of carbonaceous
adsorbents

For the application in technical devices, the adsorbentis applied in a variety of ways ranging from
loose grains or consolidated beds over binder-based coatings to in-situ directly synthesized
adsorbents [33]. All shapes have their pros and cons which can be summarized to the
antagonistic behaviour concerning mass transport, heat transport, and adsorption capacity.
Depending on the shape of the technical adsorbents used, only the material model must be
adapted. However, for the application of a combined material and process design, the shape of
the adsorbent is of subordinate importance. The methods presented in this work can be applied

to any form of adsorbent.

In this work, exemplarily consolidated composites with cuboid shape are investigated, since they
can be easily manufactured with varying compositions, e.g., amount and type of adsorbent,
additive, and binder. In addition, consolidated composites are promising to improve the
performance of adsorption heat transformers [35]. In many studies, the focus was laid on the
production of consolidated adsorbent composites with a binder, sometimes adding heat-
conducting material, all aiming to either improve heat or mass transport as well as the
compactness to increase the volumetric adsorption capacity of the AdHex [19], [28], [122], [123].
However, increasing one parameter is mostly accompanied by a decrease of another. Finally,
there is always the question of the adsorbent composition and how the adsorbent should be
designed, which should be answered by taking the specific application and mode of operation

into account.

In this chapter, the material models introduced in section 2.4 are parameterised by experiments.
The parameterised material models can subsequently be applied in the mathematical models of an
adsorption refrigerator outlined in chapter 3. The aim is to identify structure-property
correlations and thus to correlate the material and transport parameters with the composites
composition and to identify the competing material properties in large parameter space. For that
purpose, carbonaceous adsorbents are investigated in powdered shapes, and in addition,
consolidated composites with different compositions are experimentally characterized. In
particular, the following material parameters are identified in this chapter to parameterise the

material models: parameters of Dubinin-Astakhov adsorption isotherm (W, E, n), Dusty-Gas

model parameters (Bgff, DX ), thermal conductivity and specific heat capacity of the adsorbent
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@S, cj), bulk and skeleton densities (@P*, Sk€l) macro- and micropore porosity (ema, gmiy,

and macro- and micropore size (d™%,wp).

This chapter is outlined as follows: Initially, the investigated adsorbent composites and their
production routine are introduced. Subsequently, the characterisaion methods and results
obtained for selected samples are presented, starting with the inter- and intraparticle pore
analysis. This is followed by characterization of the adsorption capacity, mass transport capability
as well as the thermal conductivity of the consolidated composites. Most of the methods and
materials investigated in this chapter have been published in short by Triger et al. [34]. Here,

more detailed insightand more results are presented.

The reader is informed that this chapter does not need to be read to understand the following
chapters.

4.1 Adsorbent and production of consolidated composites

In this work, two different powdered carbonaceous adsorbents are investigated, namely,
Titanium carbide-derived carbon (Ti-CDC, short: CDC) and a commercial activated carbon (AC;
VWR Chemicals; charcoal activated (vegetable-based); technical [34]). Consolidated composites
of these adsorbents were investigated in the context of applicability for adsorption refrigeration.
In a DFG funded project’, CDCs wete chosen as adsorbents since their potential as model
materials with tuneable properties and a high reproducibility during the synthesis has been
demonstrated in several applications [34]. The synthesis of the CDCs, characterisation of the
powdered adsorbents, as well as the preparation of the consolidated composites, was carried out
by the Etzold working group’, particulatly during the Ph.D. thesis of L. Triger [124]. In the

following, this work is briefly reproduced.

Among others, CDC primary particles were synthesised by chlorination of titanium carbide
powder, showing a good performance in the application of adsorption. Synthesis of CDC has

two main technical advantages: The overall shape of the carbide is retained during chlorination

2 DFG - Deutsche Forschungsgemeinschaft (German Research Foundation) — project number: N1 932/10-1 & E'T
101/11-1

3 Technical University of Darmstadt, Department of Chemistry, Ernst-Betl-Institut fir Technische und

Makromolekulare Chemie, 64287 Darmstadt, Germany, www.ctzoldlab.de
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and the pore size distribution can be adjusted by the choice of the precursor carbide and
chlorination temperature [125]. For details of the reactive extraction of titanium carbide see
Triger et al. [34], [124]. Among others, microporous CDC-powders with particle fractions of 50-
75 um and 75-150 um were produced, to investigate the influence of particle size. The maximal
particle size of the activated carbon was 80 um. Based on the powdered active materials,
consolidated cuboid adsorbent composites were prepared with different types and amounts of
binders and types and amounts of heat conduction additives in a binder-based approach. In
detail, sodium carboxymethyl cellulose (CMC) with usually 2 wt% and polytetrafluoroethylene
(PTFE), with usually 15 wt% have been investigated as binders. Furthermore, boron nitride
(BN), silver (Ag) and graphite powder (C) with varying amounts have been investigated as heat
conducting additives. The suspensions containing adsorbent, binder, binder-solvent and thermal
conductive additive were cold pressed uniaxially in a hydraulic laboratory press to form the
cuboid consolidated adsorbent composites. The composites with dimensions of 45 x 15 mm with
varying thickness have been produced at ambient temperature and 363 bar with a hydraulic lab
press. In addition to the adsorbent preparation, experimental characterisations were conducted in
the Etzold working group on the carbonaceous composites regarding the influence of binder on
the BET surface, the interparticle void distribution, mechanical stability as well as effective

thermal conductivity [124].

Partly, some of the results are reproduced in the present work and some measurements were
repeated for comparison and completion of the effective material models. The respective results
and methods are marked if they do not correspond to an own contribution. However, the
experimental focus of this thesis was laid on the characterisation of the consolidated composites
regarding their applicability for adsorption refrigeration using methanol as the refrigerant. To
identify  structure-property correlations, several consolidated composites with varying
compositions were investigated for methanol adsorption capacity and effective mass transport.
Additionally, thermal diffusivity and specific heat capacity were measured for selected samples.
Table B-1 in Appendix B gives an overview of the samples examined in this work and the

measurements cartied out.

4.2 Pore analysis of powdered active materials and consolidated

composites

The number of molecules a porous material can adsorb from a bulk gas phase is directly linked to

the internal surface area of the pore walls, or in microporous adsorbents, to the micropore
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volume. Consequently, knowledge of these quantities is of great interest in the characterization of
porous materials. It is assumed that a major part of the adsorption capacity is attributed to the
pore network in the primary particles (mainly micropores in the CDCs; micropores and
mesopores in the AC), whereas adsorption on the outer particle surface and adsorption in the
voids of the composites is negligible. Besides adsorption capacity, the internal pore volume of the
particles or rather the particle porosity is of interest since a high porosity is advantageous for
mass transfer but disadvantageous for heat transfer. Furthermore, the pore size distribution (or
the mean pore width) is crucial concerning the mass transport in the primary particles. The
beforementioned material quantities can be obtained from the measurement of the powdered
carbon active materials. However, concerning the applicability in technical processes, powdered
adsorbents are unpractical, requiring adsorbent agglomerates or consolidated composites of
adsorbents. These consolidated composites consist of the active carbon material, binders and
may additionally be enriched with heat-conducting additives, which poses further questions
regarding the material properties. Do the binders and heat-conducting additives influence the
adsorption capacity as well as mass and heat transfer rates in the consolidated adsorbent? And if
s0, is it possible to identify structure-property correlations? To address these questions, the focus
of material characterization is on the study of consolidated composites with varying

compositions.

The material parameters, concerning the powdered active materials, are determined by nitrogen
physisorption measurements and their evaluation by classical methods. These measurements and
characterizations were part of the Ph.D. thesis of L. Triger [124] and were published in a joint
publication [34]. The results and methods are only briefly summarized here (see section 4.2.1) to
provide an understanding of the derivation of the effective material models of the consolidated
composites at the various scales and the origin of the material parameters as well as to
parameterise the material models. In particular, the analysis of the powdered active materials

delivers the following parameters required for the effective material models: volume fraction of

micropores (€™) and average micropore size (Wp).

Furthermore, characterisation measurements related to the application in the adsorption
refrigeration process were carried out on consolidated composites with the aim to further
parameterise the effective material models outlined in section 2.4. The void network between
powdered adsorbent-particles (also termed macropores in this work) was investigated with
mercury intrusion revealing the macroporosity (€™%) and mean width of transport pores (d™%) in
the consolidated composites. In addition, skeleton (05¥€!) and bulk density (0?*¥) are obtained

from these measurements and a BET surface area analysis is conducted for selected samples.
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4.2.1 Characterization of powdered carbon active material

Nitrogen physisorption experiments and classical evaluation methods (e.g., BET method) are still
widely disseminated in the characterization of porous materials, despite their questionable
applicability in the presence of micropores and the advantages provided by computational
methods. Already in 2001, concerning the developments in computational methods, Sing
questioned, why the BET method is still used for the characterization of microporous materials
[62]. And, it is evident, that DFT (and related methods), as well as molecular dynamics
simulations, are powerful when correct assumptions are met [126]. Thus, besides experimental
characterization, computational methods are nowadays state of the art in the characterisation of
microporous materials e.g., [126], [127], which, however, is not part of this work. The interested
reader is referred to the extensive work concerning DFT methods in porous media e.g., provided

by Landers etal. [128].

Still, especially for new materials with unordered, heterogeneous pore structures, classical
methods give a quick, first insight and the quantities obtained from nitrogen physisorption

experiments are still useful fingerprints of porous materials [20], [57], [62], [129], [130].

Nitrogen physisorption measurements on AC- and CDC-samples with varying binders were
conducted during the Ph.D. thesis of L. Trager [124]. Two experiments with relevant binder and
amount of binder are reproduced here and the evaluation with the BET method and Gurvich
rule examined. The nitrogen physisorption measurements were performed with a Quantachrome
(Quadrasorb SI) at 77 K over the complete range of relative pressure ¢ = p/psqr =0 — 1.
Degassing of the samples was initially performed under fine vacuum at 120 °C for 22 h [34].
Figure 4-1 shows the adsorption isotherms in terms of adsorbed volume and molecules per mass

adsorbent as a function of relative pressure in normal (top) and semi-logarithmic scale (bottom)

for the CDC and AC powdered material.

The CDCs exhibit isotherms that can be classified between Type I(b) and Type II and the AC
shows rather isotherms of Type I(a) and IV(a) according to the IUPAC classification [48], [57]
with a small hysteresis (a marginal hysteresis can also be identified in the CDC isotherms). The
adsorption capacity of AC is lower than that of CDC, with the smaller CDC particles having a
slightly higher capacity than the larger particles, which may be due to the larger external surface

area or better accessibility to the internal porosity.
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Figure 4-1: Adsorption isotherms of AC and CDC with different particle fractions as a function of
relative pressure. Left in terms of volume adsorbed and on the right in terms of amount

adsorbed. In the two graphs below, the abscissa is shown semi-logarithmically.

However, it is difficult to pinpoint with certainty the exact reason. A superposition of several
effects is also conceivable. All the presented isotherms exhibit a steep rise at low relative
pressures indicating adsorption in micropores, e.g., volume filling. With increasing relative
pressure, the adsorbed amount in the CDCs continues to increase slightly, indicating adsorption
at the external surface or to some extend in mesopores which are present in addition to
micropores. No specific relative pressure can be assigned to the transition from volume filling to
the external surface and mesopore adsorption, however, since the adsorbed amount increases
only slightly from approx. ¢ = 0.2, it is predominantly micropores that contribute to the
intraparticle porosity. In AC, on the other hand, the transition from micropore volume filling to
the external surface and mesopore multilayer adsorption occurs more sharply and is already at a
very low relative pressure of about ¢ = 0.02. At this point, the adsorbed amount in the AC is

significantly lower than in the CDCs indicating a lower micropore volume. The increase in
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loading with increasing relative pressure is larger for the AC than that for the CDCs, which

conversely indicates a larger mesopore volume and/ or external surface.

As the preceding discussion shows, identifying a unique isotherm type is often difficult. In fact,
for microporous materials, one usually obtains a composed isotherm of Type I and II (which
arises from micropores and outer surface) or Type I and IV (which arises from micropores and

mesopores) [60].

By applying the BET method to the nitrogen physisorption measurements obtained by Triger
[124], the specific internal surface area (for microporous materials more appropriately termed
apparent surface area [57]) can be determined. Furthermore, using the Gurvich rule, the
micropore volume and average pore size can be calculated when assuming a slit pore geometry.
The application of the BET method requires a prior determination of the linear BET range.
According to Thommes et al. [57], the linear range is evaluated by using the linear form of the
BET isotherm from equation (2-15) which is exemplified here for the CDC sample with a smaller
particle fraction (50-75 um). By plotting the left-hand side versus the relative pressure, the BET
plot in Figure 4-2 (left) is obtained.
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Figure 4-2: BET plot (left) with the linear range and determination of the monotonously increasing

range of the BET-plot with ¢ = p/psqe (tight) for the sample CDC 50-75 um.

Furthermore, the linear range is indicated, however difficult to identify. For this reason, a plot of
the denominator of the left-hand side of equation (2-15) versus the relative pressure is more
appropriate as shown in Figure 4-2 (right). The upper limit of the BET range for this CDC
sample can thus be identified at approx. ¢ = 0.12. For the lower limit, Brunauer-Emmet-Teller
originally proposed ¢~ 0.05. In the present work, the lower limit is chosen to ¢ = 0.01 which
guarantees that enough measurement points are considered for the fit. It was verified that the

exact value of the lower limit has no influence on the resulting fit parameters if the lower, non-
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linear region of the BET plot is excluded. The identical procedure was used to determine the

BET range for the other samples.

From the BET equation in the linear form (equation (2-15)) the monolayer capacity vyad

and
parameter b were obtained followed by calculation of the specific equivalent BET sutface area a®
(equation (2-16)), using the cross-sectional area occupied by one adsorbed nitrogen molecule

Ompn, = 0.162nm? [57]. Assuming a slit pore geometry (two parallel pore walls each with

specific surface area a®/2), the mean (micro-) pore width is finally calculated by

va

w, = (@-1)

as’

with the specific internal volume v, (intraparticle pore volume per mass adsorbent). The internal
volume (for microporous solids, the term “micropore volume” is not appropriate and is better
termed “‘saturation capacity” [06]) of pores in microporous materials is an important
characteristic parameter. Concerning experimental methods, the Gurvich rule is still state of the
art in determining the saturation capacity [131]. Even though in practice, the plateau of the
adsorption isotherm is rarely horizontal and, thus, a sharp distinction between micropore and
mesopore adsorption is difficult [57]. The Gurvich rule is a quick method, to get an idea of the
intraparticle pore volume of adsorbent materials with a predominantly microporous nature. In
this method, the density of the adsorbed molecules is assumed to be identical to a hypothetical
liquid phase at bulk conditions without taking the shape of the intraparticle pore network into
account and regardless of the surface chemistry of the adsorbent [131]. Thus, the intraparticle

pore volume with respect to the adsorbent mass is calculated by

max (v O)MWy,  xsat

, 4-2)
vaz Vo o'

Up =
using the specific adsorbed gas volume close to saturation (in the present work, ¢ = 1 is used).
XS4t is the specific loading with filled (saturated) intraparticle pore volume in units mass
adsorbate per mass adsorbent and MW is the molar weight. The liquid density of nitrogen is
Qsz = 0.808 gcm™3. With the apparent particle density Qapppar N kgs/m%ar, the particle
porosity in mg /m?,ar is (included are all intraparticle pores which could be micropores and

mesopores)

Eppar = UpCQapp,par: (4-3)
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The particle density is the apparent density of a single particle obtained with a non-wetting fluid,
e.g., by mercury intrusion, (volume of accessible and non-accessible pores included). However,
concerning the effective material models (section 2.4) and differential equations of the
microscopic level model describing the consolidated composites (section 3.2.3), &, yqr is not Of

great interest. Rather the particles pore volume related to the consolidated composite volume

e™ = &y comp in mfni/mg’omp is needed, given by

|74
| — _ P _ bulk
emi = Ep.comp = —Vcomp = 10 ulk (4-4)

The bulk density of the consolidated composite @?*¥

can either be obtained by measurement of
the macroscopic lengths to calculate the composite volume and dividing it by its mass. Or more
sophisticated using the bulk density obtained from mercury intrusions at an applied pressure of 1
bara (see section 4.2.2). X% n%d or p¥»%4 are classically obtained from N, physisorption
measurements, just before it starts to adsorb at the outer particle surface. For microporous
adsorbents with a well-defined, horizontal plateau (e.g., Type I isotherm), the exact ratio of ¢ is
not of great importance. However, as stated above, in the presence of mesopores a clear
distinction between micro- and mesopore adsorption and, thus, a clear determination is difficult.
Typically, v¥%% is obtained at a ratio of ¢ of 0.9 —0.95 which includes any pores smaller than
20 — 40 nm [127], [131], resulting in an internal pore volume containing micro- and mesopores.
Furthermore, especially in the presence of ultra-micropores the size of the adsorptive molecule is
of importance since some voids cannot be accessed while still contributing to the internal pore
volume, which can be analysed using the molecular probe method [129]. As a reason, Ongari et
al. proposed the term ‘occupiable pore volume’, since this is the volume obtained from
experiments and which should be used to compare results obtained by DFT methods [127]. An
alternative experimental method to estimate the internal pore volume is the Dubinin-

Radushkevich-method [132]. However, there are some inaccuracies which is why the Gurvich

rule is more reliable and disseminated [62].

A summary of the values determined for the three samples examined in this section is given in
Table 4-1. The CDC sample with the small particles has the largest adsorption capacity (as
discussed previously) accompanied by the largest ‘equivalent BET surface area’, internal volume,

and the smallest average pore width.
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Table 4-1: Characteristic values of the investigated powdered carbon active materials obtained from

N2 physisorption experiments and evaluated with the BET method and the Gurvich rule.

CDC50-75um | CDC75-150um | AC max. 80 um
BET range /— 0.01-0.12 0.01-0.12 0.01-0.08
v2%d(BET) /(cm?g~1) 372 327 213
b(BET) /- 459 425 681
as(BET) /(m2g~1) 1619 1423 927
vy /(em3g™1) 0.78 0.72 0.65
wy, /nm 0.97 1.02 1.40

4.2.2 Characterization of consolidated composites containing carbon active
material, binder, and heat-conducting additive
Quantities in the macropore range are not obtained by gas sorption measurements which is why
other methods are needed to characterize the larger pore ranges. A standard experimental
procedure to obtain these quantities is mercury intrusion which is thus complementary to gas
sorption procedures for characterization of porous media. However, one should not expect to
attain the same results in the overlapping range, when using two different methods with very
different underlying models [51]. In mercury intrusion measurements, liquid mercury is forced
into the voids and pores of the porous sample by increasing external pressure. With increased
pressure, more and more voids and then pores in the primary particles can be filled by the liquid
mercury. Since the interparticle voids are generally larger than pores in the individual particles,
these voids are filled at lower pressures and hold more mercury than intraparticle pores. In other
words, the intrusion rate of mercury with rising pressure is greater while the voids are filled
compared to the intrusion rate when the intraparticle pores are filled [51]. As a result of this, the
completion of interparticle void filling can be identified on the intrusion curve by an abrupt
change in the filling rate. From this inflection point, the total volume of the interparticle voids

and following the macroporosity as well as the void widths can be identified.
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The external pressure p directly correlates with the void width d™4, the angle of contact @
(Ong = 140°) between liquid mercury and solid surface as well as the surface tension ¢ (Oyg =
0.48 N /m) which was suggested by Washburn in 1921 [133]

ama 2
rma — =— ?J c0s0. (4-5)

2

The Washburn equation concisely correlates the pressure required to force a non-wetting liquid
with surface tension 0 into an equivalent circular capillary with a radius 7% or diameter d ™%
[51]. Due to the non-wetting behaviour, mercury is ideally suited for use in intrusion experiments to

characterize porous media.

For a mercury intrusion measurement, a porous sample is initially placed in a vacuum chamber
and evacuated allowing all adsorbed contaminants to be removed. While still under vacuum, the
sample chamber is filled with mercury creating a system containing the dry, porous sample, the
non-wetting liquid mercury, and its vapor. The value of the bulk density is obtained at the point
before the mercury starts to enter the voids of the consolidated sample (at approx. 100 mbar
abs.). For further initialization, the pressure is increased to ambient allowing the liquid phase to
enter large fractures with diameters above d™®(1 bar) = 6 um [52]. Subsequently, the sample
container is placed in a pressure chamber, where the pressure could be increased up to 400 MPa
[51]. By increasing the pressure up to this value, mercury is forced into pores down to about
d™2 = 3 nm according to the Washburn equation. The volume intruded into the porous sample
when increasing the pressure from p; to Pj4q corresponds to the volume of pores in the size
range from d"* to d/}{. To obtain the correct volumes, the intrusion process needs to
equilibrate before increasing the pressure to the next level and probing the next smaller pores.
Measurement of the intruded volume can be obtained from the volume decrease in a capillary
attached to the pressure chamber. The correlation of increasing pressure and intruded volume is
called intrusion curve whereas the extrusion curve is obtained when decreasing the pressure and
measuring the corresponding extruded volumes. Figure 4-3 (left) shows the intrusion and
extrusion curves of a compacted CDC composite with primary particle sizes of 50-75 um and 2
wt% of CMC binder (sample Pgg, termed “Expcpc’) as function of pressure. In addition, the
pressure corrected intrusion curve is plotted. Due to the high pressures applied in a mercury
intrusion experiment, the differing compressibility of mercury, porous sample, and pressure

chamber needs to be considered. The (manual) correction factors were provided by the
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experimental laboratory* that cartied out the intrusion measurements. Thus, the corrected

intruded volume results to

Vint,corr = Vint — pCHg,p: (4-0)

where p is in units MPa an ;e in mm3/g. With increasing pressure and smaller intruded pores,
the compressibility of mercury, porous sample, and the pressure chamber is of relevance. Figure

4-3 (right) shows the specific intruded volume (non-corrected) as a function of the void radius.
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Figure 4-3: Specific void volume of a consolidated CDC composite with particle size of 75-150 um

and 2 wt”% CMC binder (sample Pyg, termed “Expcpc”) as function of pressure (left) and

void radius (right).

The correlation between intrusion pressure and void radius is directly obtained from the
Washburn equation. With a pressure of up to approx. 400 MPa, the mercury could access pores
down to an equivalent pore diameter of 3.7 nm for this CDC sample, and thus, interparticle voids
(macropores) and some of the intraparticle pores (mesopores) are covered. The interparticle void
volume can be determined from the transition from mercury void filling to the filling of the
intraparticle pore network, at the inflection point, by an abrupt decrease in the mercury intrusion
rate [51]. However, the determination of distinctive inflection points from the intrusion curves
obtained for the samples investigated in the present work is not possible. The transition from

interparticle void to intraparticle pore filling takes place in the form of a continuous transition

4 Zeta Partikeltechnik: pressure correction factors: Cp 4, = 0.38 mm?/(gMPa) (CDC 75-150 um, 2 wt% CMC)

and the same value assumed for (CDC 50-75 um, 2 wt% CMC), Cpyg , = 0.33 mm?3/(gMPa) (CDC75-150 um, 2
wt% CMC, 10 wt% BN).
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rather than at the defined point as can be identified from Figure 4-3. Therefore, a different
approach is used, starting from the skeletal density, which is explained in detail further below.
Applying this procedure, the inflection point for the intrusion curve shown in Figure 4-3 can be

identified at an approximate intrusion pressure of pipr; = 0.46 M Pa corresponding to a specific
void volume of approximately vint(pinfl) = 500 mm3g~! and an equivalent void radius of

ri;?}lz (Pinfz) = 1.58um.

A further step in evaluating the mercury intrusion measurements includes the identification of the
modal void radius which is obtained by differentiating the specific intruded volume by the
logarithmic void radius. The resulting curve is shown in Figure 4-4 together with the specific

intruded volume as a function of void radius.
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Figure 4-4: Specific void volume and differential void volume distribution as a function of the void
radius of a CDC composite with a particle size of 75-150 pm and 2 wt% CMC binder. The

indicated point represents the modal void radius.

The modal radius of (macropores) voids for this CDC sample can be identified to r™% =
5.18 ym which is assumed to be the average radius of the interparticle voids. This quantity
serves as a characteristic value describing the macropore size and is needed in the effective
material model to describe the mass flux in the consolidated composites with the Dusty-Gas
model. Furthermore, from Figure 4-4 the macropore range can be identified as being the pore
range which predominantly contributes to the all-over specific void volume as well as a minor

contribution from pores in the lower mesopore range (around 2-10 nm).

For the parameterisation of the effective material models introduced in section 2.4, in addition,

adsorbent particle and interparticle void porosity, as well as densities, are needed. Especially, the

(micro-) pore porosity e™ = Ep,comp and void porosity €™ related to the composite volume as



4. Experimental Characterization of carbonaceous adsorbents 83

well as the true adsorbent density Qgrye and bulk density @P%

are required. To obtain the
beforementioned quantities, the apparent density of the particles at the inflection point
Qapp,parDins1) is identified. The apparent density as a function of the specific intruded volume

can be calculated by

1
1/ — v, (d™)

Qapp(d™?) = 4-7)

By identifying the intruded volume Vipnt(Dins1) at the inflection point, just before the mercury

enters the primary particle, the apparent particle density can be obtained by

Qapp,par(pinﬂ) = Qapp (vint (pinfl))» (4-8)

which is used to evaluate the particle porosity &, 5qr in equation (4-3) and the void porosity €M%

by the following relation

Vma

gMe = V= Vine Pingt) Opuik = 1 —
comp

Obulk
Qapp,par (pinfl)

(4-9)

As indicated in section 4.2.1, particle porosity is not of great interest for the effective material
models of the consolidated composites. Rather, the volume of intraparticle pores related to the

composite volume €™ in equation (4-4) is needed. For this as well as for equation (4-9) the bulk

density gPk

atp =~ 0.01 MPa.

is used which was obtained from the mercury intrusion measurement at initial state

The later discussion reveals the difficulty of identifying the proper value of the void porosity €%
which is directly related to the inflecion point and thus depends on the quality of its
determination. Due to the difficulty of defining an exact pressure of the inflection point from the
intrusion curve, an approach is used going the reversed way. In addition to mercury intrusion, a
helium pycnometer was used for two selected CDC samples to determine the skeleton density
Oskel (Of true density Q¢rqye if no closed pores exist) independently. The undertlying principle of
the measurements is the displacement of a gas in a known volume by a solid sample. Generally, a
pycnometer contains two isothermal chambers of known volume one of which is evacuated and
contains the porous sample. The other chamber is filled with a weak- or non-adsorbable gas with
a molecular size as small as possible. For this purpose, helium has proven to be a suitable gas
(adsorption rates of helium at atmospheric pressure and room temperature are neglected). When
connecting the two chambers, the resulting equilibrium pressure is above the pressure in an

equivalent experiment without a solid sample. From the pressure difference and ideal gas
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assumption, the skeleton volume and following the skeleton density can be determined. This
independently obtained skeleton density with the helium pycnometer (Qgxe;) together with the
specific pore volumes obtained from N, physisorption v, (see Table 4-1) are subsequently used,
to identify the inflection points on the mercury intrusion curves using the following relation
Qapp,par(pinfl) _ 1

— . 4-10
gp,par -1 vp - 1/Qapp,par(pinfl) ( )

Oskel = —

Summarizing, Table 4-2 shows the values for three consolidated composites with different
particle sizes and amounts of heat conducting additive. The characteristic values in the first three
rows are directly obtained from the mercury intrusion curve respectively the measurements with
the Helium pycnometer. The characteristic values in the subsequent rows were calculated in post-

processing using the method described above.

The following identifications can be revealed. The bulk density increases when using smaller
primary particles (CDC 50-75 um vs. CDC 75-150 um) directly resulting in a void half-width
r™®) reduced by a factor of approx. 3. Similatly, the addition of 10 wt% BN heat conducting
additive increases the bulk density due to partial filling of the void volume (dgy = 1um [34]). As
a result, the void half-width slightly decreases (CDC 75-150 pm vs. CDC 75-150 um with BN).

Since the skeleton density of boron nitride (Qgkerpy = 1.9 gem~3 [134]) is below the skeleton

3

density of CDC (Qskercpc = 2.27 gem™ [134]) consequently, a lower skeleton density of the

thermal conductivity enhanced composite results. With equations (4-4) and (4-9) the particle
porosity related to the volume of the consolidated composite (€ comp = Emy) and the void (¢™4)
can be determined, respectively. The void porosity of the composite with a large particle fraction
is the highest which directly correlates with the smallest bulk density. Equivalently, the smaller
particle causes a somewhat more compact bed density resulting in a significantly reduced void
porosity. Due to the boron nitride additive partially filling the voids, the macroporosity is also
significantly reduced, which however can also partly be explained by the comparably large pore
porosity of this sample. The sample with the small particle fraction is the one with the highest
pore porosity directly related to adsorption capacity. This link could already be drawn in the

analysis of the nitrogen physisorption results.

Finally, it must be emphasised, that the division in particle pore and void porosity is not
straightforward and definitive, due to its dependence on the definition of the inflection point.
Rather the total porosity can be taken as the correct value since its determination solely depends

on the measurement of the bulk density and skeleton density with the helium pycnometer.
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However, it must be kept in mind, that skeleton density was determined with helium as a probe

molecule which is not able to enter closed pores or pores with size below its molecular diameter.

Table 4-2: Characteristic values of the investigated consolidated composites of CDC adsorbent
with varying particle sizes, binder, and additive directly obtained from mercury intrusion

measurements and with a helium pycnometer (first three rows). In the post-processing

calculated characteristic values using the N, physisorption results from section 4.2.1 (last

five rows).
CDC 50-75 CDC 75-150 | CDC 75-150 um, 2
um, 2 wi% um, 2 wt% | wi% CMC, 10 wt%
CMC CMC BN (~1 um)
Qoutk/ (g cmziny) 0.63 0.60 0.6
(Hg int.@p = 0.01 MPa)
r™a/um (Hg int.) 1.79 5.18 4.47
Osker/(g cmz3) (He pyc.) - 227 217
Osker/(g cm33) (eq. (4-10)) 2.26 2.27 2.17
M /(mimegny) (eq. (4-9)) 0.23 0.3 0.22
p.comp/(MaMeomp) (eq. (4-4)) 0.49 0.43 0.48
etotar/ (M3 pMZ3mp 0.72 0.73 0.7
Qapp,par/(g me_)gr) 0.82 0.86 0.85
(Hg int.@ infl.point, eq.(4-8))

Typical characteristic values for activated carbons are given by [55], which are comparable to the
values obtained for the CDC carbon active material with nitrogen physisorption and mercury

intrusion.

4.3 Adsorption capacity of active carbon composites for methanol

The adsorption characteristics of methanol on carbon active adsorbents can be well described by
the Dubinin-Astakhov adsorption isotherm which is the model of choice in this thesis. It
contains three fitting parameters (Wq, E, n) which can be determined with uptake measurements

and parameter fitting. Regarding the design of adsorbent composites, with varying amount of
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inert and active material, correlating the adsorption capacity Wy with the proportion of the
carbon active material is necessary. Intuitively, one would assume a linear dependence of
adsorption capacity and adsorbent content. Whether this relationship proves to be correct, or
whether high proportions of inert additive or binder block some of the adsorption sites is

investigated in this section.

4.3.1 Manometric measurement setup for determining adsorption isotherms

The methanol adsorption capacity of different carbon active consolidated composites was
determined at 30 and 90 °C with an automated apparatus consisting of a liquid methanol tank
and a thermally controlled vapor reservoir coupled to an absolute pressure transducer (MKS
Baratron 121A, 1000 mbar). The experimental plant works with the static manometric principle
of measurement [135] and the setup is schematically shown in Figure 4-5. It consists of ultra-high
vacuum components to minimize gas leakage. All relevant components are embedded in an
actively, temperature-controlled (external thermostat), isothermal aluminium bed. The
temperature of the sample holder can further be actively controlled with a second, external
thermostat. A temperature-controlled pressure transducer serves to detect the MeOH vapour
pressure in the vapor reservoir. A Turbo-molecular pump is coupled via valve V6 with the vapor

reservoir to enable a high vacuum initial for each experiment.

The static manometric principle of measurement is based on the determination of changes in
pressure of calibrated gas volumes due to adsorption. However, in contrast to gravimetric

techniques, measurement points at high relative pressures cannot be obtained.

Each equilibrium measurement is initialized by slowly dosing methanol vapor up to a defined
pressure level into the vapor reservoir with known volume, which is maintained at a constant
temperature. The amount of methanol can be calculated assuming ideal gas behaviour and varied
by varying the initial pressure level. By opening the valve V4 methanol vapor flows into the
previously evacuated sample chamber and starts to adsorb on the adsorbent. Due to adsorption,
the pressure decreases until equilibrium is reached. The amount adsorbed can be determined by
the difference of vapor initially dosed into the vapor reservoir and the amount remaining in the
vapor phase in equilibrium. The adsorption isotherm is constructed by repeating the equilibrium
measurement with different equilibrium pressures. To obtain the correct amount adsorbed, the
volume of the dead space must be known, which can be obtained by pre-calibration of the
sample volume and subtracting the skeleton density of the adsorbent. However, the sample
volumes are negligibly small compared to the volumes of the vapor reservoir and sample

chamber which is why the dead space of the skeleton adsorbentis neglected.
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Figure 4-5: Schematic sketch of the experimental plant for measurements of methanol adsorption on

carbon active composites.

The execution of the experiments consists of the following steps. After evacuating the setup with
a turbo-molecular pumping station (= 10* mbar) and desorbing the sample on the sample holder,
vaporous methanol is dosed into the vapor reservoir via V2 and V3 up to certain vapour
pressure. The MeOH is provided from the methanol tank. When opening valve V4, methanol
enters the sample chamber and is adsorbed on the sample. After a certain time, the equilibrium is
reached, and the amount adsorbed can be calculated from the chamber volumes and the
pressures at the beginning of the experiment and in equilibrium. The sample preparation
consisted of degassing at 180 °C for 5 h under fine vacuum and subsequent weighing. The dried
carbon active composite was attached to thin metal plates utilizing an indium foil (Goodfellow;
0.25 mm) or a double-sided, thermal conducting adhesive tape (Dreyer Systems GmbH, Thermal
Tape DS-TAP-P-A2-1.2-0.10, A = 1.2 W /m/K). The centre temperature of the metal plate was
measured using a thermocouple inserted into a small hole in the metal plate. The top temperature
of the carbon active composites was measured with another thermocouple adjusted with thermal
conducting paste. The mounted metal plate was placed on a temperature-controlled sample
holder utlizing a liquid metal pad (Coollaboratory) to provide a reasonable thermal contact.
Subsequently, before the first measurement, in situ degassing of the fully assembled sample at
90°C under high vacuum was conducted. Figure 4-6 shows a picture of the sample holder with an

attached consolidated CDC composite, thermocouples, and thermal conducting paste.
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Figure 4-6: Sample holder for the equilibrium plant consisting of the temperature-controlled sample

holder, metal plate, thermocouples, and consolidated CDC-composite.

In the manometric measurement principle applying a dosing procedure, the systematic errors in
the measured amount of gas are cumulative. Besides, with increasing initial pressure, the
remaining amount of methanol in the dead space that is not adsorbed becomes more and more
important [57]. Therefore, beforehand every single experiment, the measurement cell was
evacuated, and the sample desorbed to generate identical initial conditions (for microporous
samples, <1 Pa is desirable [57]). To obtain measurement points at higher relative pressures, step
experiments were used, where the equilibrium pressure of the previous experiment served as
initialization of the subsequent experiment. However, due to the accumulative errors in

manometric experiments, no more than two-step experiments were conducted.
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Figure 4-7: Transient temperature and pressure profiles obtained in a manometric measurement. The
equilibrium pressures are used to parameterize the Dubinin-Astakhov isotherm model.
Exemplarily, the plots are shown for sample Pgg (EXpcpc) (see Table B-1) and an experiment

conducted with an initial temperature of 30°C and initial pressure of 200 mbar.



4. Experimental Characterization of carbonaceous adsotbents 89

The measurement procedure explained previously results in transient pressure and temperature

curves, exemplarily shown in Figure 4-7, which were obtained for sample Fg (Expcpc) at 30°C

and an initial pressure of 200 mbar.

By evaluating the equilibrium points with the DA-model (equations (2-18) and (2-23)), and
plotting adsorbed volumes versus corresponding adsorption potentials, the characteristic curve is
obtained. Figure 4-8 (top) exemplarily shows the characteristic curve of a sample with CDC
primary particles size between 50-75 um with 2 weight percent of CMC binder and 10 weight

percent of silver additive (Pyg).
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Figure 4-8: Dubinin-Astakhov isotherm fit with equilibrium measurements at 30 °C, 60 °C, and 90

°C as well as the residuals (top). Adsorption isotherms as a function of relative pressure and

equilibrium pressure (bottom). Exemplarily, the plots are shown for sample Pg with CDC

primary particles size between 50-75 um, with 2 wt% of CMC binder and 10 wt% of silver.

The maximal adsorbate volume with respect to the compound mass is approximately
0.553 Cm3/gcomp. Exemplarily, isotherms at 30°C, 60°C and 90°C were measured for this

specific sample. It is obvious, that the measurements at 60°C do not provide any additional
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information than the measurements at the other temperatures. Therefore, to reduce the number
of experiments for the remaining samples, the equilibrium measurements were exclusively
conducted at 30°C and 90°C. In addition, the residual of experimental and model adsorbate
volume shows a very good agreement of experiments and Dubinin-Astakhov model with
deviations below 1.5%. Furthermore, the adsorption isotherms as functions of relative and
absolute equilibrium pressures are shown in Figure 4-8 (bottom). Due to the manometric
measurement principles and for the high-temperature measurements due to the setup limitation

of maximal 1 bara, the experiments could not be executed to the saturation limit.

4.3.2 The characteristic curve in the Dubinin formalism

The Dubinin-Astakhov model was applied to the experimental equilibrium measurements of the
carbon active consolidated composites. The experimental equilibrium point, and characteristic

curve can be related to the mass of the composite or the carbon active mass.

Figure 4-9 shows characteristic curves obtained for sample Pgg (EXpcpc) (see Table B-1) related
to composite mass (left) and CDC-mass (on the right). Due to the small amount of inert additive
2 wt% of CMC binder) the intersection with the ordinate is similar. The specific maximum
(micro-) pore volume is wy = 0.603 Cm3ggolmp. In comparison, the specific micropore volume
obtained with nitrogen physisorption and evaluated with the BET method for CDC-powder with
the same particle size (50-75 um) was v, = 0.78 cm3g~1 (see Table 4-1).
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Figure 4-9: Characteristic curve in the Dubinin formalism related to absolute composite mass (left)
and CDC mass (right) as a function of the adsorption potential A for sample Pgg (EXDcpc).

The fitted parameters result to wy = 0.603 Cm3ggolmp, E =2125]g Y andn = 2.32.
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The deviation in the specific micropore volume of > 20 % between methanol adsorption
measurements on the composites and nitrogen physisorption on powdered primary particles is
significant and cannot be completely explained by the addition of the extra binder mass. Due to
the mixing with the binder and shaping process of the composites, pore-blockage appears to
some extend reducing the accessible micropore volume. This was confirmed by a loss in BET
surface areas of about 10% of consolidated composites compared to powdered primary particles

[34]. In addition, the nitrogen molecule can access smaller pores compared to methanol due to its

smaller molecular diameter (Opyeoy = 0.42nm [136], o, = 0.364nm,).

Besides CDC samples, the activated carbon samples were investigated in manometric equilibrium
measurements. Figure 4-10 shows the characteristic curves obtained for an AC-sample with 10
wt% of CMC binder (Pgg) referred to the composite (left) and carbon active mass (right),

respectively. The maximum pore volume is smaller than for the CDC sample and wy =

0.397 cm3 gzgmp-
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Figure 4-10: Characteristic curve in the Dubinin formalism related to absolute composite mass (left)
and activated carbon mass (right) as a function of the adsorption potential A for AC sample

Pgg. The fitted parameters result to wg = 0.397 C‘m3gc_01mp , E=2097Jg7! and n =

1.07.

This trend was already investigated in the nitrogen physisorption measurements, at which the
pore volume was obtained to 1, = 0.65 cm3g~1 (see Table 4-1). Similar as for the CDC
measurements, the pore volume for the AC is significantly smaller comparing the two methods.
However, the loss in pore volume is almost 40 % which cannot solely be explained by the higher
amount of inactive CMC binder and the accompanying increased pore blockage. Another

possible reason for the large deviation is the more mesoporous character of the AC for which the
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underlying idea of micropore volume filling in the Dubinin-Astakhov formalism loses its basis.
This assumption is supported by the non-optimal fit of the DA isotherm to the AC equilibrium

measurements which deviates especially in the range of smaller adsorption potentials and thus

underestimates the micropore volume.

The fitted DA parameters obtained for the CDC- and AC- samples are summarized in Table 4-3.

Table 4-3: DA parameters for CDC-sample Pgg (Expcpc) and AC-sample Pgy obtained from

methanol equilibrium measurements with the manometric method.

WO/(Cm3gc_01mp) E/Ug_l) n/—
Pes(Expcepc) 0.603 212.5 2.32
Pgoac 0.397 209.7 1.07

4.3.3 Maximum pore volume for different carbon active composites with
varying inertia proportion

For the correlation of adsorbent volume fraction with adsorption capacity which is required in

the effective material models, several CDC and AC consolidated composites with varying

amounts and types of binder and heat additive were investigated regarding their adsorption

capacity for methanol. Figure 4-11 shows the maximum pore volume wy referred to the

composite mass for the CDC samples (left) and the AC samples (right) as a function of the

weight fraction of the carbon active material.
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Figure 4-11: Maximum specific (micro-) pore volume referred to the composite mass as a function of

weight fraction of carbon active material. On the left for CDC and AC on the right.
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The maximum pore volume per composite mass linearly scales with the weight fractions of the
respective carbon active material. The maximum pore volume is theoretically obtained without
additive at a carbon active proportion of 1 being approximately 25% greater for CDC than for
the AC. This is an unsurprising result already investigated by many authors e.g., [28].
Consequently, the maximum specific pore volume referred to the composite mass can be
determined by scaling the experimentally obtained value by the mass fraction of active adsorbent

material as introduced in the effective material models

SpHS
exp €

ngs + Ehagha'

(4-11)

4.4 Mass transfer of non- or weak-adsorbing gases in consolidated
adsorbent composites of active carbon materials

Besides the intraparticle porosity of the microporous adsorbent particles, the consolidated
composites contain interparticle porosity which mainly consists of macropores. Depending on
the layer thickness of the composites, the primary particle size, the pressure conditions (50-200
mbar using methanol as adsorptive in adsorption cooling [21]) as well as the effective thermal
conductivity, the mass transfer in the interparticle voids can be limiting. The aim of the mass
transport measurements is the determination of the transport parameters parametrising the
Dusty-gas Model (Bgﬂc, DAIfIZOH) and the identification of correlations between composites
composition and effective mass transport parameters. Theoretically, when using the DGM, the
transport resistance linearly scales with the layer thickness of the consolidated plates, whereas the
transport parameters are independent of the layer thickness. The mass transfer measurements are

used to verify these relations.

Mass transfer properties of different CDC and AC composite for non-adsorbable gases at
different temperatures were measured with a flow-through setup. The experiments were

evaluated using the DGM taking Knudsen diffusion and viscous flow into account.

4.4.1 Experimental setup for flow-through experiments

A simple permeation setup was used to determine single-component gas effective transport
parameters of the consolidated samples. A schematic sketch of the setup can be seen in Figure
4-12. In the experiments, non-adsorbable gases were passed through the composites using a mass
flow controller (Bronkhorst EL-Flow Prestige FG-200CV). The pressure drop over the samples
was measured with two absolute pressure gauges (MKS Baratron 627F, P1: 1000 mbar, and P2:
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100 mbar). The sample holder was immersed in a thermostat, allowing measurements at different
temperatures to extract the temperature dependence of the mass transport parameters. A vacuum
pump was installed at the end of the flow pipe to provide a low vacuum at the downstream side
of the sample. Pressure P2 served as a control variable for the control valve. With this setup,
measurements with varying Knudsen numbers were possible by applying different pressure levels
(adjustment to pressure P2), temperature levels and volume flows. Furthermore, the gas species
can be varied allowing for a variation in molecular mass which is also affecting the flow regime.
At the applied pressure levels, the investigated gases (He, Ar,N,, CO,) are non- or weakly-
adsorbable.

Purge

|:'\} MFC
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Figure 4-12: Schema of the simplified flow-through setup to measure pressure drops over the samples

and determine effective mass transport properties with the DGM for consolidated adsorbent

composites. The schema was reproduced from Triger et al. [34].

Before the experiments, the samples were cut to the dimensions of the sample holder and fixed
gas-tight with silicone (Wacker Elastosil E10) to avoid bypass flow. Due to its high viscosity, the
silicone does not penetrate the porous samples. This is a prerequisite to prevent pore blockage
and was investigated at the contact surface with an optical microscope and REM. The samples
prepared in this way were then installed in the flow-through setup. The system control allows
automated operation, whereby measuring routines with varying settings can be carried out. An
experiment was finished when the relative deviation of the pressure with time was in a steady
state. Depending on the settings and the sample thickness and density, the duration of an

experiment could take up to hours.

4.4.2 Gas transport through consolidated composites: Evaluation of
permeation experiments with the DGM

Each experiment results in a unique set of data containing the temperature, pressures, and

volume flow rate of the adjusted gas. Together with geometrical data of the respective sample,

this data can be used and evaluated with the Dusty-Gas model providing an effective diffusion

coefficient that contains Knudsen-diffusion and (effective) permeability [83], [89], [99]. This
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approach accounts for additive superposition of transport in the transition regime between
continuous Darcy flow and Knudsen diffusion. For a pure, non-adsorbable gas, the mass flow

densities of viscous flow and Knudsen diffusion add up to the all-over, one-dimensional gas

transport in the consolidated composites with an effective mass transport coefficient D&/ and

g
the spatial gas density % as driving force (see equation (2-50) with ideal gas law)

do9

m = —Dpeff T =1mIe9. (4-12)

The mass flux 1 is related to the cross-sectional area of the consolidated sample whereas ™9 is
related to the cross-sectional area of the transport potres. The void porosity €9 = €™® was

obtained from mercury intrusion (see section 4.2.2). The effective diffusion coefficient is [83]

&9 ed p
Déff = —DK"(T)+ —B,-,
P D+ T By @13)

Kn, eff eff
D By

with effective permeability Bgﬂ( for a porous composite material, T the tortuosity, and 7 the
dynamic viscosity. Theoretically, Bgff is independent of gas species and temperature and thus,
different experiments with the same sample should result in identical values. However, the size of
the gas molecules plays a role to some extent, which is discussed in detail below. The effective
Knudsen diffusion coefficient DA% €% depends on temperature and gas species (see equation
(2-41)). Extracting the temperature and molar mass is convenient to isolate the structure
dependencies for comparison of different experiments. Furthermore, for application in the

simulations, extraction of the temperature-independent part is appropriate

Kneff ggdPM? 8R n,const K t T
D; =—-2 T = DK™ MW, VT = pkneonst | 4-14
J T 3 nMW}-\/— J (MW NT MW; @19

Kneff .

In a further step, the effective Knudsen-diffusion coefficient for methanol molecules D, 7" is

calculated from the experimental results by linear interpolation.

The permeation experiments for each sample were carried out with four different gases
(He, Ar,N,,C0,) with a wide vatiety of molecular masses. For each gas, the expetiments were
carried out with three temperatures and in each case for six different mean pressures. For
evaluation of the experiments, the DGM (see equation (A-42) in the derivation) needs to be
formulated in a form, where the measured variables and macroscopical geometries can be
inserted. Instead of the molar flux 7, the molar flow in mol/s is used with the cross-sectional

area of the sample Acomp
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N; = 7jAcomp 9. (4-15)

Furthermore, the pressure gradient is linearized, and the average pressure is used for p

dp _2p (4-16)
as  A¢
+
p ~ 7’12_7’2_ (4-17)

Using these relations, equation (A-42) can be reformulated

RTAEN;  e9Df™ L& 1Pt

ApAcomp Bl N L_O/n 2 (4-18)
Dj{{n,eff Bgff

Applying equation (4-14) and n; = Nj /Acomp, the Knudsen-related, temperature-independent

part can be extracted

RVTAER, BT py+
X S J D]{(n,eff/ﬁ+0_ M 4-19)
p wWT 2

D]Kn,const

Equation (4-18) or (4-19) can now be used for the identification of the effective permeability
from the slope (multiplied with the kinetic viscosity) and the effective or constant part of the

Knudsen diffusion coefficient from the intersection with the ordinate.

4.4.3 Results of permeation experiments with consolidated composites

Using the evaluation strategy presented in section 4.4.2, permeation experiments of four different
gases at different flow regimes can be evaluated. First, experiments conducted with sample Pgg
(Expcpc) are discussed in detail. Subsequently, transport parameters of 9 different samples are
compared and conclusions are drawn concerning structure-property correlations. The

independence of layer thickness was investigated for an AC sample and the results are outlined in

Appendix B.2.3.

4.4.3.1 Consolidated composite with CDC particle size of 50-75 pm

Experiments were performed with the sample Pgg (Expcpc) using He, Ar, N,,CO,, at three

temperatures with six different flow rate conditions. Volumetric flow rates at standard conditions
(273.15K, 105Pa) of 3,4,5,7,8,92—3: were adjusted resulting in different pressure conditions

depending on the transport resistance of the sample and the adjusted downstream pressure p,. In
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steady-state, temperature, volumetric flow rate, and pressures were detected. The resulting set of
data was evaluated using the DGM and visualized in Figure 4-13 using equation (4-18) (figures on
the left) and equation (4-19) (figures on the right).

From the classic form of the DGM (equation (4-18)), the effective Knudsen-diffusion coefficient

is obtained as a function of temperature and the molar mass of the gas species j. The higher the
temperatures and the lower the molar mass, the larger is D;{n’ef ! . Therefore, the largest value is

obtained for He at 90°C and the smallest value for CO, at 30°C. As the temperature increases,

the slope (Bgﬂc/r]) decreases, which is due to the increasing viscosity. Using equation (4-19), the

Kn,const

temperature-independent part of the Knudsen-diffusion coefficient Dj can be obtained

resulting in a uniform intersection with the ordinate. This evaluation serves as a validation of the

experiments, which worked very well for the samples studied. Again, the dependency of the

. Kn,const
molar mass can be obtained from Dj

. In a final step, this dependency can be eliminated
using equation (4-14), yielding the exclusively structure-dependent part of the Knudsen diffusion

coefficient DXmn.const,

4
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Figure 4-13: Results of permeation experiments for sample Pgg (Expcpc) (dpgr = 50 — 75 pm) with
He at 30, 60 and 90°C. Left: Evaluation with the classic DGM in equation (4-18). Right:
Evaluation with temperature-independent ordinate from equation (4-19). (Further results with

N,, Arand CO, are outlined in Appendix B.2.)

Following the kinetic theory of gases, the Knudsen diffusion coefficient is linearly dependent on
the square root of the reciprocal of the molar mass (equation (2-41)), as can be seen in Figure
4-14 (left). This linear dependency is used to calculate the respective Knudsen diffusion
coefficient of methanol. Furthermore, the value that depends purely on the structure of the

D Kn,const

sample can be calculated. The obtained for all experiments for sample Pgg (EXPcpc)
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are plotted in Figure 4-14 (right) versus the respective fraction of molar mass and temperature.

The results are consistent with theory with a relative deviation below 3% compared to the

averaged value of D Kmconst,
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Figure 4-14: Validation of the Knudsen diffusion coefficient for the sample Pgg (ExXpcpc) according

to Graham’s law (equation (2-42)) with temperature-independent part of the Knudsen

diffusion coefficients D]Kn'conSt (eft). The value for methanol was obtained by linear
interpolation on the molar mass. (Right) The constant part of the Knudsen diffusion
coefficient according to equation (4-14) for different gases and temperatures and the 3%

relative deviations from the averaged DKmeconst,

Finally, the calculated effective permeabilities for each temperature and gas are visualized in
Figure 4-15. Theoretically, Bg[f should be independent of temperature and gas species since it

solely depends on the structure of the sample.

This is true for regular structures with narrow pore size distributions. However, the herein
investigated carbon composites are complex in structure and non-ideal. For this reason, a linearly
decreasing dependency of Bg[f with increasing size of the molecules (molar mass) was observed
for all samples investigated. Do et al. [89] give a possible explanation of this trend. Due to the
nonideal slit-like pore geometries in consolidated beds of activated carbons, an increase in
diffusion flow paths for smaller molecules is possible, especially in microporous carbons.
Especially in very thin slits, small molecules such as helium can still be transported convectively,
while mass transport of larger molecules such as argon at the same pressure and temperature
conditions is predominantly by Knudsen flow. Using the linear dependency, the effective

permeability for the molecular mass of methanolis obtained by linear interpolation.
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Figure 4-15: Effective permeability in dependency of gas species for sample Pgg (EXPcpc)-
Experiments with three temperatures were conducted for each gas species. The smaller the
gas molecules, the more transport pores are available for mass transport in the viscous flow
regime. Effective permeability for molecules of the molar mass of Methanol was obtained by

linear interpolation.

Although the effect of gas molecule size on effective permeability is relevant (approximately 20%
higher for He than for C0,) and not negligible, the composition of the composite (adsorbent

particle size and shape as well as additive) has a considerably larger influence as will be shown in

—eff
section 4.4.3.2. The resulting D]Kn‘wmtand temperature-averaged By are listed in Table 4-4.

Table 4-4: Temperature independent Knudsen-diffusion coefficients and temperature-averaged

effective permeabilities for measured gases obtained for sample Pgg (Expcpc) (CDC 2wt%
CMC). The values for Methanol are calculated.

Gas specics D}g{n,const /m? /s /NEK) Esz/mz
He 7.4 .106 5.8-10"1

N, 28-10-° 5.1-10"

Ar 2.4.10"° 4.7 -10714
Co, 2.2.10°° 4.6-10"14
CH50H 2.6-10-° 496 - 1014

4.4.3.2 Variation of CDC composite composition

For the parameterisation of the effective material models, one aim is to investigate the

dependencies of the composite compositions on the transport properties due to a varying
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interparticle structure. Therefore, the mass transport of 9 consolidated CDC composites with
different amounts and types of binder and heat conducting additive have been investigated in
flow-through experiments (see Table B-1) and effective permeabilities and Knudsen diffusion
coefficients were determined. The structure-property relations were subsequently determined by

using the definition of the effective Knudsen diffusion coefficient in equation (4-14).

Equation (4-14) can be rewritten so that the structural parameters are on the left-hand side and
the remaining variables are on the right-hand side. Thus, a quantity can be extracted which
contains the structured dependency and consists of void porosity €9 = €™4, tortuosity T of the

voids, and mean void width d™¢

M yma _ gpiners MM (4-20)
T J 8RT
With the void porosity and the width of transport pores from Hg-porosimetry, the tortuosity

factor T can be calculated. The structural parameter (€™2d™?/7) is used to compare

(temperature-averaged) effective permeabilities obtained for methanol ngf(CH30H) for the
different samples which are shown in Figure 4-16. It can be concluded, that the higher the void
porosity and width and the lower the tortuosity, the larger the effective permeability.

Interestingly, the effective permeability correlates linearly with the structural parameter.

According to Hagen-Poiseuille law in equation (2-32), the effective permeability should rather

scale with d™ma? However, this law is valid for a cylindrical tube, giving a hint of the non-ideal

structure of the investigated CDC samples.

Generally, the tendency of greater permeabilities with an increasing structural parameter can be
explained by larger voids. The transport parameters and structural parameters for the nine
investigated consolidated CDC-plates are listed in Table B-3 which reveal the following findings:
CDC-composites prepared with the smaller particle fraction (50—75 pum) tend to have lower
effective permeabilities and Knudsen diffusivities compared to the ones with larger primary
particles (75—150 pm). The results are in accordance with the common understanding that smaller
voids between the particles (lower values for €m?d™@ /7) have a detrimental effect on the mass
transport. Moreover, the utilization of additives additionally hampers the mass transport because
the interparticle porosity is further reduced. As can be observed for sample Pg; (50-75 um;
2wt% CMC; 50 wt% BN), this effect can even lower the mass transport properties by about two
orders of magnitude. In other words, the high amount of BN particles clogs the transport pores

to a large extent revealing the influence of the competing structure-property dependencies.
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Figure 4-16: Temperature-averaged effective permeabilities (calculated for methanol) as a function of

the void structural parameters €™*d™* /T for 9 CDC composites with different amounts and

types of binder and heat additive (see Table B-1).

The previously outlined investications motivated the formulations for the mass transport
p y g p
parameters in the effective material model introduced in section 2.4.

4.5 Heat capacity, thermal diffusivity, and thermal conductivity of
consolidated composites of active carbon materials

The thermal conductivity of CDC samples with and without heat-conducting additive has been
measured by Triger et al. with the transient hot bridge technique [34]. For comparison in this
work, a few samples were investigated with the laser flash method [137] to obtain thermal

diffusivities and differential scanning calorimetry to obtain specific heat capacities.

Differential Scanning Calorimetry (DSC)° [138] measurements were conducted with
carbonaceous powders obtained by pulverizing the consolidated samples (CDC & AC) to
determine specific heat capacities. A thermal gravimetric analysis (TGA) of the CDC provided
information on the transient, temperature-dependent mass change rate. The measurement was
conducted with a temperature increasing rate of 10 K/min. Up to 140°C, a mass loss of around
3% could be obtained which can mainly be attributed to the desorption of water previously
adsorbed from moisture in ambient air. Between 140°C and 500°C, a further mass loss of 8 %

was detected which can be attributed to the evaporation of volatile components. For the DSC

5 Differential Scanning Calorimetry (DSC) and thermal diffusivity (LFA) measurements were conducted at the
“Institut fir Kunststofftechnik” (IK'T) at the University of Stuttgart. The explanations, measurementsstrategy and

results were provided by the IKT.
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measurements, the carbonaceous samples were pre-heated, and in-situ dried in the DSC
measurement cell at 120°C for 10 min, to remove adsorbed species. Following, without opening
the cell, the DSC measurement was conducted with four CDC samples and one AC-sample, with
different compositions and primary particle sizes. In the measurements, the temperature was
increased from 20°C to 100°C with an increasing rate of 10 K/min. After the DSC
measurements, the sample weight was measured and used for determining the specific heat
capacities. Besides specific heat capacity, thermal diffusivities @®// of consolidated samples were
measured with the laser flash method [137] using a Netzsch LFA 447°. In equivalence to the DSC
measurements, the samples were pre-heated at 120°C for 30 min to remove adsorbed species.
Afterward, thermal diffusivities were measured at 25°C, 50°C, 75°C, and 100°C at atmospheric

pressure.

Figure 4-17 on the left shows the specific heat capacities from the DSC measurements for sample
Pgg (Expcpc). The measurement points can be approximated reasonably well with a linear fit.

Results obtained for the other CDC samples are qualitatively equivalent.
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Figure 4-17: Measurement results of specific heat capacity and thermal diffusivity as a function of

temperature for CDC-sample Fgg (EXpPcpc) with dpg, = 50 — 75 um.

The fitted linear equations are summarized in Table B-5. The thermal diffusivities of the sample
Pgg (Expcpc) obtained by the laser flash method are shown on the right in Figure 4-17 indicating
a minor dependency on temperature. Averaged thermal diffusivities of the CDC- and AC-

samples are also listed in Table B-5.

Using thermal diffusivity, specific heat capacity, and bulk density @?“¥ | the effective thermal
conductivity can be calculated [108]
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AT (T) = a7 (T)eb¥ ¢, (T). 4-21)

The respective bulk densities were determined by weighing and measuring the dimensions of
macroscopic AC samples and by mercury intrusion (see section 4.2.2) for the CDC samples. The
derived effective thermal conductivity includes contributions of the solid adsorbent matrix A5 and
of dry air A9, located in the macro- and micropores of the samples during the thermal diffusion
measurement. Assuming parallel phases weighted with their volume fractions, the thermal

conductivity of the solid adsorbent matrix is obtained by

Aeff — )9 (gma + Emi)

1—gma_ Emi

AS (4-22)

Alternatively, the apparent thermal conductivity of the microporous particles A5 related to the

patticle volume fraction €° in m?,ar /méomp can be used, given by

Aeff — g (gma + Smi)

—— (4-23)

}15

Effective thermal conductivities and thermal conductivities of the dry adsorbent particles of the
sample Pgg (ExPcpc) are shown in Figure 4-18. A linear equation correlates the measurement
reasonably well. This linear correlation is used for the effective material models introduced in
section 2.4 as well as in the process simulations. Additionally, linear correlations of the effective

thermal conductivities of the other CDC- and AC samples are summarized in Table B-5.

Some summarizing conclusions can be drawn comparing the thermal conductivities for the
different samples which are following the conclusions drawn by Triger et al. [34]: The thermal
conductivities of the consolidated CDC composites are two to three times greater than that of
the consolidated AC- composites. Concerning the CDC samples, larger primary particle sizes (75-
150 um) increase thermal conductivity compared to composites with smaller primary particles
(50-75 um). The addition of Boron Nitride to the CDC-samples only slightly increases thermal
conductivity. However, a proportional increase suggested by the effective material model with
parallel phases cannot be observed which is due to the non-percolating Boron Nitride phase.
Therefore, the material model developed from effective medium theory is more appropriate to

describe the effective thermal conductivity of composites with statistically added heat additives.
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Figure 4-18: Effective thermal conductivity of sample Pgg (Expcpc) calculated with equation (4-21)
(left); Corresponding thermal conductivity of dry adsorbent particles A° obtained with

equation (4-23) (right).

4.6 Summary

For the combined material and process development, plausible material models are required in
addition to reliable process models. In the course of this work, the effective material models were
motivated in part by the findings of experimental investigations of various adsorbent composites.
For this purpose, it was necessary to characterize many composites with different compositions
and to derive structure-property correlations from the experimental findings. The composites
were produced by the project partner at the University of Darmstadt® and characterizations of
powdered samples were carried out, from which the parameters related to the primary particles
could be derived. In this work, the characterization of powdered samples was partially repeated
to confirm the experimental results. For the application in technical devices, the adsorbent needs
to be temperature controlled by a Hex. For that, the application of powdered samples is not
suitable. Therefore, the adsorbent must be provided in a condition so that it can be well
contacted with the Hex for which cuboid adsorbent composites were selected. Besides, for the
active material carbide-derived carbons as well as activated carbons have been chosen. In
addition to the powder-based parameters, the effective material parameters of the adsorbent

composites are crucial for the application of sufficient process models.

In this chapter, besides powdered-based characterisations, several composites were investigated
for methanol adsorption, effective interparticle mass transport, and effective thermal

conductivity. The main findings are:
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e Methanol adsorption capacity correlates linearly with the fraction of adsorbent and thus,
additives and binders do notblock any adsorption sites.

¢ Depending on the process conditions and void widths, besides viscous flow, Knudsen
diffusion occurs in the composites.

e The greater the primary particle and additive sizes, the greater the void widths and thus
the better the mass transport through the void network.

e Effective thermal conductivity is only slightly improved by adding heat additives, even at
high total mass fractions, which is due to the fact, that the additives do not reach the

percolation threshold, and possibly binder acts as a thermal resistor.

Finally, two completely characterized composites were selected, whose material data are the basis
for parameterisation of the material and process models in the further course of the work. The

total parameter set characterizing these two samples is summarized in Appendix B.4.
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d. Combined Material and Process Design for 2-
Bed adsorption chillers

The methods, results, figures, and discussions presented in this chapter were partly published by
the author of this thesis [139]. Some sections are taken verbatim from the publication and are

reproduced here.

In this chapter the distributed parameter model introduced in section 3.2.3 is used for process
simulations of the idealized two-bed adsorption refrigeration process (see Figure 1-1), solely
taking transport hindrance in the composites into account. Initially, the underlying mathematical
model is briefly repeated. The process model is initially parameterized with the material

parameters of the CDC composite with 2 wt” CMC binder given in Table B-6 (Pgg (Expp))-

The subsequent results section begins with a discussion of the spatial and dynamic profiles in
cyclic steady-state (CSS). After that, a two-step optimization approach and objective function are
introduced which are applied to optimize cycle time and layer thickness, taking the Pareto-
optimal behaviour of process efficiency and power density into account, which results in a global
optimal Ragone-plot. This optimization approach is used more frequently in the remainder of

this thesis.

In a further step, the experimentally investigated material parameters of a CDC composite with

10 wt% of boron nitride heat additive and 2 wt% of CMC binder (Pg7 (EXPpeypy) Were

inserted in the process model and the process simulations were repeated. By adding inert heat-
conducting BN to the composites, the adsorption capacity is reduced. However, the experiments
outlined in chapter 4 reveal a slight increase in heat and mass transfer (see Table B-6). A
comparison of the simulations conducted with Expcpc and Expepcypy teveals whether the

decrease in adsorption capacity is overcompensated by improved transport characteristics.

Finally, the effective material models introduced in section 2.4 are applied and the volume

h

fractions of heat additive €"® as well as interparticle voids €% are varied representing different

compositions of the composites.
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5.1 Distributed parameter model of two-bed adsorption

refrigerator

The governing equations for the conservation of mass and energy of an idealized two-bed
adsorption cooling process were developed in chapter 3. For clarity, the used equations are
briefly referenced. The model for the adsorber consists of partial differential equations describing
the CDC composites (ads + ad + v + ha) and an ordinary differential equation for the passive
mass of piping (pm). The model is completed with algebraic equations describing the isothermal

evaporator and condenser.

Mass and energy transport are spatially resolved over the height of the CDC composites
(coordinate z). In terms of methanol vapor density (0¥) and temperature (T), the conservation
equations of mass and energy as well as the respective boundary conditions are summarized in
section 3.2.3.4. For the experimentally investigated CDC composites, the terms referring to heat
additive (ha) are neglectable. These terms are relevant for simulations with varying composite
compositions. Furthermore, the passive mass of the Hex is considered using equations (3-7)-
(3-9). For the process simulations, the heat transfer resistance between heat transfer fluid, passive
mass, and adsorbent composites are neglected to not limit the overall process kinetic. In the
process simulations, no additional equation is solved for the heat transfer fluid. It is rather

assumed to be isothermal by directly applying the specified temperatures according to Table 3-1.

Finally, to exclusively investigate the kinetical effects of the transport within the adsorbent
composites, evaporator and condenser are modelled as isothermal apparatus using the algebraic
equations (3-26) and (3-27) to evaluate the cooling power and heat flux dissipated in the

condenset.

The set of partial differential equations is reduced to a differential-algebraic system by discretizing
the spatial derivatives using the finite volume method. The discretized process model is
dynamically solved using the odel5s solver in MATLAB. Details of the numerical discretization,

solution approach, and process boundary conditions are outlined in Appendix D.1 and D.2.

5.2 Simulation results of experimentally characterized CDC

composites

Initially, simulation results are discussed which were obtained with the distributed parameter

model parameterized with the experimental characterized CDC composites (Expcpc). The
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material parameters used for parameterization are given in Table B-6. Subsequently, the effective
material models introduced in section 2.4 are applied to vary the composition of the composite

and to conduct a combined material and process optimization.

Spatial and dynamic profiles — from initialization to CSS

Simulations with the one-dimensional process model provide spatially distributed temperature,
pressure, and loading profiles across the thickness of the CDC composites. Figure 5-1 shows the
spatial profiles of the adsorption half cycle (pre-cooling and evaporation steps) as well as in the
desorption half cycle (pre-heating and condensation steps) of one cycle in CSS. In addition to the
initial and final spatial profiles (in black), profiles evenly distributed over time are shown (in grey).
Exemplarily, the simulations were conducted with a short cycle time of t¢yc = 1505 and with
composite layer thickness of 8 mm. In cyclic steady state, the initial profiles in the adsorption

half cycle are identical to the final profiles of the desorption half cycle.

The initial temperature profile in the adsorption half cycle is shown on the top-left side. Due to
switching of the temperature boundary condition in the heat transfer fluid from Tgeq to Tyqs, the
temperature sharply decreases in the lower layers of the CDC composites (at 8 mm). During the
entire adsorption step of 75s (half of the cycle time), the temperature continuously decreases
whereby the upper layers experience a smaller and significantly slower decline in temperature
than the lower layers. On the one hand, this is due to the heat transport resistance of the CDC
composites and, on the other hand, due to the exothermic adsorption that occurs preferentially in
the upper layers. The pressure profiles are qualitatively identical to the temperature profiles.
However, the final pressure profile is reached slightly faster than the final temperature profile
indicating a heat transfer limitation. Initially, the pressure in the top layer of the CDC composites
exceeds the pressure of the evaporator and thus the connecting valve remains closed. The
decreasing temperature in the lower layers induces a rise in adsorption potential which leads to
methanol adsorption from the interparticle voids accompanied by a sharp decrease in the lower
layer pressure. This leads to desorption in the upper layers and thus reallocation of methanol
from the top to the bottom layers of the CDC composites. Consequently, the loading in the
upper layers is initially reduced whereas the lower layers experience an increase in methanol
loading. As soon as the pressure of the evaporator exceeds the top layer pressure, the connecting
valve opens giving rise to a mass flux from the evaporator to the adsorber and, therefore, a

cooling production.
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Figure 5-1: Spatial temperature, pressure, and loading profiles in CSS obtained with simulations of the

two-bed adsorption refrigeration process with cycle time of tg,. = 150s and for a layer
thickness of CDC composites of 8 mm. The plots on the left-hand side show the profiles of
the pro-cooling and evaporation steps (adsorption) during the first half of the cycle; the plots
on the right-hand side show the spatial profiles of the pre-heating and condensation steps

(desorption) in the second half of the cycle.
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The spatial profiles in desorption half cycle are shown on the right-hand side in Figure 5-1. After
half of the cycle time (75s), the pre-heating step begins by changing the temperature boundary

o min max
condition from T ;¢ to Tjypg

(see Table 3-1), causing the temperature in the CDC composites
to rise abruptly. Like in the adsorption half cycle, initially, the check valves in the adsorber are
closed. Therefore, the sharp temperature rise accompanied by a decrease in adsorption potential
leads to a reallocation of methanol from the lower to the middle and top layers of the CDC
composites as well as an increase of interparticle void pressure. Once the top layer pressure

exceeds condenser pressure, the connecting valve opens, and with time, the upper layers are

preferentially regenerated.

In addition, the transient temperature and pressure profiles of the different layers of the CDC
composites are shown in Figure 5-2. Here, the top layer and average temperature profiles as well

as the top and bottom layer pressure profiles are highlighted.
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Figure 5-2: Transient and spatial temperature and pressure profiles in cyclic steady state. Each grey

line shows the transient profile of another spatial discretization layer.

Since the heat transfer fluid is idealized and assumed to be isothermal in the individual half-cycles
and the heat transfer between fluid and Hex flat tubes is not limiting, the passive mass
temperature experiences a step-like temperature profile. The temperatures of the different CDC
composite layers follow the temperature of the heat exchanger with a delay. After approximately
20s, the upper layer pressure (§ =0 mm) reaches evaporator pressure, and the valve opens
initializing the adsorption step. At this point, the top layer temperature profile experiences a bend
due to the exothermic adsorption. After the half-cycle time, the temperature boundary condition

is changed to Tges inducing the pre-heating step. After approximately 100 s, the upper layer
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pressure reaches condenser pressure, and the condensation step begins which is accompanied by

a bend in the top layer temperature profile due to the endothermic desorption.

Depending on the set of parameters used, several cycles are required untl a cyclic steady state is
reached. Figure 5-3 shows loading profiles from initialization to CSS for different layer
thicknesses and cycle times. Process simulations with short cycles and with CDC composites with

a large transport resistance (large layer thickness) require the mostcycles to reach CSS.
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Figure 5-3: Averaged (in black) and spatially distributed (in grey), transient loading profiles from

initialization to cyclic steady state for simulations with a layer thickness of the CDC

composites of 2 mm as well as 8 mm and process cycle times of 150 s, 500 s, and 1000 s.

To reduce the simulation times, determining the CSS with a sufficient criterion is necessary (see

equations (D-9) and (D-10)).

When using thin CDC composites, the averaged equilibrium loading is reached in approximately
100 s after switching between adsorption/desorption and vice versa. The difference between
equilibrium loading in adsorption and desorption is approx. 0.24 g/gcqc which is given by the
adsorption isotherm. Therefore, cycle times longer than 200s do not provide any improvement in
terms of COP and are accompanied by a reduction in SCP. In contrast, when using thick CDC
composites (8 mm) and the same cycle time of 150s, the adsorption equilibrium is not reached.
The advantage of thicker layers (greater ratio of active to passive mass) concerning the process

efficiency comes into play with longer cycle times, as the available adsorption capacity is better
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utilized. However, the specific power continuously decreases with longer cycle times and thus
determination of the optimal layer thickness and process operation point requires taking this

Pareto-optimality into account.

Objective function and workflow for performance optimization

The main criteria for evaluating adsorption chillers are criteria for efficiency, like COP, and
specific cooling power, like SCP. The Pareto-optimality of process efficiency and power density
can be treated by a combined cost function, e.g., as suggested by Pons [140], by optimization of
COP using a prescribed SCP. In detail, the procedure is twofold with the optimization of the
process cycle time tyc and the layer thickness of CDC composites S¢qc (steps 1 and 2). For the
combined material and process development, the approach is extended by two material
parameters (volumetric proportions of interparticle voids £™® and heat conducting additive %)

in steps 3 and 4 to additionally optimize the composite’s composition

<OCOP> _ (6COP> _ (aCOP) B <6COP> .
Otcyc scp_ 0Scac/ gop  NOE™ gep \ 0N Jgep ®-1)

The workflow of the two-step optimization approach is outlined in Figure 5-4. The three
temperature levels, prescribed SCP and the specific mass of the Hex are input parameters for the

process simulations.

Customized Multiple dynamic simulations
boundaries Combined
Step 1: Pareto optimum of

* prescribed SCP Cycle time -> optimality: process
* Temp. levels —> | Layer thickness SCP & COP —> &
* specific mass of A : material

heat exchanger isiniaisisteisiiaisineisine parameters

Step 2:

Material model

Figure 5-4: Workflow of the optimization approach taking the Pareto-optimality of efficiency and

power density into account. Additionally, by varying the composite’s composition utilizing

the effective material models, a combined process and material optimization is conducted.

In the first step, cycle ime and composite layer thickness are varied in a wide range for a given
material composition. For each unique combination, the distributed parameter model

(microscopic level model) is dynamically solved for CSS. In a post-processing step, for different
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prescribed SCP, a pair of optimal cycle time and layer thickness corresponding to the maximal
COP are identified. If the adsorbent costs are crucial and/or heating energy is freely available, a
high cooling power density would be aimed at. However, this would be accompanied by a rather
low optimal COP, thin layer thickness, and short cycle times. On the other hand, if the process
efficiency is the main objective, the process would be operated with a low SCP, thick layers, and

long cycle times.

In addition, structured composites can be investigated by applying the material models outlined
in section 2.4. For every prescribed SCP, different optimal composite’s composition with
corresponding optimal layer thickness and cycle time can be identified resulting in a global

optimal curve.

Optimization of cycle time and layer thickness for experimentally characterized CDC
composites

In the first step, a parameter variation is carried out to determine the maximum achievable
COP™AX for a prescribed SCP in the two-dimensional parameter space concerning process cycle
time and layer thickness. Exemplarily, this procedure is described with simulations conducted

with the experimentally characterized CDC composites without heat additive ("¢ =

0, samples
termed EXpcpc, see Table B-0). The cycle time is varied in a wide range between 20s and 2000s.
Exemplarily, Figure 5-5 shows the results for a layer thickness of 5 mm and 8 mm. Besides COP
and SCP obtained from the process simulations, the thermodynamic ideal COPt"¢° and SC Ptheo

are shown which are obtained from equations (3-1) and (3-5).

For long cycle times, adsorption equilibrium and thus the theoretical COPt"¢% and SCP*"€%are
reached. Whereas COP is monotonously increasing with cycle time, SCP shows an optimum and
declines with longer cycle times. For thicker layers, adsorption equilibrium is reached at longer
cycle times due to longer transport paths followed by reduced transport dynamics. However, the
increased ratio of active adsorbent to passive mass of Hex increases the process efficiency, which
underlines the Pareto-optimality between energy efficiency and power density. This trade-off is
common for many energy-transformation and -storage technologies and is often visualized in
Ragone-plots, by plotting efficiency vs. power density or vice versa e.g., [16], [141]. An operating
point in favour of a large power density is always accompanied by a loss of energy efficiency or

vice versa.
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Figure 5-5: COP and (composite mass-specific) SCP as a function of cycle time for CDC composites
without heat additive (e"* = 0) and with layer thickness of 5 mm and 8 mm evaluated with
equations (1-1) and (1-2). In addition, the thermodynamic theoretical values calculated with

equations (3-1) and (3-5) are shown.

By repeating the simulations and post-processing procedure for different layer thicknesses of the
CDC composites between 1 mm and 9 mm, several Pareto-frontiers are obtained. Depending on
the prescribed SCP, an optimal COP°P? with an associated cycle time can be extracted from each
of these data sets. Exemplarily, Figure 5-6 shows the obtained COP°P! as function of the layer
thickness for a prescribed SCP of 500 W/kg. In addition, the maximal COP™%* as well as the
theoretical efficiency obtained in the thermodynamic equilibrium is shown. In this example, the

maximal COP s reached with a layer thickness of 3.7 mm with a process cycle time of 539 s.
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Figure 5-6: Maximum achievable COP™% in the two-dimensional parameter space concerning cycle

time and layer thickness exemplary for a prescribed SCP of 500 W/kg.
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This analysis leads to a maximum achievable COP™%* for a given material in the two-
dimensional parameter space. Furthermore, this analysis reveals increasing transport limitations
with thick layers and the increasing divergence from thermodynamic equilibrium. In this example,
the transport dynamics of CDC composites thicker than 4.5 mm are too low to provide the

prescribed SCP.

Variation of the CDC composite composition

In addition to cycle time and layer thickness, further degrees of freedom are given by the material
concerning the composite’s composition. In this section, a comparison between experimentally
characterized CDC composites with (€"* > 0) and without (¢"®= 0) increased thermal
conductivity is conducted. Therefore, the previously outlined workflow is repeated for the CDC
composites with 10wt% BN (¢"@ > 0, samples termed EXPcpcipn, see Table B-6) and the
optimization routine is conducted for a wide range of prescribed SCPs. The optimization results
are visualized in a Ragone-plot with each point on the curve accompanied with a unique optimal
set of layer thickness and cycle time. Figure 5-7 shows the optimization results obtained for the
two experimentally characterized CDC samples. The optimal cycle times (right) are independent
of the sample, which is due to the proportionality of SCP and cycle time (see equation (1-2)). The
Ragone-plot (left) shows convex profiles which are obtained due to the fact, that besides cycle
time, the layer thickness is optimized at each point. When using a constant layer thickness (here
exemplarily 1.5 mm), the curves are concave, and only in a small region of prescribed SCPs, the
maximal efficiency is achieved which underlines the necessity of applying combined optimization

of process and material parameters.
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Figure 5-7: Ragone-plot of maximal efficiency (COP) as a function of prescribed power density (left)
accompanied with optimal layer thickness (middle) and optimal cycle time (right). Material
parameters from experimentally characterized CDC composites with and without BN

additive (see Table B-6) were investigated in the process simulations.
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Increasing the thermal conductivity by statistically adding BN to the CDC composites leads to a
minor reduction in efficiency for prescribed SCPs. On the one hand side, the enhanced thermal
conductivity is accompanied by reduced heat transport resistance which is why slightly thicker
composite layers are preferred. However, the reduced adsorption capacity cannot be
overcompensated by the increased thermal conductivity resulting in lower efficiencies. Therefore,
for the experimentally produced CDC composites, statistically adding heat additive accompanied

by alarge reduction of adsorption capacity is detrimental to the overall process performance.

Still, heat and mass transfer resistances are present in the adsorbent composites limiting the
process performance. The question is how to reduce these resistances without significantly
reducing the adsorption capacity? This question is addressed in the subsequent section by

utilizing the effective material models introduced in section 2.4.2.

5.3 Simulation results with effective medium theory and
percolating heat additive

To reduce heat and mass transfer resistances of the adsorbent composites, the material space is
extended by two additional material parameters. For better mass transfer, the volume fraction of

interparticle void space €™® can be increased and for a higher thermal conductivity, the volume

ha can be increased. In the remainder, two different

fraction of the heat conducting additive &
effective material models are introduced in the process model, in each case with the goal of
identifying the optimal composite composition for different prescribed SCPs. In both material
models, a variation of the volume fractions is directly linked with a variation in mass and heat

transport parameters as well as adsorption capacity. The heat additive phase with volume fraction

h

&% consists of an aluminium alloy (AlSi10Mg(Fe)) with the parameters listed in Table 5-1.

Table 5-1: Material parameters of aluminium alloy (AlSi10Mg(Fe)) heat additive phase [116].

cp*/(Jkg=1K~1) | 910

A J(Wm—tK 1) | 140

Qha/(kgm_3) 2680

Initially, the effective material model obtained from effective medium theory is introduced in the

process model. However, as the discussions in section 2.4.2.1 and the visualization of the material
parameter space in Figure 2-7 showed, even a small increase in the effective thermal conductivity

requires a large amount of heat conducting additive (e.g., €"* > 0.12 for A% > 1Wm=1K~1).
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Furthermore, a strong dependency of the effective thermal conductivity on the void fraction £™¢
was investigated in that model. As a reason of that, the simulation results obtained with the
effective medium theory model are not discussed in detail but rather the final Ragone-plots are

compared in the end of this section.

However, the simulation results obtained with the second material model (with the percolating
heat additive phase), which was introduced in section 2.4.2.2, are subsequently discussed in detail.
With that model, the best-case composition is investigated by introducing linear, percolating heat
conducting structures into the CDC composites. As the discussions in section 2.4.2.2 and the
visualization of the material parameter space in Figure 2-9 indicate, with that model, only a minor
fraction of heat conducting additive is sufficient to increases the effective thermal conductivity

significantly (e.g., €@ > 0.025 for A/ > 5Wm=1K~1),

Figure 5-8 (left) shows surface plots of the process efficiency COP™%* for variable material
compositions exemplarily for a prescribed specific cooling power of 500 W/kg. In addition, the
same plot is shown on the right using the effective transport parameters as the axis. As a
reminder, in that visualization, cycle time and layer thickness are already optimized for each

material composition.
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Figure 5-8: COP™* as function of the volume fractions (left) and as a function of the transport

parameters (right) for a prescribed power density of 500 W/kg. Each point is accompanied by
an ideal cycle time and layer thickness. In this case, the optimal void fractions are €™ =

0.42 and €"® = 0.02. The simulations were conducted with the linear material model with

percolating heat additive phase outlined in section 2.4.2.2.

The evaluation of the objective function in equation (5-1) reveals a non-trivial optimum. For this

prescribed power density, the application of the model with percolating heat additive results in a
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maximal achievable efficiency of approx. 0.65. Even a small amount of percolating heat additive
increases the effective thermal conductivity enough to shift the transport limitation in the
direction of mass transfer. It follows that the effective permeability is too small which requires an
increase of the void fraction €™®. The maximal efficiency (maximum of COP™%%) is obtained
with the optimal combination of transport parameters and adsorption capacity. Further
increasing the transport parameters leads to a loss in adsorption capacity which cannot be
overcompensated. Furthermore, it should be mentioned that the function is very flat in the
region of the optimum and forms a plateau rather than a distinctive optimum. On one side, even
a small amount of highly conducting additive significantly increases the effective thermal
conductivity, but due to its high density also significantly decreases the adsorption capacity (see
Figure 2-9). On the other hand, varying the void porosity changes the adsorption capacity only
slightly, since no inert mass is added or removed. As a result, the gradients of the maximal
efficiency are steep with the variation of €@ and flat with variation of £™?. Therefore, CO P™a%

only divers slightly in the region of the optimum when varying the transport parameters.

Finally, the previous material optimization step is repeated for a wide range of prescribed SCPs
and the optimal efficiencies are determined, which results in a Ragone-plot of the type already
discussed in Figure 5-7. Each point on the global-maximal curve is accompanied by a unique set

of optimal void fraction, fraction of heat conducting additive, layer thickness, and cycle time.

opt
cdc

Figure 5-9 shows COP™®* (left) and s, . (right) as functons of the presctibed SCP for the
experimentally characterized CDC composites EXpcpc which has already been discussed in the
previous section 5.2. In addition, the simulation results obtained with the effective medium

material model (effective medium theory) and with the linear material model with percolating

heat additive are shown. The optimal cycle times are equal to the results in Figure 5-7 (right).

Two conclusions can be drawn from the simulation results. First, the findings from section 5.2
are confirmed that the statistical addition of heat additives does not result in an improvement of
the process performance. Rather, the results obtained with the effective medium theory model
are identical to those obtained in the simulations with the experimentally characterized CDC
composites (Expcpc). This can be attributed to the fact that the composites initially exhibit a
heat transport limitation, but the statistical addition of heat conducting additive does not
overcompensate for the loss of adsorption capacity. Accordingly, an optimum volume fraction of
additive of €@ =0 results in the entire range of prescribed SCP. Due to the heat transport
limitation and the negligible dependency of the adsorption capacity on €™@ (see Figure 2-7 on

the right), the optimum ™% in the entire range of prescribed SCP also results at ggyp = 0.23.
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The second conclusion regards the results obtained with percolating heat additive phase. The
effect of decreasing the transport resistance of the CDC composites by using linear, percolating
heat transfer structures is directly reflected in significantly increased optimal layer thicknesses. In
contrast, there is a small reduction in adsorption capacity due to the addition of the inert
aluminium alloy, which however is overcompensated by the increased layer thickness. Therefore,
the composites with percolating heat additives have a favourable active to passive mass ratio,

resulting in improved efficiencies in the whole SCP region.
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Figure 5-9: Comparison of COP™® obtained from simulations with the experimentally characterized
CDC composites (Expcpc), with the effective medium theory model (eff. med. th.), and with
the percolating heat additive model (linear struct.). For the percolating heat additive model,
the optimum composition is always in the region of €™ =0.42 and €™ = 0.02 for all

prescribed power densities. In addition, the optimal layer thicknesses are shown (right).

Even though percolating heat-conducting structures and increased void fractions are beneficial,
due to the flat, plateau-like region in the vicinity of the optimum material composition (see Figure
5-8) varying the material contributes only slightly to further improving process performance.
Throughout the whole SCP region, the material optimum obtained with the linear, percolating
material model is around €™® = 0.42 and £"® = 0.02, with a tendency to higher values, when

larger SCPs are prescribed and therefore, a faster kinetic is required.

The previous discussion underlines the necessity of optimizing the composition of adsorbent
composites for the application in adsorption heat pumps. However, adding heat additive that is
statistically distributed in the composite does not provide an advantage since the required amount
to reach the percolation threshold is large and the loss of active material cannot be

overcompensated by the increased thermal conductivity. Therefore, percolating structures, for
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increasing thermal conductivity as well as mass transfer improvement, is more target oriented.
Simulations with the material model with linear percolating heat additive phase revealed a
significant efficiency improvement without sacrificing specific power density. These findings are
the motivation to investigate the material design of 3D-structured adsorbents in more depth. In
chapter 6, triangular prism-shaped, percolating aluminium ribs are used to improve the thermal
conductivity of activated carbon composites. In addition, macroscopical mass transfer channels

are investigated to improve mass transport.

5.4 Summary

Usually, research activities have been devoted to either the improvement of process properties or
the study of adsorbent properties. However, separating material and process-related research

results in local rather than global optima.

In the context of a combined process and material design, process simulations of a simple 2-bed
adsorption chiller setup have been conducted. Besides, material-related parameters (composite
composition, layer thickness) process parameters (cycle time) have been varied over a wide range.
In a post-processing routine, the optimal set of parameters has been identified taking the Pareto-

optimality of process efficiency and power density into account.

In this chapter, the procedure was carried out in two steps. Initially, material parameters of
experimentally characterized CDC composites have been used in the dynamic process
simulations to introduce the whole optimization routine and poke the point of Pareto-optimality
of efficiency and power density. It could be concluded, that statistically adding heat conducting
additives to adsorbent composites cannot overcompensate the loss of active material. This has
been shown by utilizing the material parameters of two experimentally manufactured and

characterized CDC composites in the process simulations.

In the second step, the combined material and process development has been extended to the
structural parameters of virtual adsorbents by investigating composites with percolating heat-
conducting structures with varying compositions. This was the first time that the focus was
placed on structured materials and the great potential was indicated. Due to the percolating heat
additive and additionally providing a degree of freedom concerning the mass transfer, heat, and
mass transfer resistance of the composites could be reduced. By that, the post-processing
optimization routines reveal thicker optimal adsorbent layers and thus, the ratio of active to
passive Hex mass can be improved. As a direct consequence, the process efficiency increases

without sacrificing the specific power density.
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6. Material Design in Adsorption cooling by 3D-
structuring

In the simulation studies in chapter 5, material parameters of experimentally manufactured CDC
composites were considered. A first variation of the composite’s composition and structure was
already investigated. It was shown that a considerable increase in efficiency can be achieved with
the aid of percolating heat additive phase, which is mainly due to the thicker composite layers
which can be utilized due to increased thermal conductivity. With the aim of combined material
and process optimization, in this chapter the approach of 3D-structured adsorbent composites is
revisited. Physically motivated geometries that offer low resistance to the heat and mass flows in
the adsorbent composites are investigated. Since the breakthrough of adsorption heating or
cooling devices is directly linked to poor adsorbent performance, a leap in development

concerning heat and mass transfer improvement is inevitable to become competitive [4].

Regarding the consolidated composite adsorbent type, only with a large amount of statistically
added heat additive, the percolation threshold is reached, and the thermal conductivity can be
increased significantly. The high proportion of heat additive is accompanied by a reduction of the
specific adsorption capacity and often by a reduction of the mass transport to such an extent that
these disadvantages are out of proportion to the increased thermal conductivity, which was
shown and intensively discussed in section 5.2. To tackle this issue, mass transfer channels can be
introduced into the consolidated composite enhancing the mass transport and thus the
performance of adsorption heat transformers. Ammann et al. indicated the mass transport in
SAPO-34 zeolite coatings to be the limiting factor for the rate of water adsorption and thus
introduced uniformly spaced, linear channels of width 75 um into the coating, doubling the water
sorption rate [141]. Improving the adsorbent permeability is target-oriented if the mass transfer
has been identified as the mechanism limiting the process. By adding mass transfer channels, at
some point, the main limitation is shifted from mass transport to heat transport. Thus, optimal
composition and design of adsorbent composites are subject to an optimization problem

requiring a quantitative method comparing heat and mass transfer limitations [16].

With 3D-structuring of adsorbent composites is aimed at improving the performance of the
AdHex system for the application in solid sorption chillers, without sacrificing efficiency or
power density. The investigation procedure is twofold. In the first step, triangular prism-shaped
ribs are introduced to improve the thermal conductivity of the composites. The cross-sectional

area of these ribs increases from the top to the bottom of the composites. The rib's shape is
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physically motivated by an increasing heat flux towards the Hex. Enhancing mass transfer is
enabled by introducing inverted, triangular-shaped macroscopical channels laterally staggered to
the ribs. The channel's shape is also physically motivated by a decreasing mass flux towards the
Hex. An effective material model is developed to describe the spatially varying transport and
adsorption characteristic which is applied in process simulations of a 2-bed adsorption chiller.

The simulation and evaluation procedure are equivalent to that discussed in chapter 5.

In a second, experimental step, 3D-printed aluminium alloy ribs are applied in the composites,
which was motivated by the simulation findings. In addition, vertical macroscopical mass
transport channels laterally staggered to the ribs are introduced. Experimentally prepared, 3D-

structured adsorbent composites are investigated in a small-scale adsorption chiller.

6.1 3D-structuring — Theoretical investigation

The methods, results, figures, and discussions presented in this section were already partly

published by the author of this thesis [142].

The benefit of structuring is initially investigated with a theoretical approach. First, an effective
material model is introduced for the aid of describing the triangular prism-shaped ribs. This
effective model is furthermore plugged into the distributed process model of a 2-bed adsorption
chiller introduced in section 3.2.3 and dynamically solved in process simulations. By conducting
parameter variations over a wide range of process and material parameters and analysing the
simulation results in a post-processing step, a global optimum is obtained concerning the process

and material parameters.

6.1.1 Material model of 3D-structured adsorbent composites

The triangular geometry of the composites is described with an effective material model, taking
the local volumetric compositions of the composites into account. A scheme of the structures is
shown in Figure 6-1 which contains macroscopical, triangular prism-shaped heat-conducting ribs

and macroscopical mass transport channels with an inverted triangular shape.

A macroporous consolidated adsorbent bed consisting of microporous adsorbent primary
particles is attached to the ribs using a binder. The (quasi-) homogeneous adsorbent bed is
equivalent to the consolidated composites without heat additive (see Figure 2-5) and thus, the

same effective material model is used for this phase (presented in section 2.4.1).
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Figure 6-1: Structured adsorbent composite with triangular heat-conducting ribs, inverted triangular

mass transfer channels, and consolidated microporous adsorbent particles.

The utlization of triangular prism-shaped geometries is motivated by the physical transport
processes occurring in the application in an adsorption heat pump. The structured composites
are attached to a heat exchanger with their bottom side. The heat flux increases from the top to
the bottom (or decreases from the bottom to the top) of the composites which is due to
accumulation of heat of adsorption (or due to heat required for desorption). It is desirable to
have a homogeneous temperature distribution over the composite’s height, which is established
as quickly as possible (to achieve a homogeneous loading distribution). Therefore, the effective
thermal conductivity should increase from the top to the bottom which is achieved by the
triangular prism-shaped heat conducting ribs. For the same reason, the amount of adsorbent is
reduced at the upper side of the composites by introducing inverted triangular mass transfer
channels. This ensures that the adsorption heat released at the top or the heat required for
desorption can be supplied or dissipated quickly. Another reason for the macroscopic transport
channels is to provide sufficient adsorptive pressure over the height of the structure which is
essential when applying very thick layers. In the effective model, it is assumed that the pressure in
mass transfer channels is constant and thus mass transfer is not limited here. Therefore, the
width of the channels only influences the released or required heat of adsorption or desorption
due to a variable amount of adsorbent. However, the penetration depth of the channels plays an
essential role, since this determines the length of the adsorbent bed, in which mass transport
takes place exclusively in the interparticle voids (macropores) and thus, mass transport limitation

is possible. The height and width of the heat-conducting ribs, as well as mass transport channels,
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are parameters that are optimized in the process simulations. The determination of these

parameters results in an optimization problem.

To develop an effective material model of these 3D-structured composites, the geometrical
parameters describing ribs and mass transport channels are correlated with the local volume
fractions of the individual phases. Figure 6-2 shows the smallest repeating unit of the structured
composites and structuring examples with high thermal conductivity, mass transfer capability,
and adsorption capacity. The geometry of the structured composite is described with four
independent geometrical parameters describing the width and heights of the transport channels

and heat-conducting ribs. In detail, these parameters describe

° Stcop: Fraction of mass transport channel at top of the structured composite.

e 1 — 5% Normalized height of the mass transport channel.

o glr;lgttom: Fraction of the heat conducting ribs at the bottom of the composite.

e s"@ Normalized height of the heat conducting ribs.

Cc
gtop/ 2
- heat transfer
h .
Scde LS @ Variation
f <
- —_
ha . .
€pottom mass transfer  adsorption capacity

Figure 6-2: Geometrical interpretation of the triangular structured composite with four independent
geometrical parameters (left) and three examples of structuring generated by varying the
geometrical parameters with high thermal conductivity, mass transfer capability, and

adsorption capacity.

The spatial porosity distribution over the height of the structure is calculated using linear
correlations resulting in a porosity matrix, which contains the volume fractions of ribs (¢ (2)),
mass transport channels plus voids in adsorbent bed (€7™%(z)), and primary adsorbent particles
(€5(2)) in every layer of the composite. This serves as input for the matetial model and is used to
calculate the spatially distributed material and transport parameters. These, in turn, are the input
variables for the process model. The short pseudo-algorithm used to calculate the porosity matrix

is given in Appendix D.3. Since all phases are percolating, the effective model approach
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combining parallel and serial phases introduced in sections 2.4.1 and 2.4.2.2 can be applied.
However, the spatial variation of the volume fractions requires an adaption of the equations as

shown below.

The porosity matrix contains information upon the spatial distribution of £5(z), e€t™2(z), and

eh(2) over the height of the structured composites, which are used to calculate the material and

transport parameters as follows

Smi
f(2) = &5y 1 - 52 ) 6-1)
£5(2) e(z)( =

Qi (z) = e5(2)e* + M2, 62
___exp e%(2)o° )
wo(2) =W £5(2)0° +€ha(Z)Qha’ ©-3)

e M) . £5(2) y X(z)A%d
MDD = myr e T E@ TG (A @ +W> o

Where the macroscopical transport channels are penetrating the structure, it is assumed that mass
transport is not limiting. In regions without mass transport channels (z-position > 1 — s€), the
effective permeability and the constant parts of the Knudsen-diffusion coefficient are calculated

in equivalence with equations (2-68) and (2-69)

ma Bef f
erf & (@DBgexy ]
B0 (2) = Sénx% , (6-5)
gma (Z) D é(xn,const
DKn,const 7) = p . 6-6
@ o7 (©-6)

For the sake of comparison with the simulations conducted in chapter 5, the identical material
parameters have been applied here. The adsorbent related parameters are taken from the
experimentally characterized CDC-composites (EXP¢pc) listed in Table B-6. For the heat
conducting ribs, the material parameters from the aluminium alloy listed in Table 5-1 are applied.

The temperature levels and the passive mass of the Hex flat tubes are considered with the values

listed in Table 3-1.

6.1.2 Optimization function

Here, the methodical procedure for the optimization of the classical 2-bed adsorption

refrigeration process is presented, whereby a virtual material design of 3D-structured composites
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is carried out, and, at the same time, the process parameters are considered. An overview of the

procedure is given in Figure 6-3.

Boundary Dynamic Simulations of the 2bed process
conditions in 6D-parameter space
Global
* Prescribed SCP Process parameters: Pareto optimum in
¢ 'lremperature < ° Cycle tir?e: tcyc optimality: N structural and
evels ~| * Layer thickness: Scpc SCP & COP process
* Flat tube mass parameters
mP™ Structural parameters:
* Conducting ribs: €%, =~ & sha
* Transport channels: &g, & 1 —s¢

Figure 6-3: Methodical procedure for combined optimization of geometric structure and process
parameters for the 2-bed adsorption refrigeration process taking the Pareto-optimality of

COP and SCP into account.

Consideration for different user requirements and a prediction of the global optimum in the
entire parameter space is performed. On the material side, the structuring of composites is
optimized. In addition, on the process side, the cycle time and the layer thickness of the
composites are considered. For the optimization of the 6-dimensional parameter space, a suitable
objective function is required. Identical to chapter 5, the parameter combination that maximizes

the COP s searched for a given SCP.

To compare the different parameter combinations, the process model presented in section 3.2.3
is solved in dynamic simulations up to the cyclic steady state. The objective function of the

optimization is formulated as follows

<acop> B (6COP> B <660P> B (BCOP) _< 0COP )
Oteyc scp O5cac ag’f"l’ Scp 0s Jsce scp

agha
SCP _ bottom
1 2 3 4 5 (6-7)
_ (6COP> _
~\0she Jgep
6

6.1.3 Process simulations

In addition to the operating and process parameters, the structuring of the composites provides

several degrees of freedom for the optimization of thermal heat pumps. The presented steps for
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process parameter optimization are repeated for differently structured CDC composites, which
enables the identification of the global optimum in the 6-dimensional parameter space. In
equivalence to the optimization procedure introduced in section 5.2, all parameters were varied to
optimize the COP for a prescribed SCP. Since the methodology is identical, optimization of cycle
time and layer thickness will not be discussed in detail here. The focus is rather laid on the

optimal 3D-structuring of the composites.

Subsequently, the effect of the macroscopic transport channels is discussed, initially for a fixed
dimension of the heat-conducting ribs as shown in Figure 6-4. In a further step, the dimension of
the heat-conducting ribs is additionally optimized. Finally, the global optimal curve is discussed

by comparing the differently structured composites.

Etop = 0.4
s =06
1 s¢ =055

ha /

€pottom = 0.05

Figure 6-4: Exemplary 3D-structured adsorbent composite with triangular heat-conducting ribs and

macroscopical mass transport channels.

6.1.3.1 Optimization of mass transport channels

In addition to the width, the penetration depth of the transport channels plays a role in optimum
structuring. If the transport channels penetrate the composites completely, mass transfer is not
limiting. However, the large volumetric proportion of transport channels is at the expense of the
adsorbent primary particle phase, which deteriorates the ratio of active to passive mass.
Conversely, if the transport channels are chosen too small, the adsorbent will be inadequately and
unevenly loaded from top to bottom. To investigate these influences, the fraction of macroscopic

mass transport channels at the top (Stcop) and their height (1 — 5€) were varied over a wide range,

dynamic simulations of the 2-bed process were performed up to the cyclic steady state, and for
each parameter set, the cycle time and layer thickness were optimized. Figure 6-5 shows results of
the optimization exemplarily for the 3D-structured composite as shown in Figure 6-4. The left
figure shows the maximum achievable COP™%* for these ribs as a function of the transport

channel parameters. On the right, the corresponding optimized layer thicknesses are shown.
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Figure 6-5: Left: Maximum achievable COP™* as a function of the transport channel parameters
exemplarily for the heat-conducting ribs shown in Figure 6-4. The corresponding layer
thicknesses are plotted on the right. The optimization was cartied out for a prescribed SCP of

500 Wkgt.

In the parameter space under investigation, the maximal COP is a weak function of the optimal
transport channel parameters and thus showing a flat plateau in the vicinity of the optimum. In
this example, the maximum COPis 0.67 obtained with very wide transport channels (Etcop = 0.8)
penetrating the structured composites more than half (s¢ = 0.4). Conversely, if the channel
width is small (efop < 0.4), it means that the composites contain a large amount of active
adsorbent in the upper layers to adsorb methanol. The heat generated during adsorption (and
desorption energy required for desorption) must be transported over the entire layer thickness of
the composites, with the corresponding transport resistance. Thus, large thicknesses cannot be
used for composites with insufficient channel width ({:‘fop), which can be seen in Figure 6-5 on
the right. As the channel width increases (and the volume fraction of active adsorbent decreases),

thicker and thicker composites can be used, which also leads to an improvement of efficiency.

6.1.3.2 Optimization of heat transfer ribs

Finally, the 3D-structuring of the heat-conducting ribs is optimized. Besides their height, the
width plays a decisive role in the kinetics of the overall process. Figure 6-6 shows the results of
the global optimization of COP and the layer thickness of the 3D-structured composites in the
6D parameter space, for a prescribed SCP of 500 W/kg. The plots are shown as a function of the

rib’s width at the bottom of the composites (glrolgttom) and their normalized height (s"4).
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By optimizing the heat-conducting ribs, the optimum layer thicknesses can be increased, resulting
in a further increase in the COPs. A maximum COP of approx. 0.676 can be achieved with a
layer thickness of the structured composites of approx. 13 mm. The ribs should totally penetrate
the composite (s"* = 1) and should be very thin (e/'%,,.. = 0.05) for the prescribed SCP of
500 W/kg. The thin ribs are sufficient because the thermal conductivity of the percolating

aluminium alloy ribs is already very high \*¢ = 140 Wm~1K~1).
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Figure 6-6: Global optimum of structural and process parameters for a prescribed specific cooling

power of SCP = 500 W /kg. At each point, layer thickness, cycle time, and mass transfer
channels are optimized. Left: Maximum achievable COP as a function of the structural

parameters of the heat-conducting ribs. Right: The corresponding layer thicknesses.

6.1.3.3 Global optimal curves

Finally, the prescribed SCP is varied over a wide range to consider different applications (high
power density or high efficiency) and the previous analysis is repeated. To gain an understanding
of the interplay between heat conduction and mass transfer, differently 3D-structured triangular
materials, as shown in Figure 6-7, were investigated in the process simulations. The non-
structured material (EXPcpc) has already been introduced in section 5.2 and the results are

reproduced here to show the great impact of 3D-structured adsorbents.

EXPcpc  struct. ribs  struct. chan. structure

Figure 6-7: Schematical representation of the four varied structural designs. Starting from a composite
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without structuring (EX Pepc), solely introduction of heat conducting ribs as well as solely

mass transfer channels were investigated. Finally, 3D-structured composites with improved

mass and heat transport were investigated.

Figure 6-8 shows the optimal layer thicknesses as well as cycle times obtained by applying the
optimization function from equation (6-7) in post-processing on the total data set. Initially, the
transport kinetics is limited by the mass transport and as a result, thicker optimal layers can be
realized by introducing macroscopic mass transfer channels. However, both, channels as well as
ribs only result in slightly thicker layers. In the case of improved thermal conductivity, mass
transport is limiting, which is why an increase in the size of the ribs does not contribute to a
higher COP. In equivalence, larger mass transfer channels are not expedient if the thermal
conductivity is limiting the overall kinetics. Therefore, a combined optimization is necessary
which is reflected in a dramatically improved layer thickness of the 3D-structured composites. As
already discussed previously, since cycle time is proportional to the prescribed SCP, the optimal

values of the differently structured composites do notdiffer from each other.
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0.015 structured
—_— —struct.c@an. 1500 +
————— struct.ribs
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3 — — —struct.chan.
S £ 1000 | : b
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Figure 6-8: Optimal composite layer thickness and process cycle time as a function of the prescribed

SCP for three differently 3D-structured composites and non-structured composites.

The preceding descriptions are directly reflected in the COP. The Ragone-plot in Figure 6-9
shows the maximum COP vs. prescribed power density for the four different composites. In
addition, the different structuring is visualized for selected SCPs. The improvement of the
achievable COP due to the 3D-structuring is remarkable. By reducing the transport resistances,
the layer thickness can be increased to such an extent that an increase in the COP of up to 15% is
possible in the high power density range (at SCP=4000 W/kg) if compared to the non-structured

composites. With increasing SCP, the maximum COP decreases, although the decrease is much
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smaller for the 3D-structured than for the non-structured CDC composites. Large SCPs are
mainly achieved by reducing the layer thickness and by very short cycle times. This is
accompanied by the increasing influence of passive mass due to the reduction in cycle time and

layer thickness, which explains the reduction of efficiency.

Achieving high power densities requires the evaporation of as much refrigerant as possible in a

short time. Heat-conducting ribs that totally penetrate the composites (s"@ = 1) are required to
ensure that the released adsorption heat is well removed, with thicker ribs preferred for higher

SCPs. Similarly, larger transport channels are required for higher power densities.
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Figure 6-9:Maximum COP as a function of the prescribed SCP. The optimal structuring and layer

thicknesses are shown for the different composites exemplarily for different SCPs.

In this section, a combined process and material development was introduced to optimize
adsorption heat pumps, which includes the optimization of process parameters and a virtual
material design of 3D-structured adsorbent composites. Exemplarily, the method was applied to
the classical 2-bed adsorption refrigeration process but can be transferred to arbitrary process
designs and process parameters. The cycle time and the thickness of the adsorbent composites
were optimized as process-relevant variables. Transfer this methodology to further parameters is
directly applicable. On the material side, the 3D-structuring of the adsorbent composites
consisting of heat-conducting ribs, mass transport channels, and active adsorbents was aimed at,
for which a geometric material model was introduced. With this method, a global optimum for

the process can be identified under the given boundary conditions, which would not be possible
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by neglecting either process or material parameters. Furthermore, the method reveals the

significant potential of virtual material design for structurally optimized adsorbent composites.

6.2 3D-structuring - Experimental investigations

The methods, results, figures, and discussions presented in this chapter were partly published by
the author of this thesis [143]. Some sections are taken verbatim from the publication and are

reproduced here.

The results of the process simulations in the previous section motivated the experimental
investigation of 3D-structured adsorbent composites. In this section, the idea of material design
is experimentally applied using heat-conducting aluminium alloy ribs and macroscopical mass
transfer channels for the application in adsorption chillers. Instead of carbide-derived carbon, the
activated carbon adsorbent introduced in chapter 4 is used as the active material. Starting from a
suspension based on activated carbon primary particles, water, and binder, the preparation
procedure of consolidated composites with varying structures is briefly summarized below. The
samples were prepared by the Etzold working group®and the preparation procedureis described

in detail in [143].

6.2.1 Preparation of structured and unstructured consolidated adsorbent
composites

The general procedure of producing the 3D-structured composites follows in equivalence to the
descriptions outlined in the introduction of chapter 4. Following, the procedure is briefly

summarized.

3D printed aluminium alloy (AlSil0Mg(Fe)) ribs

With the aid of the process simulations, promising rib structures were identified. The optimum
heat-conducting ribs should fully penetrate the composites and be as thin as possible to avoid
introducing too much passive mass. These findings were the basis for the experimentally
fabricated aluminium ribs, for which technical and CAD drawings have been made as shown in
Figure 6-10. In addition to the information from the process simulations, the constraints from

the manufacturing process of the ribs and the final composites have been incorporated into the

¢ Technical University of Darmstadt, Department of Chemistry, Ernst-Betl-Institut fir Technische und

Makromolekulare Chemie, 64287 Darmstadt, Germany, www.ctzoldlab.de
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design. Besides, care has also been taken to ensure that the aluminium-structure has ribs at both
ends to give stability to the composites. The triangular prism-shaped ribs have been 3D printed
using selective laser melting (SLM) out of an aluminium alloy (AlSi1OMg(Fe)) on a support by
“FKM Sintertechnik GmbH”". The final 3D-printed rib structure is shown in Figure 6-10 on the
right.

0.5

“%LQ; L Jj

e

Figure 6-10: Technical drawing of ribs geometry on support with dimensions in mm (left); CAD view

(middle); aluminium ribs 3D-printed using selective laser melting (SLM).

For the experimental investigation, the flat support of the aluminium ribs is directly applied to

the heat exchanger with an adhesive thermal tape. In a later, technical application, the ribs could

be directly printed on the Hex to reduce thermal resistance and amount of passive mass.

Preparation of structured consolidated adsorbent composites

The structured composites were prepared by the Etzold working group6 and the detailed

procedure for the preparation was published in [143]. Here, a summary is given.

To guarantee sufficient adherence of the activated carbon on the ribs surface, the activated
carbon mass was prepared with 10wt% CMC-binder. The CMC-binder AC mass obtained was

then pre-dried in the air at ambient temperature.

For the preparation of the composites with structured heat-conducting ribs, the CMC-binder AC
mass was added into a press mold, then the 3D-printed aluminium ribs were pressed into the
mass. After pre-compression of the closed press mold, it was compressed in a hot press with a
pressure of 20 bar for 15 min at ambient temperature. Afterwards, the compressed composite
was removed from the press mold and dried in air at ambient temperature until completely dry.
Optionally five vertical channels laterally staggered to the ribs with the depth of 8 mm channels
were added afterward using a 350 um saw blade to obtain structured consolidated composites

with mass transport channels and heat-conducting ribs.

7 FKM Sintertechnik GmbH, Zum Musbach 6, 35216 Biedenkopf, https://www.tkm.net/?lang=en
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With these methods the four different sample types were prepared: ‘non-structured’
(unstructured consolidated composites), ‘channels’ (structured consolidated composites with
mass transport channels), ‘ribs’ (structured consolidated composites with heat-conducting ribs),
and ‘ribs + channels’ (3D-structured consolidated composites with mass transport channels and

heat-conducting ribs).

Figure 6-11 schematically shows the production routines of the four different non-structured and
structured AC composites. After preparation, the different samples were investigated in a small-
scale chiller setup. To ensure that sufficient active carbon mass is used, two identical samples

were tested simultaneously in the laboratory setup.

@ non-structured’ ‘channels’
Susbension |--3D-printed__ | Hotplate | Mass transport | 350 um
P aluminum ribs press channels saw blade
‘tibs’ @ ‘ribs + channels’

Figure 6-11: Production routine of consolidated composites ) (‘non-structured’); composites with
enhanced permeability (2) (‘channels’); with heat-conducting ribs (3) (‘ribs?); with ribs and
mass transfer channels (4) (‘ribs + channels’) [143].

The experimentally produced composites are shown in Figure 6-12. Partially the ribs are still
visible. However, it can be stated that the composites were very stable and that the adsorbent
layers adhered very well to the rib walls. After the drying step, the vertical mass transfer channels

could be easily introduced into the composites.

The geometrical parameters and material parameters of the four different samples are listed in
Table 6-1. Even though produced in the same hot press with the same press mold, the
compound's cross-sectional area is not identical. Equivalently, the composites layer thickness
slightly deviates. Within the limits of experimental inaccuracies, the geometries of the specimens

are nevertheless comparable.

In the simulation studies so far, the power density has been related to the composite mass. Due
to the aluminium base plate of the structured composites, the composite mass is not a useful

reference value in this case. Instead, the cross-sectional area of the composites is used as a
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reference, which is also of great technical relevance to minimize the total apparatus expenditure

(less heat exchanger area).

Figure 06-12: Activated-carbon and CMC-binder based adsorbent-composites. Non-structured

composite (@D, “non-structured’, top left), structured composite with mass transfer channels

(@, ‘channels’, bottom left), structured composite with heat-conducting aluminium ribs (@,

‘ribs’, top right), and structured composite with heat-conducting ribs and mass transfer

channels (@, ‘tibs + channels’) [143].

Table 6-1: Parameters of the four different, experimentally produced AC-composites. In each case,

the sum (Acomp,> Veomp> Mac+cmc and Myips) or mean value (Sgomp) of two identical samples

are listed.
sct?u’c“cillli)enci’ @, ‘channels’ @, ‘tibs’ Gc?l,azfl)eslsj_
Acomp /cm? 13.26 13.26 13.6 13.6
Scomp/Mm 10.73 10.73 10.45 10.45
Veomp/cm?3 14.2 14.2 14.2 14.2
Macrcmc/d 7.16 6.93 6.1 5.86
Mins/ 9 - - 6.75 6.75
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6.2.2 Experimental setup —Laboratory-scale adsorption chiller

For the experimental investigation of gram-scale adsorbent composites in the adsorption
refrigeration cycle, a novel setup has been developed and realized in a laboratory plant. This setup
allows for cyclic experiments with gram scale adsorbent composites under varying pressure and
temperature conditions as well as evaporation and condensation times, according to the
refrigeration cycle introduced in section 1.1. The dynamic behaviour of the cyclic process can be
investigated revealing information upon the influencing process parameters, e.g., cycle time and
temperature boundaries. Furthermore, adsorbent composites with varying compositions and
structuring can be investigated and compared in this laboratory plant. The lab-scale apparatus has
been designed and built containing adsorber, evaporator, condenser, and two mass flow meters
(MFM) as the main components allowing to measure the overall kinetic of the AdHex system.
The high vacuum components are interconnected with small flange (ISO-KF) bellows hoses,
pipes, and valves according to the flow chart in Figure 6-13. The vacuum-tight design of the plant
prevents the entry of ambient air and enables cyclical operation of the process. The whole setup
is placed in a temperature-controlled container to exclude temperature fluctuations and prevent

condensation of refrigerant in the connecting pipes.

Dynamic, gravimetric measurements within vacuum components require great effort in terms of
equipment and temperature control is difficult. In addition, gravimetric determination of
adsorption rates of temperature-controlled, gram-scale adsorbents is subject to significant
fluctuations due to circulating heat transfer fluid. Therefore, an indirect measurement principle of
the adsorption rate has been chosen by detecting the volume flow of vaporous methanol between
adsorber and condenser as well as evaporator and adsorber using MFMs. Mathematical
integration of the exchanged mass flow with time yields the total mass evaporated or condensed
in one cycle. Furthermore, the integral mass can be used to calculate the specific cooling power
and cooling efficiency. The advantage of the small-scale experimental setup is a fast investigation
of new adsorbents and structured adsorbent composites in gram-scale at arbitrary process
conditions in a real cycle of the adsorption cooling process, thus revealing fast information of the

performance of newly designed materials.
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evaporator, adsorber with the adsorbent composites, and two MEFM.

Adsorber

The adsorber is the main component of the laboratory plant realized as a DN100 cylinder with a
small flange ISO-KF25 connection to the MFMs. The nozzles of the heat exchanger are led out
on both sides of the cylinder through the ISO-K DN100 clamping flanges using vacuum
feedthrough. The heat exchanger is designed as an aluminium hexagon with round pipe nozzles
on both sides for sealing the vacuum feedthroughs using O-rings. The hexagonal design and
aluminium material of the heat exchanger resulted from the specification of several criteria: flat
surfaces to enable the best possible contacting of the adsorbent composites, good machinability,
low specific heat capacity as well as high thermal conductivity, vacuum feedthrough easily
possible, flexibility for quick installation and modification. Figure 6-14 shows the heat exchanger
with two non-structured AC composites and aluminium supports attached using thermal

adhesive tape.

Two identical VWR® Refrigerated Circulating Baths 13271-108 are used to temperature-control
the AdHex. To ensure smooth and fast switching between adsorption and desorption, two
electro-pneumatic 3-way ball valves are installed. In cyclic process operation, the 3-way valve
connected to the output of the thermostats is switched a few seconds before the input valve,
which corresponds exactly to the residence time of the heat transfer fluid in the hose system and
the heat exchanger. This prevents the thermostats from cooling down or heating up too much

due to the exchange of heat transfer fluid. Thus, only the temperature control of the passive
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adsorber mass during the change between adsorption and desorption leads to the cooling or
heating of the thermostats. Two thermocouples of type-T are installed to measure the
temperature at the interface of adsorbent composites to the heat exchanger. Additionally, an
MKS Baratron® Type 627F absolute pressure transducer is assembled to monitor and control
the adsorber pressure. The adsorber is connected in two different ways with the MFMs via
electro-pneumatic bellows valves. During the evaporation phase, the valve connected with the
MFMs output is open and during the condensation phase, the valve connected to the MFMs

input is open, so that the flow direction is the same.

Figure 6-14: Hex of the laboratory setup to investigate adsorbent composites under dynamic process
conditions of the adsorption refrigeration process. The heat exchanger is an aluminium
hexagon with a heat transfer tube with an internal diameter of 10 mm. Additionally, the Hex
ends were turned round in a lathe to obtain pipe nozzles with an outer diameter of 12 mm
which serve as vacuum feedthrough. Two adsorbent composites (activated carbon) attached

to aluminium supports are fixed on the Hex using thermal adhesive tape.

Sample preparation

The adsorbent composites are placed on 2 mm thick aluminium supports using thermal adhesive
tape as shown in Figure 6-15. A 0.5 mm horizontal slit is machined into the aluminium support,
into which a type-T thermocouple is inserted to measure the temperature between the adsorbent
composite and the heat exchanger. The aluminium support and the second layer of thermal tape
cause additional resistances for heat transfer. Nevertheless, aluminium supports were used to
enable temperature measurement between the sample and the heat exchanger as well as easy
exchange of samples in the adsorber. The sample shown in Figure 6-15 is a 3D-structured AC

composite with aluminium ribs.
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2mm T 50 mm

18 mm

Figure 6-15: 3D-Structured AC composite with heat-conducting aluminium ribs attached using
thermal adhesive tape on a 2 mm thick aluminium support with horizontal slit for the

thermocouple (left). Dimensions of the aluminium support (right).

Mass flow meter

To determine transient adsorption and desorption rates during evaporation and condensation
petiods, two MEFMs Bronkhorst® low-Ap-flow F101D are used for low-pressure drop
applications. The interconnection of adsorber, evaporator, and condenser are designed in such a
way that the MFMs are always flown through in the same direction. To enable accurate
determination of the volumetric flow rates over a wide range, one MFM is calibrated with a range
of 0 — 2000 mly/min and the other with 0 — 200 mly/min to reduce the dependence of the
measurement inaccuracy on the set maximal value. In the order of magnitude of the examined
volume flows, the measuring etror is £ 0.5% of the measured value plus * 0.1% of the set

maximum value.

Evaporator

The evaporator is realized as a union tee of the small flange series ISO-KF40. One of the ports is
used as inspection glass, the second one for the vacuum feedthrough of the heat exchanger, and
the third for the connection to the MFMs. The heat exchanger is constructed as a spindle with an
inner piping diameter of 4 mm. The temperature of the heat exchanger is controlled with a
JULABO Corio CD-200f thermostat. Temperature measurements with type-K thermocouples
are installed at the inlet and outlet of the heat exchanger. Additionally, a type-T thermocouple is
installed in the evaporator detecting the liquid methanol temperature. For monitoring and
controlling the pressure, a temperature-controlled MKS Baratron® Type 627F absolute pressure
transducer is used. The evaporator is separated from the MFMs by an electro-pneumatic bellows
valve controlled to the differential pressure between the evaporator and the adsorber. To remove
carrier gas after initially filling with liquid methanol, the evaporator can be evacuated with a
Pfeiffer vacuum HiCube 80 Eco pump via a manual bellows valve. All connections to the

evaporator are carried out as ISO-KF16 piping units.
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Condenser

The condenser is realized like the evaporator but with two union tee ISO-KF40 installed to use
two different heat exchangers improving the condensation and assuring almost isobaric
condensation pressure. The heat exchangers are temperature-controlled using a VWR®
Refrigerated Circulating Bath AD15R-30. Like the evaporator, the condenser is separated from
the MFMs by an electro-pneumatic bellows valve controlled to the differential pressure between
adsorber and condenser. To prevent the component from an accumulation of carrier gas
throughout experiments with several cycles, an electromagnetic proportional valve is installed

connecting the condenser with the vacuum pump.

Process control unit

The process control is realized with control units and a programmable logic controller (PLC)
from Gantner Instruments Test & Measurement GmbH. The whole cyclic adsorption
refrigeration process can be performed in automated operation mode revealing information upon
the cyclic behaviour from initialization to cyclic steady state. After cooling the adsorber, the cycle
starts with the evaporation period as soon as the pressure in the adsorber is equal to the pressure
in the evaporator. This period depends on the hold-up volume of the adsorber gas phase. The
two valves connecting the adsorber and evaporator open, giving rise to a gas flow through the
MFMs which is adsorbed from the adsorbent. After an individually adjusted duration of
evaporation, the heat transfer fluid circuit in the adsorber heat exchanger is abruptly switched
over inducing the heating period. The desorption process starts as soon as the pressure in the
adsorber is equal to the pressure in the condenser. The two valves connecting the adsorber and
condenser open which gives rise to a volume flow through the MFMs condensing in the
condenser. In equivalence to the evaporation duration, the condensation time can individually be

chosen on the user interface.

The measurements in the laboratory adsorption chiller provide information upon the evaporated
and condensed volume flow rates, which can be used to calculate the heat flows in the evaporator
and condenser. Since the laboratory plant is not optimized for the minimal hold-up in the
adsorber free gas phase, when using gram scale adsorbent samples, significant amounts of
adsorptive are adsorbed from the free gas phase or desorbed to the free gas phase during the
cooling and heating period. The duration of the heating and cooling period depends on the
adjusted evaporation and condensation time, the mass of adsorbent in the system as well as the
kinetic of the respective sample. Thus, to compare adsorbent composites with different weight
and kinetical behaviour, the integral adsorbed and desorbed methanol mass during the cooling

and heating period is considered in addition to the mass flow exchanged with evaporator and
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condenser for evaluation of process performance. In the application of an adsorption chiller, kg
amounts of adsorbent would be applied, and the free gas phase hold up would be minimized,
reducing the cooling and heating period to a negligible short duration compared to the total cycle

time.
6.2.2.1 Measurement procedure and evaluation

The volumetric norm-flow rate VN in mlV /min measured with the MFMs is transferred to the

mass flow rate assuming ideal gas behaviour

. pVNMW 6-8)
Mee = —7g

Referring this to the cross-sectional area of the composites (A¢omp), the mass flux M, =

Me’C/Acomp in kg/m? is calculated. The integral evaporated/ condensed mass per unit

composite cross-sectional area (or occupied heat exchanger area) is calculated by integrating the

mass flux during evaporation and condensation phases with time

te

me(t,) = | medt, (6-9)
0
te

mc(ty) = | m.dt. (6-10)
te

The specific mass adsotbed (M(qq;)/ desotbed (Mpeqy) to/ from the free gas phase during the

pre-cooling/ pre-heating period is calculated using the ideal gas law with the pressure difference

Agcp between condenser and evaporator

A pV'gaSMWM OH
Mcool,heat (tcool,heat) = ecR T9as =. (6-11)
comp

For evaluation of the process performance, the hold-up of the gas phase is additionally
considered for the calculation of the integral adsorbed and desorbed mass during one cycle. The

total specific mass adsorbed during one cycle is obtained as follows

mads(tcyc) = Mg + Mcools (6-12)

and the total specific mass desorbed in one cycle is given by

mdes(tcyc) =M¢ + Mpeqt- (6-13)
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With the evaporation enthalpy Agpaph, the specific cooling power per unit Aggmyp is given by

SCPA _ mads(tcyc)Aevap h, (6—14)

tcyc

with the cycle time t¢yc. In equivalence, the cooling power can be related to the CDC composite

mass M¢omp giving the mass-specific SCP

Mads (tcyc )A evaph

(6-15)
M comp tcyc

)

SCP == SCPy, =

with the total mass adsorbed Mgq5 = MgasAcomp during one cycle. The cycle cooling energy per

unit Acomp or composite mass is given by

qa = mads(tcyc)Aevaph = LeyeSCPy, (6-16)
M t A h
quy = ads( cyc) evap — tcyCSCPM- (6—17)
Mcomp

Specific cooling power and cooling energy are linearly correlated via cycle time. While SCP shows
a maximum at short cycle times, q is optimal when the adsorbent is in equilibrium at very long
cycle times. To evaluate the Pareto-optimal behaviour in a combined performance indicator, the
product of SCP, and q4 can be used with units kJ/m*s, as performed by Ammann et al. [141].

In equivalence, the mass-specific criteria can be used to yield a performance indicator with units

k]/kggomp S.

The four samples were investigated in the gram-scale adsorption chiller applying the outlined
evaluation procedure. Therefore, dynamic measurements were conducted with the four
structured and non-structured samples, and the results obtained in cyclic steady-state were used
for the evaluation. In a first step, a constant temperature level was adjusted (T, = 15°C, Tggsc =
20°C and Tges = 90°C) and the four samples were investigated in experiments with various
cycle times and were compared. In a second step, the sample with enhanced permeability and

thermal conductivity ((4), “ribs + channels’) was investigated at different temperature levels.

6.2.3 Results and discussion

The performance of the four non-structured and structured AC composites is discussed in the

following by comparing the results obtained in cyclic steady-state. Details of the dynamic
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behaviour from initialization to CSS are outlined in Appendix C.1.2 which is exemplarily

discussed for experiments conducted with non-structured CDC composites.

6.2.3.1 Structured vs- non-structured activated carbon composites

Subsequently, results are discussed obtained for experiments conducted with moderate
temperature levels of T, = 15°C, Tyqsc = 20°C and Tyes = 90°C. Figure 6-16 shows specific
cooling power and specific cooling energy vs. cycle time as well as the mass fluxes obtained in

CSS exemplarily for evaporation and condensation times of 500 s.
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Figure 6-16: Power density and energy density vs. cycle time (tgg5 + tges) for non-structured and
structured adsorbent composites for expetiments with T, = 15°C, T, = T,4s = 20°C,
Tges = 90°C. Additionally, mass fluxes in CSS for t, =t. = 500 s are shown for the non-

structured and structured activated carbon composites.

SCPy is maximal at short cycle times of t¢y. = 300 — 500 s, with no clear tendency concerning

different structuring. Initially, the non-structured composite exhibits a heat transport limitation,
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thus structuring with heat conducting ribs is much more effective in improving SCP, than
introducing mass transport channels. However, by structuring the composite with heat-
conducting ribs, the main limitation shifts towards mass transport. Therefore, adding mass
transfer channels to the composite with aluminium alloy ribs, a high-performing, 3D-structured
composite is produced showing a further significant improvement in SCP,. The significant
increase in specific power is due to the increased transport kinetic. As a result of that, more
adsorptive can be adsorbed and adsorbate desorbed with time which is represented in the
increased integral mass flux. Contrary to SCP,, the energy density is monotonously increasing
with increasing cycle time. At long cycle times, in equilibrium, g4 reaches the limiting value which
is not determined in these experiments. In the same manner as for SCPy, q4 is increased by the
3D-structuring of the composites and thus a significantly better utilization of the heat exchanger
surface area. With the high-performing, 3D-structured composites, a maximal specific cooling
power of 900 Watt per square meter of composites could be achieved. Even though the 3D-
structuring of the composites with ribs and mass transfer channels has not yet been optimized a

significant improvement compared to the unstructured composite could be achieved.

A direct comparison with the results obtained with the thin CDC composites in Appendix
C.1.2.2 is not feasible due to the different adsorbent materials used and following the different
material parameters. However, by comparing the results, one point can be highlighted. Due to
the short transport paths in thin composites, the transport kinetic is much faster compared to
thicker composites. Therefore, even without structuring, the CDC composites show a
significantly higher power density. However, due to the detrimental ratio of active to passive
mass, the specific efficiency is lower than for the thicker, structured activated carbon composites.
For a quantitative comparison of different samples, an evaluation criterion combining efficiency

and power density is beneficial.

To compare the four different AC composites, the performance is evaluated according to the
method outlined in section 6.2.2.1. The overall enhancement in performance due to the
application of 3D-structuring can be visualized in a double logarithmic Ragone-plot in which
SCP, is plotted versus 4. In adsorption technology, such a visualization has been used by
Ammann et al. [141]. Figure 6-17 shows a Ragone plot for the four AC samples investigated. Due
to the 3D-structuring, the performance (SCPy - q,) of the composites could be increased from
295 to 538 kJ?/m*/s being an improvement of approx. 82% compared to the unstructured

composites. Due to the increased kinetic, the optimal cycle time was reduced from 2115 s to
1090 s.
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In the Ragone plot, the initial heat transfer limitation can be qualified. Starting from the non-
structured composites, only minor improvement was achieved by introducing the mass transfer
channels which is reflected in a slightly improved performance from 295 to 311 kJ?/m* /s with a
slightly shorter optimal cycle time. Introducing the mass transfer channels on one hand side leadss
to a minor reduction of the amount of active material, but on the other hand side, the surface
area for methanol vapor entering the composites has been increased improving the all-over
kinetic. Comparing the results of non-structured composite @ to composite no. (3) (xibs?), the
initial heat transfer limitation becomes obvious. By using the triangular prism-shaped ribs,
performance could be improved up to 420 kJ2/m* /s, although a significant amount of passive
mass was added to the composites by the ribs. The rib thickness could well have been thinner, as
the initial heat transport limitation was overcompensated, which became evident by the additional

insertion of mass transport channels to composite no. 3.
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Figure 6-17: Ragone-plot showing specific cooling power vs. energy density related to the composite
cross-sectional area for the four samples investigated. The experiments were conducted with
temperature levels of T, = 15°C, T, = T35 = 20°C, Tyos = 90°C. The identically adjusted
evaporation and condensation times were varied between to/ = 100 — 2000 s; pre-heating

and pre-cooling durations have adjusted variably.

Due to the high adsorption rate in short cycles, the specific cooling power is maximal at short
cycle times. However, in short cycles, only a small fraction of the adsorption capacity of the
adsorbents is utilized resulting in small efficiencies. This Pareto-optimality between power density

and efficiency is common for many energies conversion processes. Depending on the application
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and the desited mode of operation, the process can therefore be operated in a power- or
efficiency-oriented manner. However, the preceding discussion shows, that regardless of the final

operating point, a significant improvement can be realized by using structured composites.

6.2.3.2 High-performer — Influence of temperature boundary conditions

Adsorption heat transformers are used to transfer heat from a low-temperature level to a higher
temperature level. Depending on the application, either the lowest temperature level (chiller) or
the medium temperature level (heating purpose) is the benefit of the process. In both
applications, the temperature levels at which the process is operated are significantly influencing
the performance. The lower the temperature differences between evaporator and condenser as
well as the higher the temperature differences between adsorption and desorption, the better the
performance. However, the temperature levels of the process are determined by the specific
conditions of the installation site and the user requirements. Therefore, further experiments have
been conducted with the high-performing, 3D-structured adsorbent-composite (4) for varying
temperature levels to investigate the influence of the temperature levels on the performance.
Figure 6-18 shows experimental results for five temperature levels in a Ragone plot. While the

location of the maximal performance is always determined at a cycle time slightly above ¢y =

1000 s, the value of the maximal performance strongly depends on the three temperature levels.
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Figure 6-18: Ragone-plot showing power density versus efficiency for the 3D-structured adsorbent-

composite (@), “ribs + channels’) for varying temperature levels. The legend shows the

temperatures in degree centigrade of desorption - adsorption/ condensation - evaporation.
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While higher evaporation and desorption temperatures are beneficial for the process
performance, lower re-cooling temperatures are preferable. Even though the pressure difference
and thus temperature difference between evaporator and condenser is important, the desorption
temperature is crucial for process kinetic and has the strongest influence on the process

performance.

6.3 Summary

Low heat and mass transfer properties of technical adsorbents are the main obstacles to the low

system performance of adsorption chillers. To gain competitiveness these drawbacks need to be

overcome.

Digital material design and 3D-structuring is a very promising tool to develop tallor-made
structures which accompany the beneficial attributes of high thermal conductivity as well as mass
transfer properties without significantly sacrificing adsorption capacity. In this chapter, digital
material design has been used to identify a promising geometrical structure of adsorbent
composites. The triangular prism-shaped aluminium ribs have been selected to enhance thermal
conductivity and inverted triangular mass transfer channels to increase the mass transfer
properties. An effective material model was developed to correlate the spatially variable
structuring to effective transport and material parameters. The material model was parameterized
with experimentally obtained adsorbent parameters of a non-structured composite and
subsequently used in transient, spatially resolved process simulations of a 2-bed adsorption
chiller. By varying the five material-related parameters (dimensions of ribs and channels, the layer
thickness of composites) and further process-related parameters (cycle time) a combined material
and process optimization has been conducted. In post-processing, the optimal set of parameters
has been identified applying a cost-function by searching for the maximal efficiency for a
prescribed power density. The evaluation of different structure-property combinations was
performed using an objective function considering the Pareto-optimal behaviour of SCP and
COP. In the whole range under consideration, by 3D-structuring, the process efficiency could be
drastically improved compared to non-structured composites. 3D-structuring shows its strengths
especially in the range of high power densities, whereby an increase in efficiency of up to 15 %
could be achieved. This can be attributed to the fact, that by reducing heat and mass transfer
resistance, the optimal layer thickness could be more than doubled without sacrificing process
dynamic. By that, the ratio of active to passive mass is improved beneficially, that the influence of

the inertia decreases.
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The digital material design was the basis for the manufacturing of structured adsorbent
composites containing 3D printed triangular prism-shaped aluminium ribs and macroscopical
mass transfer channels laterally staggered to the ribs. Four different composites were
manufactured to compare the influence of the ribs and the channels. The samples have been
investigated in a small-scale adsorption chiller under realistic, cyclic process conditions and
evaluated using the cross-sectional specific power and efficiency. It has been shown that the
limitation concerning mass and heat transfer should be detected and the initial structuring should
be dedicated to lowering the initial limitation. With the experiments, the simulation results could
be enforced. Compared to non-structured composites, the process performance (efficiency
density multiplied with power density) could be improved up to 87% by 3D-structuring of

activated carbon composites.
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7. Heat integrated Multiple-bed process setup

The methods, results, figures, and discussions presented in this chapter were partly published by
the author of this thesis [144]. Some sections and figures are taken verbatim from the publication

and are reproduced here.

Besides improving heat and mass transfer of adsorbents by 3D-structuring, the process
performance of adsorption chillers can be improved with sophisticated heat recovery. Internal
heat regeneration can be utlized by thermal waves [145] or by multi-bed designs [44]. Both

concepts aim to reduce the supply of external heat by internal heat regeneration.

Wang W. et al. and Qu et al. examined the potential of mass and heat recovery and showed that
heat recovery significantly increases the coefficient of performance, especially when latent heat is
partially recovered [41], [140]. Schwamberger et al. [118], [119], and Schwamberger [120]
provided a fundamental, thermodynamic model to evaluate the heat recovery potential of
thermally driven heat pumps. It was shown that besides the sensible heat of passive masses,
recovering the latent heat of adsorption significantly enhances the process efficiency. Advanced
cycles such as the thermal wave cycle [147], adsorber with stratified heat storage [119], the dual-
mode cycle, and the multistage cycle with up to six beds show promising results, improving
process performance utilizing internal heat regeneration. Another advantage of multi-bed process
designs is the reduction of peak temperatures in the evaporator and condenser. Meunier
numerically investigated the entropy production of a solid adsorption heat pump in cyclic steady
state as function of the number of adsorbers [43] and a thermodynamic analysis of the heat and
entropy flows in and out of the heat pump was carried out, revealing a rising efficiency with an
increasing number of adsorbers, due to improved heat recovery and reduction of entropy
generation. An analysis of the thermal wave regeneration adsorption cycle, using entropic mean
temperatures, was provided by Pons revealing similar conclusions [145], [148]. A reduction of
driving temperature differences in the heat transfer reduces irreversibility and, thus, improves the
process efficiency of adsorption heat pumps. Hence, thermal wave or multi-bed processes are

thermodynamically interesting due to a reduction of heat losses [43], [147].

Critoph, proposed a multi-bed approach consisting of 32 closed (integrated) adsorber modules
with the advantage of thermal and material separation, which prevents redistribution of adsorbate
in the adsorbent bed [44]. Each module consists of a sorption zone and an evaporation/

condensation zone with cyclic varying temperature and pressure environments. Compared to a
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classical 2-bed setup with heat recovery, the multi-bed approach is advantageous due to lower
temperature differences between the heat sources and heat sinks. The cold heat transfer fluid
entering the adsorption zone is partly heated up by exothermic adsorption and partly by
absorbing the sensible heat from the modules. The more modules are utilized in a multiple-bed
setup, the more efficient the heat regeneration. In the limiting case, the multi-bed setup
converges to the approximation of a continuously moving bed which is discussed in detail in the

subsequent section.

Moving bed processes are commonly used in chemical, pharmaceutical, and bioprocess industries
for recovery, separation, or purification purposes. In the practical application of moving beds,
particle attriion due to the transport of the solid phase is disadvantageous. To overcome this
shortcoming, the bed movement can be emulated with a Simulated-Moving-Bed (SMB). An SMB
consists of a fixed bed or a rotating annular bed of catalyst or adsorbent with many ports for
injection of carrier gas, reactant, and withdrawal of the product. The solid bed is stationary,
whereas inlet and outlet ports are periodically shifted in the direction of the fluid flow, simulating
a true counter current system [149]. As the number of inlet and outlet ports increases, the SMB
approach converges to a continuous True-Moving-Bed (TMB), where the reactant and carrier are
continuously fed into a downward or rotating moving bed containing the solid phase [150]. In
the TMB, all flows are continuous, thus converting the system from an unsteady to a steady-state
behaviour. This results in huge advantages concerning simulation effort [151]. Ginther et al.
applied the TMB approach with a lumped-parameter model of the adsorbent to adsorption
cooling machines [152]. Following, this approach is adapted to the distributed parameter model
introduced in section 3.2.3. This approach allows efficient simulations of adsorption refrigeration
multi-bed processes and evaluation of the heat recovery potential of sensible and latent heat,
considering heat and mass transfer in the adsorbent structure. The steady-state character of the
TMB approach offers the possibility to vary process parameters with comparatively low
simulation effort applying parameter continuation [151]. Besides, the multi-bed design enables
efficient heat recovery between modules with a minor driving temperature difference, and thus
highly heat integrated process setups are developed and optimized utilizing the maximal amount

of latent and sensible heat to be recovered.

The material model for the simulations in this chapter was parameterized with the effective
material model introduced in section 2.4.1 and the material parameters of CDC consolidated
composites with 2 wt’% of CMC binder as summarized in Table B-6 (EXP¢p¢). However, the
methodology of a heat integrated multi-bed process approximated with a TMB can be transferred

to other material models.
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This chapter is outlined as follows: In section 7.1, the multi-bed process setup and the
mathematical models of SMB and TMB are introduced. Followed by that, in section 7.2
simulations of the TMB approximation are compared with the SMB approach and the limiting
cases are discussed. In section 7.3, simulation results and first optimizations of the TMB process

setup are presented. Finally, in section 7.4 a highly heat integrated process setup is introduced.

7.1 Periodically and continuously operated multi-bed adsorption
heat pumps — process setup and modelling approach
The thermodynamic potential for heat recovery in solid sorption heat pumps can be quantified
using the thermodynamic model outlined in section 3.2.2 which is based on a lumped-parameter
model. Based on the methodology provided by Schwamberger et al. [118], [153], [154], a
thermodynamic analysis of the maximum efficiency that can be achieved with an adsorption
chiller was performed for the adsorbent — heat exchanger (AdHex) system and temperature
conditions investigated in this thesis. The result of the thermodynamic analysis is outlined in
detail in Appendix D.4. It reveals a high grade of heat recovery potential partly contributed by
sensible heat and partly by latent heat. If the heat recovery potential can be utilized to a large
extent, the efficiency of adsorption heat pumps can be improved significantly. A challenging task

is to develop process setups to exploit the potential of heat recovery.

In this work, the approach for maximizing process efficiency is to minimize the heat required
from the external heat supply by maximizing the internal regeneration of sensible and latent heat
and thus maximizing the coefficient of regeneration 1
Ghr
r=—F

(7-1)

)
des

where qprp is the heat density recovered during heat recovery [155]. The higher 7, the more heat

is recovered.

To achieve this, a multi-bed approach is used with the total amount of adsorbent evenly
distributed among individual adsorber modules, which in turn are evenly distributed over time in

the adsorption cycle. By discretely switching the heat transfer fluid circuits at a frequency of
teyc/Jmax> Whetre gy is the total number of adsorber modules, each adsorber runs through the
entire cycle once within the cycle time ¢y, and in countercurrent to the heat transfer fluid (hf).

This simulates a discrete movement of the stationary adsorbers. In the remainder, these setups

will be referred to as SMB, following the nomenclature of chromatography [149]. First, such a
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counterflow SMB setup is discussed without additional internal heat regeneration, similar to the
setup proposed by Critoph [156]. For simplicity, a setup with four adsorber modules (a; - a4) is
shown in Figure 7-1, where adsorbers a; and a, are initially connected to the evaporator and

located at positions 1 and 2.
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Figure 7-1: SMB design with four separate adsorber modules a1 - a4, with two in the adsorption zone

and two in the desorption zone. By switching the heat transfer fluid circuit with a frequency
of teyc/4 in counterflow to the adsorbers, each module is located once at every position 1-4
within the cycle time t.y., which simulates 2 movement of each adsorber through the whole

cycle.

Furthermore, adsorbers a; and a, are initially heated and regenerated and thus connected to the
condenser and located at positions 3 and 4. With a frequency of tcyc/4 the heat transfer fluid
circuits are switched creating new connections until the initial setup is restored after t¢ye With
this setup, a considerable amount of the heat recovery potential remains unused. Therefore, a
new type of configuration is proposed, which in principle can be divided into two sections: One
section, in which adsorbers are temperature-controlled by the external heat transfer fluid circuits
in equivalence to the setup shown in Figure 7-1 and a second section, in which the temperature
of adsorbers is equilibrated by thermal coupling due to a circular flow of the heat transfer fluid.
Within this second section, the internal heat regeneration takes place by transferring sensible and
latent heat whereby some adsorbers are heated up and the same number is cooled down. It is
assumed that the internal heat transfer between two adsorbers is ideal without heat transfer
resistance, e.g., by using a fast-flowing heat transfer fluid. The transfer resistance in the

adsorbent, however, is modelled. By thermally coupling two adsorbers at a time with the
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minimum possible temperature difference and switching the positions with a frequency of
teyc/Jmax this creates a countercurrent heat transfer. The smaller the temperature difference
between each of the two thermally coupled adsorbers, the lower is the irreversibility and thus the
higher the quality of the heat regeneration. To guarantee heat transfer with a minor temperature
difference, a high total number of adsorbers jyqy is necessary. For simplicity, only six adsorbers

a;— a4 are shown in Figure 7-2 with the 6 sequential process setups A-F.

Furthermore, the adsorbers are arranged evenly in time throughout the whole cycle at positions
1-6. Here, two of the adsorbers are temperature-controlled with an external heat transfer circuit
and the remaining are heated or cooled by internal heat regeneration. In addition to the process
setups, the respective position of each adsorber in the thermodynamic cycle is shown in Clausius -
Clapeyron diagrams with the heat fluxes belonging to the respective positions. In the initial setup
A, adsorber a; at position 1 is cooled by dissipating the heat flux ¢; 5, which is used to heat

adsorber as; at position 5. Equivalently in setup B, adsorber a; at position 1 is cooled by

dissipating the heat flux q; 5 to heat adsorber a, located at position 5, and so on.

The normalized number of adsorbers contributing to the internal heat regeneration is given by

jhr

(7-2)

Yhr = o
For the setups in Figure 7-2, yp, is 2/3. As the number of adsorbers increases, the
interconnection of the heat transfer fluids and the interconnections between adsorbers and
evaporator or condenser become visibly more complex. However, since the goal of the multi-bed
design is dedicated to optimizing the efficiency of adsorption chillers by maximizing the value of
T (see equation (7-1)), a high number of adsorber modules is required. With a higher number of
adsorbers, heat regeneration becomes more efficient due to lower temperature differences
between heat source and sink. Depending on the number of adsorbers and their level of detail,
the problem to be solved is a large system of partial differential equations. This set of equations
must be solved dynamically to calculate a cyclic steady state, requiring a high simulation effort
[157]. By increasing the total number of adsorbers in the SMB, the discrete-time intervals of

switching tcye/jmax decrease, and thus the discrete movement of the adsorbers approaches a

quasi-continuous counterflow movement.
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Figure 7-2: Novel process setup of an adsorption chiller with internal heat regeneration. Here, 6
adsorbers are evenly distributed within the cycle, whereby two adsorbers are temperature-
controlled with external heat transfer fluid circuits and four adsorbers are thermally coupled

for internal heat regeneration. By switching the heat transfer fluid connections with a

frequency of tyc/6, each adsorber passes through the whole cycle in a duration of tcy.

In the limit case of infinite adsorbers, the discrete motion converges to a continuous motion and
thus, the transient SMB can be treated as a steady-state TMB as shown in Figure 7-3. Hence, a

TMB in adsorption refrigeration applications leads to a continuously varying temperature and
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pressure environment for the adsorbent. Although the TMB is considered a continuous bed in
the process simulations, no direct material or energy exchange is allowed between the beds of
adjacent cells to maintain the analogy to the SMB with the separated adsorber modules, as shown
by the dashed lines in Figure 7-3 on the right. However, the energy exchange takes place via the

heat transfer fluid circuits.

regeneration of I evaporator | evaporator
internal heat X
X LI * X *
T g e 2 T — adsorption zone
1 hf,in - 1 hf,in
' Thes { . }{ - }f - Toes 4| o, e
N K B v | W | Y P i
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S 11t
| condenser | condenser

Figure 7-3: Simulated-Moving-Bed with the discrete movement of six adsorbers (left) and True-
Moving-Bed with continuously moving adsorption and desorption zone in Y-coordinate

direction with velocity uPé® (right). The sections where the upper (adsorption) zone and the
lower (desorption) zone are thermally contacted represent the zones where internal heat

regeneration takes place.

One advantage of the multi-bed setup is that in addition to sensible heat, it also enables
regeneration of high amounts of latent heat significantly increasing the coefficient of
regeneration. While sensible heat of the passive masses is recovered within the whole heat
regeneration zone, latent heat is only recovered in sections, where adsorption/ desorption takes
place. This is the case when the pressure difference between the evaporator and the respective
cells of the adsorption zone is positive and thus, the check valves switch from closed to open.
Equivalently, if the pressure difference between the respective cells of the desorption zone and

condenser is positive, the check valve switches from close to open.

In the remainder, the simulation results are presented along the spatial coordinate y of the
moving bed with a length LP®® which is always bisected into desorption and adsorption zone as
shown in Figure 7-4. The adsorption zone is located from 0 to LP¢4 /2 with the adsorption heat
recovery zone from 0 to L"" /2. The desorption zone begins at position LP¢? /2 and reaches until

the end of the bed at LP®? with the desorption heat recovery zone as indicated. In addition, a
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schematic temperature profile of the moving bed is shown. In the schematic temperature profile,
the advantage of internal heat regeneration is visible. By heating the beginning of the desorption
zone (LP¢%/2 to (LPe% + L") /2) with sensible and latent heat provided from the adsorption
zone, the amount of heat to be supplied from the external heat source is reduced, which
significantly increases the process efficiency. As indicated, the temperature of the desorption heat
recovery zone is increased by ATdheTS and the temperature in the adsorption heat recovery zone

decreased by AT ¢ due to the internal heat regeneration. Due to the higher loading and thus the

larger heat capacity at the beginning of the desorption zone, ATdeTS is smaller than ATa(;s

The decisive parameter for the optimization of the multi-bed design is the normalized length of
the heat recovery zone. Since the adsorbent is evenly distributed in the moving bed, the
normalized length of the heat recovery zone is given in equivalence to the SMB. It is calculated as
the ratio of the length of the heat recovery zone to the total length of the moving bed

Lhr

Vhr = W' (7'3)

A high value of yp, improves the thermal efficiency of the process, whereas the dynamic and

therefore, the specific cooling power decreases.

evaporator condenser
adsorptlon zone desorption zone
o Ly hfin L vohfi
Thf in : TAdS : : TDeslin
Des : |
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Pl L N AT
Ads )
' i = bed | yhr ’
: ; ; +L
0 hr bed 27 ybed
LY 2. LP°%Y2 5

Figure 7-4: Heat recovery setup for multiple bed adsorption chillers approximated with the TMB
approach and idealized temperature profile of the moving bed. In addition to the positions in
the moving bed, schematically, the temperature levels and temperature differences obtained in

the heat regeneration zone (hatched) are shown.
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7.1.1 Simulated-Moving-Bed (SMB) model

The SMB modelis based on a cascade of 4, adsorber (see Figure 7-2 (left) with ji,q, = 6) and
is basically the same model as introduced in section 3.2.3 with the extension that it accounts for
multiple adsorbers with index j. Therefore, in equivalence to equations (3-55), (3-56), and (3-70) a
set of partial differential equations can be formulated for adsorbers j, yielding local adsorptive

densities (Q}?), temperatures (T}) and loadings (Xj) in the adsorbent composites

v maq,,, vV
oma 9¢; + 0™y, " Qbulk% —=0 (7-4)
ot 0z ot

v
ha pha -ha | xsxs5.S bulk y.~ad mav(.v _ R ﬂ_ maﬂ&
(E e CPJ te e CPJ + e XJCPJ te Qj (Cp,f MW)) ot & MW ot + (7_5)

Y e R
QbulkAadshkLDF(Xeq,j _Xj) — J + Emamzcg‘ja—zj - UZVJ. — =0,
0X;
J
ot kipr (Xeq.j (T.p) - Xf)' o

In analogy, the energy conservation equations for the heat exchanger flat tube and the heat

transfer fluid at position j can be formulated, respectively

pmaijm .hf | hr _ .pm (7-7)
mPte, T =4yt a — 4
T
mhf C;‘];# = mhfc;l5(Thf,in _ Tjhf) — qjhf. (7-8)

The heat fluxes between heat transfer fluid, passive mass, and adsorbent composite as well as the

heat recovery heat flux ¢ ]’-lr at position J are given by

.pm _ pm _ o
af™ =k (17" =1yl ) 79)
. h h
qu =k (T, f_ T’™), (7-10)
qf" = k" (T”m|jma§+jhr_ i T,-pm)- (7-11)

Here, k™" is the heat transfer coefficient between two modules in heat recovery which is chosen

largely to not limit the heat transfer. In heat recovery, q;lf = (0 and for modules that are not

contributing to internal heat regeneration, ¢ ]’-lr =0.
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For the adsorbent composites in module j, the same boundary conditions apply as in section
3.2.3.3. The boundary conditions for the dynamic states &; (z) = [Xj (Z),Q}? (Z),Tj(z)’ ijm] of

module j are

in _ { xéJ:max - 1’j. =0 (7-12)
J Ej—l'] =1,.., jmax — 1.
In analogy to the cycle time t.y, in the two-bed design, the discrete-time intervals in which the

adsorber modules are switched can be formulated as a function of the total number of modules

]mG,X)

teye
Tsw = ) (7-13)

Jmax

with Tg,, the residence time of each module at position j. In the SMB approach, each module

passes through each position exactly once during one cycle with cycle time t¢y.

The desorption heat flux provided for the modules in the desorption half cycle is obtained in
cyclic steady-state, by appending the heat fluxes of each module in desorption mode in the time

interval [0, Tgy]. In equivalence, the total desorption heat flux is obtained by taking the

desorption heat flux of one module in the total desorption half cycle [tCyC/Z, tcyc] into account.

Integration of the desorption heat flux over the cycle time yields the total heat density in the unit

energy per cross-sectional area

Qdes = Z _Qj,des [0: Tsw] = C.Ij,des [tcyc/2: tcyc]: (7‘14)
J

teyc
Qaes = J(; Jges dt. (7-15)

The mass fluxes between evaporator/adsorber modules and condenser/desorbing modules are

calculated from the sum of mass fluxes leaving (M, = Zj m}j,des,o [0, 5w ]) or entering (M, =

Zj m;?,ads,o [0, T5]) the CDC composites at the top layer in the time interval [0, Tg,,]. The mass

fluxes are used to calculate the evaporator heat flux and heat density

de = meAevaph(Te) - mecrlw (Te — Te), (7-16)

teye
g0 = f 4. dt. 7-17)
0
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7.1.2 True-Moving-Bed (TMB) model

In this work, the steady-state TMB approach is applied on multi-bed adsorption chillers with a
distributed parameter model of the adsorbent composites. A model sketch of the TMB and the

adsorbent composites is shown in Figure 7-5.

With an increasing number of adsorber beds in the SMB approach, the residence time of an
adsorber at one position decreases. In the limit, the discrete movement of the adsorber beds can
be treated as a convective flow counter currently to the heat transfer fluid in equivalence to a
truly moving bed of adsorbent. This will be denoted as flow along the y-coordinate. The limit
consideration of the TMB provides an enormous reduction of the numerical solution effort.
While the SMB model needs to be solved dynamically over several cycles until the cyclic steady
state is reached, the TMB model is stationary, which only requires finding the steady-state
solution. Furthermore, the steady-state nature allows for efficient parameter variations using
parameter continuation. For the sake of comparison with the SMB model equations, the
following set of equations describing the TMB model is given in their dynamic form. However,
when solving the model, the time derivatives are set to zero. A detailed derivation of the TMB

conservation equations is outlined in Appendix D.5.
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Figure 7-5: True-Moving-Bed containing adsorbent composites and Hex in y-coordinate direction. In

addition, the composites are spatially distributed in the z-direction.

Mass and energy balances in terms of methanol vapor density (0Y), temperature (T), and loading

(X) in the TMB approach are

doV 0e™*m} 0X ( 0X (39”)
ma bulk bed | ,bulk Z ma — (7-18)
et —7 + 5 +0 at+u 0 ay+s 3y 0,
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o~ RoV\\ 0T RT 90"
(Ehaghacga + SSQSCf; + QbulkcadX_|_ gma (chg _ L)) o  mal 0Q°

ot MW at
Aadsthulkg_f‘F Aadsthulk X+ubed< hthacha+ 85@'50 + QbulkXCad+ (7-19)
ma v,V _ R_Qv)) oT bed .ma RT aQ d(1—gma)ghatstad MAi ,,a_T _
(Q D uw))ay % € wway + P +eMtmy ey — 0,
0X 0X
Qbulk(at +ub€d@— kLDF(Xeq(T:p) — X)) =0. (7-20)

The terms with uPed

account for convective mass and energy transport of the adsorbent
composites, adsorptive and adsorbate in moving bed direction. With a fixed bed length LP¢%, the
residence time of each segment j in the moving bed is given by

[ bed

bed _ 21
rbe = Fed (7-21)

which is in equivalence to t¢y in the single adsorber or SMB approach.

To complete the TMB model, balance equations for the heat exchanger and heat transfer fluid
are required. Like the balances of the adsorbent composites, an additional transport in y-
direction occurs, which accounts for convective energy transport of the passive flat-tubes

arprm aTrm
— Ahf o yhr _ spm _ 5, bed,,,pm PN
T q +q q u”""m ", 3y

mPme™ (7-22)
The above-mentioned equations ((7-18)-(7-20), (7-22)) describe the conservation of mass and

energy in a continuously moving bed with velocity uP®?, consisting of Hex flat tubes and

adsorbent composites with spatially varying loadings and temperatures. To ensure counterflow,
the energy balance of the heat transfer fluid is written with the sign of the fluid velocity uf
being opposite uP¢? (see Figure 7-5 on the right)

oT" aThf
mhf M —— = —utmhfc, M

—ghf, 7-23
P "ot ay 4 729

Identical boundary conditions as for the single adsorber model (see section 3.2.3.3) can be used

for the adsorbent composites (z-coordinate).

The equations for the TMB contain first-order derivatives in y (convective transport terms).
Therefore, periodic boundary conditions for the states of the inlet &(z,y = 0) = [X(z,y =
0),0V(z,y =0),T(z,y = 0), TP™(y = 0)] are used
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&(z,y =0) =¥&(z,y = LP¢9), (7-24)

The spatial derivatives in the mathematical models of SMB and TMB are discretized with the
finite volume method. The resulting DAEs are implemented in the object-oriented modelling
environment ProMoT/ Diana and dynamically solved to cyclic steady state (SMB) or to obtain
consistent initial values (TMB). In addition, the time detivatives in the TMB model are set to zero
obtaining a large set of nonlinear algebraic equations which can be solved with a significant
reduction in computational effort. Details of the discretization, implementation, simulation

environment, and simulation parameters are given in Appendix D.2.

7.2 Process simulations of multi-bed adsorption chillers with SMB
approach and TMB approximation

In this section, multi-bed adsorption refrigerators are investigated with a varying number of

adsorber modules. The material model of (quasi-) homogeneous composites without heat

additive introduced in section 2.4.1 and material parameters summarized in Table B-6 are used.

Exemplarily, the steady-state solutions of transient SMB simulations are investigated for a
constant layer thickness of the adsorbent composites of 1 mm, a cycle time of 100 s, and heat
transfer velocity of u™ = —0.25m/s. Furthermore, a continuously moving multi-bed
adsorption heat pump is regarded using the TMB approximation and compared with the SMB
approach. The convergence of the SMB solution to the TMB solution is shown for a high
number of SMB-modules.

The loading distribution in the adsorbent composites is mainly dictated by the local pressure and

temperature conditions. Therefore, the loading profiles are shown as a representative example in

Figure 7-6 versus normalized cycle time (SMB) and bed length (TMB).

In addition to the spatially distributed profiles of the SMB, the spatially averaged loading
obtained with SMB and TMB are shown. The convergence of the SMB solution with an
increasing number of adsorber modules to the TMB solution is evident. For a high number of
SMB modules (50 modules for this set of parameters), the loading profiles of SMB and TMB are
almost equivalent. The same statement applies to the other state variables such as temperatures

and pressures in the adsorbent composites.
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Figure 7-6: Comparison of loading profiles vs. normalized cycle time in the cyclic steady state
obtained with the SMB approach for 2, 10, 26, and 50 adsorber modules. The gray area
represents the spatial distribution of loading in the adsorbent composites (discretized with
N, =30 grid points), and the average loading for the SMB approach is also shown (solid
line). In addition, the spatially averaged (over the composite layer thickness) loading profile
for the TMB approximation (discretized with N;, = 100 grid points) is plotted versus the

normalized bed length. The model parameters were set to U = —0.25m/s, scqc = 1 mm

and 724 = 100 s.

The unsteady, step-like behaviour of the temperature profile in the heat transfer fluid, which
results from the discrete switching of adsorber modules, is damped in the spatially averaged load
profiles. The discrete intervals become more visible when, for example, considering the dynamic
states of the lowest layers of the adsorbent composites. Alternatively, the mass fluxes at the top
layer can be regarded. Resulting from the density gradients in the top layers of the adsorbent
composites, the mass fluxes exchanged between evaporator and adsorber modules as well as

desorbing modules and condenser are further used to compare SMB and TMB. Figure 7-7 shows
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the mass fluxes of SMB and TMB at the top layer of the adsorbent composites, revealing the

transient, unsteady behaviour due to the discrete shifting of the SMB modules. In contradiction

to the averaged loading profiles, however, a discrepancy between the TMB and SMB approach

can still be seen with a high total number of 50 SMB modules, which becomes smaller and

smaller with an increasing number of adsorbers.

-3

1 107
4 x10 5 %10
c\‘] .f_—_\‘ mS,SMBz c\‘] K mg,SMBl()
g 2t g, TM B g 18, TMB
\% \% O \d
S0 S
= =
~ ~
N _2 . / N
3 5 51
= =
2 4t %
3 R 3
g - g
-6 : : : : ! 10 - - - - !
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
normalized t.,., L"¢ /— normalized t.,., L"¢ /—
3 -3
4 x10 4 %10
q . mg, SM Bag q mg, SM Bsx
g 27 s, TMB g 27 18, TMB
S S
= =
~ -2 ~ -2
2 g
& 4 g = 4
7 %
[av] _6 i < —6 B
g g
-8 - - - - - -8 - - - - -
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

normalized t.,., L"? /—

normalized t.., L*¢ /—

Figure 7-7: Mass fluxes entering the top layer of the CDC composites in one module as a function of

normalized cycle time in cyclic steady state in the SMB. The number of SMB modules is

increased and chosen in equivalence to Figure 7-6. Additionally, the mass fluxes in the TMB
approximation are shown. The model parameters were set to u = —0.25m/s, scq =

1 mm and 72 = 100 s.

Due to the higher pressure and temperature levels, the kinetics of mass and heat transfer are

larger during desorption. As a result, the amplitudes in the mass flux of adsorbers in the

desorption zone (x-axis=0.5, connected to condenser) are larger than of adsorbers in the
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adsorption zone (x-axis<(.5, connected to evaporator). However, in the steady-state, the integral

masses entering the adsorption zone and leaving the desorption zone are equal.

Furthermore, the comparison of efficiency and power density between SMB and TMB
approaches reveals an integral statement. Figure 7-8 shows COP and SCP for the TMB as well as
for the SMB as a function of the number of SMB modules. Especially the SCP strongly depends
on the number of modules showing the benefit of a multi-bed setup. For the chosen set of
parameters, the SCP could be increased by a factor of approximately 2.5 by increasing the
number of modules from 2 to 50. The beneficial effect on the COP is less pronounced. Both,
COP, and SCP of the SMB are showing the converging trend towards the TMB solution with an
increasing number of modules. The number of adsorbers needed in the SMB to approach the
TMB solution depends on the set of simulation parameters. A higher heat transfer fluid velocity

e.g., allows the SMB to approach the TMB solution with fewer adsorbers.

|
E —o— SMB
Q) TMB
O
0 20 40 60 80 100 0 20 40 60 80 100
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Figure 7-8: COP and SCP obtained for the steady-state TMB approximation and the SMB approach

as a function of the number of SMB modules for simulations with u® = —0.25m/s,

Sege = 1 mm and 7°¢¢ = 100 s.

For a high number of SMB modules for which the discrete switching approaches a quasi-
continuous movement, the solution of the TMB slightly underestimates the integral solution of
the SMB, which is attributed to numerical diffusion. The convective transport terms in the TMB
approach are discretized with a first-order upwind scheme guaranteeing numerical stability. This
is accompanied by slight smearing of the profiles known as numerical diffusion. This effect can
be decreased by increasing the number of grid points in y-direction in the TMB approach.
However, without changing the discretization scheme, numerical diffusion cannot be avoided.

Due to the low influence of numerical diffusion on the TMB solution and the considerable
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advantage due to lower computational effort, the numerical diffusion in the TMB approach was
accepted. To show that the TMB is the limiting case of the SMB, simulations of the TMB are
shown in Appendix D.6, which are discretized with the method of characteristics, whereby no

convective transport terms are used.

Even though the TMB approximation slightly underestimates the SMB solution for a high
number of adsorber modules, the significantly lower simulation effort justifies this approach. The
simulation results shown and discussed in detail in the following sections were all conducted with

the TMB approximations.

7.3 Properties of a continuous Multi-Bed Adsorption Cooling
Process simulated with the TMB approach

In this section, the TMB process setup is discussed in detail and the influence of different
process parameters is investigated. In section 7.3.1, the influence of the heat transfer fluid
velocity is discussed exemplarily for one set of bed residence time and composite layer thickness.
Following that, spatial profiles of temperature and loading in the adsorbent composites are
shown. This section is completed by investigating simulation results obtained by parameter
continuation of the layer thickness and bed residence time and a discussion of their influence on
COP and SCP. In principle, the optimization routine is in equivalence to the procedure

conducted for the 2-bed process in chapter 5.

7.3.1 Variation of heat transfer fluid velocity

Following, the influence of the heat transfer fluid velocity u is investigated in the TMB
approach. In equivalence to section 7.2, the residence time of the moving bed and the
composites layer thickness were chosen to T2¢4 = 100s and s.q. = Imm. Figure 7-9 shows
profiles of the averaged loading, heat transfer fluid temperature, and mass flux at the composite's
top layer versus the normalized bed length. The heat transfer fluid velocity is vatried from —0.25
to —1lm/s. For slow velocities, this has a limiting effect on the overall process kinetics.
Conversely, the overall process kinetics is not limited when the heat transfer fluid is transferred

with a high velocity. Then, the process kinetics is limited by the heat and mass transfer in the
adsorbent composites. If u is limiting, the resulting profiles are linear due to the linear
contribution of u™ to the heat exchange between hf, pm and composites. For fast u/, the

limiting processes are heat and mass transfer in the adsorbent composites which are non-linear

transport processes resulting in non-linear profiles of temperature and loading.
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Figure 7-9: Loading, the temperature in the heat transfer fluid, and top layer mass flux in the TMB

uhf |

approach versus normalized length of the moving bed. The heat transfer fluid velocity
is varied (0.25,0.3,0.35,0.5, 0.75 and 1 m/s). The residence time in the moving bed and layer
thickness of the adsorbent composites are the same as in section 7.2 with 72¢¢ = 100 s and

Sede = 1 mm.

When the fluid moves with a slow velocity, its residence time in the flat tubes is long enough so

that the counter current heat exchange results in an almost linear temperature profile in the heat
transfer fluid. Only in the beginning of adsorption (0.0) and desorption zone (0.5), a temperature
step can be seen which is due to the cold or hot passive mass of flat-tube and adsorbent coming
from adsorption or desorption zone, respectively. With increasing u, the temperature profile in
the moving bed changes from a linear to a parabolic shape because of the short residence time.
In other words, the local contact times between AdHex and heat transfer fluid are too short to
exchange enough heat and equilibrate the temperatures resulting in parabolic profiles. As a result,

the average loading profiles also transform from almost linearity at u = —0.25m/s to

parabolic shape at u™ = —1m/s.
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7.3.2 Further properties of the TMB multi-bed — Steady-state solutions

In this section, steady-state simulation results of the multi-bed process are discussed in detail,
where the AdHex moves in counterflow to the heat transfer fluid. The simulations were
conducted with the steady-state TMB approximation and with a layer thickness of the CDC
composites, bed residence time, and heat transfer velocity of S.gq. = 2Zmm, tbed = 100s, and
ul = —1m/s, respectively. The moving bed is equally divided into adsorption and desorption

zone with an equivalent length of Lbed = 5m,

Figure 7-10 (top) shows contour plots of the temperature and loading distribution in the
adsorbent composites as functions of layer thickness and normalized length of the moving bed.
According to the process diagram, the adsorbent is cooled and heated in counterflow to the heat
transfer fluid. Additionally, Figure 7-10 (bottom) contains a plot of the temperatures of the heat
transfer fluid, flat tubes, and adsorbent composites (averaged and spatially distributed) as well as a

plot of the averaged and spatially distributed loading profiles in the composites as a function of

the normalized bed length.

The inlet temperatures of the heat transfer fluid (at normalized LP¢% = 0.5 and 1) correspond
with the selected ambient temperature levels of T4 = 303.15K and T9¢S = 258.15K. Heat
transfer resistances between fluid and flat tubes as well as flat tubes and adsorbents are neglected.
Consequently, the temperature at the bottom of the composites is equal to the flat tube

temperature. The large spatial temperature distribution and as a result the deviation of averaged

temperature Tcdc and flat tube temperature (TP™) is attributed to the low thermal conductivity of
the composites. At normalized LP¢? = 0, the adsorbent is cooled by moving in counterflow to
the cold heat transfer fluid, which, in turn, is heated by absorbing sensible and latent heat. Due to
a large temperature difference, the bed experiences a sudden temperature rise at the beginning of
the desorption zone (at normalized L?¢4 = 0.5). Due to the counterflow, the temperature of the
composites increases in flow direction while the heat transfer fluid shows the opposite behaviour.
The sudden increase in temperature causes a large temperature gradient and thus irreversibility.
The loading profile depends on the temperature and pressure conditions within the porous CDC
composites. In this example, with a layer thickness of S.q. = 2 mm, large spatial gradients exist,

revealing the necessity of using a spatially resolved model of the adsorbent.
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Figure 7-10: Contour plots showing the spatial distribution of temperature and loading in the CDC
composites with layer thickness S,qc = 2 mm (on top). The simulations were conducted with
the TMB approximation calculated with a heat transfer fluid velocity of |uhf | =1m/sanda
residence time of t?¢¢ =100 s. Additionally, temperature profiles of heat transfer fluid
(T™), passive flat tubes (TP™) as well as distributed and averaged temperature profiles of the

CDC composites (Tcdc‘) as well as loading profiles as a function of the normalized bed length

are shown (bottom).

While the large spatial temperature gradients are a result of the low thermal conductivity of the

CDC composites, the spatial pressure distribution follows from the low permeability of the
composites. Figure 7-11 (on the left) shows the pressures of the evaporator and condenser, as
well as the averaged and spatially distributed (z-coordinate) pressure profiles of the methanol
vapor (1_9v) in the interparticle voids. In addition, Figure 7-11 (right) shows the mass flux at
different locations in the moving bed between the top layer of CDC composites and evaporator,

or condenser, respectively.
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Figure 7-11: Averaged (;_Jv) and distributed (in grey) methanol vapor pressure profiles in the
interparticle voids of the porous CDC composites, and mass flux exchanged with evaporator

and condenser, respectively, as a function of the normalized bed length. Simulation

parameters: Sge = 2 mm, [u | = 1m/s, w4 =100s.

Due to the sudden cooling at the beginning of the adsorption zone (normalized L% = 0), the
adsorption potential increases rapidly, especially in the lower layers of the composite, resulting in
strong adsorption. Here, the adsorption flux exceeds the interparticle transport, resulting in a
pressure drop in the voids, mainly in the lower layers. As the degree of saturation increases and
the adsorption potential decreases, the pressure in the voids approaches the evaporator pressure,
and the methanol mass flux decreases. Similarly, at the beginning of the desorption zone
(normalized LP¢4 = 0.5), the methanol pressure in the voids increases due to the strong heating
of the lower layers and the resulting desorption. Since the desorption flux is initially larger than
the interparticle transport, an increase in pressure is caused. As the loading decreases, the
pressure profile approaches the condenser pressure. With this parameter set, equilibrium has not
yet been reached in all adsorbent layers at the end of the adsorption and desorption zone, which
is why the exchange mass flux has not yet reached zero at these positions. The larger maximum
mass flux in the desorption zone is due to the faster kinetics caused by the higher temperature
and pressure levels. This TMB setup without heat recovery results in a COP of 0.52 with a
specific cooling power of 1940 W/kg.
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7.3.3 Optimal operational and material parameters of the TMB -
Optimization of residence time and layer thickness applying
parameter continuation

In this section, simulation results of the TMB approach in a wide range of parameter

combinations are presented and discussed. Parameter continuation has been used to solve the

system of nonlinear algebraic equations (NLAEs) of the steady-state TMB model. The residence

time 79¢? in the moving bed has been used as the parameter for the continuation to calculate
solution branches of the state variables y(7?€?) (see section D.2.3). Additionally, the layer
thickness of the adsorbent structures was varied in discrete steps to generate a solution field with
a wide variation of these two parameters. Furthermore, three different heat transfer fluid
velocities were investigated. With the aid to reduce the parameter space, the temperature
boundary conditions, and material parameters of the adsorbent structure were held constant, as

listed in Table D-2.
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Figure 7-12: Mass-specific cooling power as a function of residence time in the TMB and layer

thickness (on the left) and Pareto-optimal behaviour of COP and SCP (on the right). The

profiles show simulation results obtained with |uhf | =1m/s.

Aiming to identify the optimal set of operational parameters, an objective function is desired.
When either COP or SCP is used as the objective function, either process efficiency or power
density is optimized. A cost function is preferred which takes both performance measures into
account. Thus, the process and material parameters are sought for which the COP for a given
SCP is maximum. Here, the residence time of the moving bed and the layer thickness of the
CDC composites are optimized. The number of parameters can be extended for instance by the
amount of heat-conducting additive or pore void fraction, as has been shown in chapter 5. Figure

7-12 (left) shows SCP with a variation of residence time 72¢% for CDC composites with varying
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layer thickness. The grey rectangle indicates the set of parameters to be used to achieve an SCP

of at least 500Wk g~1.

The SCP exhibits an optimum with residence time, the level of which is strongly dependent on
the layer thickness. In thick composites, transport paths for mass and energy are long which
results in slow kinetics and thus smaller power densities. Due to the higher amount of active

adsorbent mass, a process equipped with thicker layers tends to achieve higher efficiencies. While

efficiency monotonously increases with T2€4 due to better utilization of the adsorption capacity
(larger maximal loading difference), the optimal SCP is rather obtained at short residence times.

This Pareto-optimality is shown in Figure 7-12 on the right by visualizing COP vs. SCP.

With the specification of a prescribed SCP, the optimal COPPt concerning the residence time

can be determined for every set of S¢qc and Up ¢

(GCOP) o
aTbEd SCP_ ' (7-25)

~—_—
1

Exemplarily, Figure 7-13 shows the residence time optimized COPPt for a prescribed SCP of
500Wk g=1 vs. layer thickness. Depending on the heat transfer fluid velocity, different maximal

COP results. The higher |uhf |, the better the process kinetics resulting in higher COP™* with

thicker adsorbentlayers.
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Figure 7-13: Residence time optimized COP°P! as function of layer thickness and heat transfer fluid

velocity. The maximal COPs for different velocities are indicated.

In a further step, in addition to the residence time, the optimal adsorbent layer thickness is

determined for the prescribed SCP
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(aCOP) _ (aCOPOPt> _ 0
aTbEd SCP aSCdC SCP . (7_26)
1 N ——f—r

2

By repeating this procedure for a wide range of specific cooling powers, the optimal process and
material parameters are determined as a function of the process operational conditions. By
applying equation (7-26) on the parameter field obtained from the continuation simulations, the
optimal residence time, layer thickness, and the corresponding COP are determined for three
different |uhf | The optimization results are shown in Figure 7-14. Depending on the prescribed

SCP, the optimum is a different set of optimal material and process parameters.
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Figure 7-14: Optimized adsorbent residence time in the TMB (top left), composites layer thickness

(top right), and resulting COP (bottom) for different |uh}c | as function of the prescribed SCP.

The smaller the prescribed cooling power, the less dynamic is required giving rise to long
residence times (adsorbent close to equilibrium) and thick layers (beneficial for the ratio of active

to passive mass). Consequently, the resulting optimal COPs are higher for smaller prescribed SCP

and higher for faster kinetics (larger values of |uhf I)
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7.4 Multi-bed TMB setup with a high grade of internal heat
regeneration

The typical trade-off between efficiency and power density occupied in adsorption heat
transformers has extensively been discussed, resulting in low COPs at process conditions with
high SCP and vice versa. The reason is the process-related, inevitable temperature swing between
adsorption and desorption. Besides active adsorbent mass, passive masses (heat exchanger, fluid,
additives) must be heated and cooled cyclically. Thus, adsorber, adsorbent, and adsorbate must
undergo the temperature change from adsorption to desorption temperature, albeit at the
expense of a high COP. Short cycle times (accompanied by high SCPs) increase transport
resistance, which results in lower COPs. So far, the multiple-bed setup was regarded without
investigating additional internal heat integration and thus heat recovery between individual
modules. Therefore, the thermodynamic limiting efficiency (see Appendix D.4) of an adsorption
refrigerator could not be reached so far. To operate the adsorption refrigeration process as close
as possible to the limiting efficiency, internal recovery of latent and sensible heat between

individual modules is implemented as introduced in section 7.1 (Figure 7-4).

7.4.1 Optimization function

As demonstrated in section 7.3.3, the optimal COP obtained for an operator desired SCP is an

adequate cost function optimizing the process performance. In this section, in addition to the

moving bed residence time 72¢%

and the composites layer thickness S¢q, a third parameter Y-
(normalized length of heat recovery zone) is varied in the continuation simulations, which extend
the parameter space by one dimension. In the post-processing, the simulation results are

evaluated with the following cost function

<8COP) B (aCOPOPf> ~ <6COPma") _ 0
aTbe‘i SCpP aSCdC SCP ayhT‘ SCP ' (7_27)
1 2 3

identifying the maximal COP and optimal material and process operational parameters for a
variety of prescribed SCP. This procedure is straightforward and can easily be extended by
further variational parameters, e.g., adsorbent design parameters, for a combined determination
of optimal process and material composition parameters. However, increasing the parameter
space increases the simulation effort exponentially making the application of more profound

optimization methods necessary.
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7.4.2 Multi-bed adsorption refrigerator with internal heat regeneration

In the following sections, the results of the steady-state TMB approach applied to evaluate the
heat-integrated process setup (see Figure 7-4) for multi-bed adsorption cooling machines are

presented and discussed. The main task of heat recovery is to reduce the external heat supply to

drive the process.
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Figure 7-15: Distributed and averaged temperature and loading profiles of the TMB approach
calculated with a residence time of 7P¢® = 100s, with normalized length of the heat
recovery zone of yp, = 0.5, composite layer thickness of S,qc = 2 mm and heat transfer

fluid velocity of |uhf | = 1m/s. The heat recovery zone (hr) is highlighted with rectangles.

In addition, the temperature profiles are smoothened, and the sudden temperature rise or drop at
the beginning of the adsorption and desorption zone is prevented. To achieve this, modules with
minimum temperature differences are energetically paired in the heat recovery zone. Thus,
sensible, and latent heat from the hot desorption zone can be partially used to heat cold adsorber
modules. For comparison, simulations have been conducted with the same set of parameters as
for the TMB without heat recovery (T?¢4 = 100 s, Scqc = 2 mm, |uhf| =1m/s; compatre
section 7.3.2), additionally regarding a heat recovery zone with yp, = 0.5. In this example, half

of the modules (normalized LP¢¢ = 0-0.25 and 0.5 - 0.75) are contributing to heat recovery.
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Figure 7-15 shows the resulting temperature and loading profiles as a function of the normalized

bed length and the distributed pressure and mass flux profiles are visualized in Figure 7-16.
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Figure 7-16: Averaged pressure in the macropores of the porous CDC composites and mass flux to

the evaporator and from the condenser, respectively, as a function of the normalized position

in the moving bed with the normalized length of the heat recovery zone of yp, = 0.5.

In the adsorption and desorption heat recovery zone, the heat exchangers of individual modules
are in energetic exchange with each other according to the process setup in Figure 7-3, resulting
in a mirrored temperature profile in the passive mass. Looking at the spatially distributed
temperature plot of the CDC composites (Figure 7-15, top left), four areas of equal size can be

identified, representing consecutively the adsorption zone with half heat recovery (norm. LP¢% =

0-0.25) and the desorption zone with half heat recovery (norm. LP¢4 = 0.5 - 0.75). The
temperature profiles in the heat recovery zones are influenced by two effects: heat exchange
between the energetically coupled modules and heat absorbed/ released due to desorption or
adsorption. At the beginning of the heat recovery zones, the pressure conditions are not yet
reached to cause the valves to open. Therefore, no significant adsorption enthalpies are released,
or desorption enthalpies are required, and thus the temperature gradients across the layer
thickness are very low and the integral loading remains constant. At normalized bed positions
0.13 and 0.7, the pressure conditions are satisfied and the valves connecting evaporator and
adsorber modules, and adsorber modules and condenser open, initializing evaporation and
condensation. At these points, mass transfer between the apparatuses occurs for the first time,
which is induced by the initial adsorption or desorption, causing the spatial profiles of
temperature, loading, and pressure to form larger gradients. Since the heat capacity in the

adsorption zone is Initially smaller (less methanol adsorbed) than at the beginning of the
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desorption zone, the temperature decrease occurs faster, which is why the pressure condition in
the adsorption zone is reached more quickly. The main advantage of the heat recovery is
dedicated to these regions, where the modules are still in heat recovery, but cooling production
has already begun and thus, where latent heat is directly being recovered in addition to sensible
heat. Towards the end of the heat recovery zones, the temperature of the passive mass
increasingly tends towards the temperature of the heat transfer fluid, reaching it at a normalized
bed length of 0.25 and 0.75, respectively. From these points on, the spatial profiles of
temperature, loading, and pressure are influenced by heat exchange between the heat transfer

fluid and the Hex mass, in addition to adsorption and desorption.

The temperature profiles indicate the benefit of internal heat regeneration. Compared to the
setup without internal heat regeneration (Figure 7-10), the sudden change in temperature at the
beginning of the adsorption and desorption zone is reduced, decreasing entropy production and
thus increases thermal efficiency. In addition, the heat supplied from the external heat source
could be reduced. However, it should also be noted that the overall temperature difference of the
CDC composites, and thus the loading difference and cooling capacity, are reduced compared to
the setup without heat recovery. This is because only half of the adsorber bed is in contact with
the external heat transfer fluid. In this example, the COP could be increased to 0.825 by applying
heat recovery, while the specific cooling power decreases to 1336 W/ kg.

The detailed investigation of the physical phenomena occurring in a multi-bed adsorption chiller
with heat recovery gives an insight into the complex, coupled behaviour of adsorption, heat, and
mass transfer. Nevertheless, the benefit for the process efficiency by applying heat recovery is
shown. From the discussions, it appears, that the length of the heat recovery zone is a degree of
freedom that needs to be optimized to maximize process efficiency. Following the optimization

function in equation (7-27), optimization is conducted for prescribed cooling powers.

7.4.3 Optimal operational and material parameters of the multi-bed
adsorption chiller with internal heat regeneration

In section 7.3.3, by applying parameter continuation of the bed residence time and variation of
the composite layer thickness, the optimal set of parameters has been identified in a post-
processing step. The same procedure is performed in this section additionally varying the
normalized length of the heat recovery zone Yp,. Finally, in the post-processing, the optimal
parameter set is obtained by applying the optimization function in equation (7-27) on the

simulation results.
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In a first step, for a prescribed SCP the residence time is identified for which the COP is
maximal. This evaluation is repeated for the entire parameter space of S¢g¢ and Yp,-. Exemplarily,
the procedure is carried out once for a constant layer thickness and once for a constant heat
recovery zone Yp, for simulations conducted with heat transfer fluid velocity of |uhf | =1m/s.

Figure 7-17 shows the respective COP°Pt with already optimized T2¢%

as a function of yp, (on
the left) and S¢qc (on the right) for a prescribed SCP of 500 Wkg 1. Exemplarily, for Scge =
1.5 mm the maximal COP™®* is 1.44 at a normalized length of heat recovery zone of yy, =
0.78. Similatly, the optimal layer thickness for Yp, = 0.4 is Scgc = 0.5 mm, with an optimal
COP™a* = 1.31. The obtained COPs already indicate the significant benefit on the process

efficiency by applying the internal heat regeneration even though the set of parameters has not

yet been optimized.
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Figure 7-17: Optimal COP for a prescribed SCP of 500 W/kg with a variation of normalized length

of heat recovery zone and layer thickness of CDC composites.

To represent the entire parameter space, a plot is used in which the maximum COPs are shown
as a function of Yp, and S¢q¢ in Figure 7-18 for a prescribed SCP of 500 W/kg. In regions with a
short heat recovery zone (small yp,), COP™* is relatively insensitive to layer thickness. Here, an
increase in Yp, is beneficial to improve thermal efficiency. However, if yp, is near to the
maximum value of COP™%% it is much more sensitive to the layer thickness. It is worth
mentioning that the cooling power is mainly influenced by the bed residence time and the layer
thickness of the CDC composites, while the thermal process efficiency mainly depends on the
length of the heat recovery zone. However, a variation of one parameter is always accompanied

by a different set of optimal parameters, which makes the optimization problem challenging. For
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a prescribed SCP of 500 W/kg, the maximal CO P™®* results to 1.56 and is achieved with S¢q. =

0.4 mm and yp, = 0.92.
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Figure 7-18: Optimal parameter space of COP ™ as a function of S¢q. and Yy, for a prescribed SCP

of 500 W/kg.

7.4.4 Global optimum: Optimal, characteristic curves for the multiple bed
adsorption cooling process with internal heat regeneration

The analysis conducted in section 7.4.3 is repeated for different prescribed SCPs. Subsequently,
the influence of the heat transfer fluid velocity u™ is examined. Figure 7-19 shows the maximal

achievable COP™%* for the multi bed setup with internal heat regeneration and, additionally, the

ed optimal

b optimal
set of optimal parameters Toptzmal» Scde and yj,..

. At each point, a unique optimal set of
parameters exists, consisting of residence time, layer thickness, and normalized length of the heat

recovery zone.

The global analysis reveals the Pareto-optimal dependence of COP and SCP. Interestingly, the

profiles of COP™®* and y;l)ftimal are of the same, almost linear shape, and show similar
behaviour with varying SCP and fluid velocity. Therefore, the normalized length of the heat
recovery zone can be identified to be the main parameter influencing thermal efficiency. If the
prescribed SCP is small (< 1000 Wkg™1), u™ only plays a minor role. However, it becomes

more relevant for higher prescribed SCPs. Another interesting observation is that the profiles of

bed d optimal

Toptimal cdc

are very similar and strongly nonlinear. These parameters can be identified
as the most relevant parameters on the cooling performance. Generally, large values of SCP can
only be provided by reducing the layer thickness (reduced transport resistance) or by a reduction

of the moving bed residence time. A shorter residence time is accompanied by a greater moving
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bed velocity and, thus, a higher heat capacity flow rate, which needs to be removed by the heat
transfer fluid. This can be accompanied by increasing the heat capacity flow rate of the heat
transfer fluid and, thus, increase the amount of heat that can be provided/ rejected in the
desorption/ adsorption zone, respectively. In addition, due to the high grade of internal heat
regeneration, the passive masses play no role anymore. Therefore, the optimal layer thicknesses
are dramatically decreased to decrease the transport resistances compared to the multi-bed setup

without heat regeneration.
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Figure 7-19: Maximal COP™** with corresponding optimal T

function of the prescribed SCP and heat transfer fluid velocity.

The thermodynamical optimal efficiency of 1.64 could not be fully achieved (see Appendix D.4),
even for small, prescribed SCPs, which is mainly due to two reasons. One reason is the minimal
driving temperature difference for the heat transfer, which was assumed to beideal (AT = 0K) in
the thermodynamic analysis. The second reason is the number of discretization points in moving

bed orientation (), which is a critical parameter. Simulations with a lumped parameter model
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(with no transport limitations) discretized with 200 grid points proved to reach the
thermodynamic maximal efficiency. However, when using the distributed parameter model, the
computational effort would be too high; hence, a compromise between accuracy and simulation

effort has been chosen and a certain amount of numerical diffusion has been accepted.

Nevertheless, the novel multiple bed setup for adsorption refrigeration machines proved to
achieve considerable efficiencies that are above 1.5, depending on the prescribed SCP. However,
it should be noted that the temperature boundary conditions were chosen moderately. Especially
at lower evaporator temperatures, considerable efficiency reductions can be observed using the

thermodynamic analysis.

7.5 Summary

Processes that exhibit either transient or local temperature differences are suitable to apply heat
integration. In the case of adsorption heat pumps, applying internal heat regeneration is
challenging, on one side due to the transient occurrence of heat supply and heat demand and the
other side due to the occurrence of latent heat contributions. Either an energetic buffer tank can
be utilized, in which the heat is temporarily stored and released when required. Or multi-bed
processes are used, which are operated time-shifted in the cycle, allowing heat exchange between

individual beds.

In this chapter, the latter approach was investigated with a multi-bed process setup taking
advantage of minimal driving temperature differences between individually coupled modules
improving the efficiency of heat recovery. A novel process setup has been introduced in which
the total amount of adsorbentis evenly distributed among a high number of individual adsorbers
which themselves are evenly distributed with time in the thermodynamic adsorption cycle. The
strategy of coupling two individual adsorbers was dedicated to reducing the driving temperature
differences for heat transfer. With that setup, in addition to sensible heat, a large amount of latent
heat of adsorption could be recovered and used to heat and regenerate other adsorbers. The
number of adsorbers contributing to internal heat regeneration is a degree of freedom to be
optimized to identify the optimal process setup. Besides, cycle time, as well as adsorbent
composite layer thickness, are crucial process and material-related parameters to be investigated.
With an increasing number of adsorbers, the computational costs increase significantly which
makes direct simulations of the individual adsorber beds with spatially distributed material
models challenging. Therefore, the limit case of infinite adsorber modules was investigated using
a steady-state True-Moving-Bed approach. By that, the computational cost could be dramatically

reduced which made a combined process and material investigation feasible.
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The heat integrated setup provides an enormous benefit concerning the process efficiency. In the
parameter and temperature space regarded, the COP could be more than doubled with values of
above 1.5. Since the heat required to heat all sensible masses is equivalently provided by cooling
the sensible masses (assuming temperature-independent heat capacities), a significant
contribution of these results can be dedicated to the regeneration of latent heat. As matter of
fact, this is the main benefit of the novel process setup. Beyond that, due to the neglectable
contributions of the sensible heat, the post-processing revealed optimal layer thicknesses which
are only one/tenth of the optimum thicknesses obtained for the 2-bed setup in chapter 5. Since
the passive masses thus no longer have any disadvantageous influence on the process efficiency,
layers with minimum transport resistance are preferred. At this point, however, it must be
pointed out that the low optimum layer thicknesses entail a considerable disadvantage. To obtain
an adequate system cooling power, very large areas of the heat exchanger are required on which
the thin adsorbent layers can be applied, which entails a considerable amount of equipment.
Thus, the layer thickness should not be chosen too low to achieve a decent absolute cooling

power.

In summary, a significant increase in process performance is achievable using multi-bed
processes, especially if a large amount of latent heat is recovered in addition to sensible heat. It
can even be stated that clever heat integration represents the greatest lever for optimizing process

efficiency under the boundary conditions considered in this work.
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8. Conclusion and Outlook

8.1 Summary

In this work, methods are developed and presented to enhance the efficiency of adsorption heat
pumps by focusing on the identification of a combined optimum of material and process.
Simultaneous investigation and optimization of material and process design are very promising to
improve the overall process performance of adsorption chillers. Two main approaches have been
identified in this thesis. On the one hand side, 3D-structuring of adsorbent composites to
reduced heat and mass transfer resistance, which leads to thicker adsorbent layers and beneficial
ratios of active to passive mass. On the other hand, the use of efficient heat integration strategies
has proven to be an even greater lever for increasing process efficiency, which was investigated

using a multi-bed process setup.

To describe consolidated adsorbent composites consisting of adsorbent primary particles and
heat-conducting additives, effective material models are initially presented. The different material
models are developed aiming to either describe materials with non-percolating phases, where the
heat additive is statistically added to the composites. Or to describe structured composites with
percolating phases of primary particles and heat additives. The material models are parameterized
with experiments. Therefore, adsorbent composites with different compositions were
experimentally characterized for adsorption capacity, permeability, thermal conductivity, and
structural parameters to identify composition-property correlations. While methanol adsorption
capacity linearly increases with the volumetric fraction of adsorbent, and the permeability
increases with larger void spaces, the thermal conductivity is only slightly improved by statistically
adding heat additives to the composites. However, theoretical investigations showed that as soon
as the heat-conducting phase percolates, the thermal conductivity of the composites increases

abruptly, thus structured adsorbents are advantageous.

Aiming to describe the transport hindrance via the height of the composites, a one-dimensionally
distributed parameter model is used with which the optimization of composite layer thickness
and composition is feasible. This distributed parameter model is inserted in mathematical process
models to describe the transient behaviour of adsorption refrigerators. The physical behaviour
investigated in experiments in a small-scale adsorption chiller can be reproduced very well with

simulations carried out with the distributed process model.
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For the combined material and process optimization of a 2-bed adsorption chiller, process
simulations with the validated mathematical process model were conducted. In a first step,
material parameters of experimentally characterized adsorbent composites without and with
statistically added heat conducting additives are investigated in the dynamic process simulations.
On the material side, the composites layer thickness, and on the process side the cycle time were
varied in wide parameter space. The simulations revealed a Pareto-optimality of process
efficiency (COP) and power density (SCP) and thus, a cost function is used to identify the
parameter set which optimizes the process efficiency for a prescribed power density. Thick layers
of adsorbent and long cycle times are beneficial for the process efficiency, however, to the cost
of low SCPs. If high power densities are required, the process should rather be operated with
short cycle times and thin layers of composites should be used. In addition, the simulations
revealed that statistically adding heat additive to the adsorbent composites does not add value to
the process efficiency. Therefore, it can be stated that the slight increase in thermal conductivity
due to the statistical addition of a heat additive does not overcompensate for the associated
reduction in adsorption capacity. However, the thermal conductivity of the adsorbent composites
could be strongly increased by using a percolating heat additive phase. The simulations revealed
that percolation of the heat additive is beneficial for the overall process efficiency if the heat
transport in the composites is limiting the process efficiency. With increasing thermal
conductivity, however, the mass transport becomes the main limitation requiring enhancement of

the permeability and therefore optimization of the composites structure.

3D-structuring of adsorbents could be identified as a possibility to improve solid sorption heat
pumps. This effect could rather be increased when optimizing the percolating structures for
which triangular prism-shaped heat-conducting ribs are applied. In addition, the mass transportis
increased by using macroscopical mass transport channels with inverted triangular prism shape
laterally staggered to the ribs. The optimal ribs and channels sizes, as well as layer thickness in
dependence of the process conditions, were determined in simulations of the 2-bed adsorption
chiller. Subsequently, the adsorbent composites with the promising structure were experimentally
produced and investigated in a small-scale adsorption chiller underlining the simulation results.
Therefore, 3D-structuring of adsorbent composites is a very promising approach to increase the

process efficiency of adsorption chillers.

Besides structuring, the thermal swing adsorption refrigeration process offers a great potential for
internal heat integration, which is another promising approach to increase the process efficiency.
To exploit a high grade of heat regeneration potential, a novel multi-bed setup has been

developed. The multi-bed setup is investigated with a Simulated-Moving-Bed approach
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containing multiple adsorber beds where the adsorbent is equally distributed in the individual
adsorbers which themselves are equally distributed with time in the thermodynamic cycle. To
reduce the simulation costs, the Simulated-Moving-bed is approximated with the steady-state
True-Moving-Bed approach. The novel setup allows for heat recovery between adsorbers with
minimal temperature difference and recovery of sensible as well as latent heat. The great effect of
efficient heat recovery is due to the sensible and latent heat lost during the temperature change
between desorption and adsorption, which is the largest loss of the process. Thus, reducing this
source of loss represents the greatest lever for increasing efficiency. Especially the partial

recovery of latent heat of adsorption allows for a great improvement of process efficiency.

8.2 Outlook

The methods presented in this work can be used as guidelines and suggestions for the further
optimization of adsorption heat pumps to help gain the competitiveness of this technology. The
presented methods can be transferred to other process setups and structured materials whereby
even more degrees of freedom can be utilized. For the comparison of different setups and
structural designs, the global design diagrams provide a quick indication of the quality of the
respective design. Especially in the course of digitalization of material manufacturing, with 3D
printing and additive manufacturing, the targeted structuring of materials is promising to become

a game-changer for the optimization of process engineering processes.
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Appendix A.

A.1 Derivation of the Linear-Driving Force approach

The classical LDF approach introduced by Glueckauf [93] can formally be derived by balancing

the moles in the pores of a spherical adsorbent particle with a radius Rpq, with the adsorptive

concentration c? and adsorbate concentration ¢*4 [97], [98]

d(c? + c29)

A-1
o A-1)

v-am =

The total intraparticle flux is generally expressed using the gradients of the chemical potential in
adsorptive (47) and adsorbate (u%®), respectively, [90]
BY BS

ami — _ VvV — — cadyad ‘A-2
n NAC u NAC u (A-2)

with the mobilites BY and BS defined as diffusion velocity per unit force and with Avogadro’s
number Ny. Adsorption and desorption of molecules is fast compared to transportin the gas or
adsorbate phase, which is why the assumption of local thermodynamic equilibrium is satisfied

(WY = u%%. With the chemical potential of an ideal adsorptive (gas)

u¥ = po+ RTIn(cPkgT) = uy+ RTIn(p?), (A-3)

and with the Boltzmann constant kg = R/Ny, the mobilities can be expressed in terms of the

diffusion coefficients in gas and adsorbed phase, respectively
DY = BYkgT, A-4)
D3 = BSkgT. (A-5)

Dg denotes the surface diffusivity at zero loadings as introduced in section 2.2.3. Assuming local
thermodynamic equilibrium and substituting equations (A-3)-(A-5) into (A-2), the total

intraparticle flux can be reformulated

) cad
nm = — <D” +Dj 7) vev. (A-6)
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Equation (A-6) can be used if the gradient in the adsorptive concentration is known.
Alternatively, the flux can be formulated with the gradient in adsorbate concentration using the

total derivative (assuming local isothermal conditions)

i acad
Vcad = Vcv. ‘A-
c ( PY >T c (A-7)

The partial derivative describes the gas concentration or pressure dependency of the adsorption

isotherm. Substituting equation (A-7) into (A-6) yields

Dv Cad/cv

(ac")T <6c”>T

~————
Darken—factor

ami = —

vcad, (A-8)

with the Darken-factor as introduced in equation (2-44) and Dg the surface diffusivity at zero
loading [75]. (Note: Depending on the desired driving force, the flux can be described using

either equation (A-6) or (A-8), taking care to use the appropriate formulations for the diffusion
coefficients deviating by the factor 1/(0c%?/dc?)y). With the loading X = Cad(MWEPar/
Qpar) instead of the adsorbate concentration, the flux in the formulation of equation (A-8) is

given by

M= —

(Dmi)vx, (A-9)
Epar

with the intraparticle or micropore diffusion coefficient

X Qpar
v sA kp
pmi — D¥epar + Dy cY MW

(3:2),

which contains adsorptive and surface diffusivity. €pqp, Opar are the porosity and apparent

: (A-10)

density of the primary particle, and MW the molar mass of the adsorptive. The corrected surface

diffusivity in terms of loading X is given by (compare equation (2-44))

DS&Qpar
0 c" MW

(%)T |

DS = (A-11)
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With 16y = SpaTT'lmi and with loading X, the mole balance (equation (2-406)) can be formulated

related to particle volume in mol/ m?,ar

d (gparcv + QparX/MW)
ot '

(A-12)

|7'7.lpar:_

E
§2 0¢
the redial particle coordinate ¢ due to symmetry, equation (A-12) is reformulated to

With the divergence in spherical coordinates (V - g = (f zr'lpar'f)+. .) and reduction to

a(gparcv(sc)‘F QparX/MW) _ 10 aT.lpar 2,

ot = _E_Z%(fzﬁpar) =~~~ FTwar (A-13)

In the linear region of the adsorption isotherm with a minor adsorbate concentration, and if

dinX
dinc?

Henry’s law applies (with = 1), transport in the adsorbed phase is negligible and transport
in the adsorptive phase is the main transport phenomenon [91]. However, with increasing
adsorbate concentration, surface diffusion is increasing significantly. Especially in microporous
solids, with a large value of the surface area to pore volume, the ratio of adsorbed concentration
to adsorptive concentration may be high, and thus, transport by surface diffusion becomes
important [90]. The total, one-dimensional molar flux of adsorptive and adsorbate molecules at
the pore wall at radial position & is thus given by
0X

flpar (E) = _5mia_z- (A-14)

With the total derivative

dc? _ (ac”) ax

ge)y & (A-15)
dt ~ \oX /rdt

equation (A-13) can also be expressed in terms of change of loading, using equation (A-14)

Epar  Opar 6_X__i<_~mia_X)_Z<_~mza_X) A-16
(a_X)+Mwat_ e\ o) e\ e ) o
aCU T

The boundary conditions solving equation (A-16) are the symmetry of the loading profile in the

centre of the particle and equilibrium loading at bulk conditions at the edge of the particle & =

Rpar
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(i):¢
(a_z)g=0 =0, (A-17)
Xlezpyg, = XC9(cVPHK,T). (A-18)

So far, in the derivation of equation (A-16) only local thermodynamic equilibrium has been
assumed. A further simplification in the derivation of the LDF approach is the assumption, that

the intraparticle diffusion coefficient is independent of the radial position in the particle (D™

f(£)), yielding

X

= (A-19)

B Deffml<azx zax>

AT

with the effective intraparticle diffusion coefficient (or apparent diffusion coefficient [90])

= Spar Qpar o + Qpar(aX) . (A-2O)
(G_X) MW Epar W 5w
ac?

Up to this point, simplifying the particle’s mole balance has not yet yielded a dimensional
reduction of the equation and thus any benefit concerning computational effort, which is the
main advantage of the LDF approach. To achieve the model reduction, equation (A-19) is
averaged over the particle radius, assuming a spherical particle, yielding a formulation for the rate

of change of average loading

X 3 DeffszR””4 g2 aZX 20X d. (A21)
ot 4R3qm A VT AT

A further assumption needs to be made regarding the shape of the loading profile within the
particle. Although the averaging of the loading is a strong simplification of the actual loading
profile, the integral change in loading described with the LDF approach was found to be
compatible for different profiles [98]. The most suitable results are obtained for a parabolic

loading profile of the form

X(t,8) = ao(®) + a, ()7, (A-22)

with the linear term left out on account of spherical symmetry [97]. Applying the boundary

condition in equation (A-18), the first term on the right-hand side yields

ao(t) = Xe4(c"P™k,T) — ay()R24. (A-23)
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Inserting equation (A-23) in (A-22) results in a formulation of the spatial loading distribution in

the particle
X(6,€) = X°4 (P T) + a5 (6) (62~ Riar). (A-24)
Substituting equation (A-24) into (A-21) and integrating gives

X
0t  R3ig

Deffmigg,(t). (A-25)

In a final step, a,(t) needs to be eliminated. For a spherical particle, the average loading is

obtained by integrating the loading distribution over the radius of the particle

3

X=——
4R34

Rpar Rpar
jo Am§?X (¢, §) d§ = jo §2X(t, ) dg. (A-20)

3
Rpar

Substituting equation (A-24) and rearranging yields

a,(t) = (Xe4 (cvPuT) — X). (A-27)

ZRzzJar

The classic LDF approach for a spherical particle with a parabolic loading profile presented by
Glueckauf [93] is finally obtained by substituting equation (A-27)into (A-25)

0X  15perfmi

74 (xeq (Cv,bulk’T) _X), (A-28)
ot RZ.r
with the LDF-factor
15peffmi
kipr = Rz— (A-29)
par

For the application of the LDF approach, appropriate formulations for the diffusion coefficient
Deff™mi and thus DV and D§ as well as the derivative of the adsorption isotherm need to be

applied.

When using the DA adsorption isotherm from equation (2-24), the derivation according to the

adsorptive concentration ¢ yields

C3 \\
(aXeq )T = Cl % <exp - CZ lngfé_gv) “>, (A_?)O)
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with the constants C; = *4(T)wy, C, = RT/MW, C3 =pS*(T), C, = E, C5s =n and Cg =
RT. Applying the chain rule yields

Cain(c55) 1, [ [cm(s) CS\

aXxed
=C — — A-31
(ac” )T 16Xp Cy ac”\ Cy ( )
With the power rule and the chain rule, we can write
C3 C5 & Cs—l
(aXeQ) __ C1C5Cs exp [_ <Czln(c C,,)) ] (Czln(c CU)) i In (&) (A—32)
acv T Cy Cy Cy acv C6CU
Derivation of the [n expression gives
Cs Cs Cs Gs—1
(aXEq) _ Cl CZ C5 ex _ Czln (C6CU) CZ In (C6CU) (A-33)
6 Cv T B C4Cv p C4_ C4 ’
and inserting the constants C; — Cs finally yields
n n—-1
P (D) (D)
<axeq) 4 (T)woRTn RT“"‘( RTc? RTIn\ "Rrev A3
ac” )y~ EcoMw P E MW E MW '

Concerning the effective or apparent diffusion coefficient Defrmi he following considerations
are given based on the well-described explanations provided by Reyes et al. [90]. Determination

of the diffusion coefficients is traditionally done by steady-state or unsteady-state experiments

with microscopic or macroscopic methods. A separate measurement of DY and DS is
complicated since an increase in adsorbate concentration is associated by a narrowing of the
potes (Epqr = f (X)) and thus a decreasing cross section for the adsorptive transport. Due to the
unsteady character of technical adsorption processes, a dynamic increase and decrease of
adsorptive diffusion and surface diffusion takes place permanently, depending on temperature,
pressure, surface heterogenecity, gas type, and gas surface interaction [158], which will not be
discussed in detail here, but some thoughts reflected [90]. Concerning equation (A-06), the
determination of a combined diffusion coefficient is possible applying steady-state flux
measurements with a macroscopic gas concentration gradient as driving force (as applied in this
work for consolidated beds). However, it is difficult to prepare a single particle sample of suitable

thickness with only intraparticle transport that provides a suitable diffusion resistance measurable
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as a gas concentration gradient across the sample (in consolidated beds of single particles, also
interparticle void transport will occur). Alternatively, unsteady-state measurements based on
equation (A-19) (but rather in a formulation in terms of gas concentration gradients, see [90]) are
not limited by the prerequisite of a macroscopic measurable gradient across the sample. In such
an experiment, the apparent diffusion coefficient Dé//™ rather than D™ is directly obtained.
Some limiting cases can be discussed, considering the apparent diffusion coefficient in equation
(A-20). If adsorbate loading is negligible, surface diffusion is not contributing to the total

transport, and consequently, adsorptive diffusion is the only transport mechanism and peffmi

reduces to D?. On the other hand, if surface diffusion is dominant (DS > DY), (a—X) is large
T

acv

A .. X 0x . .
compared to €pqy and if in addition, the values for p and (@) are in the linear, Henry’s law
T

region of the adsorption isotherm, Deffmi ~ DS which is equivalent with a neglection of the

Darken-factor. If the loading is even higher where the adsorption isotherm is nonlinear,

alnc’
dlnx

peffmi ~ ps ( ) , which is applied by many authors to model micropore transport. Finally,
T

Reyes et al. [90] discuss a fourth case, in which the surface diffusion is small compared to gas

. . . . X\ . o .
transport, but the partial derivative of the adsorption isotherm (5) is still significant, which
T

allows no further simplification of equation (A-20).

The previous discussions reveal the difficulty but importance of the determination of sufficient
diffusion coefficients in microporous adsorbents. With increasing computational resources and
refined methods, diffusion coefficients in porous media are more and more obtained by
molecular dynamic simulations. Prslja et al. provide micropore diffusion coefficients for
methanol at 298K in narrow slit graphite pores in dependence of two different pore sizes, which
were recently obtained by using Monte Carlo, hybrid Monte Carlo, and Molecular Dynamics
simulations [159]. MD simulations are helpful to understand the phenomenological adsorption-
diffusion behaviour in microporous adsorbents. However, since the provided diffusion
coefficients by Prslja et al. are only valid for one temperature, they cannot be used throughout

the temperature range of common adsorption processes.

A.2 Derivation of the Dusty-Gas-Model (DGM)

Already in 1866 (Clerk Maxwell) and 1871 (Josef Stefan), the essential foundations for the
description of multicomponent transport processes were laid. Wesselingh and Krishna explain

why the Stefan-Maxwell transport approach is superior to the very commonly used Fick diffusion



Appendix A. 203

approach and why the latter is only approximately suitable for the evaluation of transport
processes [83]. The main equation describing a diffusive, spatially one-dimensional,
multicomponent transport (with neglection of external potentials e.g., gravitational, or electric

potential), is given by

J
dpy; Y = yiny
—Z _Rr Z dt T i
- . B (A-35)

Herby, fl? and T'l}) are diffusive fluxes, y; and y; are molar fractions of species i and j, and D;; is
the binary diffusion coefficient. The term on the left-hand side describes the driving force for the

transport with the partial pressure gradient (p; = py;) in the z direction. Here, z denotes the

spatial coordinate e.g., of an adsorbent bed, composite, or of a primary particle. In this work, z is
used as the spatial coordinate of the adsorbent composites, describing the outer dimension of the
sample. With the regular diffusion path in a porous solid following the coordinate z’, the

tortuosity factor T is defined

== (A-36)
Z

The Stefan-Maxwell term on the right side of equation (A-35) accounts for the sum of all pair
interaction forces between molecules i and j through the binary diffusion coefficient D;j. While
in Stefan-Maxwell diffusion the interactions of the individual molecules among themselves are
decisive, in Knudsen diffusion only the molecule-pore wall interactions are considered. With
equation (2-40) and assuming ideal gas behaviour (¢ = p/RT), the one-dimensional Knudsen flux
of species j can be formulated

jn _ _Di " dvy (-37)

b T IRT dz

Formally, this equation can also be derived by applying the Stefan-Maxwell diffusion approach on
a binary mixture containing a mobile gas species j and stationary “wall-dust” particles { = w. In a

fixed, FBulerian specification of the flow field, the flux of dust-particles 715, is zero which yields

1dpy; oy
RT dz ~  Dw;’ (A-38)

T

With Dy, /% = Df™ and 1) = f™, equation (A-37) is obtained.



Appendix A. 204

By combining the two transport approaches (equations (A-35) and (A-37)) and considering the
dust-particles being the component (J + 1), the DGM for describing diffusive multicomponent

mass transport in porous media is obtained

: I .

1dpy, W} _zyjn? — yin}

RT dz ~ D" L D;; (A-39)
T =1 T

Considering equation (2-28) with the (one-dimensional) viscous flux from equation (2-31) and
neglecting the surface diffusion term, the molecular transportof species j in porous media can be

expressed as follows

ny =n;—ny; =0+ ————. (A-40)

In macro porous transport pores, the adsorption rate is negligible and thus the contribution of
surface diffusion to the overall transport is negligible [158]. By inserting equation (A-40) into
(A-39), the D'TM considering diffusive and viscous flow is obtained

dz pkm 1 RTDF"dz

) J ) )
_ dpy; _pr| Y +Z yinj — yin; N By py; dp (A41)
. Dy; '
i=1 —
T T

The Stefan-Maxwell term can be disregarded for a pure-componentadsorptive as regarded in the
present work. Furthermore, by rewriting the partial quantities to absolute quantities and

reformulation, equation (A-41) can be expressed in terms of the total molar flux as follows
1 (DX" B d
n=——|—+ 2P _p (A-42)
RT\ ™m Jdz

Note that 71 is the total molecular flux related to the cross-sectional area of the transport pores. It
is convenient to correlate the total flux to the outer dimension of a porous sample, e.g., the cross-
sectional area of a consolidated composite. With the volume fraction of the transport pores/

macropores €M% and in terms of mass flux

m =mve™ = nMWe™4, (A-43)

the DGM can be formulated related to the cross-sectional area of the consolidated composite

(A-44)

, MW ema (DK” B0p> dp
m= — + —_—

RT T ™ Jdz
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Appendix B. Experimental =~ Characterization  of

carbon-active adsorbent composites

Aiming to identify structure-property correlations of consolidated adsorbent composites
containing adsorbent primary particles, heat additive, and binder, several composites were
experimentally characterized for methanol adsorption capacity, mass transport, and heat
transport. In addition, the experimental investigation aimed to parameterize the material models
introduced in section 2.4. The samples examined in this work and the measurements carried out

are outlined in Table B-1.

Table B-1: Overview of consolidated carbonaceous composites with varying types and amounts of
binder and heat additive investigated in this work. In addition, the conducted experimental

characterizations are stated.

S Partl'cle binder heg ; Mass Adsorption | Thermal Heat
amplename [ Adsorbent | fraction additive . .
/wt% transpott | Isotherm | conductivity | capacity
/pm /wt% K
P, CDC 75-150 15 - - es - -
42 PTFE !
B, CDC 50-75 | 2CMC | 50 Ag - yes - -
Py CDC 50-75 | 2CMC | 10 Ag - yes - -
Py CDC 50-75 [2CMC | 50C - yes - -
P, CDC 50-75 15 50 C - es - -
50 PTFE y
P coc | 5075 | | soBN | - s . .
53 PTFE yes
CDC 150 15 A
P 75-15 PITE 50 Ag - yes - -
P. CDC 50-75 20 - es 7es - -
56 PTFE Y y
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Py cpC | 5075 |scMC | - - yes - -
Py CDC 75-150 | 5 CMC - yes yes - -
P, cDC | 5075 |2¢eMC | 10C yes ] ] ]
B, CDC 50-75 | 2CMC | 50 BN yes yes yes -
P, CDC 75-150 [ 2CMC | 10BN - - yes yes
P, cpC | 75-150 | 2cMC ; _ yes yes .
B, cpC | 5075 |2eMC | - yes ; ] )
P cpC | 75150 |2eMC | - ; yes ] yes
P, CDC | 75150 | 2CMC | 10BN || yes ] ] ]
F
CDC 75-150 | 2CMC | 10BN yes - yes yes
(Expepc+sn)
Ps (Expepc) CDC 50-75 [ 2CMC - yes yes yes yes
P, CDC 50-75 | 2CMC | 10 BN yes yes yes -
Fgo,21 AC <80 C%\ZC - - yes - -
Pao 2 AC <80 Cﬁ . ; yes ) ] )
Pso.a AC <80 Cﬁ ol yes i ) )

B.1 Void characterization with mercury intrusion

Mercury intrusion measurements were conducted for three different consolidated CDC
composites with different compositions as exemplarily explained for a composite Py (EXpcpc) in
section 4.2.2. Figure B-1 and Figure B-2 show additional results obtained for CDC samples with
different compositions. Furthermore, the material parameters of the three samples are

summarized in Table B-2.
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Figure B-1: Specific void volume of a consolidated CDC plate with a particle size of 75-150 um, 2
wt% CMC binder, and 10 wt % BN heat additive as a function of pressure (top, left) and void

radius (top, right). Differential pore volume (bottom).

— 800 — 800
‘0: ‘%
™ ™

£ 600 g 600
i i mi 5y - E
< e toc pacll <

© 400 © 400 |

g S
E ____ E

S 200} intrusion S 200

. - = = = extrusion .

Q . Q

O ————— intr. p correc. O

& ) . & )

102 10" 10" 10t 102 10° 100 10 10t 107 107?

pressure /M Pa void radius /um



Appendix B. Experimental Characterization of carbon-active adsorbent composites 208

T 1000 =
> 600 -

e >
S 1800 =
£ S
~ 1 <
o 600 =
g —
= 1400 =
Qo >
IS o)
o 1200 =
3 =
5y =

10 10!

void radius /um

Figure B-2: Specific void volume of a consolidated CDC plate with a particle size of 50-75 um and 2

wt% CMC binder as a function of pressure (top, left) and void radius (top, right). Differential

pore volume (bottom).

Table B-2: Characteristic values of the investigated consolidated composites of CDC adsorbent with

varying particle sizes, binder and additive obtained with mercury intrusion measurements,

helium pycnometer measurements and N, physisorption.

CDC50-75um, | CDC75-150 | CPC7>-150um,2

2 wt% CMC | um, 2 wivo CMC | V7 CN{%% 10wt
r™/um (Hg int.) 1.79 5.18 4.47
(Hg fﬁgl"@{ ;g:%l?gﬁ@a) 0.63 0.60 0.66
Osket/ (g ems?) (He pyc.) - 2.27 2.17
Osket/ (g cm33) (eq. (4-10)) 2.26 2.27 217
& = Ema/(M3mZ3,) (eq. (4-9)) 0.23 0.3 0.22
&pcom/(Mamzzy) (eq. (4-4)) 0.49 0.43 0.48
&ppar / (Mympa,) (eq.(4-3)) 0.64 0.62 0.61
g T ) gy |0




Appendix B. Experimental Characterization of carbon-active adsorbent composites

209

Tyinfl (@pmﬂ)/u‘m 1.05 1.58 2.98
Vine(@ping1)/(mm® g~t) 363 500 328
B.2 Mass transport through consolidated composites
B.2.1 Experimental results
-5 -6
x10 ' ' ' 45 x10 ' ' ' -
= | [----N3034 K < ----N,3034 K ‘
S Ny 3333 K g 4l N, 333.3 K A
N | —— N, 363.5 K = R N, 363.5 K
= =
J £ 35
~ ~
£° sl
J 2 S :
R* = 0.9998 R” = 0.9998
=S ) 2.5
0 2000 4000 6000 8000 10000 12000 T0 2000 4000 6000 8000 10000 12000
(p1 +p2)/2/Pa (p1+p2)/2/Pa
5 -6
- x 10 ' 4 x10 '
= | [----Ar3ms3K < ---- Ar3033 K 5
% Ar3333 K| g Ar3333 K| L7
N3 Ar 363.5 K 4 < E 35 | =-—-—— Ar 363.5 K ,x’ //0
= = ~
3 ¥ P
_< \ 3 B ,//O"
S5 ¢ S 24
) Hl= “d
< , 815 7 ,
QE: 2 R” = 0.99896 gl 5 R” = 0.99896
4 L L L L
0 5000 10000 15000 0 5000 10000 15000

(p1 +p2)/2/Pa

(p1 + p2)/2/Pa



Appendix B. Experimental Characterization of carbon-active adsorbent composites

x10

5

6t

RTA&R; /(Ap)/(m?/s)

- === C0,3035 K
CO, 3334 K
S CO, 363.6 K

R? = 0.99925

0

2000 4000 6000 8000 10000 12000
(p1 +p2)/2/Pa

4.5

x 10

6

210

/(m*/s/VEK)

R\/TA&'LJ
(Ap)
[N
»n

2

- == C0,3035 K
CO, 3334 K
S CO, 363.6 K

4
<
“
a

R? = 0.99925

0

2000 4000 6000

8000 10000 12000

(p1 +p2)/2/Pa

Figure B-3: Results of permeation experiment for samples EX Prpe conducted with N2, Ar, and CO2

at three temperature levels. On the left: Evaluation with the classic DGM. On the right: with

the temperature-independent ordinate.

Figure B-3 show experimental results of flow-through experiments obtained with sample Pgg

(Expcpc) with the non-/ weak-adsorbable gases Ar, Ny, CO,.

B.2.2 Results of flow-through experiments

In the following table, the experimental results obtained with flow-through experiments are

outlined for several samples.

Table B-3: Mass transport parameters and structural parameters of consolidated CDC-plates with

varying amounts and type of binder and heat additive and particle size fraction.

. ma —eff D Kn,const
Sample frzrct;ii Binder | Addiive gpom /Bgl O(_gfrfg)H ) /(10-6m? /s
fum |V TR0 m) /\Jkg/mol/K)

Py 5075 | 20PTFE | - 3.96 7.79 337
Pso 75150 | 5CMC : 472 13.19 4.04
Py, 5075 | 2cMC | 10C 2.53 3.75 2.16
P, 5075 | 2CMC | 50BN 0.06 0.01 0.05
P, 5075 | 2CMC : 2.07 6.31 1.79
Py 75150 | 2CMC | 10BN 3.65 9.94 313
P, 75150 | 2CMC | 10BN 3.82 11.16 3.27
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Peg ‘ 50-75 | 2CMC | - ‘ 3.03 ‘ 4.96 ‘ 2.59

Py ‘ 50-75 | 2CMC | 10 BN ‘ 1.78 ‘ 2.67 ‘ 1.52

B.2.3 Validation ofindependence of layer thickness

Theoretically, the effective diffusion coefficient describing the transport in a porous medium is
independent of the layer thickness of the consolidated composite. The increasing transport
resistance with greater thicknesses is due to the longer transport distances and thus to the
increasing layer thickness per se. This behaviour was validated in a student research project [160]
using two almost identical, consolidated commercial activated carbon composites (GAP; and
GAP,). Initially, both samples were investigated separately with He and N, in the permeation cell
shown in Figure 4-5. In a third experiment, both samples were installed in seties (GAP;3) in the
cell, which can be seen in Figure B-4, and thus the layer thickness and transport resistance have

been additively increased.

Figure B-4: Permeation cell with two commercial, identical consolidated activated carbon composites

in seties (GAP, and GAP,).

The evaluation strategy presented in section 4.4 was applied. Figure B-5 shows the resulting

(temperature-averaged) effective permeabilities for the three sample configurations versus the

molar masses of He and N,.
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Figure B-5: Temperature-averaged effective permeabilities for GAP;, GAP, and both samples in

series GAP;, for experiments with He and N, as function of molar mass of the gas species

and layer thickness of the sample.

—eff
By of GAP; is approximately 23% higher for N, and 24% higher for He compared to GAP;.

Theoretically, both samples in series should result in an average permeability. With He, ngffor
GAPy; is slightly below average, for N, slightly above. But, in general, the independence of layer
thickness could be proved with these investigations. The same conclusions could be drawn when
evaluating the resulting Knudsen diffusivities as can be seen in Figure B-6. The trends are
equivalent with a higher diffusion coefficient for GAP; than for GAP, and values in between for

both samples in series GAP;,. To summarize, the numerical values are listed in Table B-4.

< xi0® < xi0®
= 34 ; : = = 34 :
§ >2< X GAPl x § g X GAPl
~ 3.2+ x X GAP1 ~ 321 X X GAPl
2 O GAPR, S O GAP,
3 O GAP, ] 3 o0 GAP ]
T © o GAPy|  0° T O GAPy %
~. 28t (> [ GAP12 i . 28t [ GAPH
£ £
3 26| 00° s 261 8
& 5 g
s 24 - : : S
Q2 4 6 8 10 Q 3 35 4 45 5 55 6

(MW;/T)"2/(\/kg/mol /K)o A& /m %107

Figure B-6: Constant part of the Knudsen diffusion coefficient for GAP;, GAP, and both samples in
series GAPy, for experiments with He and N, as function of molar mass divided by

temperature (left) and layer thickness of the sample (right).
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Table B-4: Constant part of Knudsen-diffusion coefficients (averaged over molar mass and

temperature) and temperature-averaged effective permeabilities for He and N,.

prmeonst /m? /s/\[kg/mol/K) By’ (He) /m? By (N,) /m?
GAP, 3.29-1078 6.96- 10716 4.12-10716
GAP, 2.56-1078 5.29-1071¢ 3.18-10716
GAP;, 2.88-1078 5.64- 10716 3.8-10716

B.3 Specific heat capacity and thermal conductivity of CDC- and

AC-samples

In the following table, specific heat capacities, thermal diffusivities, structural parameters, and

thermal conductivities are summarized for several CDC- and AC samples.

Table B-5: Summary of DSC and laser flash measurements for CDC- and AC samples. Effective

thermal conductivities were obtained from equation (4-21) and linear fitting. The structural

parameters are obtained from the Hg intrusion post-processing and are listed in Table 4-2.

a | obuik A¢ff(298 — 373K)
-1 -1
c{;/(]kg K1) /(mm?2s~1) gma gmt J(kgm=3) J(Wm=1K-1)

2.005T/K

P, +268.9 1.145 022 | 0.48 660 | 0.00149T/K +0.226
1.809T/K

Pgs +303.1 - 0.3 0.43 600 -
2.12T/K

P, 11999 1104 | 022 | 048 660 | 0.00178T/K + 0.066
1.625T/K

P | 13884 1.0825 | 023 | 049 630 | 0.00136T/K +0.18
0.395T/K

AC | (7904 04143 | 03 | 03 5133 | 0.00035T/K +0.063
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B.4 Summary of material parameters and material parameters —
composite composition correlations

For the development of effective material models, a complete and reliable dataset was required.
The basis of the effective material models introduced in section 2.4 is a CDC-composite with
particle fraction of 50-75 um primary particles with 2 weight percent of CMC binder (Pgg). These
material parameters are correlated with composite composition to develop a sufficient material
model to be used in the process simulations. Table B-6 summarizes the material parameters and
the underlying measurement and evaluation technique as well as states the correlation between

different material parameters for varying composite compositions.

Table B-6: Material parameters of a CDC-composite with particle fraction of 50-75 um and 2 wt%

CMC binder (Psg) and 75-150 pum, 2 wt% CMC binder and 10 wt% BN (Ps;). Correlations

for varying plate compositions are stated.

Fes Fe7
(Expepce) | (EXxPepc+sn)
wo /(cm® geogmp 0.603 0.543
adsorption Manometric adsorption
cop E/(Jg™) 2125 212.5 equilibrium measurements
isotherm 9 . .
and Dubinin-Astakhov fit
n/— 2.32 2.32
ef f 4.96 11.16
By /(m?) -10-14 -10714
mass Diffusion cell and evaluation
transport pKnconst with Dusty-Gas-model
MeOH 10-6 106
/(mzK_l/zs_l) 2.6-10 3.27-10
% 0.0017T/K | 0.00222T/K Transient hot bridge and
-1 -1
thermal A/ (Wm=K™) +0.229 +0.08 calculation
cond. & heat
capacity -1 1 1.625T/K 2.12T/K Differential scanning
¢5/UkgeompK™) | 13884 +199.9 calotimetry
sma/(m3 m=3 0.23 022 macro- or void-porosity, Hg-
marcomp ' ' intrusion & (eq.(4-9))
Parameters
related to ma average void width composite,
consolidated ™ /um 358 8.94 Hg-intrusion
composites Dl
e/ 630 660 Bulk density, He-intrusion
(kgcompmcomp)
primary average pore width primary
particles Wy /mim 097 1.02 particles, BET-method
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related

Skeleton density, Hg-intrusion

San—3,S
Osker/ (kg*m=>*) 2260 2170 & (eq. (4-10))
emi
=¢ micro- or pore-porosity, Hg-
p,com 0.49 0.48
/ (m;imggmp intrusion & (eq.(4-4))
dpar/im 62.5 112.5 primary particle size
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Appendix C. Experimental validation of the process
model

An experimental small-scale adsorption chiller setup was introduced which was used to
investigate adsorbent composites in the thermodynamic cycle. The transient results are utilized in
a further step, to validate the distributed process modelintroduced in chapter 3. The experiments
and validation simulations shown in this chapter are performed using the CDC composites

characterized in chapter 4 with the material parameters summarized in Table B-6.

C.1 Gram-scale adsorption chiller — Experiments and model

validation

To investigate the transient behaviour of gram-scale adsorbent composites in the adsorption
cooling cycle, a laboratory adsorption chiller was designed and built. Due to the laboratory scale,
rapid investigation of new adsorbents is possible without the necessity of using large amounts of
active material, which is beneficial for experimental material design. Furthermore, transient, cyclic

experiments can be used for the validation of the distributed process model.

In this section, experimental results obtained with CDC composites with 2 wt% CMC binder are
presented and discussed. The macroscopical parameters of the investigated CD C composites are
listed in Table C-1. Furthermore, the cyclic experiments are used to validate the process model

taking the material parameters from Table B-6 into account.

Table C-1: Macroscopical parameters of CDC composites with 50-75 um primary particles size and 2
wt% of CMC binder. The samples were investigated in the small-scale adsorption chiller and

are used for validation of the process model.

ZAcomp/sz | Scomp/mm ‘ 2Veomp /em? | YXMcac/g

18.5 | 2.7 ‘ 5 | 2.788

C.1.1 Experimental setup — Laboratory-scale adsorption chiller

The laboratory-scale adsorption chiller for the experimental investigation of gram-scale adsorbent

composites in the adsorption refrigeration cycle has been introduced in section 6.2.2. With this
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setup, cyclic experiments with gram scale adsorbent composites under varying pressure and
temperature conditions, as well as evaporation and condensation times, can be conducted,
according to the refrigeration cycle introduced in section 1.1. For the validation of the one-
dimensional process model, CDC composites are investigated. To ensure solely one-dimensional
transport, the side surfaces of the composites are sealed as explained subsequently and placed on
aluminium supports for the application in the small-scale chiller. The evaluation of the

experiments follows the same procedure as discussed in section 6.2.

Sample preparation

Equivalent to the sample preparation outlined for the structured AC composites in section 6.2.2,
the CDC composites are placed on aluminium supports using thermal adhesive tape. The sample
shown in Figure C-1 is a CDC composite with 50-75 pm primary particles and 2 wt% of CMC
binder. This sample is equivalently embedded in silicone (Elastosil E10) as the samples for the
mass transfer measurements. In this case, the embedding is needed to guarantee a solely one-
dimensional mass transfer by preventing adsorptive to enter the samples via the side surface. The
experimental results obtained with these samples are used in section C.1.4 to validate the one-

dimensional process model.

Figure C-1: CDC composite containing 2 wt% CMC binder (EXPcpc) attached by means of thermal

adhesive tape on a 2 mm thick aluminium support with a horizontal slit for the

thermocouple.

C.1.2 Experimental results

Experimental results obtained with the small-scale adsorption chiller are presented in this section.
The measurements were carried out with CDC composites with primary particles of size 50-75
um and with 2 wt% of CMC binder as shown in Figure C-1. The macroscopical parameters of

the samples are listed in Table C-1.



Appendix C. Experimental validation of the process model 218

C.1.21 Transient experiments —cycles and cyclic steady state

In this section, results obtained with CDC composites with evaporation and condensation times
of 400s are discussed. The temperatures in the thermostats were adjusted to guarantee

temperatures of the heat transfer fluid of T, = 15°C, T, = Tpgqs = 20°C, Tges = 90°C.

To compare the performance of different composites, cycle times, and temperature levels,
measurement results of the CSS are required. Figure C-2 on the left shows experimental results of
the adsorber pressure and temperature of the adsorbent in a Clausius-Clapeyron diagram from
initialization to CSS. Additionally, the saturation pressures of the evaporator and condenser are
displayed. The integral adsorption and desorption kinetic are summarized in the mass flux
exchanged between evaporator and adsorber as well as adsorber and condenser. The transient

behaviour of the mass flux from initialization to CSS is shown in Figure C-2 on the right.

| 5 x 10 ' ' ' ' .
c‘:\ CSS
130 L £ 4
S \
VA
S 120 23
o <
5 110 Ed 2
7 s=]
% 100 [ § 1
00 L Nwerr L 0 ! ! | .
300 310 320 330 340 350 360 0 1000 2000 3000 4000 5000
temperature /K time /s

Figure C-2: Transient results from initialization to cyclic steady-state for experiments of CDC
composites with t, =t, =400s, T, = 15°C, T, =Tyys = 20°C, Tges = 90°C. Left:
Clausius-Clapeyron diagram, right: mass flux between evaporator and adsorber as well as

adsorber and condenser.

The number of cycles required to reach CSS mainly depends on the initial state of the adsorbent
as well as the cycle time. With short cycle times, reaching CSS requires more cycles than for long
cycle times. The results obtained in the last cycle are used to calculate the performance indicators
as outlined in section 6.2.2.1. Figure C-3 shows the profiles in CSS in more detail. Additionally,
error bars for the measured mass fluxes are added and the pressure profiles of evaporator,

condenser, and adsorber are plotted.
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Figure C-3: Mass fluxes and pressure profiles in CSS obtained with the CDC composites for an
experiment with t, = t, = 400s,T, = 15°C, T, = T,4s = 20°C, T4,s = 90°C.

The cycle starts with the cooling of the adsorbent resulting in a pressure decrease due to the
adsorption of methanol from the free gas phase. As soon as the evaporator pressure is reached,
the two pneumatic valves connecting the evaporator and adsorber are opened, causing a sudden
increase in mass flux. The flux induced by the adsorption reaches a maximum and decreases
continuously until the adjusted evaporation time is reached. During the adsorption half cycle, the
condenser is separated and thus not affecting the adsorption cycle. To prevent the accumulation
of inert gas during multi-cycle experiments, the condenser gas phase is regenerated by shortly
opening the control valve to the vacuum pump. The short pumping removes accumulated inert
gas and ensures an initial and equilibrium condenser pressure for the next desorption half cycle.
After the evaporation time, the two pneumatic valves are automatically closed, and the external
fluid circuit is switched to the hot thermostat which induces the heating period. As soon as the
pressure in the adsorber reaches condenser pressure, the two valves connecting these apparatuses
open which start the condensation period for an adjusted time ¢, and induces a sharp increase in

the measured mass flux.

The maximal mass flux in desorption () is slightly larger than in adsorption (mg). This
indicates the faster kinetic due to better mass and heat transfer in the CDC composites at higher
temperature and pressure levels. During the heating and cooling periods, the valves to the
evaporator and condenser are closed. In the idealized cycle, these periods are isosteric. However,
in the real cycle, these steps are non-isosteric. Since the laboratory plant is not optimized for the
minimal hold-up in the adsorber gas phase and depending on the kinetics of the gram-scale
adsorbents, the temperature levels as well as the adjusted evaporation and condensation times,

the heating and cooling periods are comparably long. In an industrial application, the adsorber
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would be constructed with as minimal hold-up as possible. By investigating different adsorbents
with varying kinetical behaviour as well as different cycle times, the duration of the heating and
cooling periods differ. Thus, to compare different experiments, the duration of the adsorption
(tqas) and desorption (tges) phase with the corresponding adsorption from and desorption to the

free gas phase as well as the corresponding mass fluxes are used for the evaluation.

C.1.2.2 Performance evaluation of CDC composites with varying cycle
time

The single experiments from initialization to CSS were conducted for different temperature levels
and cycle times. Here, results are discussed obtained for experiments conducted with moderate
temperature levels of T, = 15°C, Tggsc = 20°C and Tgzes = 90°C and cycle times between
teye = 200 — 2200 s. Figure C-4 (top) shows specific cooling powers and specific cooling
energies related to the cross-sectional area as well as the mass of the CDC composites,
respectively, vs. cycle time. Regardless of the reference, power density and efficiency density
show the same qualitative profiles. For these composites, SCP is maximal at short cycle times of
teye = 360 s. For longer cycle times, the adsorption equilibrium is more and more approached
resulting in small mass fluxes and thus small cooling powers. For shorter cycle times, kinetical
limitations are predominantly resulting in lower power densities. Unlike SCP, the energy density
increases monotonically with cycle time, which is also the consequence of approaching
adsorption equilibrium. At long cycle times, in equilibrium, g reaches the limiting value which is

not determined in these experiments.

To compare different adsorbent composites, a representation of process power and efficiency
within one graph is desirable. For the evaluation of the experiments, the COP cannot be used as
efficiency criteria since the desorption energy is experimentally not accessible in the gram-scale
setup. Alternatively, the energy density g (see equations (6-16) and (6-17)) can be used to
represent the efficiency criteria. The Pareto-optimality is visualized in a double logarithmic
representation in which SCP is plotted versus q. These types of plots are known as Ragone-plots
and are commonly used in electrochemical engineering technology to get a quick assessment of
the best performing region of an electrochemical device. In adsorption technology, such a
visualization has been used by Ammann et al. [141]. The Pareto-optimality of power density and
efficiency density is shown in Ragone-plots in Figure C-4 (bottom). In the double logarithmic
representation, the cycle times, and the performance criteria (SCP - q) are represented as straight

lines. The maximal performance with respect to cross-sectional area of the CDC composites

results to 705 kJ2/m* /s and to 240 kJ? /k gZomp/s with respect to the composites mass.
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Figure C-4: (Top) Specific cooling powers and specific cooling energies related to the cross-sectional
area and mass of the CDC composites, respectively, vs. cycle time. (Bottom) Ragone-plots
indicating the Pareto-optimality of efficiency and specific powers. Additionally, the maximal
performance related to cross-sectional area (left) and mass of CDC composites (right) are

shown.

Due to the high adsorption rate in short cycles, the specific cooling power is maximal at short
cycle times. However, in short cycles, only a small fraction of the adsorption capacity is utilized
resulting in small efficiencies. This Pareto-optimality is common for many energy conversions
processes. Depending on the application and the desired mode of operation, the process can
therefore be operated in a power- or efficiency-oriented manner. Furthermore, the preceding
discussion shows, that different variables of reference can be chosen for the evaluation of the

process performance.
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C.1.3 Model equations and measurement quantities for model validation

The transient experiments conducted in the gram-scale adsorption chiller are used to validate the
process model presented in section 3.2.1 by considering the spatially distributed equations of the
adsorbent composites given in section 3.2.3. The model of the CDC composites is parameterized
using the material parameters listed in Table B-6. The model validation aims at the investigation
of the physical plausibility of the process model. For clarity, the model equations are shortly
reproduced in the following where explicit attention is paid to the validation quantities and the
fitting parameters. Figure C-5 schematically shows the gram-scale adsorption chiller with the

measurement quantities used for the model validation.
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Figure C-5: Schematic representation of the gram-scale adsorption chiller with the measured

quantities and measurement positions used for validation of the process model.
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Besides mass flows (M,™" and M""), the pressures in evaporator (p,” ) and adsorber (D, ) are

used for validation of the process model. Furthermore, the inlet temperature of the adsorber heat
. h . .

transfer fluid (Tex];) as well as the bottom side temperature of the adsorbent composites (Tg;p

are used in the validation procedure.

Adsorber

The adsorber is modelled with conservation equations for the four different phases shown in
Figure 3-2: heat transfer fluid, passive mass, adsorbent composite, and free gas phase. For the
model validation, the overall heat transfer resistance from heat transfer fluid to the aluminium
support upper side is summarized in one heat transfer coefficient kS Combining equations

(3-7)-(3-9), the lumped-parameter energy balance for the adsorber heat exchanger is given by

oTPm
mPmey—— = kM (T — TP™) — kP (TP =T e, )- C-1)
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The heat transfer resistance between aluminium support and adsorbent composites bottom side

is described with the heat transfer coefficient kP™. T is the process boundary temperature

. . . h . . .
which is set to the Hex inlet temperature (Tex];) and which corresponds to either the adsorption

or desorption temperature level. Due to the fast switching of the pneumatic valves, almost
constant temperature levels are established at the Hex inlet after few seconds. The temperature

measured between aluminium supportand composites bottom side Teap is the validation quantity

for the simulated heat exchanger temperature TP™. Furthermore, T| represents the

Z=Scdc
temperature at the lowest layer of the composites which is obtained from the distributed energy
balance outlined below. To reproduce the tailing of the measured temperature profiles, the inertia

of the Hex must be considered. For the aluminium hexagon Hex shown in Figure 6-14, these

parameters are mP™ = 21.06 kg /m? and Cgm =910 //kg /K.

As outlined previously, the laboratory adsorber has notbeen optimized for minimal passive mass
or gas phase hold up. Therefore, conservation equations of the adsorber gas phase are
additionally required. The decisive parameter influencing the duration of the pre-heating and pre-
cooling period and thus the switching times is the volume of the free gas phase V9%, In terms of
mass density and temperature, the free gas phase equations are given by (see equations (3-18) and

(3-20)

909%s ) .
y9as 9t = Mg/ — AcompMy, C-2)
gasygas gas .
(ansvgascgas _e MVW R) 67("% _ MeCp,e (Te — T94s) — Acompm’écg(T —T995) + )
R anas B
£ Tgasygas?e”
MW at

The thermal radiation between the free gas phase and adsorbent composites q9%° is neglected.
The adsorber gas-phase hold up (V9%%) was determined by equilibrium experiments in the gram-
scale setup. With the valves between the adsorber and evaporator open, the adsorbent
composites were initially equilibrated at a defined evaporator/ adsorber pressure p; and
adsorption temperature T;. Subsequently, the valves were closed and the temperature of the
adsorber was increased to T, causing methanol to desorb into the free gas phase untl an
equilibrium pressure p, was reached. With the adsorption isotherm and with the mass of the
adsorbent composites, the difference in equilibrium loading dX and the methanol mass desorbed
was calculated. Neglecting the small amount of increased methanol mass in the interparticle

voids, the volume of the free gas phase was calculated as follows, assuming ideal gas behaviour
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Vgas dx ” R
MW UCOmMP Py Py C-4

T, T

This type of equilibrium experiment was repeated several times revealing the volume of the free

gas phase to V9% = 2.1 L.

In the adsorption cycle, once the pressure conditions are satisfied, the pneumatic vacuum valves
open. For the model validation, the exchange flows Me/c between evaporator and adsorber as
well as adsorber and condenser are modelled with linear valve equations (see equation (3-19))

with B . being the fitting parameters describing the valve and MFM characteristics

Me,c = Acompﬁe,c (pg,%t - pgas). (C-5)

The experimentally determined mass flows, as well as the pressures in evaporator and adsorber

free gas phase, are used in the validation procedure.

The mass flux exchanged between the adsorbentand free gas phase is modelled with the effective
diffusion coefficient formulated with the Dusty-Gas model. The transport equation is
parameterized with permeation measurements (see section 4.4) and evaluated with the density

gradient at the top adsorbent layer (see equation (4-12))

do?
d{ z=0,

my = —D¢T (C-6)

The adsorber model is completed using the distributed mass and energy conservation equations

of the adsorbent composites as derived in section 3.2.3 (equations (3-55), (3-506), and (3-70)).

Evaporator & Condenser

The laboratory adsorption chiller is built without recirculation of refrigerant from the condenser
to evaporator, and the liquid hold-ups are quite large that the change of mass during an
experiment can be neglected. Therefore, no mass balances are used. The energy balances
describing the change of energy in evaporator and condenser (equations (3-24) and (3-25)) are
modified to represent the plant design. Kinetical resistance of the evaporation is neglected and

thus the energy balance for the evaporator is given by

Mecl, -~ = _MeAevaph(Te) + Qe; (C-7)
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with the heat flow Q. introduced to the evaporator from the external heat transfer medium
circuit. The mass of refrigerant as well as the heat transfer coefficient of the heat flow are

unknown and thus used as fitting parameters (k1 o and ko) for the evaporator energy balance

oT, 1 1 hf y
T (kpe (T = T,) = Modepaph). C-8)
g
kie
In equivalence, the condenser energy balance in the unit Watt is given by
oT, 1 1 hf y gas
= o (e 1) b (b o)),
RS

kic

with fitting parameters kq . and k,. and additionally taking the heat of condensation into

account.

In summary, eight kinetical parameters are used for fitting the model behaviour to the
experimental observations. For this, the dynamic profiles of the measured variables are used. The
fitting parameters and measured quantities used for the model validation are summarized in
Table C-2. At this point, it is noted that the comparatively large number of fitting parameters is
motivated by the setup of the laboratory plant. For the process simulations carried out in this
work, the process model is reduced in such a way that none of the fitting parameters appears in
the model, and solely the kinetical behaviour of the adsorbent composites is investigated. The
validation of the model is intended to show that the experimentally observed transient profiles

are reproducible with the process model.

Table C-2: Fitting parameters and measurement quantities used for the validation of the process

model.

Fitting parameters: khf} kP™ B., Be, kl,e) kz,e; k1,c; kz,c

(Transient) measurement and validation quantities: | mZxP, miw, peexP, péq;f, Te%:

Subsequently, the routine and procedure applied for the model validation are outlined.
C.1.4 Routine for model validation

For the validation of the process modela MATLAB [161] routine has been developed containing

the following main parts: Loading of the experimental data, extract boundary conditions for
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process simulations, initialize simulations with boundary conditions from experiments, define
initial values for the fitting parameters, process simulation to CSS, comparison of experimental
and simulation profiles in the least mean square sense, finish routine if termination criterion is
achieved or else start new simulations with adjusted fitting parameters. These steps are

summarized and visualized in the Flowchart in Figure C-6.

Initially, the experimental data set is chosen by defining the temperature levels and duration of
evaporation (t,) or condensation (t.) period. After loading the experimental data in CSS to the
MATLAB workspace, the data (F,xp) is interpolated to 1s steps (the recording rate of the data
logger is 10 Hz). From the data set, the boundary conditions are extracted. Besides the

hf

temperature of the adsorber heat transfer fluid inlet (Tgy,), the pressures in evaporator (pé3 xp)

and condenser (pce xp) are extracted. From these pressure values, the respective saturation
temperatures in the evaporator and condenser are calculated, which serve as boundary
temperatures for the process simulations. In the next step, the nonlinear least-square solver
(Isqcurvefit with ‘trust-region-reflective’ algorithm) is initialized by defining an initial guess of the
fitting parameters X as well as lower and upper bounds. Furthermore, the experimental input
data t with the observed output Fyp are passed to the least-square solver as well as a nonlinear
function fun(x,t) with solution Fyp, (x,t). In the least-square optimization, the coefficients x

are found which best fit the results from fun(x,t) to Fgyp, and thus solve the problem

2 2
ngcin“Fsim(x:t) - Fexp||2 = "gcinZ(Fsim(x; t) — Fexp,i) . (C-10)
i

In other words, the parameter vector X is searched for which minimizes the deviation between
the transient simulation and experimental data sets. In the next step, the four boundary
temperature levels (e, c, ad, de), as well as the durations of evaporation and condensation steps,
are passed to the sub-routine fun(x,t) containing four DAE solver calls (odel5s) for the
process simulation following the four partial steps of the adsorption refrigeration cycle (details of

the simulation procedure are given in section D.1).
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Load experimental data
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Boundary conditions
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Initial fitting parameter
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false

min
X

Figure C-6: Flowchart describing the routine used for validation of the process model with

experimental date from the gram-scale adsorption chiller.

Beforehand, the DAE solver tolerance, as well as the termination criterion for CSS, are defined.
The individual steps of the cycle are simulated following the experiments: evaporation and
condensation duration are adjusted in the respective solver calls with the respective durations
used in the experiment. In the pre-heating and pre-cooling phases, user-defined event functions
are applied to terminate the odel5s-solver as soon as the respective pressure conditions are
satisfied. Therefore, the duration of heating and cooling periods is not predefined but result from
the simulations in dependence of the heat and mass transfer kinetics as well as the gas-phase
hold-up. It follows, that comparison of the pre-heating and pre-cooling times of experiments and
simulations are good measures of the quality of the simulation model. In CSS, the simulation
terminates, and equidistantly spaced simulation results Fg;pp, (x, t) are obtained by interpolation of
the result vector following the spacing of the measurement data, which are used in the least-

square optimization following equation (C-10).
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C.1.5 Results of the model validation

The validation of the process model is discussed with the CSS of two experiments and
simulations with different dynamics conducted with evaporation and condensation times of
tec = 200s and t, . = 600s, respectively. Figure C-7 shows transient profiles of the pressure in

the adsorber, evaporator, and condenser as well as simulation results obtained with the dynamic

model outlined in section C.1.3. Furthermore, temperature profiles of passive mass and the

exchanged mass fluxes are plotted.
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Figure C-7: Experimental and simulation results of the adsorption cooling process with t,. = 200s

and temperature boundaries of T, = 15°C, T, 54 = 20°C, Ty, = 85°C.

The simulation results reproduce the experiments well Even details such as the temporary
pressure drop in the adsorber at the beginning of the heating period (at approx. 240 s) as well as
the switching periods are simulated precisely. Especially the dynamic states, e.g., pressure and

temperature profiles, can be reproduced well with the model. However, small deviations are
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visible when comparing the experimental and simulated mass fluxes and thus the integral mass

exchanged is slightly overestimated in simulations with short cycle times.

In addition, simulations and experiments at the same temperature levels with a cycle time of 600 s
are compared. Figure C-8 shows dynamic states as well as the exchanged mass fluxes. In
equivalence to the short cycle time, the experimental, transient states are reproduced quite well
with the process simulations. However, again, the simulated mass fluxes are slightly deviating
from the experiments. While the peak is slightly underestimated in the simulations, the mass flow

in the middle range is slightly overestimated.
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Figure C-8: Validation of process model with measurement results of an experiment with t,. =

600s and temperature boundaries of T, = 15°C, T, ;4 = 20°C, Ty, = 85°C.

The previous discussion shows that the distributed parameter process model is mathematically
capable to reproduce the dynamics of a real adsorption refrigeration cycle. To investigate the

influence of the adsorbent composite on process performance and to conduct a combined
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process and material design, the process model is reduced for the process simulations, solely

taking the kinetic parameters of the adsorbent composites into account.

C.2 Summary

Besides the adsorbent composite related parameters, a validated process model is crucial for

conducting representative process simulations.

A novel small-scale chiller has been used for the investigation of gram-scale adsorbent
composites under transient process conditions with flexible temperature conditions. In this setup,
the exchanged volume flow between evaporator/ adsorber and desorber/ condenser serves as
the measurement quantity which is used in the post-processing step to calculate the adsorption
and desorption rates. With this setup, carbide-derived carbon samples were investigated under
process conditions. The transient experimental profiles were the base for the validation of the
distributed process model derived in chapter 3 with the individually obtained material parameter
characterized in chapter 4. The process model was extended for the sake of describing the
experimental setup. Applying parameter fitting of simulation results to the transient experimental
profiles, a good accuracy could be obtained. It was also shown that physical details can be
represented by the process model, e.g., pressure undershoot at the beginning of the pre-heating

phase and the duration of the isosteric phases.

Since the combined material and process developmentis the aim of this work, whereby the focus
is on the resistances in the adsorbent composites, the process model is reduced for the process
simulations in such a way that only the kinetic influences of the composites are considered. Thus,
no specific component resistances (e.g., of the evaporator, the check valves, or the heat transfer

between Hex and composites) are considered.
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Appendix D.

D.1 Modelling scheme of adsorbent composites
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Figure D-1: Modelling domain of adsorbent composites containing adsorbent primary particles,
interparticle voids, and heat conducting additive (left); discretization scheme of the adsorbent

composites with exchanged mass and heat fluxes between adjacent elements (right).

D.2 Numeric, implementation strategy, and process boundary

conditions

D.2.1 Discretization of spatial derivatives

Finite Volume method

For the numerical implementation, the partial differential model equations (PDEs) need to be
discretized to obtain ordinary differential equations (ODEs). For that, the spatial first and

second-order derivatives are approximated using the finite volume method [162]. In each volume
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element, the states and variables are constant. The fluxes are formulated on the boundaries of

adjacent volume elements.

For the spatial derivatives of the adsorbent composites, a staggered grid is applied as shown in
Figure D-2 with two grids latterly shifted by half a volume element. One grid (e) denotes for the
states and variables which are averaged in each volume element AV = A¢omy Az, where A¢omy is
the composites cross sectional area. The other grid (X) applies to the fluxes on the volume
element boundaries. By that, the incoming and outgoing fluxes are balanced for each volume
element guaranteeing the conservation of mass and energy which is significant for cyclic

. . .. aq .
processes. For the diffusive terms (second-order derivatives, e.g., a—), central differences are used.
zZ

Exemplarily, central differences are applied for the heat fluxes in the composites on the grid (X)

and their gradients on the grid (e) as follows

T,+1—T
4= -2 el ©-1)
aq QZ - (.Iz—l
A =1z 1z71 )
ozl, Az ©-2)

At first glance, this notation is reminiscent of forward or backward differences. However, due to

the latterly staggered grid, these formulations denote central differences.

e z= 0 1 2 3 N,—1 N, N,+1
X Z= 0 1 2 3 NZ—Z NZ_1 NZ=SCDC
® variables:
* °
o T, Xz 0z -
- o—¢
x> x> x> x> x> g Xfluxes
mZ' qZ
S |
Az

Figure D-2: A staggered grid of N, finite volume elements with AV = A yp, Az. Fluxes are
formulated on the boundaries of adjacent elements (X). Constant profiles are assumed for the
variables within each element. Heat and mass fluxes can either be in the positive or negative
coordinate direction. The states can either be “transported” to the right or the left depending

on the flow direction.
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The same procedure accounts for the discretization of the mass flux and spatial mass flux

gradients.

. . . . 0
An upwind scheme is applied for the convective terms (e.g., ua—(z% to account for the flux

direction [163], which is generally written as follows

a_(p —ut Pz = Pz—1 +u Pz+1 — (pz.

-3
u 0z l, Az Az D-3)

. . . . 0T . .
For the convective enthalpy transport in the composites (mcp 5), only incoming fluxes change

the temperature of the respective volume element which is considered using two vatiables (a, )
accounting for the inflows. The convective enthalpy flux term is discretized as follows
aT . T 1—T, Tz41—T;

mc,—| = am,_,1Cy,_ + fm,c
PaZZ z-1%p,z-1 B zCp,z Az )

(D-4)
witha =1ifm,_ 1> 0andf =1ifm, > 0,¢lse,a = =0.

The convective terms accounting for the bed movementin the TMB setup are also discretized on
an equidistant grid in y-coordinate direction using a finite volume upwind scheme to guarantee

for numerical stability, e.g., for the first-order derivative of the temperature in the heat transfer

fluid

oTY  Tip, —T;
—Jtt D-5)
dy Ay

For the convective terms in the TMB setup, no flow reversal needs to be taken into account,

since the bed movementis solely in one direction.

D.2.2 Process simulations of 2-bed adsorption chillers - Numeric,

implementation strategy, and simulation environment

Numeric

The spatial (first and second order) derivatives of the adsorbent structure (z-coordinate) are
discretized with an equidistant grid using the finite volume method, with fluxes formulated at the
boundaries of adjacent discretization elements to ensure mass and energy conservation (also

known as staggered-grid as introduced previously).
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By discretizing the spatial derivatives of the PDEs, a set of ODEs results related to time, and

together with the algebraic equations a DAE-system is obtained of the form

BOXAD D= fr x40, %0
0=g0,x,At), D-7)
y(to) = yo. (D-8)

¥, x, and 4 are vectors of the dynamic variables, algebraic variables, and independent model
parameters, respectively, t is the tme, f and g are vectors containing the differential and
algebraic equations, and B is the left-hand side matrix which is singular for a DAE system. The
DAE system allows the calculation of the solution vector y in dependence of space, time (for the
dynamic models), and of the model parameters A. An example of a DAE system is the

distributed parameter model outlined in section 3.2.3. To obtain the solution vector, the DAE

needs to be solved by time integration with a DAE integrator.

Process modelling and simulation tool

The initial value problem in equation (D-6) with consistent initial values yq(to) is dynamically
solved for the solution vector Y by time integration using the MATLAB solver odel5s for
numerically stiff problems. An absolute and relative solver accuracy of 1 - 107> is used. For fast
investigation of different parameter sets the code is parallelized using a MATLAB function. The
different parameters are varied in nested for loops whereby the outer loop is used for varying the

process cycle time with a parfor loop.

For the solution of the DAE-system, the right-hand side function is subsequently solved three
times within one cycle with the odel5s solver. The solution vector obtained at the final execution
time of the previous solver call serves as input for the next solver call. Initially, the pre-cooling
period of the adsorber is simulated which is accompanied by a pressure decrease. An event
function is used to terminate the solver as soon as the pressure in the top composite layer reaches
evaporator pressure. The final execution time serves as starting time for the subsequent
evaporation step. After reaching half of the cycle time t¢y/2, the solver terminates, and the pre-
heating and condensation steps follow in the third solver call. Opening the valve between the
evaporator and the adsorber causes a sudden increase in mass flux. At this point, the Neumann
boundary condition at the top layer energy conservation equation is changed to a Danckwerts
boundary condition (see equations (3-76) and (3-77)). By that, the transient temperature profile

experiences a step resulting in a stiff DAE system. Stiff differential equations are numerically
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challenging, especially when applying implicit multi-step solvers. By using a pressure event-
function for the pre-cooling step, the point in time of valve-opening is detected, the solver
terminated, the boundary conditions are changed, and the solver starts again with consistent
initial values. Thus, the discontinuity is detected, and the numerical stability is increased. In the
last solver call, the pre-heating and desorption steps are simulated. For the pre-heating phase, no
event-function is required since the opening of the valve between adsorber and condenser solely
evokes a mass outflow and thus the boundary condition is not changed. Subsequently to the third
solver call, the three result matrixes are appended resulting in the solution matrix containing the

transient state and algebraic solution variables of cycle i.

After every cycle i, each entry of the final state solution vector y; is compared with the final
solution vector of the previous cycle y;_1 calculating the maximal deviation between two state

variables. This value gives the maximal relative and absolute error serving for the determination

of CSS

||Yi| - |J’i—1||

) <1-1073, D-9)
|yi|

Erree = max (

Erraps = maX(||y,-| - |yi_1||) < 1-107°, (D-10)

If one of the criteria is reached, the simulation aborts, the results in CSS (of the last three solver

calls) are saved to a result file and the simulation is finished.

Process boundary conditions and fixed parameters

To reduce the free parameter space, some process conditions and the temperature levels were
held constant in the simulations which are listed in Table 3-1. In addition, the number of grid
points and the initial material model parameters were fixed according to Table D-1. It is
important to take the inert mass of the Hex into account to simulate the proper dynamic of the
process. Throughout this thesis, a specific mass related to the cross-sectional area of the CDC

composites is used to account for the passive mass.

Table D-1: Set of parameters kept constant in the simulations of the idealized two-bed adsorption

refrigeration process (unless otherwise indicated).

grid points CDC-composites ‘ N, =120

initial material model parameters | See Table B-6
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D.2.3 Multi-bed process simulations - Numeric, implementation strategy,

and simulation environment

Numeric

The mathematical models of the SMB and TMB adsorption cooling process introduced in
chapter 7 have a similar mathematical structure containing algebraic equations, ordinary
differential equations (ODEs), and partial differential equations (PDEs). The structure of the

transient TMB model is similar to that of the SMB model, but the differential equations of the

TMB approach include additional convection terms with uP¢® to describe the transport in the

moving bed.

The spatial (first and second order) derivatives of the adsorbent structure (z-coordinate) are
discretized with an equidistant grid using the finite volume method, with fluxes formulated at the
boundaries of adjacent discretization elements to ensure mass and energy conservation
(staggered-grid, see Appendix D.2.1). This discretization method is the same as used for the
adsorbent structures in the 2-bed process model. Furthermore, the spatial derivatives of the TM B
in moving bed direction (y-coordinate) account for the convective flow of the AdHex and
counterflow of heat transfer fluid. Due to the strictly convective transport in the moving bed
direction, a first-order upwind scheme was used to guarantee numerical stability. However, due to
the truncation error of the first order discretization, numerical dispersion occurs. Due to
numerical dispersion, the solution of the TMB slightly underestimates the SMB solution. The
method of characteristics was used in an example to prove that without numerical dispersion the
TMB solution is the limit of the SMB solution for a high total number of adsorbers (see
Appendix D.0).

As indicated in the introduction of chapter 7, the major advantage of the TMB model is its
steady-state nature and the associated considerably lower cost of solving the model for the
steady-state solution. The steady-state TMB model is obtained from the differential equations in
section 7.1.2 by setting time derivatives to zero resulting in a DAE system with spatial derivatives
of the state variables. By applying the discretization methods outlined in Appendix D.2.1 on the
first and second-order spatial derivatives, the DAE is reduced to a large set of nonlinear algebraic

equations (NLAESs) of the form

h(y,2) =0, (D-11)
with the state vector y(,z) being a function of the positions in the adsorbent structure (z) and

moving bed (y) and h the vector function containing the nonlinear algebraic equations. To obtain
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the solution of the state vector, the NLAE system needs to be solved with an appropriate
numerical solver. In a further step, the steady-state solution of the NLAE system Ygs = ¥o(4g)

serves as consistent initialization for the parameter continuation solver

h(yo(4),2¢) = 0. (D-12)

By varying one entry A of the parameter vector 4, the cutrent state of a model changes. The
principle of parameter continuation is discussed in detail by Krasnyk in his thesis [164] and is

briefly outlined in the following:

1. Specification of consistent initial values h(y(o),/l(o)) =0.

2. Prediction of a new state Y (g41) close to the solution branch y(4) via a predictor step at
Atk+1) = A(k) T AA(k). The step size AA(y) can cither be fixed or increased according to a
predefined rule. The index k represents the respective predictor step.

3. Cotrector step of the predicted state ¥(g4+1) = Y (k+1) to the solution branch y(4).

4. Termination of the parameter continuation if the variation interval A € [Amin, Amaxl is

completed or the maximal number of continuation steps is reached.

Important parameters of a continuation solver are the initial step size 44(g), the maximal step
size AApqay and the direction of the parameter continuation (to lower or higher values of 4). In

regions of the solution branch with small gradient dy/dA, larger steps AA(g) can be used.

Standard predictor methods are the dassical predictor or the tangent predictor as shown in Figure D-3

for one state variable y.

Fy Aary)
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Figure D-3: Schema of classic (left) and tangent (right) predictor method to predict a new state vector

¥ (k+1) close to the solution branch [165].

The predicted states used in the classic predictor method are Y(g4+1) = Y(k)- For the tangent

predictor method, the gradient Yy at (¥ k), A(k)) is used and the predicted states are
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Y+1) = Yo + DAY ), (D-13)

(Y rw)  dy

AT - 2 14
R, (Yo Ago) dA (B9

J’Ek) =

h, and R}, are derivatives of the non-linear algebraic equations according to the parameter A or
the state variables Y, respectively. The corrector step is solved iteratively with a Newton method
with the predicted states as starting value. The index § counts the number of Newton iterations

and the index k the number of predictor steps. The classical Newton method is of the form

h(yl&k+1)'/1(k+1))
h& (J’%k+1)fl(k+1)).

(D-15)

}’bﬁn = YEk+1) -

Process modelling and simulation tool

To solve the dynamic DAEs or steady-state NLAEs to obtain the solution vector of the state
variables, the equations need to be implemented and solved with appropriate solvers. Profound
discussions of the modelling and simulation environment used in this work for the multi-bed

adsorption refrigeration processes as well as the implemented solvers are given in [164], [166].

The system of equations was implemented in the object-oriented modelling tool ProMoT using
modelling definition language (MDL), from which the symbolic model information is translated
into C++ simulation code. The simulation environment Diana is a platform for dynamic
simulations and nonlinear analysis of DAEs or calculation of NLAEs, providing efficient solvers
for dynamic simulations, parameter continuation, and optimization [167]. Dynamic solvers were
utilized to solve the models dynamically SMB model and transient TMB model) and steady-state
solvers were used to solve the NLAE (steady-state TMB model). The scripting language Python
is used to organize the simulation environment, e.g., organize the switching events in the SMB

model.

In this work, for solving the DAEs (SMB and transient TMB model), the IDA solver by Sundials
was applied, which uses a variable order, variable-coefficient Backward Differentiation Formula
(BDF) integration method [168]. The nonlinear analysis and parameter continuation of the
steady-state TMB model is done by a predictor-corrector method with a tangent predictor. A
damped Newton method with a line search algorithm is implemented in the solver and has been
used as a corrector method [164]. Parameter continuation of the residence time of the moving

bed is used for the calculation of steady-state solution branches.
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The python-based simulation environment was built in a way, that the desired model, parameter
settings, and simulation strategy can be chosen in the main file. Depending on the selected
settings, the appropriate ProMoT files are called and compiled to C++ simulation code using the
mdl2diana command. Subsequently, the simulation code is solved dynamically for the cyclic
steady-state solution, or by applying parameter continuation. The reporting interface is adjusted

so that the desired model variables are saved to MATLARB files for post-processing.

Solution strategy of SMB and TMB simulations

The modelling tool ProMoT provides object-oriented modelling, allowing for aggregation of
submodules to a parent composite model unit and inheritance of modelling units of other
modules [166]. Specifically, once a module has been defined, its properties can be inherited by
other modules, or the module can be multiplied. Thus, one single adsorber module based on the
SMB model is defined and a multi-bed process with any number of beds can be created by
multiplication. However, recalling the structural similarity of the two modelling approaches, and
to develop a TMB model consistent with the SMB, the whole set of differential and algebraic
equations was defined in one ProMoT module and the distributed equations were indexed for the
adsorbent structure and the adsorber number (SMB)/ position in the moving bed (TMB). Since
the only differences between the two model approaches are the convective terms with uP¢% in
the differential equations, a discrete switching variable is used to switch between the two models.
In the case of an SMB simulation, the switching variable is set to 0 before compilation, in the
case of a TMB simulation, it is set to 1. In addition to the ProMoT module containing the
algebraic and differential equations of the adsorbers, modules for the evaporator, condenser as
well as parameters of the appropriate modules are defined. The ProMoT modules containing the
parameters  are  inherited to  the appropriate  submodule.  Exemplarily, the
“parameters_evaporator.mdl” module is inherited to the “evaporator.mdl” submodule, and so

on.

To calculate multi-bed adsorption refrigeration processes, the coupling between adsorbers and
evaporator as well as adsorbers and condenser according to the process setups in Figure 7-3 is
needed. This is obtained by defining input and output variables. Exemplarily, the saturation
pressure of the evaporator is calculated as a function of the evaporator temperature in the
evaporator module and defined as output for the adsorber module. Here, the evaporator pressure
is defined as the input variable used to evaluate the pressure condition which defines whether a
mass flux is provided by the evaporator or not. The mass flux, however, once the pressure
condition is fulfilled, is determined by the density gradient in the top layers of the adsorbent

structure, and thus calculated in the adsorber module. Therefore, the mass fluxes of each
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adsorber module are provided as output variables for the evaporator and summarized in the

evaporator module to the integral adsorption flux used to calculate the cooling power.

After compilation of the model, it is appropriately solved depending on the predefined settings.
For both model approaches, a consistent set of initial values is predefined which is called
beforechand simulation. Furthermore, the reporting interface is adjusted depending on the

variables to be saved.

First, the solution strategy of the dynamic SMB model is outlined. The large DAE system
containing the model equations of all adsorber beds, evaporator module, and condenser module
is dynamically solved for the residence time Tg, of each adsorber at one position j. Thus,
according to equation (7-13), the time set for the simulations depends on the predefined process
cycle time t¢yc and total number of adsorber modules jyqy. Once the solver has reached the
predefined time and is finished, a subroutine is called increasing the position index j of each
module of all dynamic states (X (Z),Q}? (Z),Tj(z), ijm) by 1. The index of the states of the last
module Jpmayx Is set to 0 according to the boundary conditions in equation (7-12). The position
index of the heat transfer fluid velocity Tjhf is not adjusted, the direction and velocity of its
movement is rather defined by the predefined fluid velocity. By this, the movement of the
adsorber modules in counterflow to the heat transfer fluid is achieved following Figure 7-1. After
(Tsw * Jmax) solver calls, each adsorber module reaches its starting position completing one cycle.
After every cycle i it is checked whether CSS has already been reached by comparing the state
solution vector y; with the solution vector of the previous cycle y;_1 in accordance with
equations (D-9) and (D-10). If ecither the relative or absolute tolerance has been reached, the
simulation breaks, the results in cyclic steady-state (of the last solver call with Tg,,) are saved to a
Matlab file and the simulation is finished. Only the results of the last solver call are saved to

reduce the file size. The solution is assembled and visualized in post-processing over an entire

cycle.

The size of the DEA system linearly increases with the number of adsorber modules, and thus,
the greater the amount of adsorbers, the higher the simulation effort. Additionally, the switching
periods T, decrease if more adsorber modules are simulated. Practically this means, that the
dynamic solver is interrupted more often during a cycle with many adsorbers compared to a
simulation with fewer adsorbers. Due to the implicit integration method with small step sizes at

the beginning of each solver call, many short solver calls are numerically more expensive than
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one solver call with a long cycle time. Thus, it can be summarized that the simulation time even

increases over-proportionally with the number of adsorber beds.

The solution strategy of the TMB model involves similar approaches. After loading the set of
consistent initial values, the spatially discretized, transient TMB-model is solved by time
integration for the solution of the state vector y using the dynamic IDA solver. However, in
contrast to the SMB simulations, the execution time of the solver is always set to the bed

residence time tP€4

according to equation (7-21), independent of the number of discretization
points of the moving bed. This continuity is one advantage of the TMB model compared to the
SMB model, allowing an implicit solver to take larger steps using its step control. When the
solver has successfully executed after T2€%, the error considerations in equations (D-9) and
(D-10) are applied, checking whether the cyclic steady state has been reached. If not, a new cycle
is started. When cyclic steady-state is reached, the dynamic simulation breaks, and one last solver

call with a steady-state solver is conducted solving the system of NLAEs of the steady-state TM B

model (see equation (D-11)) with the solution from CSS as initial values

Y©0) = Yss = Yecss: (D-16)

Finally, the results of the steady-state solution are saved to a MATLAB file, and the simulation is
finished.

This steady-state solution of the TMB model is further used initializing the parameter

continuation solver to calculate solution branches for a variable bed residence time

h(yo(z5¢%),7b4) = 0. (D-17)
For initialization, a steady-state solution is calculated with a residence time of T g ¢d =300 s and
a variation interval of 7P€ € [40s,2000s] is chosen for the parameter continuation.
Furthermore, the initial step size of the predictor step is chosen to be Ad(g) = 11075 and no
limitation is set to the maximal step size. The initial direction of the continuation on the solution
branch was chosen to be towards shorter residence times. For the corrector steps solved with a

damped Newton method, a tolerance of 1 - 1076 has been used.

In the 2-bed process simulations used for the combined process and material design, the number
of discretization elements of the adsorbentis of crucial importance to resolve steep gradients and
to be able to simulate large layer thicknesses (see chapters 5 and 06). For the multi-bed process
setups, however, a fine resolution of the bed coordinate (y) is also crucial. The fine, spatial

resolution of the bed coordinate is even more important, especially when investigating the heat
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recovery strategies in section 7.4. Contrary to the 2-bed setup simulated with MATLAB in the
cause of structural adsorbent design, the optimal layer thicknesses in the multi-bed setups are

much thinner resulting in flatter gradients. Based on these considerations and after conducting a
grid study, the number of discretization points of the adsorbent structure (z-coordinate) was
fixed to N, = 30 grid points for the SMB and TMB models. In the TMB bed direction, N,, =
100 grid points are used spatially resolving the model. For the SMB simulations, the amount of
adsorber modules is varied from 2 up to 100. With more grid points, either in y or Z, accuracy

increases. However, higher numbers of grid points increase computational effort. Therefore, a

compromise between accuracy and computational effort was chosen.

Post-processing and visualization

Post-processing and visualization are done with MATLAB. In the case of an SMB simulation, the
results of all adsorber modules (j € [1, jmaxl) are saved over a duration of the switching time
Tgw In a matrix of dimension (Jgx X Tsy), Where the number of rows is equal to the number of
execution steps of the dynamic solver, which are non-equidistant. The solution matrix is
rearranged so that the solutions of all modules j are appended in one array. This array is equal to
a solution array of one module j which has passed all positions during a whole cycle with cycle

time ey

For comparison, the results of CSS of the transient SMB are visualized versus the normalized
cycle time a module requires to pass through the whole cycle. The solutions of the steady-state
TMB simulations are visualized versus the normalized length of the moving bed. The transient
resolution of the SMB then equals the spatial resolution of the TMB. Results are discussed in
depth in section 7.2.

Set of parameters used in the simulations of the multiple-bed setups

The 1+1-dimensional TMB model is used to evaluate the steady-state solution of adsorption
cooling machines with varying adsorbent layer thickness and residence time of the moving bed.
Parameters that were fixed in the TMB simulations are listed in Table D-2. Besides Ny, Ngqs and

Nges, the same values were used in the SMB simulations.

For the parameter continuation of the steady-state TMB model, the initial solution was calculated

with the transient TMB DAE model to CSS with a tesidence time of T2¢%¢ = 300 s, which is

Lbed
thed

bed —

equivalent to a bed velocity of u = 0.025 rs_n Starting from the initial solution,
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parameter continuations were carried out to calculate solution branches as a function of residence

time in the range from 72¢4 = 40 s to T2¢¢ = 2000 s.

Table D-2: Set of parameters that were kept constant in the multi-bed simulations (unless otherwise

indicated).

grid points CDC-plates N, =30

grid points TMB (y) Ny = 100

gtid points adsorption zone | N, 45 = 50

gtid points desorption zone | Ny, = 50

bed length LPed =10 m

Temperature levels See Table D-1

Material model parameters | See Table B-6

D.3 Pseudocode for spatial porosity distribution in the triangular

material model

In chapter 6, material design is performed for the application in adsorption refrigeration by the
structuring of adsorbent composites. For that, triangular prism-shaped heat-conducting ribs and
macroscopic mass transfer channels are used. For the digital material design, the local porosity
distribution is correlated with the local material and transport parameters of the composites. The

spatial porosity distribution is calculated with the short pseudocode outlined in the following.
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h
mha — 0— gbgttom
sha —0

" (2) = efyom +zm"?
ifeh(z) = 0 Ebottom {

eha(z) = eh?(2) Sgop/z

|
else ha c ha c+ma
& Z

gha(z) =0 ( S S € (2)
end 17 1
if z < s¢(no transport channels) " [ Efgp "

a ] c

e(z) = (1 - sha(z)) oy €pottom -- Etop
else (transport channels) ma gha,

e = Efop—e€(z=5°) €exp — " _ma |)_| --£°(s°)

1-s¢ exp

e(z)=¢e(z =5+ 0-
mé(z— s°) 0 1 z
end

&(z) =1—-eM(z2) —e(2)

Figure D-4: Pseudocode to calculate the porosity distribution of structured composites (left) and

examples of structured composite and the respective straight lines (right).

D.4 The thermodynamic potential of heat recovery in adsorption

cooling

The idealized thermodynamic cycle of an adsorption heat pump as well as the performance
evaluation criteria are discussed in sections 1.1 and 3.1. However, the thermodynamic maximal
heat recovery potential in such heat transformation processes has not yet been addressed. For
this, the thermodynamic model introduced in section 3.2.2 is evaluated and the results are

discussed in depth in this section.

In adsorption refrigerators, the heat required to heat the sensible masses and regenerate the
adsorbent is provided by an external source. The heat removed during the pre-cooling and
evaporation step is transferred to an external sink. If the temperature levels of supply and
removal overlap, heat transfer between different adsorbers can be used as a heat source in the
desorption half cycle. To analyse the heat recovery potental (hrp) of adsorption refrigerators, the
method presented by Schwamberger [119] and summarized in section 3.2.2 can be applied. This
provides a methodical approach to pre-select and evaluate material pairs, adsorbent mass,
temperature levels, and design concepts for adsorption heat pumps. However, since this is an

equilibrium-based approach, the method only indicates the thermodynamic maximum efficiency
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that can theoretically be achieved. In this work, the maximum efficiency is used for comparison

with the performance of the multi-bed setup.

Applying the theory of Schwamberger and assuming for a driving temperature difference of
AT = 0 K, the maximal amount of latent and sensible heat to be recovered has been calculated.
As an example, the heat recovery potential for CDC composites with a thickness of S¢q. =

3 mm and with the material parameters outlined in Table B-6 is shown in Figure D-5.

n AT =0 K, 8.9. =3 mm T AT =0 K, 8.0 =3 mm
-\,M 25 r M 8 -
g 5
=7 %7 S —
T~ ~—
g 15 [ llatent Ads 2
‘i:: [ latent Des ‘:Q 4
< 10 latent hrp ey
-'G"—J- f"i [ Jsensible Ads
8 5t 8 2f [ Isensible Des
& % [ Jsensible hrp
o 0 - - ‘ e 0 ‘ ' ' : - :
1= 300 320 340 360 = 300 310 320 330 340 330 300
temperature TH /K temperature T /K

Figure D-5: Latent (left) and sensible (right) heat provided during the adsorption half cycle and
required during the desorption half cycle, respectively, as a function of the heat transfer fluid

temperature. The intersecting area represents the heat recovery potential (hrp).

In this example, with the specific mass of the Hex (mP™ = 4 kgm™2), a significant amount of
the heat required in the desorption half-cycle must be supplied for phase change from adsorbate
to adsorptive, whereas a large part of the heat provided during the adsorption half cycle is latent
heat. This can be quantified using the Bowen ratio (Bow), which describes the ratio of sensible to
latent heat. The Bowen ratio depends on a variety of parameters such as adsorber design (mass of
adsorbent, heat exchanger, and heat transfer fluid), the adsorption pair, and the operating
conditions (cycle time and temperature levels) [147]. Considering the example shown in Figure
D-5, Bow is similar in the adsorption and desorption half cycles with Bow®4S = 0.43 and
Bow@€S = 0.46 respectively. However, due to the varying temperature levels at which the phase
changes take place, only a fraction of the latent heat can be recovered. This can be quantified
with the Bowen ratio of the heat recovery potential which results in Bow™P = 0.96. Thus, in
this example, the heat recovery potential can be attributed to half of the latent heat and half of

the sensible heat.
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The integral heats provided in the thermodynamic analysis can further be used to calculate
theoretical COPs with (C OP,ffgo) and without heat recovery (COP"€°, see equation (3-1)). For
the example shown in Figure D-5, the theoretical COP without heat recovery can be increased by

a factor of 2.7 if the entire heat recovery potential is used.

Ge

COPtheo(s .. = 3mm)=————=0.64 (D-18)
cae Gheat T qdes
COP theo
COPE (500 = 3mm) = Qe - — 1.64 (D-19)
Gheat + Qdes — Qnrp 1-r

By summarizing latent and sensible heat, the heat recovery potential can be visualized as shown
in Figure D-6 (left). By increasing the adsorbent thickness from S¢q. = 3 mm to S¢q. = 10 mm,
the profiles are qualitatively identical, only the scale differs. Due to the larger amount of

adsorbent and, thus, the higher amount of latent heat, the Bowen ratio of the heat recovery

potential decreases to a value of Bow™P = 0.73 for the 10 mm composites.

T AT =0 K, 85.49. =3 mm T AT =0 K, 5,4, =10 mm
A 30 — A 100 1
rli. / // JAds :\\; /\/, [ ]Ads
,E - 1 Des ,E 80 f | Des
=< 20 [T = et
Py ] s [] ()0 [
s =]
E T 40
& 10t &
g g 20
2, 2,
w w
o 0 : - ‘ e 0 - - -
= 300 320 340 360) = 300 320 340 300)
temperature TH /K temperature T /K

Figure D-6: Total heat required in the desorption half cycle, provided heat in the adsorption half

cycle, and recoverable heat.

Interestingly, CO Pht,f;fo does not change by a variation of the layer thickness, which is due to the
fact, that an increase in COPt"® is accompanied by a decrease of . In other words, the greater
amount of energy released and recovered during the adsorption half cycle is to the same extent

required in the desorption half cycle.

de

— 1 069 (D-20)
Gheat T Qdes

COPtheO (SCdC =10 mm) =



COPtheo
COPT (Scac = 10 mm) = ——— = 1.64 D-21)

Hence, this thermodynamic analysis provides a method to calculate the maximal achievable
efficiency for given adsorption isotherm, temperature boundaries, and adsorber design. Thus, it
indicates the process’s potential if only equilibrium plays a role. In real adsorption processes,
however, kinetic effects are important in addition to equilibrium. In particular, the heat and mass
transfer in the adsorbent structure is of crucial importance. With increasingly transport paths
(layer thicknesses), the transport resistances have an increasing effect. The consideration of
transport effects is therefore important for a correct estimation of process performance and

efficiency, which requires a spatial resolution of the adsorbent structure.

D.5 Derivation of True-Moving-Bed model equations
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Figure D-7: Segment of the TMB with the spatial distribution of the adsorbent composites and the

moving bed direction.

Figure D-7 shows a segment of the TMB containing the spatially resolved adsorbent composites

(adsorptive, adsorbent, binder, and adsorbate) and the heat exchanger flat tube. The movement
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of the TMB takes place with the velocity u?¢? in counterflow to the heat transfer fluid, which
moves with the velocity u/. In the heat recovery zone, the Hex of adsorption and desorption

zone exchange the heat fluxes ¢ ™.

In the derivation of the TMB model, the dimension is reduced by averaging over the width of the
adsorbent bed (coordinate x) using the nomenclature shown in Figure D-8. Diffusive transport
along the axial y-coordinate is not regarded since the aim is to approximate the (separated) SMB
modules. Consequently, the derivation results in a one + one-dimensional model, taking mass-
and heat-transfer over the adsorbent height and convective transport of the moving bed into

account.

) Micropotes/ (solid) heat
voids (v)  adsorbate (ad)  adsorbent (s) conducting

\ additive (ha
-

Figure D-8: Nomenclature for averaging over the x-coordinate in the TMB model approach.

D.5.1 Equation of continuity for adsorbent composites

® Transportin the moving-bed y-direction is convective with a constant velocity vy, = ubed,

e In z-direction no mass transportin heat additive, adsorbent, and adsorbate phase.

E+V'Q5=O (D-22)
v-m
Adsorptive/ gas in void phase:
%00V & omy “omy *omy

.f Q dx+J- de+J~ ydx+1- Zdx =0 (D-23)

0 at 0 0z 0 ay 0 0x
do? omy omy ) o4
a+ a+ a+mi_,=0 (D-24)

dat 0z dy

With the adsorbentbed width Ly and €™ = a/Ly = V™ [V oy
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_dg” N demary 4 gma am; N 1 —0 25)
T 0z 7 oy Lxmx @ ®
Adsorbate in terms of adsorbate density per unit volume of micropores §%4:
a ~ad b dmad b 5mad b ormad
f 2 dx+f Y dx X dx =0 (D-26)
a 0z a Oy a Ox
9 ~ad amad amad
(b - @)+ (b — )+ 22 (b — @) + i, 1, = 0 -27)
y 0,bc
With €™ = (b — @) /Ly = V™ [Veomp
,00%% de™imndd L
- 4 - d 2
e ot T 0z Te dy L, Mx=a (D-28)

0, no transportinz

In the direction of the moving bed (), solely convective transport with constant velocity is
regarded in analogy to the discrete movement of adsorber modules in the SMB approach. The

mass flux in y is given by

V-h=V-ob (D-29)

Hence, the adsorbate material balance can be rewritten

] ~ad a ad 1
gmi n + vy e™ g; =L—m,%2a. (D-30)
X

With the loading X and the bulk-density 0?*¥, we can write

mizad mi M°X M°X bulk
gMpat = ¢ yad _Vcomp = Xp""r, D-31)
Hence, the adsorbate material balance follows to
0X X 1
bulk __ bulk,, — sad
+ o (D-32
Q at Q ay Lx mx—a )

To describe the exchange mass flux between interparticle voids and pores in adsorbent particles
m¢d,, an LDF- approach is used, with the difference between equilibrium loading and loading
serving as driving force. By using the LDF-approach, the total transport resistance of the

adsorbent particle is transferred into the boundary surface. With



Appendix D. 250

1 $ 1

s 1o A— eq _ R eq _ bulk

My=q Lx kLDF(X X) ALbedScdc Lx kLDF(X X)Q (D—33)
MS/Vabs

the adsorbate material balance is given by

0X 0X
Qbulk% + Qbulkvy@ = kLDF(Xeq — X)Qbulk_ (D-34)

Adsorptive + Adsorbate

With the boundary condition

Mg, — mi=q = 0, (D-35)

the final material balance of adsorptive in the voids results from equations (D-25) and (D-32)

90" Bemiy oY, oxX 0X

With equation (D-34) and m¥, = @"vy, = @"uP®%, it can be simplified

9o¥ QeMApV do?
ma 4 + z + gmaq bed ai)] + kLDF(Xeq —X) Qbulk = 0. (D_37)

at 0z

D.5.2 Equation of change for energy

dou 5
%+V~(guﬁ)+l7-q+pl7-ﬁ=0 (D-38)

With u = h — p /g and mass flux vector m = ov,

doh Op 5 -
9o 9P o (Z TR —BVp = 0. (D-39)
Eyaime +V-(q+mh)—9vp=0

Assumptions:

e Solely convective transportin the y-direction. No mass transport in adsorbent, adsorbate, and
heat additive over the height of the composites.

e No heat conduction in y-direction since separated SMB-modules are regarded in the TMB-

approach.

Heat additive:

d d - d - d
d (Qh) ha f aq ha f aqga f ha ohha
2 dx 4 x , | — (D-40)
fc ot dx ) 3 dx ) 3 dx ) Uy 0 3 dx=0
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dhha a(d — ¢)gha dhha
o"e(d —c¢) +qhe, —qgha + %‘F (d = )vyehe by 0 (D-41)
0

With e"@(2) = (d — ¢) /Ly = V[V, oy, dh = cpdT

aTha aehaq'gta aTha qhg
haphaha”___ _ 1X=C _ -42
T PR iy P

ghthaC{?La

Solid adsorbent (corresponding to true adsorbent density):

€3 (oh)s Jcaq; fcaq;‘ fc Ohs
s - 43
L at dx + . ox X | 5z dx + A V)0 3y dx =0 (D-43)
: a(c — b)gs ohs
o5(c — —qi-p+ T + (c — b)vy0° 3y =0 (D-44)

With £¥(z) = (c = b) /Ly =V* [Veomp, dh = ¢, dT and £50° = £5¢° = (¢ — a) /L,.0°

oTS  deSqs o 0TS ic—d3,
cy T + 57 +vy£Qcpay+ L

é’SéS

=0. D-45)

Instead of volume fraction times density of the solid adsorbent (£%9¢%), the appatent volume
fracton times apparent density (§50%) is used, which has the same value but is experimentally

more easily accessible.

Micropores/ adsorbate phase:

e Adsorbate s treated as an ideal fluid.

e Instead of the true adsorbate density, the apparent adsorbate density §%¢ is balanced
describing the adsorbate mass per unit volume of micropores. Thus, the adsorptive phase in
the micropores is not explicitly modelled but rather a quasi-homogeneous micropore balance

with a neglected hold-up in the gas phase.

—~ad.\24 ad(=ady\*4
fba(Q h) dx fbap d f aqx d +f an d fb avx (Q h) dx_l_

a ot a ot a O0x
b a(@'adh)add b ad ap I pa d (:D‘46)
favyT x—fav —fvya x=0
~ad ad ad _\sad ~ad ad
(b—a) 28R _ ( — q) B 20DE | () _ gy, 2
at ot 0z dy (D-47)

) apad-l_ = ad _( ad~adh)ad +( ad )ad =0
a Uy_ay 9dx=p Ux ™0 x=a Ux "Plx=a

With €™ (z) = (b — a) /Ly = V4V omp, for an ideal fluid dh = c,dT + 1/odp and m$d =

ad zad
Ux ™0
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d ~ad d
ml<had aQ + @'adcgda’g: >_|_ agmlqz + mlvy<had a ~adcadaTa >

ot P oy
qg— (m dh)x—a + ( p)x—
+
Ly

= 0.

252

(D-48)

With (mass) specific loading X and the spatial dependent bulk density @?*¥ describing the local

mass of solid adsorbent to the sum of the local volumes of all phases

MS(D)X  MS(2)X

gmi(z)éad — gmi(z) Vad — 7 — XQbulk(Z)_
comp
Then, equation (D-48) follows to
)¢ oTed Qgemigad ) oTad
bulkhad_ bulk adX z bulkhad_ bulkX ad
0 T +0 Cp T + 57 +vy,0 3y + V)0 Cp 3y
| dxtp = OREIWE, + WP, _

Ly
Adsorptive:

e Heat conduction is neglected in the adsorptive phase.

e Adsorptiveis treated as anideal gas.

v 0
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With e™3(z) = a/Ly,p’ = 0*T’R/MW and dh = c,dT
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dz Ly Ly
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Following, the individual energy equations are summed up to a quasi-homogeneous energy
equation of the consolidated adsorbent composites in the TMB-approach. Hereby it is assumed,
that the temperature variation over the height of the composites is much larger than on one level

and thus each layer of the composite has a quasi-homogeneous temperature

T|, =T"|, = T%|, = TS|, =Tha|,. (D-55)

Quasi-homogeneous balance: Heat additive and solid adsorbent

With the heat transfer boundary condition at the interface of heat additive and solid adsorbent

phase

G3=c — 412 =0, (D-56)

the quasi-homogeneous energy equation of adsorbentand heat additive results in

aT a gha 4 gs)ghats oT
(ghagha ha_|_ é:s~scp) ( )q + Uy(EhthaC{,La-l—gS@SCIS,)—
0z dy
g5 D-57)
x=b
——=0.
Ly

Quasi-homogeneous balance: Heat additive, solid adsorbent, and adsotbate

Heat transfer through the interface between solid adsorbent and adsorbate at point b (see Figure

D-8) is described with the heat flux §,=p. Using the boundary condition

432y — dz=p =0, (D-58)
equations (D-50) and (D-57) are summed up to the quasi-homogeneous energy balance of heat

additive, solid adsorbent, and adsorbate

a(gha+gs+£mi)qlzla+s+ ad

(e haghacha gs§sc + bulke adX) T+ obulk pad ‘”t( n ;:;Z n
a Qbulkhad _|_ » (ghagha ha+§s§sc +QbulkXCad) D-59)
o, N
Ly
According to the closing condition Z]- g =1
1—gMma=chay sy emi (D-60)
— 5

Quasi-homogeneous balance: Heat additive, solid adsorbent, adsorbate, and interparticle void
space




Appendix D. 254

Finally, the adsorptive macropore energy equation is added to equation (D-59) using the
boundary condition at the interface of interparticle macropores and micropores in the primary

particles

(i) Y=a — W¥P)i=a — (MW7, + (W) 2, = 0. D-61)

Summation of equations (D-54) and (D-59) yields the energy balance of the adsorbent

composites for the TMB-approach in units ]mggmps_l

aT

v
(EhthaC{,la + gsgscg + QbulkC{}dX+ gma (chg _ f/[iw)) ” + (Emahv _

)69 + Qbulkhad _|_ <‘U (Eha ha ha + fséscf, + QbulkXng) +

ot (D 62)
ma (v v _ Rvye"Y 0T omy aRvyT dg¥ bulk ad?
£ mycp — P £ y—e W oy +0 vyh 5+
6(1—£ma) -ha+s+ad Ay dema
4z + emamch T 2 = v P_o.

0z

This form is not yet applicable since the specific enthalpies h% and hY are not known.
Therefore, these terms are reformulated using the adsorption enthalpy Aggsh = h®% — h? and

the continuity equation of the adsorptive void space in equation (D-25)

gmahv_ + gmahv my + Qbulkhad_ + Qbulk hada_X —
6y

oy
a am X
hY (Emai + gmallY my + Qbulk + Qbulk _) + Aadsthulk _|_
at dy Y 9y (D-63)
__agmam'l]
ax 0z
bulk,, 22
Agasho vy 3y
Inserting equation (D-63)in (D-62) results to
. aT RT 9oV
ha nha ~ha S=S S bulk ma ma
£ C ESpSc X £ ( c )) —_——
<QP+QP+Q + Qprat MW ot
0X 0X e~
Aadshé’bulka + Aadshgbulkvya + (vy(ghaghacga + £55° cf; + QbulkXng) +
(D-64)
. RV Qv) oT Rv Tagv a(l_gma)qha+s+ad X oT
ma vy __ Y g ema’lZy_ 8 z ma.;, v.v2t _
€ (mycp Mw )By MW dy + az +etimacp 0z
deMap
vZe Y _
Z 9z )

With the adsorbate continuity equation for the TMB-approach in equation (D-34), using the bed
velocity uP¢? = v, and m} = uP®4gY, finally the quasi-homogeneous energy equation for the

TMB-approach results as it was applied in the process simulations

<ghaghacha + gsgscs + QbulkcadX+ gma (chv —_ R_Qv)) 6_T — gna ﬂ@_@” + (D—65)
p p p P mw// ot MW 8t
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AadsthulkkLDF(Xeq —_ X) + ubed (Shaghaczf)ta + é:sgsczsJ + QbulkXng +

Ro¥\\aoT RT 9o” = 9(1-gMma)ghatstad . aT
gma (chzl; _ ke ))_ — ybedgma Q + 4z + gmamIZJCg_ _
Mw/)] dy MW dy 0z dz
deMmay
vy —=0.
Z 9z

It contains accumulation terms consisting of all the four individual phases, a source term
accounting for adsorption or desorption enthalpy proportional to the rate of adsorption or
desorption, a convective energy transport term in the moving-bed direction y, and energy
transport terms over the height of the composites in direction z. Itis composed of an effective
heat conduction term describing the combined heat conduction in heat additive, solid adsorbent,
and adsorbate phase as well as convective energy transport terms. The last term accounting for

the spatial change in pressure is often neglectable.

Passive mass of flat tube:

pm 2077 | gpmypea T 04T _ D-66)
¢ ac e dy oz
Integration over the wall thickness of the flat tube sP™ gives
arrm JTPm . .
spm (mecgm Pk gPmybedch™ ay_) + q;’:;pm_cdc - q;’:’;hf_pm = 0. D-67)

. mepm — m bm _ s vm . pm _ ~h
Wlth Qp Sp _mp aqzzspm—cdc_qp andqzzshf—pm_q A

mpmcpmanm N ubedmpmcpmﬂ + gpm— th* =0 (D-68)
P o P "oy '

The heat flux exchanged between heat transfer fluid and passive mass g™ is divided into the

heat flux in the heat recovery zone " and the heat flux exchanged in the other sections of the

moving bed ¢

g =q" +q". (D-69)

In the heat recovery zone, ¢ = 0 at every position j and

q}’.” = khr (Tpm|Lbed_Lhr = ijm>, D-70)
2
where k" is the heat transfer resistance between two adsorbers which is chosen largely to not

hr —

limit the heat transfer in the heat recovery zone. In equivalence, q 0 in the section without

internal heat regeneration and ¢ as outlined in equation (3-7).
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Heat transfer fluid:

tha_ +ohfulf — 4 =0 D-71)

Integration over the flat tube fluid channel thickness s™ gives

hf oThf
ng( g nr 0T hf, hf 20~ . hf - -
With o'/ shf = mh/ and q:icshf_pm = gf
aThS oTh
mhfcz’)lf_ n uhfmhfcgf_+ g = 0. D-73)
dy

uhf < 0 to ensure counterflow.

D.6 Method of Characteristics - transformed model equations

Due to the strictly convective transport in the moving bed direction, numerical dispersion occurs
when using the method of lines or finite volume method for discretization. To show that the
TMB solution is the limiting case of the SMB, the method of characteristics (MoC) [169] was
used for a simple 0D-1D model, with a lumped-parameter model for the adsorbent composites.
By applying MoC on the partial differential equations of the 0D-1D model, they can be
transformed into a set of ordinary differential equations, their solution being calculated on the
characteristics. In this way, the spatial fixed Eulerian pointof view is transformed into a Lagrange
point of view. The velocity of the characteristics is chosen equal to the convective velocity of the
fixed moving bed in the y-direction uP®%, The transformation is carried out from the original
coordinate system in (y,t) in a system described in (r; S). Hereby, 7 is the transformed time and
s is the index of the respective characteristic. The methodology of the transformation is

exemplary shown for a classical convection-reaction equation

ou ou
Atl _+B t, _:C t, y . 74
e e+ BEY 5, =Clyw (D-74)
Transformation on the new coordinate system with

y=y(r;s), (D-75)
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t=t(r;s), (D-76)

u=u(y(r;s),t@r;s)). D-77)

Hereby, 7 is the progress on characteristic 5. With the total derivative of u,

du Oudy OJudt

s A e 78
dr 6ydr+6tdr (O-76)
one can identify the following set of ODEs
du
au _ (D-79)
5 = Ctyw),
dt
ét_ , (D-80)
5 = AL Y),
dy
@y _ _ (D-81)
dr B(&y)

Equation (D-79) is the transformed ODE which can be transformed backward with Equations
(D-80) and (D-81) into the original coordinate system.

Applying MoC on a 0D-1D-TMB model, one obtains the following set of ODEs

OT(T s) aX(r; s)

(Xmscgd + mscp) (Aadsh + cg,e (Te — T)) + gPm, (D-82)

or
@ - kglobal(Xeq —X), (D-83)
mpmcgm%t(r;s) = gpm— gh/, (D-84)
mhf hf%&:wghfcgf(rrhﬁin_rrhf)_l_ th_ (D-85)
>0

The velocity of the heat transfer fluid in the transformed coordinate system is u*" = uhf —

ubed Note that k9'9Pal describes the integral kinetic transport effects in the adsorbent
composite. The energy conservation equation (D-82) is valid for adsorption and needs to be

adjusted for desorption.

Effect of numerical dispersion on the True Moving Bed limiting case
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Dynamic simulations of the 1+1-dimensional SMB for the cyclic steady-state solution are very
time demanding. To show that the TMB is the limit of the SMB with a large number of
adsorbers, the adsorbent composites were modelled with a lumped parameter model resulting in

a one-dimensional model in direction of the moving bed (TMB) or switching modules (SMB).

In theory, the SMB solution approaches the steady-state TMB solution with an increasing
number of adsorber beds. Due to numerical dispersion, the TMB solution underestimates the
SMB solution slightly when using a finite-difference upwind scheme discretizing the first-order
derivatives. Using the method of characteristics, the TMB can be proven to be the limiting case.

In the following, exemplarily this behaviour is shown for the mass flux ™ and the COP.

340 0.33
E < T, upwind -
O 3357 . T, MoC -
A T, SMB 200 modules o0 5371
O 330t o0
8 ~
e
% 325 g a
g 2 031 - X, upwind
g 320 2 X, MoC
3 X, SMB 200 modules
315 : : : : : 03 : : : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
normalized tcy., Lbed normalized tcy., Lbed

Figure D-9: Temperature and loading profiles resulting from the TMB and the SMB model,
respectively. The TMB approach was once discretized with the finite-difference upwind

scheme and once solved using the method of characteristics.

Figure D-9 shows the temperature and loading for TMB and an SMB simulation with 300
modules. The states of the TMB, which were discretized with an upwind scheme slightly differs
from the solution with the method of characteristics. This behaviour can also be seen in the
temperature profiles. Consequently, the maximal difference in loading from the beginning until
the end of the adsorption cycle, is slightly smaller for the upwind discretized model resulting in

less cooling energy and as a result, in a lower SCP and COP.
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Figure D-10: Mass flux and COP resulting from the TMB and the SMB model, respectively. The
TMB approach was once discretized with the finite-difference upwind scheme and once

solved using the method of characteristics.

To adequately estimate steep fronts using the method of lines with convective transport, a fine
grid is necessary, increasing the numerical costs. The steep fronts in the multi-bed approaches
mainly appear when the switching conditions are reached and the valves between the adsorber
bed and evaporator/condenser open. Figure D-10 (left) shows the exchange mass flux with steep
fronts as a function of the normalized cycle time (SMB) or bed length (TMB with upwind or
MoC). The behaviour of the SMB model can be sufficiently approximated with the TMB model,

even though a small deviation exists (see COP in Figure D-10 on the right).

Since the deviation between MoC and upwind discretization is negligible and parameter
continuation is difficult with the MoC model, the investigations in this work are performed using

an upwind discretization scheme for the TMB model.



