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ABSTRACT

MATHEMATICAL AND COM PUTATIONAL MODELLING OF
CHEMICAL HEAT PUMPS

G ¢ n,&atha
Master of ScienceChemical Engineering
Supervisor :Prof. DrYusuf Ul udaj
Co-Supervisor :Prof. Dr.G¢ r kan Kar akack

November2018 133pages

Chemical heat pumps are valuable alternatives to conventional heat pumps when the
aim is reutilizing waste energy that is created from natural or industrial sources. In
this study, kinetic data of an activated carbiorethanol adsorpin reactor is
modeled and properly implemented into COMSOL Multiphysics software, and the
geometry is modified for higher rate of heat transfer with the aim of gaining more
performance from the system. On top of that, various cycle times are studied for
gaining optimalcooling powerfrom designed reactor bed. The results showed that,
providing better heat transfer domain to designed systems drastically increased the
efficiency of the bed and although more vapor is adsorbed by extended time period,

coolingpowervalue did not expand linearly due to increased operation time.

Keywords: Adsorption heat pump, COMSOL Multiphysics, activated carbon
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CHAPTER 1

INTRODUCTION

Cooling processes have always been an importasefor the protection of widely
varying contents both in domestic use and in industrial environments. Currently,
there are numerous methods for cooling or refrigeration, whereas compression heat
pumping is the most used one commercially. Regarding the hiegd pperating
principle, cooling technologies can apply several different physical phenomena for
heat transfer from the hot zone to the cold zone, depending on the type of the system.

Compression heat pumps use the energy change arising during phasentiatitn
due to compression or expansion of the material, whereas adsorption heat pumps
operate in a completely different method compared to the compression heat pumps,

in that they use the adsorption or desorption of the vapor by the adsorbent.

The vacum effect originating from adsorption cause some stored liquid on the other

side to boil, and the heat input for boiling provides the cooling effect. There are also

other heat pump systems operating through utilization of a chemical reaction,

however, theraare limited researches on these types of systems, which are much
more complex and more difficult to produce than adsorption heat pumps. In addition,

they usually use catalysis and in various approaches, they utilize compressors or
other similar equipmentKawasaki, Kanzawa, & Watanabe9aB), consequently,

here we will not be dealing with such systems within the scope of this research

project.

Independent of the preferred method of cooling, a certain amount of energy is

required to operate the heat pump, since the heat pump flodteah&om the cold



to the hot zone, which is contrary to the thermodynamics. When the heat pump

method or type changes the type of input power also changes.

For a compression heat pump, the operating energy is the mechanical energy
provided by the compssor, and for an adsorption heat pump, the work entering the
system is in the form of heat energy used for the desorption of the adsuatexdhl

from the adsorbent bed, so ho mechanical energy is required. However, regardless of

what kind of energy is dized, heat pumps necessitate additional energy to work.

The performance of heat pumps is measured by the coefficient of performance
(COP), defined as the ratio of the useful heat transfer performed by the heat pump to
the input energy supplied to thessgym. COP values change between 2 to 3 for
compression heat pumps, whereas it is less than 1 for most of the alternative
approaches. These values indicate that the necessary energy for a heat pump is
considerably high, whereas it is much higher for theogd®n heat pumps.
However, the freedom adsorption heat pumps offer in choosing different sources of
energy overcomes the benefit the lower COP values bring. For example, if the
system is meeting the requirememnhesof for
the most common renewables and free energy sources, might become a possible
alternative to the system as an energy source. Similarly, energy sources like exhaust
gases which are not originally free but practically have no cost since they are

normaly disposed of can be considered.

The COP values of adsorption heat pumps are lower compared to the commercial
compression type heat pumps. Considering feasibility the comparison of adsorption
pumps and compression heat pumps should not be performeddpa€€P. On the
contrary, adsorption heat pumps should be considered as a means forwastase
energyfrom various operatian But this statement does not necessarily imply that
the system will be feasible and beneficent just because it utilizes arisrgy

resource, discarding other performance criteria.

In any system, various factors such as initial cost, operating and maintenance costs,

and equipment size are also important along with the cost of operating power. The

desor



results obtained by comparingl @#he above criteria should be as satisfactory as
possible in order to be able to utilize adsorption heat pumps in industrial practice and
commercial markets. Although COP is not considered among the most effective
criteria for thechemicalheat pumps itan influence a few of the other criteria. For
instance; for a heat pump to be operated with solar energy a solar collector area to
supply the necessary solar energy for the operation will be required, such that the
necessary area of solar collectors wodddrease with the increasing value of COP.
Consequently, both the cost of the system as well as the necessary area which will be
occupied by the system will decrease. Although COP value is not a predominant
criterion for an adsorption pump, when considgrine size and initial cost of the
equipment, the COP value should be kept as high as possible. On the other hand,
financial evaluation cannot be the single element determining the use of the heat
pump, restrictions on the use of the system are also iermgom terms of the
availability of the system. Attempts to increase the COP value, which increase the
minimum temperatures achieved by the system or cause the system to necessitate
higher desorption temperatures, limits the practical usability of theraysfor
instance, adsorption chillers, which do not refrigerate but just cool, generally have
higher COP values contrasted with adsorption refrigergtarV. Wang, Wang,

Wu, Wang, & Wang, 2004)This limits the range of the study, so there is no
significant development for technology with such an apprghcW. Wanget al.,

2004)

On the other hand, systems using chemisorption have higher COP values compared
to physisorption systems, but in this method, higher desorption temperatures
preventing the use of free energy sources such as sunlight are réqui¢dWang

et al., 2004) Considering every single one of these criteria, the utilization of
adsorption heat pumps requires an alternative method to get an ideal COP, without
trading off fom the working range flexibility or the probability to utilize a free heat
resource. The operating range of a heat pump is usually determined by the boundary
temperature at which cooling or heating is performed. Heat pumps are generally used

to maintain tenperatures below the freezing temperature of water, which usually



requires cooling below 0 A C. Here, <cool

heat source, which usually corresponds to the sunlight the most common and
available renewable resourck.is no wonder that the daily needs and practices
influence the scientific studies, as expected systems that can work up to freezing
temperatures by taking advantage of sunlight have been studied in the literature
many times. Such systems usually utilsdar collector plates and activated carbon
hydrocarbon pair heat exchangers. Additionally, there are also some other works
considering utilization of different heat resources like exhaust heat, but they have
been limited to experimental systems built p@rformance capacity measurements

for tested operating conditions. However, if we chose the correct adsorbent, calculate
and design the system geometry, especially the adsorbent bed, appropriately, then it
is possible to catch a performance improvementtlier adsorption heat pump.
Actually, there are several studies on the selection of the adsorption pair and on how
the material pair affects the performance of the heat pumps. There are few studies on
modeling system geometry, but most of them are limitethass and macroscopic
scale studies that use not only the critical error range but also a few simplified

models that also limit the applicability of the model to different geometries.

When the concept of thehemicalheat pump is considered as a Vehainder the

light of the abovanentioned problems and requirements; in order to develop flexible
and more useful systems with high COP, it is necessary to model with the necessary
amount of precision in accordance with the wide system parameters. i§b&s tree

need for reliable modeling tools that can successfully predict the behavior of systems
of different sizes. This modeling approach should also include the physical
adsorption data required for the selected adsorption pair; the main focal pdiist of t

study is this type of modeling approach.

ng



CHAPTER 2

LITERATURE REVIEW

Chemical heat pumps and associated cooling processes have been an important field
of study and research for many scientists for long years. Commercial applications
have generally used the compression heat pumping method, however; scientific
works tried theutilization of some other heat pumping methods like compression,
chemical reaction, and adsorption. Indeed, chemical heat pumps utilize reversible
chemical reactions. This approach has not gained wide attention; there are only a
vast number of studies dhe subject matter. Kawasaki et al. (1998) are one of these;
here the researchers have studied a chemical heat pump utilizing paraldehyde de
polymerization which yielded a cooling rate of 10 kW per unit catalyst weight. The
process was based on the applaca of a highpressure system continuously
polymerizing and depolymerizing a paldehyde solution yielding heat which was
used in heat transformation, where the forward and reverse reaction balance was
supplied with the use of a catalystawasaki et al., 1998)n 2004 Wang and his
colleagues worked on a CaCl2 ammonia Ipesthp, which could be an example for

both adsorption and chemical heat purtipsN. Wang et al., 2004)

Adsorption cooling recently has received more attention in terms of research
compared to chemical reaction heat pumps. According to researchers, these systems
appear to be useful because they necessitate low grades of heat energy which offers
the possibility of using codtee resources like sunlight as well as exhaust gasses.
They abo indicate that such systems present lower COP values than the commercial
systems so that the researches are directed towards system performance and

optimization. Although these studies are mostly concerned with the results obtained



using different expemental systems, there are also articles comparing different

adsorption material pairs; even articles on modeling such systems are not rare.

Researchers have performed many experiments with adsorption heat pumps in the
last decades and published their fimgs of performance. The source of energy in
most of these experimental studies has been the sunlight due to belipeast

well as having almost no environmentally harmful side effects; however, there are
also additional studies on systems utilizinffestent resources like exhaust gasses. Li
and Sumathyos 1999 sgaowerddyice makeruvgheadpairooh a
activated carbon and methanol using a simple flat ice p{tke& Sumathy, 1999)

Trying three different activated carbon brands produced in China whose
performances were measured and compared, they have decided on the use3of CHK
activated carbon. Using a 0.9Z solar collector area, the researchers could obtain 4

5 kg of ice per day observing COP values between 0.1 and 0.2. Plotting COP versus
various system operational parameters including the temperature of evaporation, they
concluded that the COP could becobwiter for evaporation at @ compared to
evaporation below GC. According to their results, the optimum desorption
temperature with the highest COP for methaamilvated carbon pair was 1%G.

They state that although higher desorption temperatiseshe system capacity, the
COP value is decreased. Working on adsorption heat puknganwu et al.created

an experimental model in Nigeria using a system having a-fyeg¢esolar collector

with a 1.2 nisolar collector area and 60 kg of activatechoaroperating utilizing a
single adsorption bedAnyanwu & Ezekwe, 2003)This exerimental system
yielded 200 kJ of cooling performance per day with a COP value of about 0.08 to
0.1. The solar intensity during the experiments has been noted as around £6 MJ/m

Dous and colleagued®ouss, Meunier, & Sun, 1988&)udied heat pump with two
adsorption cycles making use of a NaX zeolite and water pair. Focusihgtb

heating and cooling performances they have obtained a COP value of 1.83 for
heating. The 2001 dated research of Wang and colleges examined adsorption heat
pumps both as freezers as well as chil{&s. Wang, Wu, Xu, & Wang, 2001)n

both freezers and chillers, theyvieautilized activated carbemethanol pair for
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adsorption where they have used adsorbent beds with bigger volumes and
considerably fewer amounts of activated carbon. Changing the time of cycles they
have looked for optimum values. The COP values have foegrd to be 0.18.2

and up to 0.4 for freezing and chilling operations respectively. Theoretically, they

claimed that in the freezing system it is possible to get ice up to 2.6 kg per kg of
adsorbent per day and to achieve a heat of up to 300 W per kbefaooling

system.

Since the COP in adsorption heat pumps is often very low, studies of adsorption heat
pumps are generally focused on increasing the COP using different parameters that
can be optimized for performance, among which the most commonlyedork
parameter, is the modification of the adsorption pair. One of these studies was the
work of Wang and his friends in 20@Q4. W. Wang et al., 2004)n this study, the
performances fothe different adsorption pairs to be used in the ice makers for the
fishing boats were examined and three different adsorption pairs; activated-carbon
methanol, CaGl - ammonia and composite adsorbeint methanol were
comparatively examined. For the dewémation of the performance of activated
carbonmethanol system, a model system was formed, and adsorption data was used
to predict the performance of the adsorption pair as a heat pump for the other pairs.
CaCb-ammonia pair yielded the highest coolingygo; around 20 kW, but on the
other hand; it was noticed that utilization of chemical adsorbents necessitates higher
amounts of energy, and this amount of energy is not possible to be driven from
renewable and co$tee resources like sunlight. This meahat obtaining a high
cooling power density and COP brings about the need for-teigperature

resources like exhaust gas¢@egler, 1971)

In 208 San and Lin examined the use of three different adsorption pairs utilized in
adsorption heat pumgSan & Lin, 2008) In this study, San and Lin used a fded
adsorber heat exchanger applying a solid side residence model and compared
activated carbomethanol, zeolite water and 13X molecular siewgater adsorption

pair alternatives. Among the three couples, the activated canketmnol pair

showed the highest efficiency and specific cooling power results, where 13Xsieve



water pair displayed very close results comparetth@owinning pair. Also, the heat
effects in the adsorbent bed during the process were investigated and it was found
that neglecting the effect of the increase in temperature in the adsorption bed would
cause the system performance to be estimated at highers. Additionally, the
researchers have concluded that when the flow rate of adsorbate through the bed
increases, the effect of temperature increase on system performance decreases. But
increasing the adsorbate flow rate responded positively just apcertain level,

after that point increasing the adsorbate flow rate did not help for increasing thermal
conductivity. Along with the above findings, it has been claimed that increased
desorption temperature will support system performance and thussecBfP;
however, it has been stated that a certain desorption temperature giving the highest
COP depending on the type of adsorption pair exists and a further increase in the
desorption temperature, will decrease the COP, even though this increases the
pefformance(Ziegler, 1971)

In 2005 dated study of Wang et al. adsorpt@at pumps were studied once more
comparing different adsorbent adsorbate pairs, namely; activated -¢adibanol,
activated carbommmonia, and activated carb@aCL cement composite. In this
study, the composite adsorbent showed the best adsorbemtnmerée and when
used as a physical adsorbent with methanol, it yielded a 0.125 COP and 32.6 W / kg
adsorbent specific cooling power. On the other hand, when this consolidated
adsorbent was used in combination with ammonia in the adsorbent chemical
adsorpion system, it was reported that the COP increased by 1.8 times to 0.35 and
the specific corrosion power reached to 492 W / kg by 14 t{ined/. Wang et al.,
2006)

To increase the performance of adsorption heat pumps, many parameters need to be
optimized, and one of these parameters is the power of the heat resource. In 2007,
Gonzales and Rodrigues workewd @n adsorption heat pump using a parabolic solar
collector instead of pl anar one. They have
and 90 A C. They ¢l aimed that they reached

they were able to cool the systemfrod2 A C to 2 A C per unit ar.



collector. Consequently, they argued that half angles of the collectors should be
optimized for better COP valuégsGonz 81 ez & Rm@004 Wwangand 2007
colleagues in their work on ice machines for fishing boats suggested that the engine's
exhaust gas be used as the heat source in the siist¥vh Wang et al., 2004)The

proposed system was able to use chemical adsorbents such as CaCl2 and thus had
higher COP values and cooling power than physical adsorption sy§feegter,

1971)

In order to optimize the performance of the adsorption heat pump, although the
selecton of the adsorption pair is the first and basic decision, the design of the
adsorption bed is also important, whereas the design of a system requires adequate
and accurate modeling to predict the results obtainable from particular geometries. In
2007, Anyanwu and Ogquege reviewed the interim analysis and performance
estimates of the adsorption solar refrigerator. They utilized a test system with a 1.2
m? solar collector area and compared the results of the temporary model with the
experimental data. In th&tudy, shell type microscopic energy balance was used for
the adsorbent bed and the temperature profile was modeled. The system used
activated carbon and methanol. Anyanwu and Oquege claimed that they predicted
the required temperatures at some acceptabter range, 5%, and 9% error
intervals, and estimated the COP. In addition, they have drawn the heat histogram of
the system during the cooling and regeneration cycles and modeled the surfaces of
the system temperature as well as the temperature chantesdooling water with

respect to tim¢Anyanwu & Ogueke, 2005)

In 1998, Dous et al. in their research with two adsorption cycles using the NaX
zeolitewater pair, modeled the adsorption heat pump as what they termed the white
box, where they have taken the head enass transfer restrictions and inner structure
was taken into accoufDouss et al., 1988)With the correct design and modeling of

the system, they claimed that such systems can have ka(l@P values that enable

them to have better COPs than compression pyéegler, 1971)



2002 dated study of Miltkau and Dawout examined the adsorption and heat transfer
effects on the adsorption and desorption processes for an adsorption heat pump.
Their main concentration point was the zeelitater adsorption pair. The mel was

based on discrete methods helped by package programs, and one dimensional. The
Knudsen diffusion theory for diffusion coefficient, the ideal gas law for gas
densities, and the general mixture rules for liquid uptake and the density of the
zeolite were utilized for modeling. Consequently, Miltkau and Dawout draw the
temperature profiles versus position and time for zeolite layers in the adsorber bed
(Miltkau & Dawoud, 2002)

One of the most important disadvantages and the most undesirable behavior of

adsorption heat pumps is the inexorable-nontinuous operation. Some rasghers

have suggested systems that can work almost continuously. In 2006, San examined

the performance analysis of a mudgd adsorption heat pump using a solid side

residence model. Unlike many other studies, San proposed-addureat pump in

this stidy and claimed that using four beds at different stages would cause almost
continuous operation. Her e Sanmethaneldsor pti on
pair. With the help of a mathematical model, San estimated the system performance

with respect to dferent variables like heat and mass transfer resistances of the

system. According to the findings of the sedveloped mathematical model San

stated that increased cycle time would increase the COP value but this increase

would be significant only up to Ol minutes. Additionally, San concluded that

lowering the temperature inside the bed would bring about better COP values, which

also could be obtained by reducing the grain size of the active carbon similarly. The

evaporation temperature was found to bedatly proportional to COP value which

was also found to be directly proportional to the degree of heat transfer. Finally, as

the regeneration temperature increases, COF
reaching a maximum value at this pof8an, 2006)In 1998, Dous and colleagues

proposed a twied system as a system with teycle rotation, not just as two

different systems opetiag in opposite phases. In this way, they claimed that they
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achieved a system with a COP of 1.56, higher than 1.38, which can only be achieved

by a singlestage heat pump, as well as a lorigsting systentDouss et al., 1988)

Although not only required for heat pumps, studies on adsorption processes for
activated carbon and organic liquids are impdre&nd may help in designing better
adsorption heat pumps. For example, Menard and Mazet in 2005 focused on the
adsorption behavior of active carbon for £@articularly the effect of temperature
changes, the carbon capacity, and the effect of the ausorptrocess on
temperature. Additionally, in their work, they developed the graph of the heat profile
within the CO2 adsorbing activated carbon bed. Menard and Mazet, who studied
both the adsorption capacity and the temperature profile of the effect of the
monolithic addition of active carbon, have found that the addition of high conductive
materials increases the thermal conductivity and overall performance of the bed by
comparing the added activated carbon with ordinary granular carbon. In their next
work, the researchers have focused on the regeneration process, which takes the
effect of conductivity on the total duration of regeneration and its effect on

efficiency into accourfMenard Py, & Mazet, 2005)

In recent years, researchers focused more on modeling tools to compose better
systems. For exampl@eGrotenhuis et aktudiedon simplified lumped parameter
model in detailed finite element analysis, where they simulated-bedtadsorption

heat pump irR012.In thar simulatedmodel, they transferred heat from beds that are
being cooled to beds being heated. By using this method with anwcembian pair,

they attained the COP value of 1(d4Grotenhuis, Humble, & Sweeney, 2012)

Another model deved by C.Y.Tso inyear 2012utilized a composite adsorbent of
activated carboffor the purpuse of achieving better heat and mass tramsfdreir

model, the reactor bed has reached a COP value of 0.65 where the source
temperature wast 8behmfCematdur é emadusa TRp@ A C
optimum cycle time idor the best efficiencyound as 360 second¥so, Chao, &

Fu, 2012)
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In 2012 Onur et Al. derived the adsorptiedesorption rate expression from
experimental dataf their activated carbon ethanol pairand by using this dat

they created their own model with differdsed sizes with the purpose of increasing
maximum adsorption capacity. They also worked on varying cycle times to find
optimum COP anaooling powervaluesThe COP values they found, varied from
0.49 to 0.65 depending on both cycle time and geon(&uytsever, Karakas, &
Uludag, 2013)

In order to increase overall thermal performance, in 208skany et Al used
metallic additives on their reactor bed for purpose of having high thermal
conductivity valuesof reactor bednstead of altering geometry. In their findings,
they discovered that the cycle time can be reduced significantly wigald result

in high work genation In short,specific cooling power is increased by 100% by
adding 30%weight of metallic additives(Askalany, Henniger, Ghazy, & Saha,
2017)

In 2016, Chekirou et Al added a heat recovery cycle to activated earbttranol

pair in a basic adsorption system simulation. They found out ithahe analyzed

system, COP has reached 0.483 without added heat recoveryangc®682 with

added heat recovery cycle. They also pointed out that these values were strongly
dependent on operating temper gGhekroa,s whi ch w
Boukheit, & Karaali, 2016)

Jribi et Al. Constructed a CFD simulation of ethaactivated carbon pair by ung
different adsorption rate models year 2016.n fickian diffusion based model that
they built, the simulation didn't converge and in their Isothermal linear driving force
based adsorption kinetics model, it undstimated the kinetic data. Later, yhe
imported the adsorbent temperature dataset by the purpose of switching-to non
isothermal model. Their simulation results matched the obtained experimental ones
with uptake value of 0.86 kg adsorbate/kg adsorQkitii et al., 2016)

When we evaluate the studies about adsorption heat pumps, although the COP values

cannot be compared with the ones of commercial compression heat pumps,
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adsorption heat pumps are a mattractive research topic recently because of
environmental issues and sustainable energy necessities. Unfortunately, most of the
abovementioned studies resulted in low COP values and cooling power results
indicating the handicaps in using these systeamngercially. On the other hand,
there are various studies on wateplite systems aiming to increase the
performance, which has observed COP values up to 0.4. Unfortunately, this choice
restricts the use of water only for chilling since temperatures belowA C ar e
achievable with water. Although the use of chemical adsorbents such agsh@acCl
yielded better results, this method has limitations with respect to the heating sources,
moreover, adsorbents such as ammonia are generally floxi/. Wang et al.,
2006) Although activated carbemethanol pair is the most studied couple, methanol
can also be linting safety due to its toxicity potential. For this reason, safer
materials with a lower melting point such as ethanol should be recommended, and in
order to bring the COP to a significant level, hlecision modeling taking heat

and mass transfer linaitions into account should be performed.
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CHAPTER 3

THEORETICAL BACKGROUND

3.1 Significant Design Concepts
3.1.1 Operation Principles

Heat pumps differ in their internal construction depending on the type that results
from different operating principles. Differently from compression heat pumps,
adsorption heat pumps use adsorption and desorption in conjunction with the
evaporation of thedsorbed liquid by the refrigerant to affect heat transfer. In its
simplest form, an adsorption heat pump consists of an adsorption bed, an evaporator
and a condenser, three of which are connected by a pipe and emptied so that only the
liquid and vapor a absorbed in the system. Schematically, the simplest approach

for achemicalheat pump can be seenFigurel.
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Figure 1. Operation schemef adsorption heat pump built with single reactor bed. Bhuerepresents the
adsorption stepwhereaghe redline represents the regeneration step.

The single adsorption bed heat pump showFRigure 1 operates cyclically in two
steps; in the first cycle, the adsorption promoting heat transfer, particularly the
cooling effect, is carried out, when the adsorption is complete, the system goes
through the second order; no cooling is done here, but instead the regeneration
process which prepares the system for the next cycle. If the heat pump is mostly used
for actual state cooling, stages can be called cooling and regeneration. Throughout
the ®oling cycle, the vapor in the system is adsorbed byatteorbent material

16



consequently causing the pressure inside the system to decrease, which in turn boils
the liquid in the evaporator due to the low pressure. While the evaporating liquid fills
the ystem, the boiling is continuously supported by the adsorption of the vapor
obtained with the adsorbate material. Adsorption is an exothermic reaction; therefore
the adsorption bed needs to be cooled continuously as long as this step continues. As
the adsption process goes on and the bed becomes more and more saturated with
the adsorbate material reaching a saturation point eventually, the adsorption process
stops or slows down. Here the cooling phase is completed and the regeneration
starts. During theegeneration process, the system is prepared for the next cycle; the
adsorption bed is heated, thereby releasing the adsorbate content. At this step, the
steam does not flow directly into the evaporator. Instead, it is cooled and liquefied in
the cooler. Tk liquefied vapor consequently is preserved in the evaporator until the

next refrigeration step.

Like almost all systems, thereaseed for a continuous, cyclic process also for heat
pumps, and the use of two adsorption beds appears to be an effective 20 this
problem. In a pair of adsorbed bed heat pumps schematically illustrafegline 2,

one adsorption bed is in adsorption and the other is in regemesdép within the

cycle. When the step is complete, the roles of adsorption beds are reversed. In this
way, a continuous cooling is achieved compared to the single adsorption bed system.
In addition to the presence of an inactive step in single adsoiprsystems, the
adsorption, hence the cooling rate is not constant during the adsorption step since the
adsorbed concentration changes slowing down the adsorption process. In other
words, the cooling power is higher at the beginning of each step andatjyad
decreases as the adsorption progresses, i.e.; the bearing approaches the saturation
point. It is a problem that a variable cooling rate is observed even in the bed's usable
adsorption period. Although the double adsorption heat pump does not hiale an
stage, the cooling rate slows towards the end of each step and the cooling power is
varying. This problem can be overcome by using multiple adsorption beds and
almost continuous heat transfer ratios can be obtained similarly to the applications in

conpression heat pumps.
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A target heat source present in adsorption heat pumps as well as conventional
compression heat pumps. This target should be cooled or heated depending on the
system through a medium where the heat is disposed off or taken in viargy en
input. In a cycle, evaporator is placed where the cooling is wanted and heat is
disposed off through a cooler which is operateenvironment. Analogous teork

input of compression heat pumps, process energy of heating should be supplied in

desorptim stage and cooling should be done in adsorption stage over adsorption heat

pump.
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Figure 2. Operation scheme of adsorption heat pump built with double reactor bedirluepresents the
adsorption step, the rdihe represents the regeneration step.

In order for an adsorption heat pump to possess the most efficient system
performance value, the latent heat of the adsorttadeld be kept high to deposit
more energy inside before phase charmgel theheat of adsorpin must be as low

as possiblefor better regeneration of the bed in desorption stageese two
properties are the most important factors for efficiency, but adsorption heat and
latent heat are usually similar in degr&nce these two factors are alikether

options should be considered for gaining more COP value.
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Other than the adsorptioand latent heat of adsorbing materials, there are other
factors that are important for the adsorption bed performance. Adsorption or
desorption in the adsorption bésl a highly thermal process in which significant
guantities of heat must be supplied to the bed during adsorption or heat must be
removed from the bed during desorption steps. For this reason, due to the three
dimensional structure of the bed, the heattrbegransmitted through the bed during
operation leading to the problem of thermal conduction. If there is no proper heat
transfer in the adsorbent bed, the temperature inside the bed will not be
homogeneous and this will bring about two problems: Fitst, inhomogeneous
temperature profile causes the excessive temperature in the inner regions, adsorbing
and adsorbent material might become damaged. Secondly, due to the hot zones in the
bed, more heat should be given to the bed, which will reduce the G®Rdhe
increase in the observed desorption heat. Consequently, in order to obtain better
system performances, high thermal conductivity adsorbents should be preferred. In
order to obtain better conductivity generally fmorous solids should be prefeire
however; since adsorption is a surface related phenomenon, adsorbate materials must
possess larger surface areas and porous materials should be preferred as adsorbates.
Increasing the performance necessitates minimization of the heat transfer resistance
without endangering the adsorption capacity, which may be possible by changing the
geometry or particle size. In finer particles, as the contact between the particles
increases, the thermal conductivity will also increase, but this will also reduce the
mass permeability of the medium. Unluckilhe adsorbent permeability is another
significant parameter in the design of adsorption bed. If the equhi®msed the

mass transfer resistance or the adsorbent material permeability would not change the
valueof COP.Poormass permeability increases the necessary time for adsorption or
desorption, but as adsorption or desorption times increase, the cooling over time
decreases reducing the system's power. To overcome this specific power loss, larger
adsorptionbeds should be used, which leads to larger systems and higher capital

costs.
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A successful adsorption heat pump dessfpould maximize both heat and mass
transfer. For better mass transfer or high permeability, the particles should not be
kept too small; however, this is conflicting with the heat transfer performance. Heat
transfer can be enhanced with the help of thermally cdivdumaterials, such as

metal fins, without altering the thermal conductivity of the material. This will reduce
the total length of the heat path along the adsorbate, which will redutieetineal
resistance and prevent excessive temperature gradiemsethdesign includes a
decision on the shape and size of the adsorption bed with conductive inputs. To find
the optimal shape and size of the bed, the temperature and concentration changes
within the bed during adsorption or desorption must be estimated.

The adsorption rate for any possible temperature and concentration in the adsorption
bed should also be provideBue to the temperature, pressure and composition
dependent properties and coupled governing heat and mass transfer model equations,
it is not possible to use analytical methods to get the solution. KHeaserning

differential equationshouldbe solved bynumerical methods.

A successful system modeling demands knowledge of the thgngsical properties

of the adsorbent adsorbate couple tbgewith the adsorption capacities and ratios.
The heat and mass transfer properties of activated carbon can be found in the
literature for a variety of liquids and vapors, but the adsorption data for activated
carbon as well as most of the other adsobappear in the forms of isotherms and
data of capacity, additionally the relations to the rate of adsorption of vapors by
activated carbon and other adsorbents are not widely available. This leads to the
problem that the adsorption or desorption ratichef adsorbent should be known
with respecto the temperature, the vapor concentration and the degree of saturation

of the adsorbent.
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3.2 COMSOL

COMSOL Multiphysics is an interactive environment for probfsmiving, modeling

and simulation. The Modelulder provides an integrated desktop environment and
ease of access where the overview of the model can be accessed with full
functionality. Each type of physics can be assigned to domains and can be coupled

via multiphysics option.

By utilizing physicspackages and builh material properties, users can easily
construct their model just by defining sources, fluxes constraints rather than starting
from defining physical equations. After completing the-precessing part, with the

settings provided in thstudy node, various types of studies could be performed.

Finite-Element Method (FEM) is used by COMSOL when the model is simulated.
The software is sufficiently sophisticated in meshing techniques such as adaptive
meshing and reneshing on targeted domai Also, error tolerance and convergence
parameters can be controlled by using various numerical techniques. Additionally,
COMSOL supports multiprocessing and cluster computing for faster simulation runs
as well as having auxiliary and parametric sweepseffortless design control. In

this thesis, COMSOL version 5.3a is used.

3.3 Specification of Efficiency Valuation

As described in the introductory part, the cooling power applied to reactor bed
provides more ethanol to be adsorbed by the adsorbenth vilnits down the

adsorbate in evaporator due to low pressure. Therefore, the cooling effect is
developed in an area that the evaporator is placed. By following this route, the

coefficient of performance (COP) can be expressed as
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And this expression points out the first and most important principle in the designed
system, which is utilized materials. Also, other criteria such as maximum cooling
thatcan be done without surpassing optimal limits or lowest temperature that can be
achieved in adsorption stage to further increase the adsorption amount are highly
important due to a direct effect on COP value. All the explained criteria have to be

consideed in order to have a highly effective designed system.

Having a high COP value only is not a good indicator of an efficient heat pump. The
reason is, COP value of operating bed can be increased with more time allowed for
adsorption in the containmestiage. On the other hand, increasing operation time of
bed for higher COP values will lower generated power by the reason of more time

consuming in a cycle which will result in a poorly operational heat pump.
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CHAPTER 4

PROBLEM DESCRIPTION

4.1 ModelGeometry

With the purpose of having high adsorption capaciyindrical 2D cross section
geometries which consist of a reactor bed, a heat sink that wraps the bed from
outside and an inner part of the pipe that allows the flow ethanol vapor freely are
drawn in AutoCAD 2016. The model is illustratedrigure3.

Heating/Cooling Jacket

Figure 3. Crosssection view othe studied geometry of finless reactor bed.
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4 different geometries are utilizéor construction of the model. Initially, a geometry
from previous studies is usedhen by using different radii values and by
incorporating internal fins different geometries were also investigated. The aim of
the geometry modifications was to improvine system performance vienhanced

heat transfer characteristics in the reacRerameters ofreated geometries are
given inTablel. Also, the copper tube that is wrapping the reactor bed and fins have

thickness value of 1 mm.

Tablel. Parameters of modeled geometrigsit of all values is mm.

Config Volume
No. | [in lout Nfin  Loss

1 1125 25 0o -
2 1375 75 0o -
3 1375 75 15 2.2%
4 |375 75 37.55.6%

Fins that drawn for improved heat exchange purposes are int&snalresult of this
modification, the loss of adsorbent material in Config 2,286 while in Config. 4 is
5.6%.

Further modifications are applied to benefit from the symmetrical shape of
geometries. For this, the work domain is reduced by dividing the geometry to their
symmetrical planes. There are 16 fins placed evenly in geomethieh are used as

a reference for the division process. Finalized geometries and their symmetry lines

after the aforementioned modification are givefrigure 4.
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Figure 4. Geometries of modified reactor beds; (a) Config. 1 and 2, (b) Config. 3, (c) Configsydnmetrical
part is taken from each geometry shown in right side of figures and physics are applied on it for faster
calculation.
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4.2 Model Mesh

In all scientific simulation softwarea proper meshing is required depending on
physics to reduce numerical errors and increase the resolution on analyzed domains.
For this, structured and unstructured meshing can be applied to worked domains
depending orthe complexity ofstudiedgeometry For simple geometries with a low
amount of details such as curves or random shapes, structured meshing should be

applied to decrease skewness and eliminate reversed grids as much as possible.

While building the mesh for geometry, COMSQlLe s h e r I's wutilized
node, which uses structured quadrilateral mesh on 2D domains, used for meshing

operation. Each meshed geometry with its statistics is givEigure 5.

.When the statistics are analyzed, it is seen that minimum element qoatltg
worst cas€Config. 2)is 0.8735 which indicates that the overall mesh quality is very

high and there is no degenerate mesh on the applied domain
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Figure 5. Meshing of geometriemnd their statistics(a) Config. 1 and 2, (b) Config. 3, (c) Config. 4.
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4.3 Condition Selection

A successfully designed heating/cooling systems should have optimally selected

evaporation/condensation temperatures. For such inspe@iansiusClapeyron

curves are used. The Clapeyron graph of a selected pair is gikFegune 6. Having

placed the evaporator alow-temperature environment will primle low pressure of

adsorbate material since the pressure of gases increases with temperature, which

baffles the adsorption process. Likewise, having the condensarvery high

temperature domain will increase the pressure of adsorbate gas that prevents

desorption to occur appropriately.

&,
S A
3 C Increasing X B
-4
5
6 1 = | -
00035 0084 00033 00032  -0.0031 6303

-1/T

Figure 6. ClasiusClapeyron curve of selected reactor bed.
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The adsorptiofdesorption system can be described in 4 paths as shdwguire6.

A-B path: After the system is stabilized where the adjacent cycles have no
difference inthe total amount of adsorbate material in reactor bed, first adsorption
stage is initiated after desorption stage is enddéwk heat removal occurs with
supplied cold source and with that the pressure starts to decrease. It is a preparatory
path applied for more efficiency to have low overall temperature along the bed, but
in our system, this stage is skipped because betwaga switches, a sudden change

of pressure occurs.

B-C path: Between the points of B and C, the adsorption occurs. In this stage, the
temperature will increase due to the nature of adsorption process which prevents
more adsorbate to be contained in reab#st. In order to increase the total adsorbed
amount in the bed, the temperature should be kept as low as possible with continuous

heat removal. The pressure stays constant during the adsorption process.

C-D path: Another preparatory path where heatingp&petually applied and as a
result of this, the temperature and pressure are increased. When the temperature of
the bed is equal to the temperature of the condenser, the stage is stopped after having
uniform condenser temperature along the bed. Thise sggonrexistent in the
designed system because of a sudden stage switch.

D-A path: The desorption process takes place at this stage. During desorption, the
temperature of the beténds todecrease because of the endothermic nature of

physical reaction bWe/een adsorbate and adsorbent, and to allow the stage to be
completed perfectly, constant heat supply should be applied. With added heat, the

temperature of the bed increases while the pressure is kept constant.

In the designed system, the evaporatorlisapc e d a't 20 AC environmen
condenser i s at 60AC where saturation pr e :
respectively. The reasaof this temperature selections is highly related to ethanol

vapor pressure, in very low temperatures the saturatedoéthiapor pressure is

considerably low which negatively affects the adsorption rate, likewise, in desorption
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process, if the condenser is placed to hotter environment, the system would fail to

release its contained vapor due to high vapor pressure.

All the inspected parameters are utilized in boundary conditions section in COMSOL

software.
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4.4 Adsorbatei Adsorbent Pair Selection

The selection of material pair has vital importance on the performance of the system.
Although having high adsorption capacitydathe rate is favored, there are other

parameters that should be investigated. Selected adsorbate shoul@Ahanes,

Abd, & Shehata, n.d.)

- Propemore size and distribution to allow adsorption of vapor fluid

- Shoul dnot

- Non- corrosive and noh toxic

degr ade

n varied

- High thermal conductivity for easy heat addition/removal

operating

- Possession of low sensible heat compared to the laahbf adsorption

The parameters that should be considered for adsorbate material;

- Low saturation pressures at a defined operating temperature

- Low specific volume and high latent heat of vaporization

- Low molecular size

- No degradation with use

- Easilyproducible and low cost

- Non-flammable, noftoxic and noncorrosive

Activated carbon ethanol pair is used in the light of abewentioned parameters.

Used material properties are giveriliable?2.

Table2. Material properties of activated carbethanol pair.

s Jv Cps Cp, Ks mpH U
(kg/m”"3) | (kg/m”3) | (I/kg K) | (I/mol K) | (W/m K) | (kd/mol)
750 790 700 78 0.17 38.6 0.25
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K value of activated carbemthanol pair is taken fromstudy of Onur et aDensity
and heat capacity values of a working pair are calculated with volume average
method. Finally, Saturation pressure iB calculated with Antoine Eq irthe

following formula:

(2)

Where the constants are taken fromtiNind Institute of Standarts and Technology

webpage(Ambrose, Sprake, & Townsend, 1975)

The thermal properties of copper which wrap the reactor and provides efficient heat

transfer is taken from COMSQnaterial library (vers. 5.3a).

4.5 Model Physics

A well-specified and precisely described model physics is the main key to have a
properly constructed simulation. To define heat and mass transfer interactions in the
model, preb ui | t OHe at Transferé and O6Chemical

used.

4.5.1 Assumptions

Several assumptions are made to fit the model into the simulation correctly, and

those assumptions are;

- Length of the reactor is adequately larger than its diameter, therefore,
transfer of mass end energy only occurs in the radial direction.
- No thermal contact resistances between heating/cooling heatsink and

reactor bed so the energy flow is uninterrupted.
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The pressure is uniform throughout the entire reactor bed and it is
regulated by the temperature of the evaporattinémdsorption stage
and temperature of the condenseth@desorption stage.

o This assumption is verifieavith KozenyCarman equation,
switching superficial velocity value that is required by
eguation with adsorption rate gives very low drop in pressure
(e? <1 Pa/m, by Onwet Al.)

Pressure drop due to adsorption of adsorbate material into adsorbent
is negligible.

The heating/cooling fluid applied for energy exchange application is
at a constant temperature during each stage.

Heat transfer between reactor bed and the inadrvhere adsorbate

material is supplied is negligible.
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4.5.2 Transport of Diluted Species

The transport of diluted species interface which is found under chemical species
transport subgroup is used for modeling mass transport in targeted domains. The

module brings up the following equation:

® .
T 8 0 & Y 3)

—a

Here in EQ.3, the first term is the accumulation species ithat is followed by
diffusion and reaction rate terms. The subscript i stdodspecies that defined in

the simulation which is adsorbate material in this model. The adsorption ratejterm R
of activated carboin ethanol pair is studied b®nur et al.(Yurtsever et al., 2013)

and determined withneploying LDF Equation given in Ed.

—" pf ® 0 Y (4)

Where the first termiQd is the mass transfer coefficient that heavily depends on
temperature by following Arrhenius type relationship which is studiedSalya
(Bidyut Baran Saha et al., 200®) Eqg. 5, M is molecular weight of adsorbate fluid,

" is bulk density of the adsorbematerial an@l being porosity.

QO ™R (5)

T andw are independent variables, temperature (K) and the adsorbed amount in

given time (kg ethanol vapor/kg activated carbon) respectively and W is the
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adsorption capacity term derived Byibinini Radushkevich Equation, given in Eq.
6.

~

® © QA0 Ya ¢ (6)

Here W5, D and n numbers are constants and calculated from experimental results.

Those constants are;
Wo: 0.3955
D: 0.0006049

n: 1.156

Finally, the P term ighe pressure of ethanol (bar) either in the evaporator in

adsorption stage or condenser in desorption stage gedPis saturation pressure

of ethanol athe operating temperature. Finalized mass transfer relation is given in

Eq.7. Therate equatonsnt ered to COMSOL by using 6React

§
p T o w QA0 Yo éﬁ_ 0

IO

™R

D

(7)

4.5.2.1 Initial Values

The startup of simulation begins with 0 mol/mdsorbed amount of ethanol in
reactor bed. Fothe consequentdsorption/desorptiostages the initial value is

taken fromthelast conditionf theprevious stage
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4.5.2.2 Boundary Conditions

4.5.2.2.1 No Flux

In COMSOL, no flux interface is used toase the mass transfer at external
boundaries. The module represents boundaries where no mass flows in or out of the
boundaries. Hence, total flux is set to zero. Selected boundaries are ghigari

7.

mm
757
707
6571
607]
557]
507]
457]
407

-40 -30 -20 -10 0 10 20 30 40 50 60 70

Figure 7. No mass flux boundaries of displayed configuration.
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4.5.2.2.2 Symmetry

Symmetry condition can be used to decrease unnecessary operational cost in
simuation, and it is used when selected boundaries have symmetric concentration of
studied species. A perfect symmetric geometry is required in order to apply this
condition. Represented boundaries are givefignre8.

mm
757]
707]
657]
607]
557]
507]
457]
407

mm
T T T T T T T T T T T T

-40 -30 -20 -10 0 10 20 30 40 50 60 70

Figure 8. Symmetrical boundaries of displayed configuration in terms of mass transfer.
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4 5.3 Heat Transfer inReactor Bed

In COMSOL, Heat interactions in defined soldbmains are calculated with

conservation of heat equation, given in Bg

" —. 80 YU (8)

where, the first term is energy accumulation, followed by the constitutive equation of

Fourierds Law and the heat source term.

Adsorptionof ethanol on to activated carbon is an exothermic reaction. Hence, heat
source term has a significant impact on temperature profile of the bed. The heat

source term is defined as in Bg.

Y 20 0 (9)

where’Y is rate of adsorption term ardO is isosteric heat of adsorption term.

O is a temperaturdependent value, given in Etp.

wO o1 T8ILXYU (10)

In desorption, adsorption rate term will be negative due to decreasing adsorption
capacity of reactor bed with increasing temperature. Therefore, the term stays
unchanged, but the isosteric heat of adsorption term is switched with heat of
vaporization ternas in Eq 11
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Y 240 0 (11)

4.5.3.1 Initial Values
I nitially, the system temperature is set t

value data of the solved stage is obtainethbiconditions of previous stages

4.5.3.2Boundary Conditions

4.5.3.2.1 Heat Flux

The objective of cooling the reactor bed in adsorption stage and heating it in
desorption stage is done by heat flux module in COMSOL. This interface adds heat
flux to desired boundaries by utilizing Newtons Law oblking equation, given in
Eqg.12

n ™Y Y (12)

Wherenrj is total heat transferred (WAn "Qis heat transfer coefficient (W),

“Y is heating / cooling fluid temperature. For this simulation, heat transfer
coefficient is set to 500 (W/rK), while cooling andheatingtemperatures are
selected as 25AC degrees and 100AC degrees
given inFigure9.
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Figure 9. Heat is added/removed from the system in selected boundary for displayed configuration.

4.5.3.2.2 Thermal Insulation

As described in assumptions, the thermal insulation condition which prevents heat
flux across to boundary is applieddapture the negligiblaeat transfer between the
ethanol vapor feed line and reactor bed. The boundary that carries this condition is

given inFigure10.
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Figure 10. The assumption of thermal insulation is added to the system through the highlighted boundary for
displayed cafiguration.
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4.6 Time-Stepping and Solver Settings

In COMSOL, the solver is determined depending on the physics used in simulations,
either direct or iterative methods are utilized. The default solver is set by software

composers and changing those apgiare not recommended.

When default solver settings assigned by COMSOL are inspected, it is seen that

solving method is selected as PARDISO solver that uses direct method.

For time stepping, an implicit solving method named as Backward Differentiation
Formula (BDF) is set. Free selection of time stepping granted the solver to take

larger or smaller timesteps as to satisfy the relative set tolerance value of 0.001.

Also, to rave separate datasets for uncomplicated-pastessing in each stage, the
stages are solved with the newly assigned -tilmg@endent solver. For thimitial
values of each stagare taken from previous stages last recorded data. With this
method, all cyas are chained and individual changes in each stage remained
accessible.
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4.7 COPCalculation

Unlike other heat pumps, calculation of COP value of adsorption heat pumps
requires an alternative approach because of its principle of operation. For this

calculation thefollowing equation (Eqnl13) is utilized.

600 = ‘ - , NG (13)

where ¢ is the total number of moles adsorbed vap6iYis the temperature

difference between adsorption and desorption stages, andd  are the average

heat capacity and the mass of the bed (agsbrbadsorbed vapor), respectively.

The energy accumulation of the bed should be minimized while the adsorbed vapor

amount is maximized for high COP values.
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4.8 Power Calculation

The energy of environment is withdrawn via evaporator in adsorptionplo@ap.
Hence, total moles of adsorbed vapor which will be removed from evaporator will
give power value when multiplied with enthalpy of vaporization and divided with
time. Since desorption is only used for regeneration of the bed, the timenguiitn
in desorption stage will be cowet as loss time and will baddedin total operation

time. Following equation is used (Edt¥.) for calculation of power values.

' € € zy'0 14
w YE 0GAG N @Y O (14)

Where ¢ is the adsorbed amount of vapor in the end of adsorption stage and

€ & is in the beginning
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CHAPTER 5

RESULTS AND DISCUSSION

As explained in previous partshe total adsorbedlesorbedamount of vapor
determines the power or performance of the system. Integration of concentration
profile of reactor bed with respect to aneadone to find the total amount of vapor
that is obtained fronthe designed reactor bed. On the other handdistebution of

concentratiorof the bed ignainly led by its temperature profile.

In results the bedghatwill operate for 600 seconds are inspectest of the cycle
times are given in AppendRB. Since it is known that due to low heat conductivity of
bedmaterial the temperature difference between inner and @ateswill be higher

as the radius of the bed increases. To have a better view of the effect of bedmadius

temperaturgthe simulatn is started withhe lowest bed diameter.

5.1 Low Bed Diameter(Config. 1)

For the beginning, simulation runs are started with the lowest diameter since its
known that temperature distribution will be more homogenous throughout the bed.
The simulation iglone with 10 minutestageswith 100 minutes in totaime due to
fact that the bed started to repeat its proditel gotstabilizedafter the ' cycle.

Adsorbed amount of vapor versus time is giveRigurell.
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Figure 11. Total adsorbed amount of ethanol(kg/kg) with respect to time for Config. 1. Each color represents a
cycle.

As can be seen iRigure 11, Initial effects started vanishing aftef 8ycle due to
having low bed diameter which supports homogenous temperature distribution. Only
the last cycle will be inspected since the bed keékép repeating itself because the

initial effects arecompletely cleared.
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Figure 12. Total adsorbed amount of ethanol(kg/kg) with respect to time in adsorption stage of last cycle.

Adsorption stage of the™scycle is given inFigure 12. As illustrated inFigure 12,

even though the loeis in the adsorption stage, the first 80 seconds the bed keeps
losing its contained vapor, with the reason of residual heat remaining from the
previous stagamplified with the sudden switch the low pressure of evaporator

The pressure of the bed fefistantly with switching to the adsorption stage, but
applied cooling still needs time to allow the bed to adsorb. During the adsorption

stage, 0.305 mol/m vapor is adsorbed.

The concentrabin profile ofaforementionedtage is given ifrigure13.
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Figure 13. Concentration profile of Config. 1 in the adsorptetagewith respect to radial position in the
reactor bedand time

On this graphand in the following positiolependent oneshe xaxis represents

bed length where x=0 is at tivenerradius,where x=1 is the inner radius. The blue

line is the initiation of the adsorption stage where desorption stage characteristics are

inherited. As time progresses, the concentration will decrease due to having the bed

in a warm state, but after 100 seconds, the bdldstrt accumulating vapor and

increase its ethanol concentration. The outer part of the bed will have adsorbed more

ethanol due to temperature distribution illustrateBigure14.
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Figure 14. Temperature profile of Config. 1. in the adsorptitagewith respect to radial position in the reactor
bedand time.

Since the bed is freshly switched frotine desorption stage, it was in lagh-
temperature state. In first 50 seconds, outer parts of bed have responded quickly to
heat withdrawal, however, due to low heat conductivity of the bed, the inner parts
responded later, and after 400 seconds it almost reached its final temperature for
given time.The uniform distribution of temperature in the bed provided homogenous
concentration profile which allowea quick switch from desorption stage and high
overall concentratiomt the end of adsorption stage. When the previous figures are
inspeced, it can be seen thatcumulation ohigh concentrationf vaporfavors low

temperatures which observed initially at the outer parts of the bed.

In the desorption stage, the processvorked inthe opposite way. As shown in
Figure 15, the bed kept adsorbing vapor fibre first 80 secondsn the beginning
then thedesorption process started.
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Figure 15. Total adsorbed amount of etharia@(kg) with respect to time in desorption stage of the last cycle.

As described in the previous stage, the bed inherited conditiotise girevious
adsorption stage so initially, it has a high amount of ethanol vapdained inside
As time progresseshe bed will be heated from outer parts and likewise, the outer

parts will respond quickly.

The concentration profilef desorption stage of config. i$ given in Figure 16.
According to this graph, over time, the outer parts of the bed rapidly released the
retained ethanol, but the internal parts continued to accumulate ethanol for some

time due to the adsorption effeeimained fronthe previous stage
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Figure 16. Concentration profile of Config. 1. in desorptistage with respect to radial position in the reactor
bed and time

With the heating effect, the bed kept desorbing the conseapmtuntil a new stage
is started. The bed in desorption stage has a temperate profil&igsr@l?. In the
first 50 seconds, the outer parts have responded to fahtdpidly, but inner parts

followed afterward.
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Figure17. Temperature profile of Config. 1. in desorpt&tage with respect to radial position in the reactor bed
and time

Since the bed has left the adsorption stage in a @@téee, it was initially warm, as

time progressed, the temperature of bed has raised sharply in 50 seconds of its
operationtime, and again due to low heat conductivity of adsorbent, inner regions
started reaching high temperatures after 150 secWdsnboth concentration and
temperature profiles of this stage are inspected, it is seen that decrease of
concentration is observed after temperature loadurs This relation between
temperature and concentration proves that as wéfledgnetics of process, the heat

transfer also haggreat impact on the system.
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5.2 High Bed Diameter
5.2.1Unfinned Configuration (Config.2)

After inspection of low bed diameter, to see the woeste scenario of low operation
timeT1 low heat conductionuk to finless geometry is investigated. The bed diameter

is tripled in radius and everything else is left as iftishould be noted that, larger
diameter bed means higher adsorption/desorption hence higher energy pumping
capacity compared to the smaltBameter beds. Fromnindustrial application point

of view, higher capacitielsave arimportant advantagever smaller ones

The adsorption/desorption cycles are repeated thdiinitial condition of the bed
vanishes and concentration and temperattoélgs become periodic with respect to
the cyclesThe adsorbed amount of ethanol through the stabilization cycle is given in
Figure 18. As the figure illustrateshe bed has lost the initial load and reached
repetition afterthe 15" cycle. The required amount of cycles before reaching to
stabilization is increased dramaticallgmpared tdhe previous configurationThis
phenomenoritself shows that the given stage time wasufficient, and thetotal
process time oftycles terminatedprematurely.Additionally, having a bed with
higher diameter creatdtiesestability issues due to low heat dissipatthroughout

the bed
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Figure 18. Total adsorbed amount of ethanol(kg/kg) with respect to time for Config. 2. Each color represents a
cycle.

The adsorption stage of the bed, which is when it has reached the stability, is given

in Figurel9.
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Figure 19. Total adsorbed amount of ethanol(kg/kg) with respect to time in adsorption stage of last cycle.

A sudden change in pressure resulted guick drop ofthetotal adsorbed amounf
vaporin first 150 seconds, later the bed started adsorbing for the time remaining.
After completion of the current stage
recover its lost amount of ethanol and actedtas in the desorption stage. The

concentration profile durinthe adsorption stage is investigatedrigure20.
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Figure 20. Concentration profile of Config. 2. in adsorptistage with respect to radial position in the reactor
bed and time

Again, due to the sudden pressure change, all parts of the bed lost adsorbed amount
for first 150 seconds, but this overall decrease wa®l in outer parts because of

the applied heat removal from outer walls.almongoing process, outer parts of the

wall started recovering its lost vapor, but the inner parts remamaative For a

better understanding of bed concentration profe?D depiction of bed in its
corresponding times is given kgure21.
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Figure 21. 2D snapshots of concentration profiles of Corflign adsorption stage at their specified time.

Temperature profile of mentioned stage is givenFigure 22. As described
previously, concentration of vapor in ouparts are constant in first two illustrations
but starts to increase slowly later on, whereas the inner parts keep losing the

contained vapor until the last picture.
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Figure 22. Temperature profile of Config. 2. in adsorptistage with respect to radial position in the reactor bed
and time

When the temperature profile tife adsorption stage is inspected, it is seen that the
drop in the value of temperature variable is more in outer parts when compared to
inner parts. Even thgi the inner parts followed the same behavior, the residual
temperature was still high in these areas at the end of the adsorption process. The 2D

depiction of the reactor bed is givenAigure23.
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The adsorbed amount of vapor in desorption stage is dtigure 24. When the

graph isanalyzedit is seen that athereverse of the adsorption process, the sudden

pressure change caused an increment in the adsorbed amount of vapor up to first 160

seconds. As the pressure is equalized faigt temperature propagatiomccurred

through the bed, the bed sattesorbing the adsorbed ethanol as intended. But the

given time wasnodét enough for the bed to | ose

bed c adesbrihntdcbrresponding stagkence failed to operate as designed.

0311}
0.31F / : S~

0.309+ ~
0.308t .
0.307} ~
0.306F ~
0.305} ~
0.304}
0.303}

0.3021

Adsorbed Amount (kg EtOH [/ kg AC)

0.301f |

03F |

0.299} |

23400 23500 23600 23700 23800 23900
Time (s)

Figure 24. Total adsorbed amount of ethanol(kg/kg) with respect to time in desorption stage of the last cycle.

The concentration profile of bed is givenkigure 25. According to the graph, the
outer parts have responded to stage shift slowly but progressively, while inter parts
had no influence from the heating proceas. time progresses, the outer parts
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changebehaviorand start talesorlh whereas inner parts keegsarbing vapor from

condenser.
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Figure 25. Concentration profile of Config. 2. in desorptistage with respect to radial position in the reactor
bed and time

The 2D visuals of the same reactor bed in corresponding times are gikejuiia
26. Excluding the first 160 seconds where the adsorption occurred unintentionally,
both inner and outer parts lose its containggbor, but outer parts were more

successfubn this due to supplied heat frahe heating jacket.
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Figure 26. 2D snapshots of concentration profiles of Cortign desorption stage at their specified time.

Temperature profile of this stage is givenRigure 27. As the graph depicts, the
outer parts havalmostreached ta temperature of heating fluid in 50 seconds but
for inner parts, the effect is delaydeinally, temperature profile of the bed gains a
uniform distribution but, this phenomeam occurrednot because of a good heat

transfer. Instead, this form is causeditwyer parts that keep adsorbing due to high
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Figure 27. Temperature profile of Config. 2. in desorpt&tage with respect to radial position in the reactor bed
and time

2D visuals of temperature profiles in givenRigure 28. In illustrations, it is clear
that the inner parts where red hue is projected cover most of the bed. @y ou
parts almost have reached the temperaturneheating jacket. Even though this
distribution changes over time, the change is wenall, and a big part of the bed

remains unheated.
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Figure 28. 2D snapshots of temperature profiles of Config. 2 in adsorption stage at their specified time.

The stage of the bed with given parameters was wasst scenario among other
simulations. Expanded geometry with no finsdain more adsorption capacity
decreased the overall performance for the given time. Due to the low heat
conductivity of the bed, local temperature differences occurred thus it took more

time to remove the initial state that the bed was in.
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Compared to previous configuration, the agsion capacity is increased biilizing

a largerbed size At the same time, theew large geometrybroughtthe problems of

thermal resistance and naniform concentration profilanostly caused by dead

regions occurred because of low conductivity vatiadsorbent material. As a result

of this size change, the bed couldndét ev
stage and vice versa. This result emphasizes the vital importance of proper design of

geometry of an adsorption bed.
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5.2.2 Partly-Finned Configuration (Config. 3)

In this part, the second configuration of designed geometry whictlima&snsions of

1.25x15mm internal fins has been simulated and the results are analyzed.

Figure29 shows cycles of finned bed and total adsorbed amount of ethanol during its
operation. The bed has reached stability after theygle andexhibited periodic

behavior
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Figure 29. Total adsorbed amount of ethanol(kg/kg) with respect to time for Config. 3. Each color represents a
cycle.

Compared to the finless configuration, this one requakdost half amount of
cycles to reach the stability which shows ttiet case of betterelat exchangéelps

removal of unwanted remains @dncentration ifprevious cycles
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When the last adsorption cycle is magnified a&igure 30, it is seen that the bed
managed to overcome the pressthienge effect andwas able tadsorbmore vapor
than the beginning of the adsorption stage. In addition to ttiedjme lost during
recovery process is decreased from 150 seconds (in the prewiofiguration) to
120 seconds, resulting asteeper curve. Also, after the recovery, the accumulation

rate went constant, meaning the bed could adsorb more if it is operated in a larger
time duration.
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Figure 30. Total adsorbd amount of ethanol(kg/kg) with respect to time in adsorption stage of the last cycle.

Concentration profile for this stage is giverFigure31. In the first 12Gseconds, the
bed gradually lost its vapor concentration in all parts due to suddenly being subjected
to lower pressure. When the recovery is completed, the vapor concentration in the

outer and middle parthat are close to the cooling surfacesreased hmatically
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while inner parts remained almost unchanged. The addition of fins reflected its effect

by increasing the adsorption amount in the middle parts significantly.
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Figure 31. Concentration profile of Config. 3. in adsoqmistagewith respect to radial position in the reactor
bedand time.

For better comprehension, 2D images of the concentration profile of the bed are
given inFigure32. As seen from the 2D visuals, added fins supported the adsorption
process and middle parts which were unresponsitigeiprevious stage are also

affected by the altered geometry.
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Figure 32. 2D snapshots of concentration profiles of Config. 3 in adsorption stage at their specified time.

The obtained temperature profile for the adsorption stage is givéigure 33.
Started under the influence of desorption process, the bed was initially at the high
temperature stage. As time progressbe overall temperature at the outer parts have

decreased sharply and the trend is feéld by middle parts because of the inclusion
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of internal fins, causing more homogenous distribution over the bed compared to the

finless cas®f high bed diameter
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Figure 33. Temperature profile of Config. 3. in adsorptistagewith respect to radial position in the reactor bed
and time.

2D images of the temperature profdeegiven inFigure34. Finswhich couldreach
the middle pag clearlyprovideda better cooling solution, and as a result of this
modification, temperature difference between inner and outer parts decreased rapidly

even after 50 seconds.
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Figure 34. 2D snapshots of temperature profileGainfig. 3 in adsorption stage at their specified time.

Desorption stage of the same cycle is illustrated=igure 35. The bed started
desorbing 30 seconds earlibah the finless caseith high bed diametetherefore,

the regeneration processuld start earlier, and more efficient desorption occurred

for given stagetime. After the recovery from the effects of the previous stage, the
overall concentration is decreased linearly, meaning the bed could regenerate more

with the same rate if more tingereallowedduringthe process.
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Figure 35. Total adsorbed amount of ethanol(kg/kg) with respect to time in desorption stage of last cycle.

The concentration profile of the aforementioned stage is givefigare 36.

According to the figure, residual vapor remained in the reactor bed is initially higher

on the outer parts and lower on inner parts. As the desorption process starts, the

overall concentration initially increases due to being expaseigh presste of

adsorbate. Later, with theupplied heatthe outer parts of beldse concentration

sharply and middle parts follow this act. Inner parts are still unresponsive to state

changeand even the concentration increased because of the exposure of high

presure and delay in supplied heating.
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Figure 36. Concentration profile of Config. 3. in desorptistagewith respect to radial position in the reactor
bedand time.

Concentration profile of desorption stageisualizedin 2D domain as ifrigure37.
Exposure of high temperature shows its effect h \@sual in below image.
Adsorbent material that is closettze fins whichis colored in blue hue does hawe

lower concentrationthan the adjacent middle parts. Inner parts also have low
concentration, but since this area was dead because of its high temperature state in
adsorption stage, it could not contain high concentration fronbegenning of the

stage.
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Figure 37. 2D snapshots of concentration profiles of Config. 3 in desorption stage at their specified time.

The temperature profile of the abenamed stage of bed is givenkigure 38. As

figure depicts, the increase in temperature of outer passignificantly highand

inner parts followed it later. Evidentlplacing the rate of heat increment asitle,
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Figure 38. Temperature profile of Config. 3. in desorpt&tagewith respect to radial position in the reactor bed
and time.

2D images of temperature profiles tine specified stage are given Figure 39.
According to visuals, while outer parts rapidly reached the temperature of heating
fluid, inner parts reacted to change much ladeiditionally, the given duration of
time in the current stage was not enough for bed to have a uniform temperature

distribution
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Figure 39. 2D snapshots of temperature profiles of figprB in desorption stage at their specified time.
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5.23 Fully-finned Configuration (Config. 4)

In order to see maximum possible performance growth, fins are placed in the reactor
bed in such a way that the height of fins reaches to inner radiuggrapk ofthe

overall adsorption amouig given inFigure40. As shown in the graph, the bed got
steady andexhibited similarbehavior after the 4 cycle. Comparedot previous
configurations, the total time required fome removal of initial conditions is

significantly lowered.

Adsorbed Amount (kg EEOH [/ kg AC)
o
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I
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Figure 40. Total adsorbed amount of ethanol(kg/kg) with respect to time for Config. 4. Each color represents a
cycle.

Adsorption stage of the last cycle is givenFigure4l. According to the graph, in
the first 80 seconds, the bed recovered from exposure of low pressure and started
increasing its adsorbed vapor amount steadily. When compared to the finless

configuration, total recovery time is decreased by half which strongly increased the
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total amount ofadsorbedvapor Total adsorbed amount of vapor is increased from
2.7 to 2.84 during the adsorption process. Surely, the total adsorbed amount could be

increasecatven further if the bed was allowed to operate for more duration of time.
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Figure41. Total adsorbed amount of ethanol(kg/kg) with respect to time in adsorption stage of the last cycle.

Figure 42 shows concentration profile of bed in adsorption stage. The figure gives
that, for first 50 seconds, the bed lost dramatically its accumulated vapor mainly in
middle and inner regions and fdine next 30 seconds, the change amount was
minimal. After balance of pressurie obtained and effects of efficient cooling have
started, the bed rapidly deposited adsorbate vapor in all parts. Such change evidently
shows that having longer fins placed in tbed allows concentration to be

accumulated homogenously.
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Figure 42. Concentration profile of Config. 4. in adsorptistagewith respect to radial position in the reactor
bedand time.

Additionally, 2D images of concentration profile of the bed that is in adsorption
stagearegiven inFigure43. Change in geometry provided a solution to the regions
that were unresponsive in previous configurations. Unlike all other geometries, the
middle parts that right in between finsstthe lowest concentratioat the end of the

adsorption stage.
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Figure 43. 2D snapshots of concentration profiles of Config. 4 in adsorption stage at their specified time.

When the temperature profile of adsorption stage is inspectedune44, It is seen

that allowing fins to reach inner areas granted betterall cooling. Outer parts still

give the initial response to this change, but middle and inner parts follow shortly
after. Because of the efficient cooling that provided by ting,bed almost reached

its equilibrium temperature heat profile in 200 seconds, therefore last 400 seconds
waited mainly for vapor uptake.
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Figure 44. Temperature profile of Config. 4. in adsorptigsagewith respect to radiaposition in the reactor bed
and time.

Temperature profile of the currently mentioned bed is also given as 2D images in
Figure 45. Even though temperature distributioange was so narrow, the middle

parts had the highest temperature vahtése end of adsorption stage
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Figure 45. 2D snapshots of temperature profiles of Config. 4 in adsorption stage at their specified time.

Vapor uptakegraph ofthe last cyclein desorption stage is given Figure46. As
demonstrated in the figure, being suddenly subjected to high pressure has increased
overall uptak in desorption stage. After 90 seconds, applied heating took part and
reduced the uptake amount as intended.
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Figure 46. Total adsorbed amount of ethanol(kg/kg) with respect to time in desorption stage of the last cycle.

Concentration profile thatvas observed in this stage is given [igure 47.
According to the figure, the concentration of adsorbed vapor increased mainly in
middle am inner parts of the bed, and after the pressure effects are balanced, outer
parts quickly released the contained vapor and this trend is followed by middle and
inner parts. Having full length fins in designed bed clearly supported temperature

alteration o reach inner parts.
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Figure 47. Concentration profile of Config. 4. in desorptistagewith respect to radial position in the reactor
bedand time.

Two dimensional images of concentration profile of reactor bed in desogitiga
is given inFigure 48. Contrary tothe previous stage, areas that are close to fins
rapidly switched to desorption process but the middle part that is away from fins had

the reaction delayed.
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Figure 48. 2D snapshots of concentration profiles of Config. 4 in desorption stage at their specified time.

Temperature profile of the aforementioned stage is giverFigure 49. Fast
temperature increments middle and inner parts which led by drastically change in
outer parts provided more efficient heatmger the bed.
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Figure 49. Temperature profile of Config. 4. in desorptgtagewith respect to radial position in the reactor bed
and time.

Temperature profile of the reactor bed in desorption stage was visualized in 2D

images inFigure50.

Increased bed geometry withe purpose of having higir adsorption capacity had
failed in the initial design but added internal fins provided better heatoading
according to the stage, turned a +operational design into a responsive one. In
addtion to this, dead and unresponsive regions that reside in inner parts of the bed
got activated and caught up the simitehavioras the outer parts with modified
geometry. The approach of adding internal fins ctdindrical geometry with
intentions of eliminating thermal resistance was acknowledged. This result also
shows that even larger beds for industrial purposes could be built, and heat transfer
problem couldeeliminated by losing a bit amount of packed beek.
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Figure 50. 2D snapshots of temperature profiles of Config. 4 in desorption stage at their specified time.
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5.3 COP & Power Values of Designed Systems
5.3.1 COP Values

The COP values are calculated for each system and the results are giabied
Thebd 6sy mbol is used when the system failed

vapor decreased in adsorption stage.

Table3. COP values of four different configurations with respect to different cycle operation times. NI: Not
Inspected.

CcoP 600s 900s 1200s

Config. 1 0.3845 NI NI
Config. 2 T T T
Config. 3 T 0.2661 0.3477

Config. 4 0.2821 0.3963 0.4613

Config. 2 has failed in all three cycle operation times due to its thermal incapability
caused by its increased volumdereas config. 3 only failed in 600 seconds of
operation time and config. 4 achieved good COP values in all three cases. Only 3.4%
fin volume dfference allowed the latest bed to achieve 49% increment in COP value

in 900 seconds cycle and 33% increment in 1200 seconds of operation time.

As cycle time increases, the amount of vapor adsorbed and desorbed also increases
sincemore time is allowed fothe bedto come closer to the equilibriuriherefore,

there is a consistent increaseCOP values with respect to cycle times.

5.3.2 Power Values

Operating the bed at high cycle times results in higher COP values as shown earlier.
On the other handasthe bed gets closer and closer to the equilibyivae of
adsorption or desorption decreasEserefore,anincrease in the amount of energy
upgradedassociated with the long cycle timesy be overshadowed by the long

cycle times giving rise to tHemitedcooling powemains
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Calculatedcooling power values are given ifiable4. As in COP calculationthe
unfinned geometry of Config failed to bring up a value due to negative value of
adsorbed amount of vapas the adsorption or desorption processes in the bed could

not keep up with the respective cycles

Table4. Cooling powealues of four different configurations with respect to different cycle operation times. NI:
Not Inspected.

Power(W) 600s 900s 1200s

Config.1  11.26 NI NI
Config. 2 T ] ]
Config. 3 T 39.46 48.89

Config. 4 72.05 92.64 95.21

The thermal resistance has been eliminated and more uniform temperature
distribution is obtained with modified geometries, which promoted higher overall
concentration differencbetween adsorption and desorption stages. This difference

provided better performance with a forfeiting a negligible area of packed domain.

In 600 seconds of stage time, 9 times increased geometry with added internal fins of
config. 4results inalmost 7 imes morecooling powetin spite of its larger diameter

than that of config. 1This value increased by 28% whstagetimes arechanged to

900 secondsFor config. 4 higher tha®00 secondcycle time gives rise t@a
negligible increase in the poweutcome The results also show that a bed which
was unable to operate in the unmodified case were able to work as intended after

heat transfer limitations are lifted via added internal fins.

Additionally, while config. 2 in each case gives no power/kgu&allue to low
adsorption amount, config. 3 in 900 seconds of stage time has 5.32 W/kigisand
value is equal t6.6 W/kgfor 1200 seconds of stage time. In config. 4, power per kg
values are 9.96, 12.81 and 13.20 for 600, 900 and 1200 seconds of seme tim

respectively.
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For 1 kilowatt of power, eleven tubes of config. 4twenty-onetubes of config. 3
should be operated in 1200 seconds of stage time. For same power value, 900
seconds of stage operation time should be preferred with eleven tubes gf donfi

and 25 tubes of config. 3.
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CHAPTER 6

CONCLUSIONS

This study deals with having more COP and power values by increasing adsorption
uptake ofthe pre-defined adsorberddsorbate pair by changing several parameters
such as reactor bed size, interhialvolume and cycle time. The analysis of results

leads to the following conclusions:

1. As described previously, heat transfer limitations have an important role on
the performance of the system as well as reaction kinetics of selected pair.
For optimum reult, both reaction kinetics and heat transfer characteristics
should be considered while designing such adsorption heat pump systems.

2. Having high bed diameter with the intention of increasing adsorbent amount
should increase adsorption uptake intuitivédyt such case brings up heat
transfer limitations because of low thermal conductivity values of adsorbent
material which will result in notnomogenous thermal profile in reactor bed.
Even though heat removal can be completed by having more operation time,
the added time will decrease the power outcome of the bed which will
destroy its main purpose of usage.

3. 10 distinct geometries are thoroughly modeled and simulated in COMSOL
Multiphysics software. Among these simulations;

a. Config. 1 has low bed thicknesghich promotes better heat transfer
that results in a good COP value of 0.38 for 600 seconds of stage
time. Since thermal performance was good, other stage time

variations were skipped.
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b. Config. 2 with high bed diameter but no fins resulted in almost no
vapor to be contained in reactor bé&tie designed bed failed to bring
a COP value of each stage time.

c. In config. 3, the internal fins reach up to middle parts of reactor bed
and grants better thermal performance. This bed underperformed in
600 seconds oftage time, but it delivered COP value of 0.2661 and
0.3477, with power per kg values of 5.32 and 6.6 for 900 seconds and
1200 seconds of stage times, respectively.

d. In the case of config. 4, where fins could reach the inner bed
performed well for all 3 stagtimes. This bed attained COP values of
72.05, 92.64 and 95.21 and power/kg values of 9.96, 12.81 and 13.20
for 600, 900 and 1200 seconds of stage times, respectively.

4. Usage of internal fins works well for such systems. The long fins that
penetrate the adrbent material could reach dead areas in terms of heat
transfer, which will aid accessing those places and will turn them into
operational zones. Uniform concentration profile could be achieved by this
method and thus will result in increased COP andgraalues.

5. Allowing more adsorbate to be accumulated in reactor bed by increasing the
cycle time will result in higher COP value, but this act will loveenling
power because of consumption of more time. Since the first necessity of
chemical heat pumps sigms iscooling powey the cycle time should be
selected optimally for this requirement.

6. Adsorption heat pumps with modified geometries for higher adsorption
capacities and better heat transfer donwuald be used in industry where
waste or unused energy is available. Requiring inexpensive materials to build
and lackingmaintenanceén short operation times, this type leéatpumpsare

perfect for reevaluatingwaste energy.
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APPENDICES

APPENDIX A

A.A Program Codefor Wmax Values

Clear["Global™ +")
¢ = 0.35+ 550000 / 46;
as
((e.3955 « Exp[-0.0006049 + (T« (Log[ (10~ (5.24667 - (1598.673 / (T -46.424))) /P)]))
1.156])) - (c =46 /550000) ;
For[T = 293, T<=363, T=T+5, Print([T, NSolve[a == @, P, Reals]]]
(«NSolve[a==0, {P},Reals] «)

293( (P »0.0413883

298( (P - ©.0560003
303( (P 0.0748857
308 (P - 0.0990369
313({ (P -»0.129614
318( (P 0.167965
328( (P 0.274403
333 (P 0.346267
338( (P »0.433488
343 (P 0.538594
348 (P 0.664398

353{{P~

@

Q9

]

%]

e

]
323{{P-»0.215638

]

]

Q9

]

e

0.814009

9

358( (P - 0.990846

363( (P -1.19865
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A.B Calculation of COP and Power Values

COP VALUES

Formulation:

LH, nog,

COP=

AH,,,n,,,.Cp,umb,dAT

600 s

= CONFIG1

COP = (38600 %0.305) / (49000 » 0.305 + 553 » 550 » 1472 « 10~ -6 % 35)
©.384552

= CONFIG4

COP2 = (38600x0.138x16) / (49000%0.138 » 16 + 553 x» 550« 781 « 10" -6 » 16 » 51)
0.282191

900 s

= CONFIG3

COP3 = (38600x0.115%16) / (49000 x0.115 x 16 + 553 » 550 x 807 » 16 » 10" -6 % 45)
©.266124

= CONFIG4

COP4 = (38600%x0.27x16) / (49000 x0.27 » 16 + 553 550+ 781 » 16 » 10" -6+ 55)
©.396353
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1200 s

= CONFIG3

COP5 = (38600%0.19%16) / (49000 0.19 » 16 + 553 » 550 « 807 » 16 » 10~ -6 x 48)
©.347722

= CONFIG4

COP6 = (38600%0.37%16) / (49000+0.37 16 + 553 » 550+« 781 » 16 » 10" -6 » 54)
©.461346
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POWER VALUES

Formulation:

(Nogsfinoi=NodsbeginningbHy

Wt—

TotalCycleTime

600 s

= CONFIG1

1= We = ((0.35) « 38600) /1200
owe= 11.2583

= CONFIG4

insr= We = ((0.14+16) » 38600) /1200
ous)= 72.0533

900 s

= CONFIG3

o= Wt = ((0.115+16) + 38600) /1800
ouye= 39.4578

= CONFIG4

n71= Wt = ((0.27 «16) » 38600) /1800
out7)= 92.64
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1200 s

m CONFIG3

nigr= WE= ((0.19%16) » 38600) /2400
outis)= 48.8933

m CONFIG4

ner= We= ((0.37%16) » 38600) /2400
outjg}= 95.2133
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APPENDIX B

B.A 900 Secondsof Cycle Operation Time.

B.A.A Config. 2

Adsorbed Amount (kg EtOH / kg AC)

0 2000 4000 6000 8000 10000 12000 14000 16000
Time (s)

Figure51. Total adsorbed amount of ethanol(kg/kg) with respect to time for Config. 2. Each color represents a
cycle.
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Adsorbed Amount (kg EtOH / leg AC)

Figure52. Total adsorbed amount of ethanol(kg/kg) with respect to time in adsorption stage of the last cycle.

0.294 ¢
0.293
0.292 |
0291 |
0291 |
02891 |
0.288F \
0287F |
0.286r |
0.285F
0.284+ \

0.283} \

0.282}

16200 16300

16400

16500

16600

16700

Time (s)

16800

16900

17000

3800 ET T T T T T T T
- 16200 s
3750F | & 16220 s
—— 16250 s
37001 16350 s
—- 16400 s
16800 s
38501 & 17100 s
a 3600
£
Ks]
£ 3550t .
C
o
® 35001 1
=
a
S 3450 i
(]
&)
3400+ 4
3350+ 1
3300+ 1
3250+ .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
(r-ro) /R

Figure 53. Concentration profile of Config. 2. in adsorptistagewith respect to radial position in the reactor
bedand time.
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Temperature (degC)

Figure 54. Temperature profile of Config. 4. in desorpt&tagewith
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Figure 55. Total adsorbed amount of ethanol(kg/kg) with respect to time in desorption stage of the last cycle.
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Figure 56. Concentration profile of Coigf. 2. in desorptiorstagewith respect to radial position in the reactor
bedand time.

Figure57. Temperature profile of Config. 2. in desorptgtagewith respect to radial position in the reactor bed
and time.
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