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ABSTRACT

EXPERIMENTAL AND THREE DIMENSIONAL NUMERICAL ANALYSIS
OF CYLINDRICAL SOLAR COOLING ADSORBENT BEDS WITH
CIRCULAR HEAT EXCHANGE COILS

G z¢igkar a, Ari f Cem
PhD., Department of Mechanical Engineering
Supervisor: Assoc. Prof . Dr . Cen

February 2016, 3Bpages

In this study three dimensional cylindricadisorbenbed designs with circular heat
transfer fluid pathshad beeninvestigatednumerically and experimentallyThree
dimensional high fidelity numerical coupled heat and mass transfer analyses of the
proposed design alternatives are perfornhagnercal analysisresults are compared

with the results of experimentssing the temperature distributions within the
adsorbent bedn addition togeometric design featuresffects ofinitial adsorption
capacity, heat transfer fluid flow rate and inlet terapgneare also investigatedn

the numerical analyses both local thermalildorium and local thermal nen
equilibrium approaches are used in comparison for modeling the heat and mass
transfer within the bedl'he results of experimental and numerical gsesl areused

for evaluating the heat recovery effectiveness of adsorbent BHadsmaximum

value of the axial temperature gradients within the batésl as a measuoé heat
recovery effectivenesfResults had shown the¢ducedinitial adsorption capaty,
increasedHeat Transfer Fluid (HTF) inlet temperature and flow raeases the
maximum value of the axial temperature gradients within the bed thiirufeat

recoveryefficiency for same duration of operation.

Vv



Additionally, effect of non-adsorbing ¢ondensing)gas existence in theadsorption
cooling system, had been discussed basedhentwo dimensional axisymmetric
numerical analyse&Jnder the conditionanalyed,it had been shown that existence
of noncondensing gas in the system had been stgmifly affects the temperature
and adsorption capacity distributionithin the bed during adsorption process.

Whereasits effect islessemphasizeduring desorption process.

Keywords: Adsorption, Adsorbent bed,usheical modeling, Eperimentalktudy
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CHAPTER 1

INTRODUCTION

The globaleconomicgrowth and increase in populatitwgether with therosperity
levels, emerges a dramatic increase in the energy demandsatah@ovided by U.S
Energy InformatioPAdministration L37] shows that the worltbtal primay annual
energy consumption had been increased 31 % from 2000 to RAil theportion

of energy production based oenewable sourceas increased.6 %. The 41 % of

the primary energy had been consumed by the buildm@91Q according to the
dataprovided by Lior L3§. The one third of the energy consumption in buildings in
the U.S reported to be caused by tHeating Ventilating and Air Conditioning
(HVAC) systemsand as an insighthe ratio of energy consumption based on HVAC
systems is going to be increased with increasingtdadardaround the world139.
Today conventionally the cooling and refrigeration technologies are mainly based on
the vapor compression cycledich arepowered by electricitynd according to the
data of International Institute of Refrigeration in Paris, 15 % of the global electricity
had been consumed for the various kinds of refrigeration and air conditioning

purposes11?].

Based on the providedformationit could beinferredthatthe energy consumption
in the form of electricitywill tend to increasenore rapidly than the increase in the
amount of energy governed from the sustainable souA®sa consequencedp
provide the demanded energy in theure, more fossil fuels will be consumed which
will raiseenvironmental pollution and relatedwantedeffects



The conventional vapor compression cooling and refrigeration systems are solely
depending on the electric energy which reduces the oveifallercy of such
systems. Inaddition to theinefficient energy utilization as a result of electricity
dependencehe traditional vapor compression cooling and refrigeration cycles uses
refrigerants which have potential for ozone depletRegarding theeenvironmental
aspectsconventional cooling and refrigeration systemsuld become a major

category that augments thmbalwarming potential.

The concerns mentioned above, impelled the researchers to develop and implement
more environmentally friendlyand energy efficient systems for cooling and
refrigeration, besides the improvement of conventional vapor compression cooling
and refrigeration systenf80]. One of the maimreaof focus of the researchers in the

last decade is the thermally driven cagliand refrigeration systems which are
capable of direct utilization of thermal energy sourdée thermal energthat will

be used by the system can be obtained fromdustrial waste heaffossil fuel

combustion, solar and geothermsalirces 140].

Being a globally available heat source regardless of urbanization and owing to the
fact that the peak times of demand for cooling and refrigeration coincide hwith t
solar radiation availabilitf112] solar thermal driven systems become one of the
outstanthg alternative among the otheifltie researchers are more interested in the
sorption technologies for direct utilization of low graithermalenergy sources in

cold production. Therefore most of the recent studies involved in solar thermal
energy driven @oling and refrigeration systems are based on sbeption

phenomena.

Sorption is a commogeneral namesed for adsorption arabsorption phenomena
together. Tie absorptions a sorption process which involves diffusion of distinct
materials into each lér and interacting chemically to form a solution. The

absorption process can be characterized by the volumetric chemical interaction



between two different materials. On the other hand, adsorption is a surface
phenomenon which can be defined as accumulaifoone substance on the others

surface as a result of unbalanced surface forces at the interface of two substances.

In the sorption based cooling and refrigeration systems, physical or chemical
attraction between two substances are used to obtainliag effect. The substance
which adsorbs or absorbs the other can be named as s@tismtbent or absorbent
according to the procesg)enerally while the substance which is adsorbed or
absorbed can be called as refrigerant or soraasorbate or absbate according to

the process)in asorption processes tlasorbent can be solid or liquid and in the
adsorption processegkorkentis generally in solid phasd@herefore in some cases

adsorption is also called as sefidrption.

As statedpreviouslyin the absorptiomprocess sorlentabsorbs the refrigeragbing

through a volumetric interaction which results in chemical and/or physical changes.
Whereas during the adsorption process, refrigerant molecules are bonded on the the
adsorbent surface by mwes of chemical and/or physical forces but, the adsorbent
does not goes throughchemical nor physical changering this process.

Both absorption and adsorption based refrigeration and cooling systems have their
own advantages and disadvantagdswewer, the advantages of adsorption based
systems over absorption based systems make their usage more suitable for various

kindsof applications in different fields.

The advantages of adsorption based cooling and refrigeration systems compared to
the absorpbn based systems can be summedsifollows.

Thermal sources withwide range of temperatures can be used for powering
adsorption based systems. The temperature of the heat source that may be utilized by
a adsorption cooling system can be as low a¥56r can be as high as 580. The



thermal source temperature should b&Crat minimum for the absorption systems
and operating temperatures over ZM will cause severe carsion problems in
these systemg§l5]. Based on the qualitative and quantitatm@mparisons made
between a LiBH>0O absorption cooling system and a silica-gater adsorption
system, it had been reported that for low temperature, low grade thermal energy

utilization silicagel water adsorption cooling system is more suitable op1iéd

The adsorption based systems are suitable to operate wadledse vibration
conditions which can be observed in air, land and sea vehicles. However,
absorption systems absorbent may be displaced in the system undesirably since it is
in fluid phase The flow of absorbent from evaporator to generator or condenser to

absorber will resulin malfunctioning of the systefd5].

The adsorption based systems are relatively simpler and does not require auxiliary
systems like absorption based cooling aridgeration systems dl5].Additionally

the adsorption based cooling systems do not suffer from crystallization and
distillation which iscommon for the absorption based cooling and refrigeration
systems 0Q].

The wide operating temperature range, sitgbileliability and inherently safe nature

of the adsorption cooling systems makes them a promising environmentally friendly
alternative for the conventional vapor compression cooling and refrigesgstems.
Therefore in the last decades researcherg amterested in development and
implementation of adsorption based cooling and refrigeration systems which may

replace the conventional systems, in terms of performance, reliability an@@ost

Beneath their environmental friendly nature, the adsarptamling systems are still
far from being a feasible alternative for the conventional vapor compression based
cooling and refrigeration cycles. The adsorption cooling systems still needed to be
improved in terms of cooling capacity andst efficiencyBasically the low Specific



Cooling Power (SCP) and low Coefficient of Performance (COP) values are the most
significant disadvantages of the adsorption coobggtems[80]. Thereforemany
ongoing research activities are focused on eliminating these disagganand to

make adsorption based cooling systems a comparable alterfatithe conventional
systems These activities can be summarized as analytical, numerical and
experimental investigations based m&w cycle and system designs, adsorbent bed
designs, development of new synthetic adsorbents. The details of the research
activities related with the adsorption cooling systems will be given in detail in the

following sections.

1.1 Basics of Adsorption

The process of adsorption is taking place atitkexface of two different phases and
involves separation of molecules of one phase due to its accumulation or
concentration at the surface of other as a result of unbalancedestofaes at the
phase boundar, 17].

As stated earlier in the process adsorption physical and/or chemical forces are
involved. The types of adsorption processan be further classified according to the
forces involved in the proceds.the physical adsorption the mechanism which binds
the molecules of adsorbate on the@sorbent is van der Wadlsrces[15]. In the
adsorbents with mesopores the accumulation of adsorbate will be in form of layers
one top of another and in the adsorbents with micropadsorbate fills the
micropores[15]. As a result of relatively weakniermolecular forces between
adsorbate and adsorbent, physical adsorption is easier to f&ned.the adsorbent

and adsorbate does not interact chemically, they preserve their original state while

undergoing adsorption process.

On the other hand, in emical adsorption the first layer of accumulated adsorbate

reacts with the adsorbent. As a result of chemical bonds, electron transfer atom



rearrangement, the adsorbent do not preserve its initial state after undergoing a
chemical adsorption process. Simetatively strong chemical forces are involved in

the chemical adsorptiormeversion ofthis processis relatively more difficult
Therefore in the adsorption cooling and refrigeration systeyhysical adsorption
phenomenoims more favorable and prefed.€elhe adsorbestthat aregenemally used

in physical adsorption procesan be listed agctivatedcarbon and activated carbon
fiber, silica gel and zeolite. Activated carbon and activated carbon fibers can be made
from coal, wood, organic substances lsws bone, coconut shell efd.5]. The
specific surface area and heat transfer performance of activated carbon fiber is higher
than the activated carbon however #msotropicnature of the fiber makasa less
favorable alternativgl1y. Silica gel isan amorphous synthetic material that can be
used when high capacity is required at moderate pressures and low temperatures.
Silica gels are classified according to the pore aim named asype A, B and C.

Type A hasa micro pore size of approximately52nm and can be used for all
desiccationconditions regardless ahe relative humidity[15]. Zeolites are the
porousalumina silicates which amaturallyformed and can be formed as a result of
artificially by synthesis. There are about 40 differentetyy natural zeolite while

150 different synthetic types are exists. The artificially synthesized zeolites are more
expensive than the natural ones however they have superior heat transfer
charactestics and more stable struct@b]. Therefore in the abrption cooling
systems synthetic zeolites are preferred and used generally. The types of zeolites that
are common for these applications can be named as 4A, 5A, 10 X|riLaXdition

to these adsorbents, researchers are also working on composite rdsobb@ned

by, mixing, and impregnationand consolidation methods. The details of the

composite adsorbents can be found in the following sections.

In addition to the adsorbent, another important contributor of the adsorption
phenomena is the adsorbateef(igerant). Among the all possible adsorbent
adsorbate pairs the ones that are most commonly used in adsorption cooling and

refrigeration applications can be listed as, ammonia, methanol, ethanol and water.



Ammonia is called as positive pressure refragrsince it has a boiling poiof 10

°C at the 1 atm pressure [1&)n the other hand being a highly toxic fluid is the main
disadvantage of ammonidMost common application is to use ammonia with
activated carbon in adsorption coolisgstems.Ethanol ad methanol are similar
refrigerants in terms of saturation pressure and flammability characters. Since these
refrigerants have a freezing point lower thaiC,0they are mostly used in the
adsorption based ice makers. The main disadvantage of ethanok#mhai is the

low latent heat of evaporation compared to water and ammonia. Water is one of the
most favorable refrigerants when environmental and health aspects are considered.
Additionally the latent heat of evaporation of water is two times higher than
methanol. Unfortunately by using the water as refrigerant it is not possible to obtain
refrigeration temperatures below’@ Moreover the extremely low saturation
pressure requirement for obtaining low temperatures is another disadvantage of water

as a rérigerant. Water is usuallysed with silica gel and zeolite as a refrigerant.

One other important conceglated with the adsorption and the working pairs is the
adsorption equilibrium. Adsorption equilibrium is used in various state equations
which are also known as isothermsaafsorptionand there are several approaches

which had been proposed for defining the equilibrium adsorption capacity. All of

these apmaches aim to express and define the equilibrium adsorption capacity of
adsorbent adsorbate pairs in a global manner; however the approach should be
chosen specifally according to the adsorbeatlsorbate pairs and operation
conditions. Some of the basapproaches that are used for defining equilibrium
adsorption capacity ar e H8&nmunegr,dEsmmeL and, Lart

Teller (BET),Gi bbsdé theory and adsorption potent

The most popular equations that are applicablelfiysicaladsorption of gases and
vapors on microporous solids are the ones based on the adsorption potential theory.
Since these equatiopsoved their capability iorrelating large amount of datzey

had beerwidely usedfor defining the adsorption capacit¥16]. Some of thewell-



knownequations are DubiniRadushkevich (DR) andubinin-Ashtakov(DA). Also
there are many variants of these equatitms,as mentioned earlier each equation

has its own strengths and weaknesses according to the application.

The euilibrium adsorption capacity is usually expressed as the ratio of mass of
adsorbed phase to mass of adsorbent. The adsorption capacity will be denoted by

letterx in this text.

Equilibrium adsorption capacity of an adsorbadsorbate pair is a functioof
pressure and temperaturBhe adsorption capacity definitions are specific to the
adsorbentaidsorbatepairs; additionally it differs for the adsorbents of different
manufacturers. Therefore most accurate equilibrium adsorption capacity definition
for a pair can be obtained by the experimental results. The experimental
determination of the equilibrium adsorption capacity correlations can be made with
the measurements shturationpressurethe temperature of the adsorbent together

with the adsorbed amat

The adsorbed mass ratio, saturation pressure and the temperature of the adsorbent
recorded at different adsorbent loading conditions by changing the adsorbent
temperature and the saturation pressiihe experiments are generally repeated for
adsorption and desorption processes to include the effect of hysteresis on the average
equilibrium adsorption capacity definition. After obtaining a data set of adsorbed
amount mass ratio, adsorbent temperature and the corresponding saturation
temperaturat is possible to correlate it with the equilibrium adsorption capacity of

the working pair. DA equatits are one of the forsithat can be used for correlation

of the experimentally obtained data. The general form of DA equation can be

expressed d®llows [17],
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Where the A in Equation 1.1 can be written as,
o Y &
o —

~ P P
The parameters used for fitting experimental data to DA equation axe, thendn.

As stated earlier the equilibrium adsorption capacity of an adsealdsntbate pair is

specific to the manufacturer of the adsorbent. The isotherms of the adsorbent that

wi || be used in this study had]/[lBa®mn e xpe
expressed in form of modified DA equation. Therefore the definition given there will

be usedvithout alteration.

Another concept that is related with the adsorption phenomenon is the heat of
adsorption.During the adsorption process the free adsorbate molecules gathered in
more ordered structure when they are adsorfi&is decrease in entropg ithe
underlying reason for the exothermic clwesistic of adsorption proce$65]. In
adsorption processes the heat release may bel@3B0igher than the heat released
due to condensation of adsorb@led]. The heat released in the adsorption process
could be determined by using adsorption isotherms or experimental methods that

utilizes calorimetry.

For the theoretical methodology there are three different definitions exist for the
released heaturing adsorptionThe first one is the integral heztadsorption, which
describes the total heat released between two states of adsorbate loading under
constant temperature. The second one is the differential heat of adsorption which
describes the heat released under incremental adsorbate loading wofitiédhird

one is the isosteric heat of adsorpti®mce the isosteric process, leads to a process
under constant loading the isosteric heat of adsorption can be determined with the

help of adsorption isotherms a@thusiusClapeyron relationshiB87, 17].



ClasisusClapeyron equatiorbasically relates the change in enthalpy with the
entropy change during adsorption process. The change in enthalpy under isosteric
(constant loadingxonditions also named as the isosteric heat of adsorption and
denoted a¥Qad. The isosteric heat of adsorption can be expressed in terms of

temperature and pressure as follows,

. Q0 e D
)] Y
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As can be seen from the Equation 1.3, the isosteric heat of adsorption is equal to the
slope ofcurve connecting constant adsorption capacity points of the isotlerms

InP vs 1/T graph, multipliel by the universal gas constdh?,15].
1.2 Adsorption Cooling and Refrigeration Cycle

The adsorption cooling and refrigeration cycles are based on the adsorption
phenomenon to obtain net cooling effect by utilizing heat enBagjc adsorption

cycle is compoasd of four thermodynamic steps. These four stepsgaresrally
demonstrated on a Clapeyron diagratmP( vs -1/T).However a schematic
representation of a basic adsorption cycle will help to understand the staps of
adsorption coolingycle. Basicadsorption cooling system could be defined as two
linked vessls. The schematic representation working principle aofsimple
adsorption cooling systeoan be seen iRigure1[20]. One of thevesselseen in the
figure contains the adsorbent media (the vessel on the left hand side in the Figure)
and the other is coaining adsorbate (the vessel on the left hand side in the Figure).
The vessel containing the adsorbent will be named as adsorbent vessel and the other

vessel will be named as condenser/evaporator.

Initially both adsorbentrad adsorbate is at low pressumed low temperature. The

first step of the adsorption cooling cycksorbent side is heatadich causes the

10



increase oftemperature and the pressure of thestem The heating process
continues until the pressure of system reaches the pressure tbhaesponding to

the pressure of saturation at a predetermined temperature. This temperature is the
condensation temperature; at which adsorbed refrigerant will condensate in the
condenser/evaporator. During the first step the adsorbed amount in the adsorbe
vessel is constartherefore;the first step is called as isosteric heating steghe

second step the heating continues on the adsorbent vessel while condensation is
taking place in the condenser/evaporator vessel by rejecting heat from the syistem. A
this step the system pressure is constant but the adsorbent loading starts to decrease
due to discharge to the condenser. The second step is called as isobaric heating or the
desorption step. Desorption is the reverse of the adsorption process. Tiséethiod

the cycle is the isosteric coolingtep. Inthis step the adsorbate loading in the
adsorbent vessel is constant but the pressure and temperature of the adsorbent vessel
decreases as a result of heat rejection from the adsorbent vessel. Th&nsbep ¢
named as isosteric cooling step. The adsorbent vessel is cooled down so that the
pressure of the system reduces to evaporation presafter the reduction of
pressure to the evaporation pressure of the adsorbate in the condenser/evaporator
vessel, adsorbate in liquid form, starts evaporate. During the evaporation of
adsorbate, the pressure of the system is consfem. temperature of the
condenser/evaporator vessel temperature decreases due to evaporation. On the other
hand heashould be rejectetiom the adsorbent vessel to facilitate the continuation

of adsorption, since adsorption is an exothermic process. The cycle is completed at

the end fourth step where temperature and pressure of the adsorbent is low.

11



Condensation  Hot Adsorption Refrigeration  Cool
heat rejected adsorbent heat rejected  (heatin) @dsorbent

Figure 1.1 Schematic representation of adsorption cooling system working principle
[20]

The process can also be demonstrated on a Clapeyron diagram. The Clapeyron
diagram for an ideal adsorption cooling and refrigeration cycle caedrein Figure
1.2. As described above, basic, ideal adsorption cycle is composed of four main

steps.
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Figure 1.2 The Clapeyron diagram of an ideal basic adsorption c2€e [

In the beginning of theycle adsorbent is at low temperatdieand low pressar (R,
evaporation pressureYhe cycle starts at point Alhe first step is the isosteric
heatingstep;the adsorbent is heated while the loading is constant. During the heating
step from A to B, thedsorbed amount in the adsorbent bed is constant and heating
continues until the pressure of the adsorbent reaches the condensation pressure P

12



Upon completion of the isosteric heating step, heat addition to the adsorbent bed
continues. However from pdifB to C the pressure of the adsorbent is constant due

to condensation taking place in the condenser which is connected to the adsorbent
bed. The adsorbed amount starts to reduce as the heat added to the adsorbent bed.
The heat is rejected from the condemdor keeping the condensation pressure
constant. The step from B to C can be called as isobaric heating or desorption step.
Desorption step continues until desired amount of adsorbate is desorbed and
condensed at the condenser. At the end of desorptm the system is at high
pressure (B and at high temperatu(&n). The next step will be the isosteric cooling

step which is required for reducing the pressure of the adsorbent bed to evaporation
pressure £ From poing C to point D, the adsorbent bhgdooled by rejecting heat.
During this step the system adsorbed amount is kept constant by disconnecting
adsorbent bed from condenser. At the end of isosteric cooling step, when adsorbent
bed pressure lowers to evaporator pressurth® adsorbent bedilbe connected to
evaporatoupon connecting the evaporator, adsorbent bed starts to adsorb refrigerant
which is in liquid phase and produce a cooling effect by receiving heat from cooling
space. The adsorbent temperature further reduced by releasinglurery the
adsorption process. The cooling of adsorblead facilitates the continuation of
adsorption process. The adsorption will be ceased if the pressure of the adsorbent bed
increases. Therefore the temperature of the adsorbent bed should be lvarared
point D to A to keep the adsorption pressure constant while the adsorbed amount is
increasing. The cycle is completed when the adsorbent bed reaches its initial point,
point A.

The efficiency of a cooling or refrigeration systeng&nerallydefined as the ratio of
its capacity of removing heat froencooling space to energy supplied to this system
for maintaining its operation8p]. This ratio is called as the Coefficient of
Performance (COP) of a cooling and refrigeraiton cythe thermalCOP definition

can be written as

13
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Specific to adsorption based coolisgstemsthe heat energy supplied to the system
will be equal to the sum of heat used in isosteric heating and the regeneration
(desorptionisobaric heatingphases of the cycl®eferring to the Clapeyron diagram
givenin Figure 1.2, the heat supplied from point A to point C is the energy received
by an adsorption cooling and refrigeration system. The heat received by the cold
space is equal to the latent heat of evaporation multiplied by the amount of
evaporated refrigrant. The amount of evaporated refrigerant is equal to the mass of
adsorbed refrigerant in the cycle. With the light of this information the COP for an

adsorption cooling system can be decomposed into its components and expressed as,
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The heat received by the system will be utilized for desorption of the adsorbed phase
and the preheating and pressurization efdesorbing bed to condensation pressure.
The heat required for preheating or the isosteric heating stage can be called as the
sensible heat consumptiohhe sensible heat of the system is the second term in the
denominator of the COP definition given irgi&ation 1.2.1t can be seen from
Equation 12 that the COP value can be increased by reducing the sensible heat
consumption of thesystem. Thaletails of the COP improving approaches will be

given in the literature survey section.

On the other hand theere two different approaches can be used for calculation of
the cooling power of an adsorption cycle. The one of the approaches is to calculate
the total cooling effect that can be obtained by evaporation of the desorbed and
condensed mass of refrigeraht.this approach, the heat rejected during cooling of
refrigerant from condensing temperature to evaporation temperature is subtracted

from the totalcooling effectdue to evaporation of the refrigerant mass. The COP

14



value calculated by using this methisdnamed as gross COP of refrigeration. The
second method of calculation will be based on the heat removed from the cold space
by the system. In this method heat removed from the cold space will be divided by
the heat received by the system to obtain #teQOP of the systen8§]. Most of the

time in the literature, the calculation method of COP values had not been specified,
therefore the COP values presented in this study are assumeaddbC@P unless

otherwise mentioned.

Moreover another concept hbden introduced for defining the efficiency of cooling
and refrigeration systems that are powered by solar energy. The concept is the solar
COP of the system. Solar COP of the system can be expressed as fblldws [
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Another measure of performance in the adsorption based cooling and refrigeration
systems is the average volumetric and average mass specific cooling density values.
The average volumetric specific cooling power density is obtained by dividing the

net coolng energy received from the cold space divided by the cycle time and the
volume occupied by the adsorbent bed. Simildrgyaverage mass specific cooling
power density is defined as the energy removed from the cold space divided by the
cycle time and thenass of the adsorbent bed. The average volumetric and mass
specific cooling power density can be expressed as follows,
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1.3 Survey of Literature

As stated above, adsorption cooling aefiligerationis apromising technology
when the advantageous aspects are considered. The main advantages of adsorption

cooling systems can be briefly recited as,

Direct utilization from low grade energy sources (e.g. solar energy)
Can be operated with a wide range of Iseatrce temperature

1 Relatively simple construction and design, does not dependent on
mechanical actuators such as electric motors.

1 Environmentally friedly, nontoxic refrigerants can be used

Suitable for operation and usage on mobile platforms

Besidesthe advantagesisted abovelow performance characteristics, low SCP and
COP valuesof adsorption cooling and refrigeration systems is hindering their
commercialization and wide spread usagmentioned earlier the ongoing research
activities are focused@timprove the performance characteristics of these systems.
addition tothe performance improvements, the method of implementation on the
industrial use and commercialization of the adsorption cooling systems is also

attractingattention othe researars.

The research activity in the field of adsorption cooling systems can be classified in
three main groups according to the main focus of the efforts. One of the main branch
of research activity is focused on the improvement of the adsesidsatbate airs

which is vital to the adsorption based cooling and refrigeration systérasesearch
efforts onof working pairs ismainly concentratedo develop new adsorbents or new
methods to improve the heat and mass transfer characteristicofriheonlyused

adsorbents to obtain bett@sorption performance
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Another group of research activity invotievith the performance improvement of
adsorption cooling and refrigeration cycle through heat and mass transfer
enhancements on the adsorbent bed and gele designs and operation procedures.
Some of these works can be briefly mentioned as design of heat and mass recovery,
multi-staged cascading and thermal wave cyclBgyond the cycle design, studies

on the heat and mass transfer enhancement withiadberbent bed are generally
related with the enhancing heatchange performance between the heat samnde

the adsorbent particles by increasing the heat transfer surface area or by reducing the
thermal resistance between heat transfer surfaces andishebent particles. The
details of the efforts in this area will be cited in the related subsection.

The last part of the literature survey will be dedicated to the solar powered
adsorption cooling and refrigeration systems and the research effortsdapetdn
this subsection mainly, the experimental and numerical efforts and real case

applications will be discussed.

1.3.1 Adsorbent-Adsorbate Pairs

As stated earlier, the adsorbent bed is the main component of the adsorption cooling
and refrigeration systesrwhich corresponds to the compressor of the conventional
vapor compression cooling and refrigeration cy¢g843.

The performance of the adsorbent used in the physical adsorption mainly determined
by both material and geometric properties. The materiaipgrties can be
exemplified as the hydrophobic or hydrophilic behavior of the adsorbent material.
This property is a result of polar or nrpolar atomic structure of material. The ron

polar materials are generally hydrophobic while the polar materialsydrephilic.

The geometric properties of the adsorbent may be listed as the surface area, pore
sizes, pore shapes, grain sizes. Since the adsorption is a surface phenomenon, larger
surface area is a favorable geometric property which can be achieveddwg por
structure. Another important geometric property is the pore size distribution which

17



affects the accessibility of thadsorption sitesToday, it is possible to design
adsorbent beds which possess the desired geometric and material properties. The
sele¢ion of adsorbent and addate medishas a great impact on the adsorption
system since; the performance is substantially affected by the working media and the
temperaturesif4, 17. Some of the desired properties of an adsorbent could be listed
as B7, 14117;

- Low specific heat capacity and high thermal conductivity which increases the
heat transfer rates and reduces the cycle times.

- High adsorption capaciiy a relatively small temperature range

- Nontoxic, norrcorrosive

- Available and low cost

- No deterioration and aging

Some of the most popular adsorbents that are used in the adsorption systems can be

listed as activated carbon and activated carbon fibre, zeolite and silica gel415

17].

As mentioned earlier activated carbons cambi@ined from coal, wood, bone, and
coconut shell by processing. The heat of adsorption of the activated carbons is lower
compaed to other popular adsorbents since its surface is covered by a oxide layer
and/or some inorganic substances which redticesurface polarity of activated
carbon. However, it is dow cost and widely available substance. The activated
carbon fiber has better mass transfer characteristics compared to activated carbon due
to the more uniform distribution of pores. However an drogic thermal
characteristigs a significant disadvantage adtivated carbon fibgd5, 14.

Zeolites are another group of popular adsorbent. There are approximateyuddl

and 150 types of artificially synthesized types of zeolites exists. Tiegme and
distribution of the artificially synthesized zeolites can be adjusted by the process
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parameters during productioifherefore heat and mass transfer characteristics of
artificially synthesized zeolites are superior to natural ones. Howeverogteot
artificially synthesized zeolites is more expensive than the natural zebhite.
artificially synthesized zeolites are named with extensions like 4A, 13X which refers

to the manufacturing procefis].

Silica gel posesses most of the desired ptagselisted above. It is an synthetic
amorphous adsorbent, that can be used when high capacity is required at moderate
pressures and low temperatures. Silica gels are classified according to the pore size
and named as Type A, B and C. Type A is the mostrgon type since it can be

used for all desiccation conditions regardless of the relative humidity [15]. Due to the
low binding energy, silica gel is easy to regenerate by using low temperature heat
sources. Therefore it is ideal adsorbent for the solplicgtions [L01]. One of the

main drawbacks of silicaoenpared to the other common adsorbents (zeolite,

activated carbon) is the high cost and low availabilityl] 83].

Similarly some of the desirable properties for an adsorbate could be ligted] &S,
17,and 10];

1 Low viscosity values, and smaller molecular size would be preferable to
ease the adsorption

1 High thermal conductivity and low specific heat to increase heat transfer

rate.

High latent heat of adsorption

Chemically and thermally stablender operation conditions

Low viscosity

A =/ =4 =4

Available and low cost

Some of the most popular adsorbate (refrigerants) that are used in the adsorption

systems can be listed as, ammonia, ethanol, methanol and water.
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Having a boiling point below10°C at 1 atm,ammonia is a positive pressure
refrigerantwhile; ethanol, methanol and water are vacuum refrigerdis systems

which operate under vacuum pressures are susceptible to immediate failure in case of
air leakage into the system. The positive pressurermsgstéhich utilize ammonia as

a refrigerant can tolerate the air leakage up to a &4 118. However ammonia

is a toxic and corrosive refrigerant which requires relatively higher pressure values

for condensation at moderate temperat{ited].

Methand and ethanol aresimilar in terms of freezing point and latent heat of
evaporation values. The low freezing point of methanol and ethanol make them
favorable in cooling and refrigeration applications where temperatures b¥oar®
desired. Also being,an-corrosive makes methanol and ethanol advantageous over
ammonia. However chemical stability is and over regeneration temperatures of
120°C and flammability is an issue for methanbhe latent heat of evaporation for
ammonia, ethanol, methanol and waterespectively 1368 kJ/kg, 84Q/kg, 1102
kJ/kg, 2258 kJ/kg [15] Regarding the latent heat of evaporation water is the most
favorable refrigerantFurthermore being norncorrosive, nortoxic andinflammable
makes wateiseems to be thenost suitablerefrigerant for adsorption cooling and
refrigeration purposeamong the others. However, as a result of its high freezing
point water cannot be used as a refrigerant dooling purposes which requires
temperatures below@, [15, and 83.

There are severatudies evaluating the performance ofeliéint adsorberddsorbate
pairs [L5, 101, 119and12(. As stated earlier the most commonly used adsorbent
asorbate pairs can be listed as, activated camethanol, activated carben
ammonia, zeolitaevater,and slica gelwater [15, 10]]

Silica gelwater is considered to be the most suitable working pair for solar powered

adsorption cooling and refrigeration applications due to its low regeneration
temperature]01,15] since refrigeration temperatures beld @re not possible to
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obtain with this working pair, silica geVater is used commonly in the adsorption
based chillers and air conditioning systeri®]]. The experiments had shown that
silica getwater pair can perform cyclic operations without experiepcany
significant performance and stability degradatidiil]. Moreover water is the
environmental friendly and highest safety class gefiant among the mentioned
ones[97]. However, low adsorption capacity, low vapor pressure requirements are

the majordisadvantages of this working pair.

Another working pair is the zeol#®ater. The heat of adsorption for zechtater

pair is higher than the heat of adsorption of silicavgater pair. The regeneration
temperature of zeoliteater pair is above th@0(’C but zeolitewater pair can
operate in a wide range of condensation temperatures without experiencing any
performance degradation.[15] Similar to silica -gelter pair, the mass transfer
performance of zeolitevater pair is low due to low operatingessures. Likewise it

is not possible to obtain refrigeration temperatures beR@w@th the zeolitevater

pair.

Activated carbormethanol pair is another favorable and common working pair for
adsorption cooling anckfrigerationsystemsThe activateadarbormethanol pair can
operate by using low temperature heat sources. As stated earlier, abo%€ 120
methanol becomes chemically and thermally unstable, therefore lower operation
temperatures should be preferred while working with this pair. Anothporant
characteristic of activated carbamethanol pair is its high adsorption capacity.
Additionally the low freezing point of methanol makes this pair suitable for
adsorption based ice makers. Low thermal conductivity of activated carbon and
toxicity and flammability of methanol are the disadvantages of the activated earbon
methanol pair.101, 15]

The main advantage of activated caraonmonia pair is the high working pressure
compared to the other working pai’ss stated previously ammonia is a fing
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pressure refrigerant which does not requires vacuum environment. The high
operating pressure results in better mass transfer characteristics and low cycle times.
On the other hand working at high pressures with a toxic refrigerant is not a

favorable guation from the safety aspgdiO1,15, and 8T.

The brief comparison of the mentioned working pairs together with the most

common application area is given in Table 1.1.

Table 1.1 Comparison of theommonly used working pairs in adsorption cooling
and refrigeration systems

Operating Operating Specific Common
Working Pair | Temperature, Pressure Cooling Application
[°C] [barA] Capacity P
. Air
S"":[izgfg(’)\]’ater <90 0.01:0.3 High | Conditioning
Water chiller
ActivatedCarbon
Methanol87,121] <120 0.02-0.35 Normal Ice Maker
ActivatedCarbon : Refrigeration
Ammonig121,80] <150 3104 Highest Ice Maker
Air
Zeolite Water[87] <200 3.485 Normal conditioning
Water chiller

In addition to thecommon adsrbents that are generally usessearchers are trying

to develop new adsorbent with desirable propedgesentioned abov®ne of the

main purposes of working on new or composite adsorbents is to improve the heat
transfer performance of theseibstances. Thgranular and porous nature of the

adsorbents results in low thermal conduggivend low thermal performance.

One of the methods for improving the thermal conductivity of an adsorbent
substance is to mix it with additives which have relatively high thermal conductivity.

These materials cabe metallic pieces [14], metal powders and carbon fibers.
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However, carbon ilbers when used as an additive to improve heat transfer
characteristics of an adsorbent magt create the desired improvement due to its
aniotropic thermal characteristics. In some of the cases existence of carbomnfibers
the adsorbenéven increasedhé thermal resistance at the heat exchantgface

[15]. Addition of metallic pieces or metal powders will increase the dead mass of the
adsorbent which may result in higher sensible heat consumption and lower COP
values at the cost of increasing therthal conductivity. Another approach is to mix
different sized adsorbent particles tmprove the thermal conductivity of the
adsorbent bedlpP1]].

Another method that is used for improving the heat transfer performance of the
adsorbents is consolidatioGonsolidated adsorbents can be obtained by compressing
the adsorbent particles with binder and/or other high thermal conductivity materials.
As a result of consolidation high thermal conductivity values careé&ehe sincea
continuous conduction path hbden established by the binder matrix. However with
the introduction of interstitial filling, the permeability and the mass transfer
performance of the adsorbent bed significantly decreases relative to granular packed
beds. This degradation in the masansfer performance would likely reduce the
adsorption rates especially under vacuum conditions which will result in elongated

cycletimes [L4].

The investigations on the consolidated adsorbents yields higher COP values up to
compared to unconsolidateddse[122 123. However in some of the casehe
adsorption duration need to Betimes longer than desorption durasdar the best

COP resultd88]. The possible cause of longer adsorption durations may be the
reduced mass transfer performance of thek bherefore a new material is reported

to be developed to eliminate the adverse effects of binder materials used in
consolidatior81]. According to the results of experiments the developed host matrix
material does not affect the mass transfer performanche base adsorbent (silica

gel) significantly.
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1.3.2 Enhancement of Heat and Mass Transfein Adsorbent Bed

The low COP and SCP values of the adsorption systems associated with the poor
heat and mass transfer within the adsorbent bedwsllaknown drawback of the
adsorption based obng and refrigeration system80]. Therefore the research
activitiesin the field of adsorption cooling and refrigeratiare aimingto improve

the performance of these systems amidk for the ways of commercialimat

through possiblemplementations of these systef8,114.

Since adsorbent bed is the main component of these systems, the enhancements in
heat and mass transfer performance of the adsorbent bed will directly influence the
performance of adsorptionoaling system Effectiveness of the heat exchange
between source and the adsorbent bed characterizes the thermal performance of the
adsorbent bedn some of thesolar applications the adsorbent bed directly exposed

to solarradiationand heated by the sme itself [92, 96 and 100 but in generathe

heat is transferreffom sourceo the adsorberiedby an intermediate medium. The
medium which facilitates the hetinsferbetween the bedource and environment

is named as Heat Transfer FIGHTF) [1, 14, 17, and 98 The HTF flows through a

heat transfer tube (HTTdr duct which separates the HTF and the adsorbent
particles.Mainly the adsorbent bed is composed of HTF flow path and adsorbent
particles but the thermal performance of the adsorbent kednds on various
parameters such as, HTF thermophysical properties, HTF flow veldei&gl mass

of the bedand the thermal resistance between HTT and adsorbent pd@icless,

38]

Furthermoremass transfer performance of the bed is equally impaatatite thermal
performance. fBce the bed needs to adsorb and des@dpuired amount of
refrigerant duringoperation mass transfecharacteristicof the bedshould be at
desired level. The mass transferrformancas influenced by the interparticle flow
and intraparte diffusion of the refrigeraii4, 37]. Moreover, as stated earlier some
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of the enhancements in the heat transfer performance of adsorbents (e.qg.
consolidation) may detract the mass transfer performeahtiee bed [14 88. As a
consequence, the adsorbent bed heat and mass transfer performance could be
enhanced by determining the necessary design parameters according to the operation

and performance requirements.

The enhancement efforts on the thermahductivity of the adsorbent particles had
been presented in the previous part. Another bottleneck in the heat transfer pathway
is the thermal resistance between HTT and the adsorbent parfiblesthermal
resistanceat theHTT interfacereduces the heaixchange rate between HTF and
adsorbent particles and affects the thermal performance of adsorbent bed. Thus
researchers also interested in methods to reduce this resistadc®pe of the
popular methods that had been used for reducing the thernshnes between the

HTT wall and the adsorbent particles is to coat the heat exchange surfaces with the
adsorbenparticles[50125. In the coatingprocess of the heat exchange surfadis,
coating [L27], spray coating, coil coatingl5 methods could baised In the
mentioned coating methods the adsorbent particles are coated on the metal surfaces
by using a binding agent, however it is also possiblaitectly growing the
adsorbent material on the metal surfadey]. It had been reported that by coat

the metal heat exchange surfaces of the adsorber with adsorbent particles, the heat
transfer coefficient at the interface increased from 10 W/m2K to 150 W/m2K, while
the SCP value of the system increases 15 tinE&].[ Likewise by coating of
annularfins of an adsorber bed, a heat transfer coefficient of 3000 W/m2K had been
obtained 129. The results show that the heat transfer resistance at the metal
surfaceadsorbent particle interface couldfeeluced bycoating of the heat exchange
surfaces. Orthe otherhand, similar to consolidatiomethods improved thermal
performance comes along with a reduction inniess transfer performance of the

bed which negatively affects the overall performance and further investigation is

required [50].
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Another appoach that is used for enhancing the heat transfer performance of an
adsorbent bed is to increase the heat exchange surface area. In this approach
generally adsorbent beds obtained by packing adsorbent particles around
conventional heat exchangefsgenerl method of manufacturing an adsorbent bed

is to fill the annulus of @ircular finned tube with adsorbemiarticles p3, 93, 110,

114, 130, 131, 132. In sane other cases plate findq, plate type heatxchangers

[20] or corrugated finned structureB9 can be used as extended surfaogacrease

the heat transfer surface ar@he usage of extended surfacesthe HTF flow path
generally increases the thermal performantdéhe adsorbent beds as a result of
increased heat transfer surface area; ewthe increased mass of the adsorbent bed
may reduce the COP and SCP values if not appropriate trade study is performed [52
131].

From the mass transfer point of view the amount of adsorbent (its layer thickness
around the HTT) and the grain size #ine main parameters that can be used for
performance enhancements. The results of the investigations showed that the smaller
adsorbent grain sizes together with the less number of layers(less amount of
adsorbent around HTT) lead to better COP and SCPwaluthe adsorption cooling

systems in which adsorption phenomenon is dominated by mass traaSg0

Consequently, it can be said thla¢ design of the adsorbent bed is importanthe
performance improvement of adsorption cooling systems.efhancements in the
performance through an efficient adsorbent bed design should not be based on the
thermal aspects solely since mass transfer and heat trandfier adgorbent always
contradicts $2]. The enhancements in the thermal performance geneledrease

the mass transfer performance of the bed. Therefore an effective bed design should
establish a compromise between édmhancements of heat transfer and niassfer

characteristics.
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1.3.3 Adsorption Cooling Cycles

The earliest version of the adsorption cooling system is based on the basic cycle
which had been described above. The systems operating on basic adsorption cycle
found out tohave low performance metricsAdditionally the adsorption cooling
applications a& based on the basic cycle are operating in an intermittent manner.
Beyond the low efficiency, intermittent operation is a major drawback for these
systems compared to conventional vapor compression based cooling systems.
Therefore researchers arénteresed in new cycle designs whicimprove the
performanceof the adsorption cooling systenwghile facilitating the continuous

operation

The continuous operation ian adsorption cooling system could be achieved by
switching the mode of operation from ads@ptto desorption alternatelyetween

two adsorbent beds, in a cyckS3]. For this type of operation at leastd adsorbent

beds are required in the systeRegarding the nature of alternating operation of
adsorbent beds, the consumed heat by the systeandycle can be reduced by
exchanging the heat between adsorbing and desorbing b&gs As it had been
stated in the definition of COP, some of the heat received by the system is utilized as
sensible heat in the isosteric heating step of the cycle Th2] heat required for the
preheating angressurization stage desorption ppcesscan be supplied by the heat
released by the adsorbing béthe cycles in which heat is exchanged between the

adsorbent beds of the system in this manner are called as the heat recovery cycles.

The heat transfer between source and the beds need to lewextily means of a
HTF for this type of cycledn a classtal heat recovery cycle, the HTF receives heat
from the adsorbing bed and directed to the heat exchémgarrther heat addition
andheated HTF flows through the desorbing bed for achieving desarfimilarly

the high temperature HTF leaves the deisy bedat a lower temperature and upon
further cooling in the heat exchanger directed to the adsorbingThedexternal
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heating and cooling requirements of tlgstem isreduced and performance
increased by this wayccording to the experimental studié®at recovery in a two
bed adsorption chiller increases the COP of the system 383% T]. The COP
increaseas a result of heat recoveryadetter working mechanism when the sensible
heat load to the latent heat ¢tbaatio of the adsorbent bedhigh[3].

Another type of adsorption cycle combines the heat and mass recovery processes.
The mass recovery is achieved by the refrigerant (adsorbate) transfer between
desorbing and adsorbing beds of the systsinhe end of a half cycle one bed is at
condasation pressure (at the end of desorption process) and the other one is at
evaporation pressure (at the end of adsorption process). The bed which completes
the desorption will be depressurized and cooled down before performing adsorption
similarly the be which completes the adsorption step will be heated and pressurized
before the desorption step. The high pressure bed will be depressurized while the
low pressure bed is pressurized by the transfer of adsorbate through a connecting line
betweenadsorbenbeds. Both beds reach to an intermediate equilibripnmessure by

this process. As a result of this mass transfer between thedSCP and the
adsorption capacity of the systencreasesSolely mass transfer process reported to

be capable of enhancingettsystemperformance 135 13€. However, in general

mass recovery is accompanied by the heat recof@ryfurther performance
improvements The cycles utilizing heat and mass exchange between the adsorbent
beds are called as heat and mass recowgties [52, 170. The SCP and COP
improvements by utilizing mass and heat recovery can be achieved with the

determination of recovery times specific to fystem B3, 27.

A further improvement inthe heatecovery systems had been proposeadvlily the
introduction of thermal wave cycl&]. Similar to the previously mentioned cycles

for the thermal wave heat recovery there should be at least two adsorbent beds in the
system.Similar to the other heat recovery cycles, the adsorbent beds should be
heatedor cooled by eHTF. In the thermal wave heat recovery cycle, the adsorbent
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beds are connected in series with the two heat exchafigater/cooler) The heat
exchangers are used for adglior removing heat from the HTFA schematic

representation of a thmal wave cycle can be seen in Figure 1.3.

Heat sink

Pump

Heat exchanger

r

Heat source

- f

Evaporator —q—D-a—<— Condensor

refrigerant flow — — —— thermal fluid flow

Figure 1.3 Schematic representation of thermal wave heat recovery adsorption
cooling systenj83

The thermal wave heat recovery adsorption cooling system simoRigure 1.3 can

be operated continuously by only switching the direction of fluid flow. The operating
principle of the system is similar to heat recovery cycles mentioned above. In the
beginning of the first cycle the bed 1 is at low temperature anad$@bate loading

is high while the be@ is at high temperature and the adsobate loading of the bed is
low. The HTF flows in the direction shown in Figure 1.3. Cooled HTF enters the bed

2 which is at high temperature and as a result of heat exchangebeétWE and the

bed, temperature of the HTF increases as it advances in the bed while the bed is
cooled. The heated HTF leaves the bed 2 and enters the heat exchanger for further
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heat addition. Upon leaving the heat exchanger at a high temperature HERleaiter
bed 1 which is at low temperature. THEF cools down while heating the bed 1
during its advancement in bed 1. The cooled HTF is directed to the heat exchanger
where it is further cooled down. In this cycle bed 2 is adsorbing and connected to
evaporgor and the bed 1 is desorbing and connected to condenser. In the second
cycle, the connections between beds and condenser and evaporator will be
interchanged while the HTF flow direction is revers88,[14]. The operation of the
thermal wave recovery cheis not different from a simple heat recovery cyclee T

main distinctive property of thethermal wave type l@ recovery cycle is to
maximize the heat recovehy establishindarge temperature gradients in tH&F

while flowing through the adsorbentdsd5, 14, 1, and 52 The temperature profile
variation for the HTF within the beds during operation can be graphically

represented in Figure 183, 14.
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Figure 1.4 Schematic representation of thermal wave heat recovery adsorption
cooling systeni83, 14

In Figure 1.4 the temperature variation of the HTF while passing through the
adsorbent beds of an thermal wave heat recovery adsorption system is graphically
preseted [83,14. The solidlines in the graphics represehe initial condition while
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the dashed lines are representing the final condition reached upon completion of the
step.

In Step 1 the bed 1 is btw temperaturel| and the bed 2 is dtigh temperatue Th
initially. Tn is the upper operating temperature of the system ans the lower
operating temperatur@®uring the first cycle bed 1 will bbeated by the HTF and
desorbrefrigerant while bed 2 will be cooledhy the HTF and adsorptioprocess
will take place in bed ZThe HTF entering the bed 1 is at high temperaiurand
leaves the bed with a low temperatdre which is slightly higher than the lower
operating temperature of the systeimne HTF leaving bed 1 with Tis further
coded to temperature |Tin the heat exchanger before entering bed 2. The low
temperature HTF enters bed 2 and leaves the bed at temperatutech is slightly
lower than the bed 2 temperature The temperature profile of HTF follows a wave
like shapewhile flowing through the besg but the shapef the temperature profiles
in bed 2 is opposite of the bedIg step 1 lhe wave fronts in both beds proceeds to

the right end of the bedss the time proceeds.

Upon completing the desorption in bed 1 and adsorption in bed 2 under constant
pressure conditions the next step will be a pressurization step for bed 2 and a
depressurization step for bed 1. Since bed 1 was at condenser pressure at the end of
the step 1isosteric cooling (depressurization) step will follow step 1. Similarly the

bed 2 was adsorbing and initially at evaporator temperature therefore step 1 need to
be followed byan isosteric heating (pressurization) step. In step 2 the HTF flow is
reversed therefore HTF enters the beds from right end. The high temperature HTF
entering bed 2 increases the temperature of the bed which is required to reach the
condenser pressure. The cold HTF leaving the bed 2 further cooled in the heat
exchanger and directed bed 1. The bed 1 temperature need to be reduced to reach

the evaporator pressure before starting adsorption in the next step.
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The third step is similar to step 1 but in step 3 bed 1 will be adsorbing while bed 2 is
desorbing. During step 3 the HTF dgculated in the opposite direction of step 1.
Similar to ste2, step 4 will be the isosteric heating and cooling step for bed 1 and
bed 2 respectivelyThe cycle times in the thermal wave regenerative systems are
defined by the travel of the wave fromeoend of the bed to another.

As demonstrated and explained above, the existence of thermal wave type
temperature variations within the adsorbent bed and HTF, it is possible to minimize
the heat addition and rejection to/from the system by the heat eaisan
Minimization of the external heat addition increases the COP and SCP values
directly[14, 1, 2, and b

Based on this thermal wave concept numerous research activities had been
performed. One of them is the two dimensional numerical investighgah and

mass transfer oan adsorbent bed operating in a thermal wave regenerative €lycle

As a result of numerical analysdbe performance o thermalwave regenerative

heat pump has higher COP compared to uniform temperature heat pump.
Additionally the results had shown that COP values higher than unity is also possible
with the thermal wave heat recovery. The efficiency of a thermal wave heat recovery
cycle could be increased with treduced thermal wave thickne&s 83. The results

of a theoretical study [2] had showed tttee COP improvement by the thermal wave

type regeneration depends various operation parameters such as condensation
temperature and dead mass of the adsorbent bed. On the contrary to the common
engineering intetion, a high COP thermal wave regenerative adsorbent bed design
should have a large dead mass. Based on the results obtained it is also concluded that
the mass recovery does not increase the COP value of the thermal wave heat

recovery cycle unddhe condtions of investigation2].

The two dimensionalnumerical analysethat neglect the axial conduction in the

adsorbent bed and the HTF had demonstrated that a thermal wave shaped
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temperature distributions could be obtaind@][ The experimental and nuneal
analysis results on a finned tube adsorbent bed had showed that HTF flow velocity is
the most significant parameter affecting the operation of an adsorbent bed which
operates in a thermal wave heat recovery cyt#®23]On the other hand the
experimatal reports on the inadequate performance improvements by the thermal
wave heat recovery and lack of a successful adsorption system prototype operating
on thermal wave principle [1] brings up the question on practical applicability of this

concept.

Also it had been reported that by enhancing the heat transfer within the adsorbent
bed it is difficult to satisfy the necessary conditions to obtain a thermal wave type
temperaturevariation. As an another option for increasing the heat exchange rate
betweenadsorbent bed and the HTF, flow velocity could be decreased or HTF flow
path could be elongated but these design approach will result in decreased energy
density and SCB2].

Consequentlyit could be stated that by using appropriate design parametérs an
undersuitable operating conditions it is possible to develog operate an adsorbent

bed which can demonstrate thermal wave type heat recovery characteristics.

Since one of the maidrawbacksof thermal wave heat recovery cycle is the low
power density as a result of poor heat transfer between HTF and the adsorbent bed, a
new cycle whichheats and cools the adsorbent bed by using the adsorbate had been
developed and named asnvective thermalvave adsorptiorcycle [9]. The low

power densityin convective thermal wavcycle the adsorbate transfer heat between
source or sink and used for heating or cooling of the adsorbent bed. The high surface
area of the adsorbent particles yields an effedtieat transfer rate during cooling

and heating of the bed. The adsorbate flow through the beds is facilitated by a low
power pump. Theoretical studies had shown that the COP of a convective thermal
wave cycle can be as high as 0.9 [24].
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Up to this point dlthe cycles discussed were single stage cycles. Moreover, there are
also multistage and cascading cycles which are composed of more than one single
stage cycles. A muhstage cycle is designed for performing adsorption and
desorption at different presguand temperature levels and to utilize form the energy
of the source more effectively by recovering heat between different stages of the
cycle [1]. Each stage of a mulitage cycle uses the same working pair. The main
idea behind using a mulstage cyte is to improve the efficiency of a system which

can be operated by ugim low temperature heat soufb@].

Moreover, the cascading cycle is used when there is a large temperature difference
exists between heat source and refrigeration space. Thecgfdes using different
working pairs are connected in series to utilize from the high temperature heat source

more efficiently BO].

1.3.4 Solar Powered Adsorpton Cooling Applications

As stated previously the increasing cooling and air conditioning loadsesult of
economicgrowth and increase in prosperity leve&J|[ also impacts the energy
consumption based on aionditioning and cold production iffurkey [2]. The
importance of solar energy utilization in cold production can be explained by the
coincidence of peak cold production need with the peak of solar irradiation
[112101]. Especially the west and south coastal regions of Turkey are the areas at
which utilization of solar energy is at feasible levels. Furthermore in these areas air
conditioning &d cooling needs are more intensified with the contribution of
developing tourism industry [2]. Therefore a cooling and refrigeration systems
utilizing solar energy will contribute for reducing the energy demand which will

have significanpositiveimpacton the economy.

Beyond the advantages mentioned above, being an attractive alternative for the

conventional systemspkr powered adsorption cooling and refrigeratsystems
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becomethe most fast pacing adsorption based lowpsystemamong the others in

terms ofcommercialization [B26]Today various companies had their commercially
available solar refrigeration systems. Some of these companies are Brissoneau et
Lotz-Marine (France), EG Solar(Germany), Solaref (France), Zeopower (USA)
SorTech AG (Germany)1pl, 106. The photograph of some of the commercially

available systems in the market can be seen in Figure 1.5.

Figure 1.5 Solar adsorption chillers of SorTech AB)6|(on the lefy LBM Solar ice
makers tested in Moroc¢b0](on the right)

The above mentioned commercialized products are all technically successful but they
are unable to dominate the market of solar refrigeratifd][ The competitor of the

solar powered adsorptiobhased cooling and refrigerations systems in sb&ar
refrigeraitonmarket is the photwoolatic powered vapor compression refrigerators.
PV powered vapor compression refrigeration systems are still leading in the solar
refrigeration market as a result of their cost efficieridd1]. On the other hand from

the COP point of view, it could be said thaith PV powered vapor compression
refrigeration systems and solar powered adorption cooling systems are at a
comparable level. The practical COP values of the solar based adsorption cooling
and refrigeration systems are ranging from 0.1 toAcRuially thereare higher COP
values demonstrated by simulatiobsit these valuesiad not been practically
demonstrateget [10]]. The electric conversion efficiency of modern commercially
available PV cells is on the order of 10 &d the COP values of a vapor

conpression refrigeration system will vary between 1.1 and 3.3 while operating with
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an evaporator temperature betweBnand 15°C at anambient temperaturehich
rangeshetween 45 and 6°C. Resultantlythe overall COPfor PV solar refrigeration
systen will be ranging between 0.11 a@@3[141]. As a conclusion it is possible to
state that thesolar COP of solapoweredadsorption cooling system and solar vapor
compression refrigeration system are closeedach otherHoweverto become a
feasible alternativefor the conventional refrigeration systemsplar powered
adsorption cooling systems required to be improved in terms of cost efficiency

and/or performance.

The needor improving the performance and cost of the solar powered adsorption
systems attracted the attention of researchers and prepared a ground for various
research activitiedBased on the cooling temperature range the adsorption cooing and

refrigeration syms can be classified into three main categories as folll; [

1 Solar powered adsorption based air conditioning applications, cooling
temperature range B5°C

1 Solar powered adsorption baseefrigeration applicationsfor food and
vaccine storagecooling temperature randge8°C

1 Solar powered adsorption baséte making and freezingpplications

cooling temperature range belo@W0

The solar adsorption cooling systems generally adopted the basic adsorption cycle
and operate with a single bed oniatermittent mannerl[01]. Since the heat source

is not availablecontinuously 109 intermittent operatioris more advantageous for

the solar adsorption cooling systems. The solar powered adsorption cooling systems
which adopt the basic cycle do not requany mechanical and electrical energy,
reliable and cost effective. In the most basic versions of solar adsorption cooling and
refrigeration systemsolar collectors contains the adsorbent bed and adsorbent beds
directly heated by the solar irradiatipdl, 99, 10J. In some of the systems, solar

collectors are used for heating the HTF which transfer heat to the adsorbent bed

37



[93].In some applications also Parabolic Through ColleateiiiC) ae also used for
heating the HTF104, 105. The operation modeand principle of basic solar

adsorption cooling cycle is presented in Figure 1.6.
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Figure 1.6 Schematic of operation modes of a basic solar adsorption dytle [

As can be seen from Figure 1i6g isosteric heating step of the adsoption cycle
starts with the sunrise. During the isosteric heating all the valves connected to the
adsorbent bed is closed. As soon as the adsorbent bed pressure reaches the condenser

pressure, adsorbent bed is conngét¢tecondenser and the desorption step starts. The
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desorption continues until sunset since heat supplied to the system is received in the
form of solar irradiation. At the end of sunset, the isostreic cooling step starts, during
isosteric cooling, the vabds of the adsorbent bed are closed. The isosteric cooling
step is completed when the adsorbent bed pressure is lowered to evaporator pressure.
The adsorption process starts upon completion of the isosteric cooling step and
during adsorption the valve beterethe adsorbent bed and the evaporator is opened.

The adsorption process continues until sunrise.

Fernandes et &101] had surveyed the experimental and simulation studies in the
field of solar based adsorption cooling from 1982 to 2(Rdgardingsurveyed
studiesmost of the solar adsorption cooling applications are solar ice makers. Other
applications of the solar powered adsorption cooling systems are water chillers,
refrigerators, akconditioning systems. Mostly used pairs for solar powered
adsorpion cooling applications are activated carbon/methanol, activated

carbon/ammonia, zeolite/water and silica gel/water.

Activated carbormethanol pair is widely utilized in solar powered ice mak&he
experimentally obtained highest solar COP of the gutavered adsorption cooling
system uses activated carbon/methanol is (142 101]. Similar to the all other
cases there are also higher COP values obtained from the simulation and theoretical
analyses but these result does not have a pradeoabnstrationAnother adsorbent
adsorbate pair that is used popularly in solar powered cooling applications is the
activated carboammonia. Activated carbeammonia pair is mostly used in solar
powered adsorption ice makers and refrigeratb®d,[52]. Zeolitewater pair is also

used in the solar powered adsorption cooéipglications The application area of the
systems utilizing zeolite and water is ice makers, refrigeratmid water
coolers.l01] The experimentally obtainetypical solar COPvaluesfor a solar
powered adsorption ice maker that useslitewaterworking pair ison the order of

0.1 [143 144. One other common working pair that is used in sqgawered
adsorptioncooling systems is the silica gehter. Experimentally obtained highest
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solar COP among the all solar powered adsorption systems, belongs to a solar
powered ice maker which uses silica-gelter [L45 101]. The reported solar COP
value is 0.16. The systems using silica-gater pair are also used in air

conditioning, refrigeation and water cooling purposes.

There are also hybrid solar powered systems which can be used for cooling during
summer and heating in the wintegasons145. Additionally it is also possible to
design solar powered adsorption cooling systems whigh also perform
desalination. The numerical studies had shown that for combined
desalination/adsorption cooling system desigrest suitable working pair is silica

gel andwater B4, 85.

In addition to the experimental an intensive effort is spenheritteoretical analysis

of the solar powered adsorption cooling systems. In most of the cases the operation
and the performance of tilselar powered systenasegenerallysimulated by ging a

lumped parameter metho84, 85, 90, 91, 92 95, 97, 98 102,104] In the lumped
parameter analyses temperature variation along the adsorbent bed is assumed to be
uniform. The heat transfer and mass transfer resistances within the adsorbent bed is
neglected and the adsorbent is assumed to adsorb the refrigerant ynifdéast of

the time these models are used to predict the dynamic behavior of the adsorption
cooling systems owing to the simplicity of the system of equations spivgd In

some casethe dynamic behavigrredictionsof adsorption cooling systenbssedon

lumped parameter models correlates well with the experimental @at®q]. In
addition to the lumped parameter models, more sophisticaed@nerical models

that solves théeat and mass transfer in the adsorbent bed also used for performance
predidion of the solar powered adsorption cooling systems and shape the design
parametersd6, 108

However, the COP values and system characters which are much different than the

experimentally investigated prototypes had pointed out numerical models are
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negecting or not accounting for the some of the important factors limiting the
performance of experimental prototypes0]]. Based on the critics about the
reliability of the numerical simulations, a more preferred way of using numerical
simulations is to makcomm@risons between different cases and determine the effect
of parametersd0, 92, 94, 95, 96, and 97.

1.3.5 Mathematical Investigations

Researchers alsmterestedin mathematical modeling of the adsorption cooling
systems since it would beelpful to urderstand the phenomena, predict the trends
and understand the effect of parametéisere are various approaches in the field of

mathematical modeling of adsorption phenomenon.

One of the mathematical modeling approaches is to build a thermodynamikahode
the system. In the thermodynamic models generally the details of heat and mass
transfer is disregarded. The thermodynamic models are involved in first and second
law analyses of the adsorption system. The first law analysis is utilized for
performanceprediction while the second law analysis is made for determining the
reasons of performance degradafiddy. The thermodynamic models of adsorption
systems based on the adsorption equilibrium equations. Different approaches used
for describing the adsption equilibrium had been stated previously. The
thermodynamic models are capable of determining the performance limits of
adsorption based systems. In particular the COP trends and the limits of the
adsorption cooling and refrigeration systems are iigestd by using

thermodynamic models [3, 4, and 3]L

The second group of numerical models that is generally used for predicting the
dynamic behaviors of the adsorption systems is lumped parameter model. The
lumped parameter models are simplified nuosmodels which are based on some

simplifying assumptions. In the lumped parameter models, the adsorbent bed is
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assumed to be isothermal and there exist a single variable for the bed temperature.
Therefore both vapor and solid phase are assumed tothermal equilibrium. The
adsorbed amount and adsorbate loading in adsorbent bed is assumed to be uniform.
These assumptions points out the fact that the heat and mass transfer characteristics
of the adsorbent bed is neglected in lumped parameter modé¢lsTRE results
obtained from lumped parameter numerical analyses are generally the time variation
of adsorbent bed temperature and the adsorbent bed loading. An example of lumped
parameter numerical analysis is performed for predicting the performancglioha
gelwater chiller and the results compared with the experiments [12]. The dynamic
characteristics and performance of different adsorption cooling systems are generally
analyzed by using lumped parameter meth®4 85] since it is relatively simpler

and fast responding method.

The last category of modeling approaches is the heat and mass transfer modeling. In
numerical heat and mass transfer modeling, beyond the time variation of temperature
and adsorbate loading tife adsorbent bed, also spatial variation of these parameters
can be obtained. These numerical analyses are more sophisticated and capable of
giving detailed information about the dynamics, heat and mass transfer
characteristics of the adsorbent bed. Addilly with numerical heat and mass
transfer analyses of adsorption systems can be utilized for shaping the adsorbent bed
desgn or optimization of a desigi7]. In detailed heat and mass transfer modeling
conservation equations for mass, momentum adggns employed together with

the adsorption equilibrium equation. All these transient governing equations are
solved numerically on a spatial grid. In the numerical solution of the governing
equations conventionally, finite difference, finite volume &nde element methods

can be used. Owing its simplicity finite difference is commonly used,[@Q 17,

32, and 30 The numerically analyzed geometries are generally two dimensional
axissymmetrical geometries, which are also suitable for finite voloomerical
analyses [1133, 35, 36, and 3§. In some of the cases also finite element methods
are used for numerical solution of the governgogiations 14, 23 146.As another
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way of categorization the heat and mass transfer models can be groupedewith th
number of spatial dimensions. The adsorbent bed geometries are generally in tubular
or annular forms which could be modeled as two dimensional axisymmetric
geometries. Therefore most of the time two dimensional numerical analyses are
performed [33,35,388,17,10,32,39]. There are only a few three dimensional
numerical aalyses exist in thditerature which are performed on axissymmetric
geometries by using periodic boundary conditions J#I]. One othercriterionthat

can be used in categorizing the haad mass transfer models is thay of treating

the solid phase and vapor phase temperatarmbles In some of the numerical
models the solid and the vapor phase within the adsorbent bed is assumed to be in
thermal equilibrium. This approach is called Local Thermal Equilibrium (LTE)

heat transfer modeling. However it had been shown that the LTE assumption is valid
under certain conditions [39]. The LTE assumption is valid if the particles of the
adsorbent are sufficiently small and there is no &mant heat generation in any of

the phases. Actually the conditions are defined in a qualitative manner therefore it is
not possible to make a justification on the validity of LTE assumption solely with
these criteria. There are several LTE based adsbbeehnumerical analysis studies
exists in the literaturelfl, 23, 35, 36, 48some of which had been satisfactorily
correlated with the experimental results. The LTNE based numerical ana®gses [
17, 10,and 148 are not as common as the LTE based nurakenalysis work. The

main reason could be thadditional complexity of the LTNE based numerical
models compared to the LTE based ones.

The modeling of the mass transfer is another issue for the numerical analyses. In
some of the studies the mass transksistance within the adsorbent bed is totally
neglected by making a uniform pressure assumption. In these numerical analyses the
pressure distribution within the bed is not solved therefore the momentum
conservation equation is nokeeded 149 48. However in vast majority of the
numerical analyses the mass transfer resistance within the adsorbent resistance is

accounted and pressure and velocity distribution in the adsorbent bed is modeled by
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t he Darcy@4l 38g363A,t17, IDand[l14T. Dar cyds equati on
used for describing the flows in porous media. However it is applicable to very low
speed incompressible flows with under uniform temperature conditions and does not
accounts for the inertial effects [56]. Another equation thatsed for modeling the
mass transfer resistance of the adsorbent
for the inertial effects in porous media flows [5%]. All the above mentioned mass
transfer resistancesre the external mass transfesistane of the adsorbent bed.
There is alsanternalmass transferesistance which can be accounted by modeling
the ntraparticle mass diffusion ofapor. The intraparticle mass diffusion of
adsorbate depends on the adsorbate loading of the adsdémbemtal mass resistance
canbe included in the numerical modddg using different approach¢s7, 14, 10,

23,39, 11, 33,37, and 149. In some of the approaches the internal mass transfer is
neglected by assuming that the adsorbate diffusion in addopzeticles are
independent of adsorbate concentration within the adsorbent particl@3[28, 96].

In such analyses the adsorbed amount is assumed to be equal to equilibrium
adsorption capacity of the adsorbent. This approach is called as assuniption o
adsorption equilibrium.One of the popular models used for accounting the
intraparticle mass transfer resistance is the Linear Driving Force model proposed by
Sakoda and Suzuk®]. LDF is used widely as a result of its simplicity aaturacy

[10, 11, M4, 17, 33, 37and 39. LDF model is based on the assumption that the
concentration profile of adsorbate within the adsorbent particle is parabali¢717

Thus in LDF model the adsorption capacity variation of the adsorbent with time is
related with tle equilibrium adsorption capacity via a mass transfer coefficient as
follows.

w .,

o Q w W P&
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In Equation 1.6km represents the internal mass transfer coefficient wKie

represents the equilibrium adsorption capacity of the adsorbent at a definite
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temperature and pressufidne details of the LDF equation can be found in following

sections.

Another method that cabe used for modeling the internal mass transfer resistance in
numerical models is the solid diffusionodelwh i ch 1 s based on t he
diffusion [47]However tlese models imposes an additional complexity on the

numerical models and not widely uddd9.

There are various numerical analysis studies performed in the field of adsorption
cooling systems as mentioned above. Even each analysis study based on different
assumptions and mathematical modeling approach main aim is to use them as a
design tool for determining the effect of design parameters and operating conditions
[7, 33 ,37 ,48, 17, 14, 23, 10The numerical analysis resuktd some numerical
studies are aopared with the experimentatsults and/or the available analytical
solutions. The comparison studies are performed more commonly on the lumped
parameters analyses made for predicting the dynamical behavior of adsorption
cooling systems [1284, 85, 90, 91, 107, and96]. Additionally, in a limited number

of studies the coupled hat and mass transfer solutions are compared with the
experimental dataRegarding the lumped parameter modegpad agreemertould

be observeé with the experimental results. Indition to lumped parameter models,

the detailed heat and mass transfer models are also demonstrated good agreement
with the experimental data trends in terms of temperature variations [14, 23, 11, 39,
40, and 44]. On the other hand there is still a lackgpéement among the numerical
studies available in the literature in terms of modeling approaches and methodologies
[47]. One example of these discrepancies is the definition of thermal contact
resistance between adsorbent particles #ed metal surfaceof HTT. Different

values are used by different researchéts4B, 14, 17,11,16,38,31, and 132 and

still neither a consistent method for calculation nor a reliable experimentally

measured value had been presented. A similar disagreement among treheesear
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can be seen in the definition of the effective stagnant thermal conductivity of porous
adsorbent beds in LTE type heat transfer mod®ds37, 1781, 150, and 15

Results and philosophy behind several numerical studies had gresented,
howewer an optimal agreed and validated method for numerical anaigsest be
addressed foutilization in adsorption systerdesigns Therefore the need for extra
work is still essential in development and validation of numerical approaches that

can be usedptimization of adsorptiosystem designs. [47]

1.4 Motivation and Objective of the Study

As mentioned previously global economy growth and increasing prosperity levels
will result in increase in the energy consumption based on the air conditioning and
refrigeration applications. Thencrease in demand for cooling and refrigeration
applications is more significant in the regions which are rich in terms of solar
resourcesThe need for air conditioning and refrigeration has it peak times in the hot
summerdays which coincides with the peak solarirradiation availability. The
relation between cooling needs and solar enengyces leads to the result thaith

the utilization of solar energy in air conditioning and refrigeration purposes may
provide a geat contribution in theeconomicgrowth and reduce the detrimental
effects caused by the electricity production based on fossil fuels. Therefore
adsorption cooling and refrigeration is a promising technology from economic and

environmental viewpoints.

As stated earlier, theoor performance characteristics and high initial costs of
adsorption based cooling and refrigeratgystems is a hindrance that need to be
confronted before becoming a an alternative for the conventional vapor compression
cooling aml refrigeration systems. Based on the overall G@kparison solar
powered adsorption based cooling systems are in a comparable level with the PV

solar driven vapor compression cycles, but they are not feasible in terms of initial
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and operation costs. Tiefore most of the studies in the literature, mainly involves
with the performance improvement of adsorption based cooling anderation
systems to make them economicaligasible alternative for the conventional

systems.

As way of improving the COIBf adsorption cooling and refrigeration systensath
recoverycycles can be proposed as a suitalgiton Further COP improvement of a
heat recovery systera also theoretically possibigith thermal wave type operation

[5]. Thermal wave principle is sing and a promising technology in terms of
performance enhancement However, lack of a successful adsorption system
prototype operating on thermal wave principle [1] brings up the question on practical

applicability of this concept.

The thermodynamic anags on the adsorption based cooling systems had shown
that the COP limits are much higher than the experimentally obtained values [1, 2,
and 26]. This result suggests that there are unforeseen factors limiting the
performance of the adsorption cooling amdrigeration systems in practice. This
discrepancy between performance predictions based on theoretical or numerical
models and actual systems can be caused by the underestimated or neglected effects

of different parameters [26].

Some of the common digeeements in the numerical models available in the
literature is thecalculation ofthermal resistance between the HTT and the adsorbent
particles p, 48, 14, 1711, 16, 38, 131, 132, three dimensional effects, pressure
difference between the evaporatord the adsorbent behliring adsorption process
[26] and thedefinition of effective thermal conductivity of the adsorbent [23] 37,

17, 81, 150, 152 These differencepoint outthe lack of agreement among the
numerical studies available in thigerature in terms of modeling approaches and

methodologies Therefore the need for extra work is still essential in development
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and validation of numerical approaches that can be used optimization of adsorption

system designs. [47]

In the light of theinformation given above,current study ultimately aims to
contribute the efforts on improving the performance of adsorption basedgaatd
refrigeration systems:or thispurpose detailedumerical analyses will be performed

on athree dimensional adsabt bed for developing an understanding about the
effectsof different parameterand numerical modelin@pproaches. Therare two
novel numerical modeling activities performed in the scope of this study which can

be introduced as,

- LTNE based coupled heat and mass transfer of a complete adsorbent bed in
three dimensions will be numerically analyzed.
- The effect of ceexistence of nomdsorbing specie (air) together with the

refrigerant in the adsorbent bed will also be numericallgeted.

As stated previously, it is practicalljifficult [1, 52 to build a prototype which
obeys the exact thermal wave type heat regenerative prif&plédowever the
principle of obtaining large axial gradients within the adsorbent bed could beddopt
for heat recovery performance enhancemeiitserefore to obtain large axial
temperature gradients in the adsorbent beee dimensionatylindrical adsorbent
beddesigrs equipped with circular HTTwhich increases the radial and reduces the
axial hea transferrate §8, 52 will be proposed.The proposed designs will be
manufactured, numerically modeled and experimentally invagsiigin the scope of

this study Anothernovel part of the study is the uncommon adsorbent bed designs
which had not beenrpposed before. In the literatunemerically and experimentally
investigatedadsorbent beds agenerallymanufacturedoy using a straightinned

tube annular spacing filled with adsorbent partickasd in some of the cases flat
plate and corrugated fied heat exchangers are adopted as adsorbent beds.
Therefore the proposed designs are novel in the literature and strongly three
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dimensional thus these designs cannot be modeled by any kind of reduced numerical

modeling approach.

The numerical and experimil analyses will be based on the adsorbent beds which
use silica gel/water as working pair. Silica gel/water is chosen since this working pair
since it is widely used in adsorption cooling and refrigeration systems which requires

low grade thermal energppurce utilization such as solar applications.

1.5 Outline of Thesis

As mentioned the adsorbent bed is the main component of the adsorptive cooling
systems. In the scop# this study the heat and mass transfer characteristics of a
cylindrical adsorbent bed with circular heat transfer tube will be investigated by

using numerical and experimental methods.

The first chapter of thesis starts with the introduction of adisorphenomenon and
operation principles adsorption cooling and refrigeration systems. The survey of
literature part is also in the first chapter of thesis. In the literature survey part,
adsorbent and adsorbate pairs used in different adsorption coolimgfageration
systems had been presented together with the research activities on improving the
performance of adsorbeatsorbent pairs. The second subsection of literature survey
is dedicated to the studies which are focused on improving the heatasdransfer

in the adsorbent bed of adsorption cooling and refrigeration systems. Literature about
the solar application of the adsorption cooling and refrigeration systemshand
mathematicaimodeling approaches and methodologies had been given msthiad
subsections of the literature survey.

The second chapter of the study is mainly contains the governing equations, the

derivations, and the simplifying assumptions used in the numerical modeling. Four
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different set of equations for four differemimerical models had been presented in

Chapter 2. Theseumericalmodels are,

Model based on LTE approach, whey@asphase is composed odfrigerant

(waten vaporonly.

- Model based on LTE approach, wheg@sphase is composed défrigerant
(water) vgor and air.

- Model based on LTNE approach, wheasphase is composed wéfrigerant
(waten vaporonly.

- Model based on LTNE approach, whegasphase is compesl ofrefrigerant

(water) vapor and air.

The analyses performed on a two dimensional gxistrical model by using the
numerical models that had been described above will be presented in Chapter 3. In
this chapter numerical analysis procedure, boundary and initial conditions used in the
analyses will be given. The results obtained from diffeseralysis models during
adsorption and desorption processes will be given and the results will be disoussed

comparison.

The fourth chapter dedicated to the experimental investigation performed in the
scope of this study. The experimental setup will be described together with the
proposed adsorbent bed designs. The experimental procedure followed will be given.
The results btained by using LTE based and LTNE based numerical analyses will
be given together with the experimental measurements for different initial and

boundary conditions.

In thelast chapter the results of this study and the outcomes will be summarized.
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CHAPTER 2

THEORY

2.1 Introduction

The governing equations that will be used in modeling are basically the conservation
equations. However in addition to conservation equations, auxiliary equations will be
utilized for defining the equilibrium parameters and as equation of state. Governing
equations will be separately solved for each component in the porous media. Since
HTF is flowing in the heat transfer tube and exchanging heat with the packed bed
through the heat transfer tube, conservation of mass, momentum and energy
equations will alsde solved for HTF. On the other hand, heat transfer tube is a solid
pipe with a certain thickness, for this reason, in this domain only conservation of
energy equation will be solved. As mentioned above, the coupled heat and mass
transfer is taking placeithin the packed bed due to the adsorption process. In some
of thecasespacked bed domain may contaidsorbate andon-adsorbing specim
addition to adsorbed phase and solid particles. As a result of this coexistence,
conservation of mass for speciedpnservation of momentum and conservation of
energy equations need to be solved for each phase within the porous media.
According to the assumptions made in modeling, in some cases, different phases can
be considered as a mixture for simplification. Addially as stated earlier,
governing equations will be solved by suing auxiliary equations that accounts for the
mass transfer resistance and density variation for gag phases. Details of
assumptions made and the equations that are used in differdalimyoapproaches

will be discussed in the following parts.
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2.2 Definition of Porous Media

Problems involving the porous structures are commonly encountered in the discipline
of engineering. However direct solution or exact mathematical modeling of porous
meda is highly complicated. For this reason, various approaches are proposed for the
simplification of the modeling and description attempt.of these approaches are
based on different methods used for the characterization of the porous mg@ium.[
Someof the remarking approaches and models used for description of porous media
could be listed a1,14;

- Bundle of capillary tube model

- Pack of solid grain model

- Averaging of microscopic field equations

- Dimensionless empirical correlation methods

- Hybrid models

The method that will be followed to obtain the governing equations in this study is
the averaging of microscopic field equations. This method is preferred since it is
based on the conservation equations of the microscopic level whichegrthbl

handling of the problem by using fundamental and consistent theoretical approaches.

Before going through the governing equations some basic concepts, terms and
conventions that will be used in this study related to the porous media need be
declarel. The transport of any property within a porous material is generally
characterized by geometric properties of the porous media and the physical
properties of the phase in which transport takes place. The geometric properties
belonging to the porous mediucould be listed as, pore space, connectedness,
tortuosity and porosity 94]. In addition to these geometrical properties another
important parameter used for characterization of the porous media is the
permeability. Permeability is a derived parameterictvhis a function of the
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geometrical properties of the porous medium and can be expressed in terms of these

geometric properties by using certain approaches.

The first important property is porosity. Porosity is also named as the void fraction
because itis the volume fraction of void space in a porous material. The total
porosity of a medium is composed of the void space formed between the particles
and much smaller pores within the particles. The volume fraction of the void space
between the particles glul be named as bed porosity while the volume fraction of

smaller pores within the particles is called as intraparticle porosity.

The bed porosity, intraparticle porosity and total porosity can be expressed as
follows [14];

o1 BAT GIAMD x B ADDI A O
OT OAT GIEEARAEODI ®
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- - p - - &

The permeability is the measure of porous media resistance to volumetric flux of
mobile phasel62. Since it is difficult to measure paeability directly, it is usually
calculated by using different methods4]. As mentioned above there are various
approaches exist which relates the permeability to the porous medium geometric
parameters. The details of approach used for calculating pbilityein this study

will be discussed later.
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2.3 Mathematical Modeling

The adsorbent beds subject to investigation in this study is composed of three main
parts. The first one is the heat transfer fluid, the second one is the heat transfer tube,
and the third one is the porous bed. Mass, momentum and heat conservation
equations for all of these components differ and for this reason governing equations
for each component will be treated separately. In addition to the components,
different mathematicahodels will be presented here which are differing in terms of

assumptions, conservation equations boundary and operating conditions.

2.3.1 Modeling Approach and Assumptions

The first component iheat transfer fluidHTF). HTF is encapsulated by the heat
transfer tube and flow of HTF is driven by an external puiMpin duty of HTF is
heating or cooling the porous bed by exchanging heat with the bed through heat
transfer tube (HTT)The variables that need to be calculai@dHTF are pressure,
velocity and terperature distribution for the fluid. For this reason in the
mathematical model conservation of mass, momentum and energy equations will be
solved in the HTF domain. During the construction of mathematical model for HTF
some assumptions made. The assumptioadewhile derivation of conservation

equations can be listed as follows:

1 The thermal conductivity, specific heat and the density of the HTF assumed
to be constant

1 The viscous dissipation and radiative heat transfer within the HTF domain
assumed to beegligible

1 The flow regime is assumed to be totally laminar according to the Reynolds

number range.

1 Kinetic, potential energy differences and effect of body forces are neglected.
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The second component of the system is heat transfer tube. This component is
composed of solid material and immobile. For this reason only energy conservation
equation will be solved in this domain and the interaction with both HTF and the
packed porous bed will be defined through proper boundary conditions. Similar to
the other components, also some simplifications and assumptions are made in the
mathematical modeling of heat transfer tube. The assumptions and simplifications

made could be listed as:

1 The thermal conductivity, specific heat and the density of the HTT assumed
to beconstant

1 The heat transfer tube (HTT) assumed to exchange heat with the porous bed
through the outer surface of the tube which is in contact with the bed. Sketch
representing the heat exchange interface between HTT and porous bed can be

seen in Figure 2.1.

Heat Transfer with
Solid Phase  ——|
/ Packed Bed Gas Phase
Heat Transfer Tube (HTT) Heat Transfer with
Gas Phase > \
O Packed Bed Solid Phase

Figure 2.1 Representative sketch of the heat exchange interface between HTT and

porous bed

In the mathematical models heat exchange between HTT and solihsithses of

the porous bed cannot be ditgamplemented, therefore simplifying approach had
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been followed. The heat exchange between HTT and porous bed is modeled by
defining a thermal resistance to that interfadee contact resistance is calculated by
using Equation 2.41832) with the thermhconductivity of solid adsorbengasphase

(adsorbate) and porosity values.

In Equation 2.4L4 represents the solid particle diameterrepresents the thermal
conductivity of the solid phase, whetgrepresents the conductivity ghsphase k:
represents the thermal conductivity of heat transfer tube materi&l mpidesents the

total porosity of the bed.

The third component is the packed porous bed, where adsorption and desorption
process take place. As mentioned earlier mathematical modeling of this component is
the most rigorous one. Within this domain, conagon of mass, momentum, and
energy equations will be solved. According to the modeling approach and
assumptions, the form and number of the equations will differo different
modeling approaches had been followed in #tigdy. One of them is thé.ocal
Thermal Equilibrium approach which is based on the assumption that, the gasbile
phase is in thermal equilibrium with the immobile solid phase. The second one is the
Local Thermal NorEquilibrium (LTNE) approach in which mobilgasphase and
immobile soid phase are not in thermal equilibrium and thermally interacting with
each other. In the LTE approach both phases temperature distribution is defined by a
single temperature variable whereas in the LTNE approach there are two temperature
fields exists foisolid andgasphases.

Additionally for being able to discuss the effects due to existence eadgnrbing
species during adsorption and desorption processes, two different mathematical
models had been developed. In one of these mddelsmobile gag phase is
composed of adsorbing specie only which is defined as vapor. In the second model
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the gasphase is composed of mixture of two different species. One of these species
is adsorbing and the other is radsorbing. The adsorbing spewiél be calledas

vapor whle the non-adsorbing speciwill be called as air throughout this teXihe
governing equation sets that will be used for modelinggtsphase composed of
adsorbing (vapor) and neadsorbing (air) species, contains two additional mass

transportequations for defining the concentration distribution of these species.

According to the definitions given above there fimer set of governing equations
discussed in the scope of this stuidy the porous packelded. These four sets are
classified as igen below The model classification and naming is based on the
existence of thermal equilibrium between solid phasegasghase and composition

of thegasphase

Local Thermal Equilibrium(LTE), pure vapor

Local Thermal Norequilibrium(LTNE), pure vapor

Local Thermal Equilibrium(LTE), vapeair mixture

Local Thermal Norequilibrium(LTNE), vaporair mixture

Except the thermal equilibrium conditions and fssphase composition there are
common assumptions and simplifications used in the modeling of ¢hguk®us

bed. Most of these assumptions and simplifications are adopted from the literature
[14, 17, 37, and 33]. The assumptions and simplifications used in modeling of

packed bed modeling could be presented as;

The packed bed porosity is assumed toritorm
Adsorbent particle diameter is assumed to be constant
Adsorbed phase and adsorbent are assumed to be immobile

Thegasphase is assumed to behave like ideal gas

= =4 =4 A4 -

Specific heat, thermal conductivity and viscosralues assumed to be not

varying withtemperature.
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1 The surface porosity of the adsorbent particles is assumed to be equal to the
total porosity of bed.

1 Local Thermal Equilibrium (LTE) between solid phase ajas phase is
assumed for some cases. In some cases, Local ThermaEdudibrium
(LTNE) is assumed and thgas phase and solid phase temperature is
calculated by different governing equations.

1 In some casegasphase is composed of air and vapor. In these @&®s
phase is assumed to be a mixture of air and vapor. The concentration
distribution of each species governed dplving masdransport equation for
both components.

1 When LTE assumption is made, the packed bed is modeled as a continuous
media and as thermal conductivity of the packed bed is calculated by an
equivalent expression.

1 The porosity value of the packed bed assumed to be not varying with the

adsorbed liquid content

As mentioned earlier there are different domains in the mathematical model of the
adsorption system. The governing equations for each domain will be difeerdnt
their derivation will be giveseparately. The derivation steps of governing equations
are given in Appendix C in detaithe equations used for thfent models will also

be citedin the related sections with its final form.

2.3.2 Conservation Equations fa the Heat Transfer Fluid (HTF)

First the governing equations will be given for the Heat Transfer Fluid (HTF)
domain. As mentioned above, temperature, velocity and pressure distribution within
the HTF will be governed by mass, momentum and energy cotisaenemuations.

The set of governing equations for the HEBn be seen belowAs stated earlier

detailed derivation of these equations are given in Appendix C.
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Mass conservation equation for the HTF
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As mentioned earlier, it had been assumed that the effeodgffbrces is negligibly
small. Thereforebody forces are not included in the momentum conservation

equation for HTF.

Energy conservation eqtian for the HTF
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2.3.3 Conservation Equations for the Heat Transfer Tube (HTT)

As mentioned earlier, for modelitgiTT domain only energy conservation equation
will be used since temperature distribution within the HTT can be governed by
solution of energy conservation equation. The detailed derivation of energy

conservation equation for HTT is given in Appendix C.

A S
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2.3.4 Conservation Equations for the Porous Packed Bed
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As stated above, there are various approaches in mathenmabdaling of the
packed bed. The derivation of governing equations procedure is mainly based on the
treatment of the phases. Based on the LTNE assumption, phases are treated
separately and the governing equations for each phase will be derived by using
volume averaging method. On the other hand when phases are assumed to be at local
thermal equilibrium (LTE) and all the phases within the packed bed will be treated as

a single phase, the governing equation derivation will be based on control volume

approach.

Moreover it should be noted that the mobile phase within the packed dasiaisd,

this phase may be pure vapor or mixture of vapor and air depending on the case.
There are also immobile phasesist in the packed bed. The immobile phases are
liquid andsolid phases but according to the assumptiomsobile phaseg¢solid and

liquid phasepare treated as a single phase which will be mentioned as solid phase.
Throughout this work the quantities and parameters that belong to mobile phase will
be denoted with the subscrigteferring to thegasstate of the phase. Similarly, the
quantities ad parameters that belong to solid phase will be denoted with sulsscript
The properties and variables belonging the liquid phase will be dkerntea

subscript.

2.3.4.1 Governing Equations for the Porous Packed Bed Based on Local

Thermal Equilibrium (LTE) Appr oach

As stated in the previous sections, there exists two different governing equation sets
for the porous packed bed based on LTE approach. In the first sghghbase is
composed ofsingle adsorbing specie. The second set of equations is derived for
modeling the coexistence of two different species ingmphase. In this second set

of equationggasphase is composed of a mixture of two species and additional mass

transport equations for each species will be solved.
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The detailed derivation of tBe equations can be found in AppendixTi@&
governing equationfor the porous packed bed based on LTE approach vgare

phase is composed of only adsorbing specie can be written as follows,

Mass conservation equation for tgasphase inporous packeddal based on LTE

approach

- 0 p - T 0 81H n S

—n

One of the important parameters in the mass conservation equation is the adsorption
capacityX which is a dimensionless quantity representing the ratio of kilogodms
adsorbed amount to kilograms of adsorbeéftie distribution of the adsorption
capacity within the bed is yielded by a adsorpii@sorption rate equation. In this
study theadsorptio rate defined by using the Linear Driving Foilt®F) model

which accounts for the internal mass transfer resistamtein the adsorbent
particles. The adsorptiesiesorption rate equation based on LDF apgrozen be

expressed as follows [9, 10, 14, BQ].

S NN AN CP T

In Equation 2.0 the km denotes the mass transfer coefficient whggepresents the
equilibrium adsorption capagit The equilibrium adsorption capacityalue defines

the adsorption capacity values corresponding to adsorbent temperature and adsorbate
pressure. For the purpose of correlating the equilibrium adsorption capacity of silica
gelwater pair with adsorbentrtgperature and adsorbate pressumadified form of
Dubinin-Ashtakov (BA) equationwill be used 17, 14, 10. The equilibrium

adsorption capacity for siliegel water pair can be written as,

oy 8
A WT@QDU@V p P p
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In Equation 2.1 Tgsis the temperature of solid phase which is identical withgtse

phase for the LTE based models. The:term in Equation 21 denotes the
saturation pressa of the adsorbate corresponding to a particular pressure. The vapor
pressure and saturation temperature for water can be related via expression given

below,

TO
Y 9).(.(@ - o QT P q
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Another parameter that should be defined is the internal mass transfer coefficient that
is used in the awbrption capacity rate equatipi?].

~

@]
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In Equation 2.13y is the radii of the spherical adsorbent partides Dein is the
equivalent diffusivity and defined a$7],

0O OA QE$— CP T

Y
In Equation 2.4 Do represents the reference diffusivi represents the activation
energy for surface diffusiofis represents the adsorbéemperature anBrepresents
the universal gas constant for the adsorbaseer).
Momentum conservation equation for th@sphase in porous packed bed based on
LTE approach is given as follows. The momentum conservation equation which
relates the pressel gradient and mobile phase velocities in the porous media is also

known as Darcy Law.
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In Equation 2.1%y denotes the permeability of the packed BHte permeability of
the bed can be related with the bed total porosity and the particle diadgtey (

usingKozenyCarman relation which is giveas p8];

I Q- ®
pum - P

As stated previously for the LTE approach gasand solid phases are assumed to

be at the same temperature within the packed bed domainfotieere single
temperature variable exists for the energy conservation equations based on the LTE
approachThe temperature belonging both phases will be denoted by a subscript of
gs The final form of the energy conservation equation for the porous paeked

based on LTE approach can be written as follows,

10
Q Y p -7 =00 " i 8Y P X

In Equation 2. one of the important parameters is the equivalent thermal
conductivity of the porous packed bed. In the literature there are various formulae
available for calculation of the equivalent thermal conductivity of porous medium
The equivalent thermal conductivity of the bed had been defined by the following

relation based on the definition given irv[3
Q Q Q P Y

Based on the assumption that tfesphase is an ideal gas, the equation of state for

this set of governing equations will be the ideal gas law given below,

n "Y'’y P w
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In Equation 2.17pHqterm repesents the heat of adsorption. The heat addition or
rejection is defined in terms of rate of adsorpiitesorption and heat of adsorption

with the second term on the right hand side of Equation[34

As stated in the previous parts the second set of governing equations will be used for
modeling thegasphase as a binary mixture of air and vapor. Irhstases the mass
transport equations for each component in ¢jas phase will be added to the
mathematical model. These equations will define the transport of species within the
packed bed by convection and diffusion. The derivation procedure for the mass
transport equation for each species is given in detail in Appendix C.

The mass conservation equation for thas phase is composed of mass transport
equations for air and vapor species. The sum of these two mass transport equations
will yield a mass conseation equation for thegas phase. The mass transport

equation for vapor and air can be written as,

B p -7 o 8”1 N 8", 1 cg m
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These two mass conservation equation for air and vapor species are solved by using a
mass constraint. The mass constraint used is sum of mass fraction of air and vapor

which isequal to 1.

L P C8 ¢

The terms in Equation 22and 2.47 v andya represents the mass fraction of vapor
and air ingas phase respectively. While and terms represents the

equivalent mass diffusivity of vapor in air and air in vapor.
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The equivalent diffusivity value for the porous packed bed is defined by Nield and

Bejan [79] as,

-0 c& o
In Equation 223 Dvastands for the mass diffusivity of vapor in dir.addition to this
definition it had been stated by Bird et[@B] the mass diffusivity value for both
species in a binary mixture will be identical which means,

(0] (@) & 1

The binary dfusion coefficient for vapor and air can be expressed based on

ChapmarEnskog kinetic theorgs [79,

In Equation 2.3 the Ma and My represents the molecular weight of air and vapor
respectively. Wheré,y, represents the collision diameter for Lennaothies potential

andy avrepresents the collision integral.

The momentum and energy conservation equations will not diffien gaspha®
composed ofwo species. Thgasphasethermophysical properties that will be used

in the conservation equations will be computed by utfieghinary mixtire relations
The binary mixture properties that will be used in the conservation egsiatetne

viscosity, density thermal conductivity and specific hedthese values will be

expressed in terms of molecular weight and mass/molar fraction of species.
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The density of thggasphase is related with pressure with ideal gas law. The ideal
gas law ca be written as follows, for a binary gas mixture, which is composed of air

and watetvapor in this case.

e 0 0 7
n Y'Y 5O (A0

In Equation 2.8 My andMa are the molecular weight of air where and vapor species

andR s the universal gas constant.

The other parameter is tigasphase viscosity which is a function of molar fractions
of species in case of air vapor mixture models. Jasphase \scosity is defined by
using the expression based on Chapiaaskog theoryg3] as,

5
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In Equation 27 gq4 is thegasphase dynamic viscosity and similady ande, are
the dynamic viscosities of air and vapbts is the molecular weight of air arM, is
molecular weight of airxa and x, are the molar fractions of air and vapor

respectively.

The thermal conductivityof the gas phase in case of awapor mixture can be

expressed as a function of molecular weight, viscosity and molar fraction of species

as
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In Equation 28 kg is thegasphase thermal conductivityy andky are the thermal

conductivity values of air and vapor respectively.

The specific heat of thgasphase is also defined in a similar form as,
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In Equation 229 cpg is thegasphase constant pressure specific heat, likegssand
Cpv are the constant pressure specific heat values of air and vapor respectively.
The momentum and energy conservation equations remained same regardless of the

composition of thgasphase therefore these equations will not be cited here again.

2.3.4.2 Governing Equations for the Porous Packed Bed Based on Local

Thermal Non-Equilibrium (LTNE) Approach

The second approach that had been used in the mathematical modeling of the porous
packed bed is the Local Thermal NBquilibrium approach. As mentioned earlier,

in this approach, the temperature of the immobile (solid) phase and the ngalgile (
phase will be treated separately since these phases are not in thermal equilibrium.
The governing equations based on the LTNE approach had been derived by using the
volume aeraging method. In the volume averaging metgoderning equations for

the microstructures in porous media are averaged over a finite volume for obtaining
the governing equations for macro scdlke final form of the governing equations

which are obtaing by volume averaging will be cited here. Further details about
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volume averaging method and the derivation of governing equations based on the

LTNE approach can be found in Appendix A and Appendix C.

Mass conservation equation for the porous packed bsztian LTNE approach can

be written as,

T g T o &
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As can be seen from the EquatioB®.the mass conservation equation based on the
LTNE approach is identical with the mass conservation equation derived based on
the LTE approach. The only difference is the derivation method. Similar to the LTE
approach, the adsorption capaci¥) {ariation is defined by using the adsorption

rate equationigen by Equation 2Q.in the previous section.
Similar to the LTE approach, the velocity field will be yielded by Déar&aw for

the LTNE approach. The volume averaged momentum conservation equation can be

written as,

iy — N C® p

The details of volume averaging procedure and simplifications applied can be found

in Appendix C.

The energy conservation equation fasphase basedn the LTNE approach can be

written as follows,
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In Equation 232 th ags variable represents tlgassolid phase interface argar unit
volume and expressed a function of total porosity and adsorbent particle diameter
as [39],

o op -
W a9 C® o

In Equation2.33 Kgeq represents the equivalent thermal conductivity which is the
sum of hydrodynamic dispersion and effective thermal conductivity tensors. The
equivalent thermal conductivity tensor will be composed of constant values since the
conductive heat transfer fordlgas phase is assumed to be isotropic. The equivalent

thermal conductivity forgas phase can be defined as a linear function of total

porosity as T5],

~
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Likewise the energy conservation equation for the solid phase based on LTNE
approach is derived by using the method of volume ammeg. The details of
derivation procedure can be found in Appendix C. The final form of the energy
conservation equation for the solid phase in the porous packed bed can be written as,

I SPY S
P o
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Similarly Kseqrepresents the isotropic equivalent thermal conductivity tensor for the
solid phase and the diagonal values can be expressed as function of solid phase

volume fraction by using the relation given below,

~
g
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The hygs term in both energy conservation equations is the interfacial heat transfer

coefficient which is the heat transfer coefficient between soliddaspghases.

Anothe parameter that will be defined is the heat transéefficientat the solidgas
phase interfagefor the LTNE models. This convective heat transfer coefficient
deternined by using an expression which is a function of Reynolds and Prandtl
number[39]. The correlation for the spherical solid particles can be written in

expanded form as

o Q C D " QY o
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In Equation 237 U is thegasphase velocity magnitude.

Similar to the LTE approach the governing equations based on LTNE \ghere
phase is composed of adsorbing yapor) and a neadsorbing dir) specie, only the

mass conservation equation for tpas phase alters. The momentumdaenergy
conservation equations remain same andysphase thermophysical properties are
calculated by using the binary mixture relations. The mass conservation equation for
thegasphase is expressed by the mass transport equations of the consjiaties.

The final form of the mass transport equations derived for the vapor and air species
in the gas phase is identical with the ones that had been presented for the LTE
approach. However these equations had been derived by using the volume averaging
method. The details of derivation can be seen in Appendix C.

The mass transport equatiarsed in the LTNE based models f@por and air in the

can be written as follows,
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The notation and the parameters used in the equations above are defined in the
previous section therefore will not be cited here again. The thermophysical properties
of the gasphase that will be used in the energy conservation equation @fathe

phase hd been given in detail in the previoparts
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CHAPTER 3

MATHEMATICAL MODELING AND COMPARATIVE ANALYSES

3.1 Introduction

In the previous chapter, governing equations required for constructing a
mathematical model for the adsorbent bed system hadpbesentedAs previously
mentioned there will be different mathematical models which are based on different
assumptions and ogposition ofgasphase. These assumptions which are used in the
mathematical modeling are local thermal equilibrium (LTE) and local thermal non
equilibrium (LTNE). The composition of thgasphase will also be affecting the
governing equations used in theathematical model. In this study two different
situations will be discussed in termsgasphase composition. Tlgasphase can be
composed of pure vapor or a mixture of air and vaporthe latter one, air is
assumed to be nesdsorbing specieAccording to these differences the four
different mathematical model will be constructéor discussion of modeling
approach and existence of a remtsorbing specie during adsorption and desorption

processes. These four different modela be listed as,

LTE basednodel with pure vapor agasphasgModel 1)
LTE based model with aivapor mixture agasphasgModel 2)

LTNE basednodel with pure vapor agasphasgModel 3)

r w0 NP

LTNE based model with avapor mixture agasphasgModel 4)
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The comparativeanaly®s will be made by using tHeur different models. Fotthis
purpose the governing equations for each mathematical model will be solved
numerically in a coupled manner on a basic adsorbent bed design by using the

softwarepackage COMSOL.

3.2 Geometric ModelUsed in Comparative Analyses

One of the requirements for making a numerical analysis by using a matheseittical

of governing equations to have asolution domainwhich is representative of the
system that will be modeled. For this purpossimple geometrical model is used
which consist of a heat transfer tube (HTT) surrounded by a packed bed will be used.
The heat transfer fluid (HTF) is flowing inside the heat transfer tibea result of
complexity in the system of equations that will be solvemmputation resource
requirements can be dramatically increase. Therefore to reduce the minimum
computer resource requirements and solution times, a sitpleaxisymmetical
model will be used. The sketch of thé2axisymmetrical modehat will be used in

the comperative analysean be seen in FiguBel
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Figure 3.1 The sketch of D axisymmetric modethat isused in the base case

analyses

The geometrical model consisit3 main domains which are HTATT and porous
packed bed domain. The dashed red line shows the axis of revolution foiDthe 2

axisymmetrical geometry.
The boundaries of theR axisymmetrical model is marked with numéand shown

on the sketch given in Figu®1 The boundary coritions that will be defined on

these boundaries are going to be discussed in the following parts.
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Figure 3.2 The boundaries of the R axisymmetric analysis model

As given in Figure3.2 boundary 1 ighe inlet boundary for the heat transfer fluid
(HTF), the boundary and 8arethe outer surface of the HTT whienethe interface
between vacuum chamber space and the HTT. The boundary marked with number 3
is the upper outer boundary of the porous padiextl The boundary number 4 is the
boundary between HTF and HTT. Boundary number 5 is the boundary between HTT
and the porous packed bed. The boundary with number 6 is the peripheral outer
boundary of the porous packed bed. The boundary number 7 is tlee WaN
boundary of the porous packed bed which is similar to the number 3. Boundary
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number 6is the interface between vacuum chamber space and porous packed bed

Finally the boundary numbered with 9 is the outflow boundary of the HTF.

3.3 Governing Equations and Boundary Condition Definitions for the

Comparative Analyses

As mentioned above the governing equations for different mathematical models will
be solved on the computationalRaxissymetricadomain numerically. In this part

the governing equationthat will be solved for each model, the boundanytial
conditions andoperatingconditions which defines the mode of operation will be
discussed. Irall of the cases the governing equations for HTF and lddds not
change. Therefore instead of repegtihe same governing equations for each model
first, thesecommon equations will be given. The governing equations for modeling
the fluid flow and heat transfer within the HTF and HTT will be referred here once.
However the governing equations for the matled differ in each mathematical
model and will be presented separately. In each part together with the governing

equations the boundacpnditions will also be defined for clarity.

Governing Equations for HTF

Mass momentum and energy conservation an for HTF used in all

mathematical models are given below,
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Boundary caditions for HTF

As given in Figure3.2the HTF domain is surrounded by boundaries with number 1,
4, and 9 and an axis of revolution. The boundary 1 is the inflow boundaldTter

the conditions defined at this boundary are as follows,

Boundary conditias for mass and momentum conservation equation:

Boundary 1

g Y T o8

n represents the face normal for the boundary 1land is the inlet velocity value.
Since momentum equation will be solved by coupling pressure and velocity the
pressure of HTF at the inlet will be solved by using the outlet pressure condition.
Boundary 4

Ny T oD

As mentioned earlier there is4stip condition defined at the wall of HTT which is in
contact with the HTF.

Boundary 9

non ot

The boundary marked with number 9 is the outflow boundary of the HTF. At this
boundary only pressure condition will be defined for solution of tf@mentum
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equation. The pressure defined at the outflow boundary is uniform and constant

valued.In all cases a gage pressure equal to 0 is defined at this boundary.

Boundary conditions for energy conservation equation:

Boundary 1

vy o

The HTF inlet temperature will be defined as uniformly and constant at the inlet. The

value of inlet temperature will depends mode of operation. The inlet temperature

value will be set accordingly, for adsorption and desorption processes.

Boundary 4

VY, ol

The boundary marked with number 4 is the interface between HTF and HTF. At this
boundary the temperature of HTF and HTT will be equal.

Boundary 9

i8Q 8y 080
The boundary type that will be used for the solution of energy conservation equation
will be the insulation boundary which means the terajure gradist at outflow is

equal to zero.

Governing Equations for HTT

79



As mentioned previously, heat transfer tube is rigid and immobile solid. Therefore

only energy conservation equation will be solved for this domain.

L1,
”m—b Q Y o T

Boundary conditions for HTT

As demonstrated in Figu®@2the HTT domain is surrounded by four boundaries. As
mentioned above, the boundarieumbered as 2 and 8 are the interface of HTT and
vacuum chamber spacés stated in the previous chapter according to the
assumptions the radiative heat transfer is neglected in the vacuum space. Thus there
will be no heat flow through these boundarées these boundaries will be defined

as no heat flux boundarie$he boundary numbers 4 is the interface between HTF
and HTT and at this boundary the temperature of both domains are defined to be
equal. The boundary number 5 is the interface between ppacksd bed and HTT.

As discussed in the previous chapter, heat transfer taking place at this boundary is
both convective and conductivas previously defined, a thermal contact resistance

is defined at this boundary. The contact resistance is imposetieonuimerical
model by defining mexplicit heat transfer coefficient to this boundary.

Since in LTE based models there is single temperature variable exist for the porous
packed bed the heat transfer between HTT and porous bed is expressed in terms of
this single temperature variable. In LTNE based models two separate temperature
variables gist for the solid andjasphases. Therefore heat transfer between HTT and
solid andgasphases are expressed by using temperature variabtgsanhd solid

phase temperatures.
Boundary conditions for energy conservation equation:

Boundary 4
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As mentioned above at the interface of HTF and HTT the temperatures of both

domains are defined to be equal.
Boundary 5

For the LTE based models, the heat flux at the §ddrous packed bed interface is

defined as

i8Q Y QY Y oP C

Similarly for the LTNE based modelseat flux at the HT9porous packed bed
interface can be expressed as a combination of heat transfer between HTT and the
solid andgasphases as follows,

i8Q Y -Q Y Y p -"Q°Y Y 0B o

The ratio of area of contact wittasphase to the total interface area is assumed to be
equal to total porosity. For this reason heat fh@tween HTT and the solid phase
and heat flux between HTT andas phases aramultiplied by corresponding

applicable area ratios.
Boundary 2 and 8
180 Y m oD 1
As mentioned earlier these boundaries are the interface of HTT and vacuum chamber

spacing andgince radiative heat transfer is negleatecheat flux boundary condition

is definedat these boundaries
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Governing Equations for the Packed Bbtbdel 1

Up to this point the governing equations that had been used in the mathematical

modelirg of HTT and HTF are given. These equations are same for all of the

mathematical modelsOn the other handthe governing equations used for the

modeling of packed bed will be different for tfaur different modelsstated above

The firstmodel that willbe discussed is namedM® d e | lbasednad@l ®ith

pure vapor agjasp has e 0. The governing eqguations use

presented as follows,

Mass conservation equation for tip@sphase:

T A

TS p - 5 Sy T op v

—n

Momentum conservation equation for tpesphase,

N ap @

Energy conservation equation for soljhsand adsorbed phases,

5 5 P 5 P 5
Q Y p -7 T—bch "N 8Y o X

Adsorptiondesorption rate equation,

Since the adsorption equilibrium is not used in this study the adsorption rate defined
by using the Linear Driving Force model which accounts for the internal mass

transfe resistance within the adsorbent particles.
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Equation of State

As an equation of state for tigasphase the ideal gag@ation will be used to solve

the system of equations by using numerical methods.

n TYY oP W

Boundary conditions fothe Porais Packed Bedlodel 1

The packed porous bed is surrounded by boundaries nhumbered as, 3, 5, 6 and 7
which had been shown in FiguB2 The boundar 6 is the peripheralinterface
betweenporous packed bed and the vacuum chambee. boundaries 3 and 7 are
defined as impermeable boundaries at the top and bottom of the bed. The boundary 5

is the interface between HTT and the adsorbent particles.
Boundary conditions for mass and momentum conservation equation:
Boundary 6

n n o8 T
The gasphase intake and discharge to the vacuum chamber space will take place
through tlese boundarieg-or this reason the pressure at this boundary is defined to
be equal to the vacuum chamber pressure andwitlefinedaccording to the mode

of operationDuring adsorptionprocessyacuum chamber space will be connected to

the evaporator and the presswalue defined for this boundary will be equal to
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evaporator pressure, similarly the pressure value will be ¢guandenser pressure

duringdesorptiorprocess

Boundary 3, 5 and 7

(8" fu m o0& p

Boundary5 is interface between HTT and the porous packed Beddaries 3 and 7
area also defined as walls which is impermeable for vapor Tloerefore for thgas

phase flow and nflow condition had been defined at these boundaries
Boundary conditions for energy conservation equation:

Boundary6

~

i8Q v i o8 ¢

Sincebounday 6 is facing to the vacuum spa@nd the radiative heat transfer is
neglected in mathematical modeling, heat flux throting boundarywill defined to

be equal to zeroSimilarly the top and the bottom boundaries surrounding the
adsorbent bed (Boundary 3 and 7), zero heat flux boundary condition is used.

Boundary 5

i8Q Yy Q Y 'Y o} O

As defined abovethis boundary is the interface between HTT and porous packed
bed. Due to the previous definition of the thermal condition at this boundary the
inward heat flux for the porous packed bed domain had been definesl ragidtive

of the heat flux bouraty condition used for the HTT Boundasy
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Sincethe influx and outflow of the adsorption capacity from the porous packed bed
is not possible, adsorption capacity fluxes are defined to be equal to zero at all

boundaries ofhe porous packed bed.

Governing Equations for the Packed Bbtbdel 2

The governing e g UWBtbasednwdelfwith avadar chigtlire a2 : i
gasphaseé wi | | be discussed in this subsecti ¢
Model 2 governing equations will be the mass conservation equation. In Model 2 the
masstransportequatiors for vapor and air speciesll be solved. Set of equations

used for Modk2 aregiven below.
Masstransporiequations fovapor and air species:
As mentioned above mass conservation equation fogade@hase is composed of

mass transport equations for air and vapor species. The sum of these two mass

transport equations willield a mass conservation equation forghsphase.

—a
—
—a

” (I)

o P i 81 M 8 1 o8 T

8”1 MfHw 8". 1 og L

These two mass conservation equation for air and vapor species are solved by using a
mass constraint. The mass constraint usethdsum of mass fraction of air and

vapor isequal to 1.

Momentum conservation equation for tpesphase,
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Adsorptiondesorption rate equation,
I w 0o o'
o W W W

Equation of State

The density ofgasphase is calculated by using the ideal gas law for mixture or
species which is given below,
01 01

n Yy — o T
O U

Except the mass transport equations, all the boundary conditions that will be defined
for Model 2 will be identical with the Model 1. Therefore these boundary tonsli
will not be rewritterhere

Boundary conditions for mass transport equations:

The porous packed bed domain is surrounded by boundaries 3,b76As defined

aboveboundaries 35 and 7 arempermeable for thgasphase flow. For this reason
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at these boundaries no flow boundary condition will be defined for air and vapor

species.

Boundary3,5 and 7

ig "0 " B s o p
ig "0 7 " B T oD ¢
Boundary 6
1 1 o® 0
1 1 o 1

As stated above boundes numberedas 6is the interface between porous packed
bed and the vacuum chamber spacingthfs bounday air and vapor mass fraction
is dictated by the content ghsphase in the chamber. In thbemparative analyses
the airvapor mass fraction at this interfaseassumed to be constant whishequal

to the vacuum chamber mass fractions foaad vapor.

Governing Equations for the Packed Bitbdel 3

The Model 3 iLINE dasedmaodel with ghureavapor fagas phase .
Since Local Thermal Ne&quilibrium (LTNE) is assumed there will be two separate
energy conservation equation fotidand gasphass within the packed bed. All the

other governing equations of Model 3 will be identical wviité Model 1

Mass conservation equation for t@sphase:
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Momentum conservation equation for tpesphase,

Energy conservation equation for solid phase,

Ny v 1Y
- W W
P 0
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Energy conservation equation fgaisphase,
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Adsorptiondesorption rate equation,
Q.

— 00 &
T o

—a

Equation of State
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As stated above the difference between Model 3 and Model 1 is the energy
conservation equations used. Therefore the boundary conditions for the energy

conservation equations only will be redefirestefor Model 3.

Boundary conditias for energy conservation equation:

Boundary 36and 7

180 "Yoom o8 p

180 Y Om 08 ¢

These boundaries are interface between porous packed bed and vacuum chamber
space. Since theadiative heat transfer is neglected in the cakohs, the heat
exchange betweeracuum chambeaind the packed beat this boundary is assumed

to beequal to zero. Therefore reeat flux boundary condition is defined at these

boundaries.
Boundary 5

The heat transfer between HTT and porous packddrierface can be expressed as
a combination of heat exchange between the HTT and solidgasghases as

follows,

i8Q Y -0 Y Y p -y Y 08 o

The ratio of area of contaatith gasphase to the total interface area is assumed to be
equal to total porosity. For this reason heat flux between HTT and the solid phase
and heat flux between HTT angdas phases are multiplied by corresponding

applicable area ratios.
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Governing Equadns for the Packed Be#lodel 4

Mo del 4 i sLTNEebfsechreodel veits awv@ipor mixture agjasphase .
Similar to Model 3 in Model 4 alsdbased onLocal Thermal NorEquilibrium
approach Therefore there will be two separate energy conservatioatieqa for
solid andgas phases. Additionally the mass transport equation for air and vapor

species will be solved since thasphase is composed of thesamponents

Masstransportequations for thgasphase:

—a
J
—a

(I) b4 ”
T o p_”T_c‘) 8" 1 Ny 8", 1 08 T

For being able to solve the mass transport equations a mass constegiptiad
which had been used in Model 2 also. According to this constraint the sum of mass
fraction of air and vapor should be equal to 1.

Momentum conservation equation for tpesphase,

Ay — N o8 X

Energy conservation equation for solid phase,
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The boundary conditions used in Model 4 witltrbe rewritten since they had been
defined previously. The boundary conditions used in Model 4 for mass conservation
equation are identical with the boundary conditions used in Model 3. The boundary
conditions that will be used in energy conservation #gus of Model 4 is also
identical with the boundary conditions used in Model 3.

3.4 Constants, Boundary and Initial Conditions Used in the Analyses

As stated in the previous sections the numerical analyses will be performed using
LTE and LTNE approacheBurthermoreto understand the effect of a nadsorbing

specias, additional analyses will also be performed during adsorption and desorption
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processes. The governing equation system and the boundary conditions had been
stated abovelhe adsorption coolingystems that had been investigated in the scope

of this study is mainly based on the silica-ggiter working pair. Therefore all the
constants boundary and initial conditions are specific to this working pair.
Additionally the operating conditions thaeasimulated in the analyses are chosen to
represent the real conditions that can be experimentally simulated in the available
adsorptiordesorption experimental setups in the METU Heat Transfer Laboratory.
The constant and parameters used in the analygesaken from the available
literature according to the simulated case. The constants and parametis the
analysesare tabulated in Table 3The unit for thes@parametersnd the references

where theyhad been taken are also given.

92



Table 3.1 Constants and used in the analyses

Parametel Value Unit | Definition and Reference
G 0.37 Bed porosity 10,1779
G 0.42 Particle porosity]0,17,79
dp 2e3 m Adsorbent particle diametdd]
Ev 1e® | kg/m.s | Dynamic viscosity of water vapor ¢1]
kv 0.024 | W/mK | Thermal conductivity ofvater vaparl61]
Cpv 1880 | J/kgK | Specific heat of water vapor§1]
My 18.02 | kg/kmol | Molecular weight of water vapor [p3
€a 1.983¢’ | kg/m.s | Dynamicviscosity of air [B1]
Ka 0.026 | W/mK | Thermal conductivity o&ir{162]
Cpa 1005 | J/kgK |Specific heat of air [62]
Ma 28.97 | kg/kmol | Molecular weight of air§3]
}s 670 kg/m® | Density of the adsorbent particlds,37]
Thermal conductivity oadsorbent
Ks 0.198 | W/m.K |particle$17 37]
Cps 880 J/kg.K | Specific heat of adsorbent partic[@3,37]
i 1000 | kg/m® | Density ofadsorbed phasé&$2,37
k 068 | W/m.K | Thermal conductivity ofdsorbed phase§2]
C 4180 | J/kg.K | Specific heat ohdsorbed phase§2]
}i 914 kg/m® | Density of HTF[14]
ke 0.115 | W/m.K | Thermal conductivity of HTF14]
Ct 1930 | J/kg.K | Specific heat of HTIf14]
i 1.002¢* | kg/m.s | Dynamic viscosity of air [@7]
Jt 8700 | kg/m® | Density of HTT [162]
ke 400 | W/m.K | Thermal conductivity of HT [162]
Ct 385 J/kg.K | Specific heat of HT [162]
Ea 1¢ J/mol | Surface diffusion activation ener§¥4,19
Do 5.8¢° m?/s | Reference diffusivity14,23
Convective heat transfer coeffintebetween
htg 40 W/m? | packed bed and HTT [132
kJ/mol.
Y 8.314 K Universal gas constafit62]
Qad 2510 kJ/kg |Heat of adsorptiofil64]
Collision diameter of Lenneard Jones potent
Uav 3.133 i [63163
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As stated earlier the base case analyses will be performed by udliifiprént
models with different boundary conditions. The boundary conditions will be different
for adsorption and desorption cases. Additionally some of the boundary conditions
are only applicable for the model used. Morepver being able to solve the
governing equationsinitial conditions need to be assigned for the variables
according to the mode of operation. The initial conditions for the variables only
change with the mode of operation and these will also be given in this section. The
boundary andnitial conditions that will be used in theomparativeanalyses are
tabulated for each model and operation madethe following tables. The
comparative analyses had been performed under different scenarios which are based
on the operating principle antthe operating conditions of a two bed adsorption

cooling system.

According to these scenariaiyringadsorption phase of operation the adsorbent bed

is initially at high temperatureDuring adsorption process cold heat transfer fluid
starts to circulate with a fixed inlet temperatared flow rate to cool the adsorbent

bed The initial adsorption capacity of the bed is low at the beginning of adsorption
processin the desorption phase, thdsorbent bed is initially at low temperature and

it is heated by the circulating high temperature HTF. HTF inlet temperature and flow
rate is constant during the process. The bed is connected to condenser during
desorption and connected to the evapordtomg adsorption processelhe initial

and boundary conditions are chosen based on the experience of the previous
researchers that had been studied on the same laboratory test setup [14, 17, 10, and
23].

94



Table 3.2 Boundary and initial conditions of Modeladsorption analysis

Model 1-Boundary and Initial Conditions for Adsorption Analysis
Variable | Value Unit Definition and reference
Uinlet 0.005 m/s HTF inlet velocity[14,23]
Poutflow 1 atm HTF outlet pressure
Temperature of the HTF at the inlet
Tinlet 313 K [17,10]
Vacuum chamber pressure, (evaporat
Pchamber | 1.228 kPa pressure in case of adsorption)
Initial pressure value for thgasphase in
Pinitial 1.228 kPa packed bed17,10]
Initial temperature value for, HTF, HT1
Tinitial 473 K and packed befd 7,10]
Kgwate/KQadsorben| INitial value of the adsorption capacity
Xinitial | 0.0173 t the packed bed

Table 3.3 Boundary and initial conditions of Modeldisorption analysis

Model 2Boundary and Initial Conditions for Adsorption Analysis

Variable | Value Unit Definition and reference
Uinlet 0.005 m/s HTF inlet velocity[14,23]
Poutflow 1 atm HTF outlet pressure
Temperature of the HTF at the inlet
Tinlet 313 K [17,10]
Vacuum chamber pressure, (evaporat
Pchamber | 1.228 kPa pressure in case of adsorpti¢hy,10]
Mass fraction of air in the vacuum
] achamber | 0.01 - chamber
Mass fraction of vapor in the vacuum
7 v-chamber 099 - Chamber
Initial pressure value for thgasphase in
Pinitial 1.228 kPa packed bed17,10]
Initial temperature value for, HTF, HTT|
Tinitial 473 K and packed bed 7,10]
Kgwate/KQadsorben| INitial value of the adsorption capacity
Xinitial | 0.0173 t the packed bed
Initial air mass fraction within the pack
/ ainitial 0.01 - bed
Initial vapor mass fraction within the
] v-initial 0.99 - packed bed
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Table 3.4 Boundary and initial conditions of Model&isorption analysis

Model 3Boundary and Initial Conditions for Adsorption Analysis

Variable | Value Unit Definition and reference
Ulnlet 0.005 m/s HTF inlet velocity[14,23]
Poutflow 1 atm HTF outlet pressure
Temperature of the HTF at the inlet
Tinlet 313 K [17,10]
Vacuum chamber pressure, (evapora
Pchamber | 1.228 kPa pressure in case of adsorpti¢hy,10]
Initial pressure value for thgasphase
Pinitial 1.228 kPa in packed bed17,10]
Initial temperature value for, HTF, HT
Tinitial 473 K and packed bed 7,10]
kgwate/KQadsorbe| INitial value of the adsorption capacity
Xinitat | 0.0173 nt at the packed bed

Table 3.5 Boundary and initial conditions of Modelatisorption analysis

Model 4Boundary and Initial Conditions for Adsorption Analysis

Variable | Value Unit Definition and reference
Uinlet 0.005 m/s HTF inlet velocity[14,23]
Poutflow 1 atm HTF outlet pressure
Temperature of the HTF at the inlet
Tinlet 313 K [17,10]
Vacuum chamber pressure, (evaporat
Pchamber | 1.228 kPa pressure in case of adsorptioji)7,10]
Mass fraction of air in the vacuum
] achamber | 0.01 - chamber
Mass fraction of vapor in the vacuum
/ v-chamber | 0.99 - chamber
Initial pressure value for thgasphase in
Pinitial 1.228 kPa packed bed17,10]
Initial temperature value for, HTF, HT
Tinitial 473 K and packed bed 7,10]
kgwate/KQadsorben INitial value of the adsorption capacity
Xinitat | 0.0173 t the packed bed
Initial air mass fraction within the
/ ainitial 0.01 - packed bed
Initial vapor mass fraction within the
/_v-initial 0.99 - packed bed
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The boundary and initial conditions that whiié used in desorption anadgscan be

presented as follows.

Table 3.6 Boundary and initial conditions of Modeldesorption analysis

Model 1-Boundary and Initial Conditions for Adsorption Analysis

Variable | Value Unit Definition
Uinlet 0.005 m/s HTF inlet velocity[14,23]
Poutflow 1 atm HTF outlet pressure
Temperature of the HTF at the inlet
Tinlet 473 K [14,23]

Vacuum chamber pressure, (evaporat
pressure in case afisorption)

Pchamber | 4.247 kPa [14,23,17,10]
Initial pressure value for thgasphase in
Pinitial 4.247 kPa packed bed14,23,17,10]
Initial temperature value for, HTF, HT1
Tinitial 313 K and packed befd4,23]
Kgwate/KQadsorben| INitial value of the adsorption capacity
Xinitial | 0.3365 t the packed bed
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Table 3.7 Boundary and initial conditions of Modeldesorption analysis

Model 2Boundary and Initial Conditions for Adsorptidmalysis
Variable | Value Unit Definition and reference
Uinlet 0.005 m/s HTF inlet velocity[14,23]
Poutflow 1 atm HTF outlet pressure
Tinlet 473 K Temperature of the HTF at the in[é#,23]
Vacuum chamber pressure, (evaporator
pressure in case of adsorption)
Pchamber 4.247 kPa [14,23,17,10]
] achamber | 0.01 - Mass fraction of air in the vacuum cham
Mass fraction of vapor in the vacuum
] v-chamber | 0.99 - chamber
Initial pressure value for thgasphase in
Pinitial 4.247 kPa packed bed14,23,17,10]
Initial temperature value for, HTF, HTT
Tinitial 313 K and packed bed 4,23]
Initial value of the adsorption capacity at
Xinitial 0.3365| Kgwate/KQadsorbent| the packed bed
Initial air mass fraction within the packeg
/_a-initial 0.01 - bed
Initial vapor mass fraction within the
/ _v-initial 0.99 - packed bed

Table 3.8 Boundary and initial conditions of Modeldesorption analysis

Model 3Boundary and Initial Conditions for Adsorptiédmalysis
Variable | Value Unit Definition and reference
Uinlet 0.005 m/s HTF inlet velocity[14,23]
Poutflow 1 atm HTF outlet pressure
Tinlet 473 K Temperature of the HTF at the in[é#,23]
Vacuum chamber pressure, (evaporator
pressure in case of adsorption)
Pchamber | 4.247 kPa [14,23,17,10]
Initial pressure value for thgasphase in
Pinitial 4.247 kPa packed bed14,23,17,10]
Initial temperature value for, HTF, HTT
Tinitial 313 K and packed befd 4,23]
Initial value of the adsorption capacity at
Xinitial 0.3365| Kgwate/KQadsorbent| the packed bed
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Table 3.9 Boundary and initial conditions of Modeldesorption analysis

Model 4Boundary and Initial Conditions for Adsorption Analysis
Variable | Value Unit Definition and reference
Uinlet 0.005 m/s HTF inlet velocity[14,23]
Poutflow 1 atm HTF outlet pressure
Temperature of the HTF at the inlet
Tinlet 473 K [14,23]
Vacuum chamber pressure, (evaporat
pressure irtase of adsorption)
Pchamber | 4.247 kPa [14,23,17,10]
Mass fraction of air in the vacuum
] achamber | 0.01 - chamber
Mass fraction of vapor in the vacuum
7 v-chamber 099 - Chamber
Initial pressure value for thgasphase in
Pinitial 4.247 kPa packed bed14,23,17,10]
Initial temperature value for, HTF, HT
Tinitial 313 K and packed befd 4,23]
Kgwate/KQadsorben| INitial value of the adsorption capacity
Xinitial | 0.3365 t the packed bed
Initial air mass fraction within the
/ _a-initial 0.01 packed bed
Initial vapor mass fraction within the
/ _v-initial 0.99 packed bed

3.5 Numerical Solution Procedure and Spatial Discretization

The governing equations mentioned above together with the initial and the boundary
conditions could only be solved by using the numemgathods. There are various
numerical approaches exist however generating computational algosifietiic to
certain purposewould be extensively time consuming. For this reason commercially
available computation software will be used in this study. &@nalyses are
performed in COMSOL MultiphysicS.1 The2-dimensionalxissymmetriadomain

is spatially discretized into finite elements. The mesh generated by software can be
seen in Figure.3. The mesh used for the solution is mapped type structured mesh
and composed of quadrilateral elements. The HTF domain is meshed with finer
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elements since coupled solution of pressure and velocity could be associated with

large gradients and need to be resolved by using smaller mesh size

HTF domain

Porous Packed Bed domain

HTT domain

Figure 3.3 The meshed geometry that will be used in the computations

The equations solved are listed in the previous sections. Here the solution procedure
and sequence will be mentioned in detail. For the solutions a segregated time
dependent solver had been usgdlly coupled solutions in which all the variables

are solved simultaneously requires higher amount of computer resources, in terms of
memory angrocessarAdditionally the fully coupled numerical solutions have more
tendarcy to diverge. Therefore segregated solution procedure had been followed

which requires less amount of computer resources and relatively easier to converge.
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The procedure followed in a single segregasadution step and the unsteady
solution procedureoflowed can be described blye schematic given in Figure 3.4

and Figure 3.Bespectively.

- . Update Properties

l

Solve momentum equations

l

Solve pressure correction equation (continuity), update velocity

l

Solve energy. species and other scalar quantities

\

Converged

Continue

F

Stop

No

Figure 3.4 Segregated solution segregated step schematic

In a single segregated step, all the equations areddeparately by using the
related variables obtained from previous iteration and this procedure will be repeated
until a certain convergence criteria is satisfied. In this study the convergence criterion
is the tolerance for each variable which is thelestadifference between two
subsequent iteratien The segregated solution step will be repeated for each time
step in a time dependent solution proceditere details about the solvers available

and the solution procedures in COMSOL can be found5@] [
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»  Execute segregated step until convergence achieved

}

Update the solution variables to current time step by using the
results obtained from segregated step

|

Requested time steps completed?

Continue

No Stop

Figure 3.5 Time dependent segregated solution procedure schematic

3.6 Resultsof the Comparative Analyses

The results of the analyspsrformedwill be presented for each model separately by
using distribution contour plots and graphs of variafimnsolved quantities with
time and location. Additionally for comparisoresults obtained by using different
models will be given together. Both adston and desorption analyses are
performed forl8000seconds by using the given boundary and initial conditions.

The graphs which are representing the variatiotemwiperature with the timeaill be
plotted by using the Vaes taken from an arbitrary |ldg@an. The location that will be
used for extractingthese values can be seen in Fig®®. The solid phase

temperature will be used for the LTNE based models.
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Figure 3.6 The pointused fordataextraction

As mentioned above the results will be presented in terms of distribution plots of
temperature, adsorption capaciti) (and graphs plotted for demonstrating the
variation of these quantities with locatiamd timewithin the porous packed bed.

The differences in mathematical modeling approaches and the effect of non
adsorbing gas will also be demonstrated based on these time variation plots and the

contour plots.
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The variation of temperatuduring desorptiowith time at the data point for abf

the modelsan beseenFigure3.7. The result of the models will be named based on
the thermal equilibrium assumption and the composition offisphase in the plots
for better understanding. The Model 1 results will be named asviapir while the
resultsobtained from Model 2 is named as L-&E-vapor. Likewise Model 3 and

Model 4 results will be named as LTNEpor and LTNEair-vapor respectively.

370

360

350

Temperature [K]
w
B
o

~——LTE-air-vapor
330 ——LTNE-air-vapor

LTE-vapor

——LTNE-vapor
320

310
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Time [seconds]

Figure 3.7 Time variation of the temperature aettiata point for different models

during desorption process

Regarding the temperature variations given in Figure 3.7, it can be said that, the LTE
based models predicts the heat diffusion rate within the adsorbent bed less compared
to LTNE based numericahodels. The effect of air existence in the system is
affected the temperature variation predicted by the LTNE based models. However
the alteration in the temperature variation dueftect of air existence in LTE based
numerical models relatively small compared to LTNE based model results. Since

heat exchange between solid and gas phase depends on the gas phase flow, in LTNE
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based models air existence effect is more visible in the LTNE based models
compared to LTE based onékhe adsrption capacity and temperature variations
obtained from different analysis models are given in Figure 3.8 and Figure 3.9 for the

desorption phase. The contour plots are taken at t=9600 s for comparison.
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Figure 3.8 Temperature contour plots of the adsorbent bed at t=9600 taken from

desorption analyses
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Figure 3.9 Adsorption capacity contour plots of the adsorbent bed at t=9600 taken

from desorption analyses

When both, contour plots and the time variation plots of the numerical models are
considered it could be concluded that during desorption process the differencs
between results of LTNE and LTE based numerical models are nofcamni

Additionally the existence of air in the adsorbent bed does not dramatically changes
the temperature and adsorption capacity distributions within the bed. Moreover the

effect of the air is more emphasized by the LTNE based numerical model compard to
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LTE based one.The time variation of the temperature at the same data point during

the asdoprtion process is obtained by different models is given in Figure 3.10.
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Figure 3.10 Time variation of theemperature at the data point for different models

during desorption process

Unlike the temperature variationpredicted during desorption process, the
temperature variationdue to air existence imore significant duringadsorption
regarding the resultsbtained from LTE and LTNE based numerical solutidrise
differencebetween cases in which air exists and the ones with pure vapor decreases
with time since adsorption process also slows ddvine. temperature and adsorption
capacity distribution plots fothe adsorption analyses also given in Figure 3.11 and

3.12 obtained from different numerical models at t=9600 second for comparison.
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Figure 3.11 Temperature contour plots of the adsorbent bed at t=9&660 feom

desorption analyses

Similar to the time variation plots obtained from differenmerical modelst could

be stated that the heat diffusion rate is higher for the LTNE based models compard to
the LTE models. The difference between heat transfis of the LTE and LTNE
models are probably caused by the definition of the effective thermal conductivity in
LTE based models.
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Figure 3.12 Adsorption capacity contour plots of the adsorbent béd9®00 taken

from desorption analyses

Since adsorption process is taking place at low pressures the mass transfer rate within
the bed is more affected by the mass trangfgistancesln case of air existence in

the adsorbent bed, the air within the la¢dhe regions close to th€T'T imposes an

extra mass transfer resistance on the vapor flow into these re@iom®forethe
adsorption capacitin the vicinity of HTT, adsorption capacity does not increase as
high as the pure vapor conditions. Sinceorapould not penetrate into the inner
regions of the bed where the heat of adsorption is removed more effectively by the
HTF, the adsorption rate of the bedesluceddue the existence of air in the bed. In

the analyzed cases the mass fraction of ainenvapor is assumed to be equal to the
0.01. Regarding the differences resulted in adsorption capacity and temperature

distributions, it could be concluded that, existence of aausorbing gas in the
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adsorbent bed would significantly affects the heatraads transfer characteristics of

the bedduring adsorption processThe dramatic effect of neadsorbing gas
existence in the adsorbent bed also experimentally investigated and similar
conclusions are drawn by Sapienza etl8. On the other hand exestice of a non
adsorbing gas has small effect on the heat and mass transfer characteristics of the
adsorbent bed under desorption conditions. Desorption process is driven by the heat
input to the bed via HTF therefore desorbed vapor concentration is laghiee

inner regions in the vicinity of the HTT. The vapor at the inner regions flows through
the bed toward the outer boundaries of the bed. While vapor is flowing outwards, it
also thrust the air within the bed is towards the outer boundaries. Regultantl

effect of air existence is less emphasized on the mass and heat transfer characteristics
of the bed during desorption process. However as a practical observation, existence
of air in the adsorption systehtocks the condensatian the condenser andould

affect the bed eventually.
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CHAPTER 4

EXPERIMENTAL INVESTIGATION

4.1 Introduction

The adsorption cooling systems suffers from low COP values compared to the
conventional vapor compression refrigeration syste@se of the methods for
improving the COP of adsorption cooling systems is the heat recovery method. Heat
recovery methods can be applied to the systems which have two or more adsorbent
beds whichoperatein an alternating manner. Additionally an intermegdi medium
which transfers heat (HTF) is also required for achieving heat recovery. In the heat
recovery cycles a portion of sensible heat that is required for heating and
pressurization of the desorbing bed is could be supplied by the rejected heat from
adsorbing bed I13. The most efficient way of heat recovery between two bed
adsorption cycle could be achieved by thertial wave type operation.[5,6]48 he
thermal wave heat recovery strategy is based on minimizing the external heat
addition to the syem [1, 5, 14, and 52 When heat input to the system is at
minimizedthe COP of cycle will be maximizedccording to thenumerical analyses
performed, with the choice of radial thermal conductivity and high heat transfer
coefficient between HTT and HTFis possible to obtain COP values as high as 1.07
[7]. Another study which neglects the axial conduction within the adsorbent bed
showed that COP values close to unity is also achievable [48].

According to the description in a thermal wave cycle tempezagradients in the

axial direction of bed need to be large and a wave type temperature distribution
should be obtained for HTF and the bed temperature variation with axial position [5].
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The main idea behind the wave like temperature distributions idt@inolarge
temperature gradients in adsorbent bed and HTF along the digiahce. The
described wave like temperature profile for bed along the adsorbent bed axial

position can be seen in Figure 4.1

i

N BED TEMPERATURE PROFILE

NON-DIMENSIONAL TEMPERATURE
rid

BED LENGTH

Figure 4.1 Wave like temperature distribution along the axial length of the bed and

the thermal wave thickness [5]

The ty shown in Figure 4.1 is denoted as the thermal wave thickness. The heat
regeneration process would be more efficient with decreasingnahewave
thickness [25, 14, and 83]This temperature wave travels from one end of the bed
to other during the process and the cycle is reversed. Howeigevery difficult to

obtain sharp thermal wave type temperature distributions within the adsdréed

and HTF. Some of numerical analyses whielglectthe axial conduction within the
adsorbent bed demonstrated thermal wave type temperature variations with axial
position [48150. Beyond these idealized casessaccessful adsorption system

prototype operating on thermal wave pnple [1] had not been built yeBince it is
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practically difficult to obtain the thermal wave type temperature distributions in
adsorbent bed with conventional design approaches, best design goal should be
maximizing theaxial temperature gradients within the adsorbent bed and increase the
heat recovery efficiency of the system. The most successful implementation of this
strategy is performed b¢ aj | ar e he espkrimgntal3ré¢sults gresented by
¢cajl ar estowed lthat [ pa&i¢al approximation® thermal wave type
temperature distributions within the adsorbent bed is posdibliie scope of this
study two different bed designs will be proposed which are also expected to have
large temperature gradients in theial direction of the be@dnd HTF. Obtaining
temperature gradients in the axial direction and similar temperature profilekdike
thermal wavds desired since it would increase the heat recovery efficiency of the

system

There are a remarkable reco@ndations about the bed design exist in the literature
for enhancing the heat recovery efficiency of the system by obtaining large axial
temperature gradients within the bed and the HTF. These recommendations and the
observations made by the researchleas guide the design approach followed in this

study can be listed as,

1 Heat transfer rate in the radial direction should be higher than the axial
heat transferate [7, 48,and 23.

1 Methods like consolidation could be used to increase the thermal
conductvity of the adsorbent however it also causes high mass transfer
resistance within the bed which would result in poor mass transfer
performance. Therefore increase in the bed thermal conductivity at cost of
poor mass transfer performance mdgterioratethe performance of
adsorbent bed [7].

1 The increase in adsorbent bed radius will increase the amount of
adsorbent and the cycled refrigerant. On the other hand increased the heat

and mass transfer resistances within the bed would increase.[7,23]
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1 The HTF flowvelocity is significantly affects the temperature gradients
along the axial direction. Low HTF velocity low advancement ratio of
HTF in the axial direction isessential for obtaining thermal wave type
large temperature gradients along the axial diraatifcchebed R3].

1 The dead mass of the bed would not be design consideration since it does
not affects the COP of the bed. Instead, design effort should be spent on
obtaining sharpvavefrontswithin the bed andHTF [2].

In addition to the guidance of the results obtained by previous researchers, the
adsorbent bed designs in the literature also surveyed and a novel design approach
which had not been attempted before will be proposed. Some of the common

adsorbenbed desigaused in the adsorption cooling systems can be listed as,

1 Straight circular HTT surrounded by cylindrical space filled with adsorbent
particles [6 7, 32, 33, 35, 36, 3&nd 46. Straight flat plée fins are added in
somecases ]1].

71 Straight circular HT with circular fins (finned tube) surrounded by
cylindrical space filled with adsorbeparticles L4, 23, 44, 5393, 105 .

1 Annular space between two concentric cylinders filled with adsorbents [17
10,and 43. In the solar collector/adsorbent bagplications, this shape also
preferred but bed is heated by solar radiation instead of FHIPF95, 100,

102 103

1 In some of the practical applications spaces between the extended surfaces of
conventional heat exchangers filled with adsorbent partiates used as
adsorbent beds. Some of the different heat exchanger typesamsbd listed
as; Shell and tube heat exchang®&g]| plate finna tube heat exchangers
[22,114, finned flat tube heat exchang&€].

- In some of the solaapplicationsadsorbent beds are obtained by filling the

rectangular space between fins of flat plate solar collector94 26
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Another factor which shapes the design of the beds is the test environment available
in the laboratory. Since thexistingvacuum chambehnas 22 mm ports available for

the HTT the largest outer diameter for tH&T shouldbe 22 mm. The vacuum
chambers length and the diameter also restrict the dimensions of the adsorbent bed
designs that will be proposed. Beyond the geometric aspects,@rgpabperty that
adsorbent bed should possess is the long cycle times which enable continuous
operation of a solar powered system with two adsorbent beds under intermittent solar
energy source conditions. Therefore the cycled refrigerant amount andmtguhe
adsorbent amount in the bed should be chosen accordighgover, silica gel

water pair is used owing to its high performance in solar powered adsorption cooling

applications and its suitability for the available experimental setup.

In the scpe of this thesis two different adsorbent bed designs beillproposed.
These beds are manufactured, numerically analyzed and experimentally successfully

investigated.

As stated the main aim of this numerical and experimental investigation is to develop
an understanding about the heat and mass transfer principles in an adsorbent bed
while trying to improve the heat recovery efficiency by obtaining large temperature
gradients in the axial direction of the bed like thermal wave temperature distribution.
For this purposeexperiments are performed on the designed and manufactured
adsorbent beds. The experiments performed are mainly based on the desorption
process since the available experimental setup design and capability. The evaporator
the experimental sapuis suitable for cycling small amount of refrigerants at low
adsorption rates however the beds that are tested in this study are relatively large and
have high adsorption rate at low operating pressures. Since adsorption potential of
the bed is high, mosif the adsorption experiment attempts are resulted with the
suction of liquid refrigerant in the vacuum line. When evaporator and the vacuum
line fills with liquid refrigerant, evaporation take place at the free surface of the
liquid refrigerant and theooling effect cannot be observed in the cold space where it
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Is expected to be. Consequently, the experimental investigation will be mainly based
on the desorption processes. The result of a successful adsorption experiment will
also be shared to demonstrahe longer adsorption times compared to desorption

and the cooling effect obtained.

The experimental results and the numerical analyses that will be presented in this
chapter is restricted with five hours of duration due to the limitations of the data
logger memory .Moreover increased analysis duration result in increase of the data

file sizes which is approximately 17 GBrffive hour transient analyses

4.2 Experimental Setup

The experimental setup that will be used for the investigation of the addibent
designs is capable of testing single adsorbent bed by imposing desired boundary
conditions. As mentioned the experimental setup is a modified version of the setup
that had been used by previous researchers 174 After the modifications the
current configuration of the experimental setup can be demonstrated oy th
schematic given in Figure 4.As a general principle of operation experimental setup

is designed to supply HTF to the adsorbent bed at desired temperature and flow rate.
The vacuum chambaerhich contains adsorbent bed can be connected to evaporator
or condenser due to the mode of operation. The chamber is connected to condenser
during desorption process while it is connected to evaporator during adsorption
process. The details on the opimat of experimental setup are given in the

experimental procedure subsection.
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Figure 4.2 Schematic representation of the experimental setup used in the tests
In the Figure 4.2 numbered comporewmf theexperimental setup can be listed as

follows,

1- Vacuum chamber

2- Cold HTF tank

3- Hot HTF tank

4- Evaporator

5- Cooling space of the evaporator

6- Condenser tube bundles

7- Condenser canister

8- Water bath of the condenser

9- Heater of the condenser water bath

10- Circulation pumpof the condenser water bath
11- Heat exchanger of the condenser water bath
12-HTF pump

13- HTF flowmeter

14- Pressure transducers vacuum line
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15 Adsorbent bed
16- Refrigerant (water) feed line
17-Vacuum pump

18- Capillary tube and throttling valve

The setup is composed of three maections, one of which is the vapor (refrigerant)
line. The vapor flow line is the blue colored line and the blue colored components
belong to the vapor line. The second section is the HTF flow line which is shown by
the red lines in Figure 4.2 and thast section is composed of data acquisition

components.

The main components of the vapor line section are the
-Adsorbent Bed Assembly
1 AdsorbentBed
1 Vacuum Chamber
-Evaporator
-Condenser

-Expansion valve and capillary tube

Similar to the vapor linethere are three main c@onents exists in the HTF line.
These components are

- Hot HTF tank
- Cold HTF tank

- HTF circulation pump

The data acquisition and logging section contains the sensors and the data logging

device. The components of this sentman be listed as,

- Pressure transducers
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- Thermocouples

- Flowmeter

- Data logging device

In addition to these components listed above there are plenty of auxiliary
components used for the construction of the sstigh adHTF pipes, vacuunpiping

and the vacuum pumprhese components willlso be mentioned in the related

subsections.

4.2.1 Adsorbent Bed Assembly

Adsorbent beassembly is the main component of the experimental satepthis

is the component subject to investigation in thigdgt Therefore extensive effort is
made for design and manufacturing of the adsorbent beds that will be tested. Since
this setup is a singlbed test setup each bexdtested separately. The beds dan

tested during adsorption or desorption accordingh& dperational conditions set.
However the reasons for performing only desorption analyses had been presented in

the introduction.

Adsorbent bedssembly isomposeaf subcomponentshich can be listed as,

- Vacuum chamber
- Adsorbented

The adsorbenbed is composed of adsorbent patrticles, frammetallic netand the

HHT section. The whole assembly placed into the vacuum chamber will be named as
the adsorbent bed. The vacuum chamber can be connected to evaporator during
adsorption process or can be weated to the condser during desorption process

by the piping arrangement that can be seen in Figure 4.2
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4.2.1.1 Vacuum Chamber

The vacuum chamber is constructed to satisfy the vacuum requirements and tested
extensively for leaks. The chamber is manufactusethb VaksisCompany and had

been used in the research projectad | [14. The material of the chamber is high
temperature stainless steel. The chamber is composed of a body and a cap. The cap is
clamped to the flange of the body via four clampsniantain the vacuum seal two

O-ring channels machined to the flange of the body. The capped design enables the

placement osuitably designed beds

There are two ports on the vacuum chamber boepyip&s are welded to these ports.

One of them is usedof evacuating the chamber and the other one is left as an
auxiliary port. Additionally there are four ports exists in the cap of the chamber. Two

of these ports are used as the HTF tube inlet and exit. The other two ports are used as
a passage for the thmocouple connections. Twéeed throughconnectors for
thermocouples will be installed on these ports. All of the ports on the cap are
facilitated with Qring sealing to maintain the vacuum. Thé3ad model of the
chamber is reconstructed for placementhef designed bed assemblies. THe 8ad

model and a photograph of the vacuum chamber can be seen in4tgarel Figure

4.6.
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Figure 4.3 3-D CAD model of the vacuum chamber

Figure 4.4 Photograph of the vacuum chamfib4]
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4.2.1.2 Adsorbent Bed

The adsorbent bed consists of eine, metallic netdTT secton and the adsorbent
particlesMain design and manufacturing efforts in this study is focusedch@head
assembly. The details related with adsorbent bed designs will be given in the

following sections.

4.2.1.2.1 Adsorbent Bed Design 1

As statedn the introduction part, the designs that will be proposed in the scope of
this study are aiming tamprove the heatecovery efficiency by obtaining large
temperature gradients in the axial direction of the bed which resembles the thermal
wave like temperature distribution. Based on the previously performed studies and
used adsorbent bed designs, a design which hatesot attempted before will be
used here. The desigran be called as uncommon since most of the studies in the
literature are based on the same kind of adsorbent bed designs. Currentidesign
based on the philosophy of increasing the radial traasferrate of the adsorbent

bed while reducig the axial heat transfer rate to increase the temperature gradients
in the axial direction. One of the approaches that can be used for increasing the radial
heat exchange rate is the elongation of the HTF flow pattheé radial direction

while reducing the axial advancement rate of HTF.

One design alternative which can increase the radial heat transfer rate while reducing
the axial one in the bed can be a cylindrical bed with a helical HTF flow path.
Helical HTT plced concentrically in a hollow cylindrical adsorbent iseohe of the
design alternatives proposed here. TH2 @GAD model of the Bed Design 1 can be

seen in Figure 8.
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Figure 4.5 3-D CAD model of theBed Design Wwith vacuum chamber, front and

bottom views

The helical HTF flow path is a design attribute which is used for enhancing the heat
transfer rate. Additionally it is also known that mass transfer rate is also important
for bed design and shoule considered. The bed is designed as a hollow cylinder to
reduce the mass transfer resistance by reducinghtingber of adsorbent layers
around the HTT. Hollow cylindrical design also facilitates refrigerant vapor flow
from inner and outer gripheral suidices. Moreover as it had been stated in the
previous parts, the enhancements in the thermal conductivity by consolidation or
similar methods generally increases the mass transfer resistances within the bed.
Therefore the designs are constructed as starmiaokled beds since mass transfer

rate of water is known to be low due to low operating temperatures.
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The HTT is constructed fromopper 20 mm diameter pipe. As stated one of the
constraints for the design are the HTT ports available in the vacuum chdarhber.
maximum diameter of the HTT could be 22 mm since ports of the vacuum chamber
has this dimension. The closest available copper pipe in the market was in 20 mm
diameter so in the design of the adsorbent beds, 20 mm copper pipe with 1 mm wall
thickness hd been used. The helical section of the HTT is manufactured by winding
process. The pipe is filled with metallic spheres and then wound around a mandrel.
The manufacturing process is ddneDenizY ay  AheKinal shape of the HTT is
obtained by the bmng straight pipe sections and elbows ane telical section
together. TheHTT before brazing operation can be seen for Bed Design 1 in Figure
46

Figure 4.6 The HTT for Bed Design 1 before brazing cgen
The silver brazing operation choséor reducingthe possible warping of work
piece. Thesi | ver brazing operation dhefirahe HTT

shape of the HTT of Bed Design 1 after brazing operation can be seen in Frgure 4.

124



Figure 4.7 HTT of Bed Design 1 after brazing operation

In addition to the HTT the adsorbent bed also composed of adsorbent particles,
metallic net that hold particles together and the metallic framestingports the
metallic net holding the adsorbent particles together around the HTT. The frame is
constructed by using 6mm stainless steel sticks. fldmae structure is formed by
welding operation. TiG welding technique is used for construction of the kamtgor

bed frame. The metallic net is stitched on the frame by Rem@metallic net is also
manufactured from stainless steel with a mesh siZBBothe pictures showing the
stitching stages of the metallic net for Bed Design 1 can be seen in Figure 4
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Figure 4.8 HTT of Bed Design Inetallic net stitching operation

After completion of thestitching process of the metallic net on the frame the only

missing component is the adsorbent particles. In the experiments silica gel with 4

mm average diameter produced by Damla Kimya
supplied by the producdor the silica gelused in the experiments can be seen in

Appendix G Since this silica gel had been used in the previous studies, the thermo

physical properties that are not available in the data sheet are taken from [14 and 17].

The silica gel is filled to the bed aftéotal regeneration in the electric oven.
According to the suppliers data sheet regeneration should be done-hA7218D
temperature at least for 4 hours. After total regeneration of the silica gel it is filled
into the bed between metallic net and HTTe E#mount of silica gel poured into the

bed is weighed and recorded. Before replacing the adsorbent bed into the vacuum
chamber, thermocouples are placed to the predefined measurement points. As stated

above there are two thermocouple feedthrough portgseiisthe the vacuum
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chamber and also there av K type thermocouple feedthrough s exists. Therefore
it is possible to measure temperature of 10 different points within the vacuum
chamber. The temperature measurement points shown on the crossecimnabfv

Bed Design 1 can be seen in Figur@ 4.
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I

Figure 4.9 The thermocouple placement locations for Bed Design 1 from the

crossectional view.

Since bed design is three dimensional without any symmetieeaiire, the 10
thermocouples are placed wih angular difference of 18@long the cenél axis of

the cylindrical bed to observe the three dimensional temperdistrédbutions The
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thermocouples are attached to a 1 mm thick brass wire that holdsirthglace.
Measured values for Bed Design 1 will be labeled with the number of the

thermocouple given in Figure. The instrumented bed before and after placement into

the vacuum chamber can be seen in Figut@

Figure 4.10 The instrumented Bed Design 1 and the placement into vacuum

chamber

The dimensions for the Bed Design 1 can be summarized as follows,

- The tube outer diameter is 22 mm , with a wall thickness of 1 mm
- Mean diameter of the helical sectignl15 mm

- Pitch of the helical section is 50 mm

- Lengthof the helical section is 80mm

- Overall length of the adsorbent be®i®) mm

- Outer diameter of the framg180 mm

- Inner diameter of the frams 50 mm
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- Total amount of adsorbent filled into tframe : 5.79 kg

- Net volume occupied by the adsorbeh&6 liters

4.2.1.2.2 Adsorbent Bed Design 2

The design philosophy and the limitations for the Bed Desigrealso similarwith
Bed Design 1.Likewise in Bed Design 2 ultimate goal is tonprove the heat
recovery efficiency. Referringto the design philosophy explainéu the previous
subsectionthe radial heat transfer rate of the adsorbentrieedled to bencreased
while the axial heat transfer rate is reduseBed Design2 alsa

In Bed Design 2 similato Bed Design 1 the increase of the radial heat exchange rate
will be facilitated by the elongation of HTF flow path in the radial directibime

axial advancement rate of the HTF thus the axial heat transfer rate will be decreased
by a stair step like HT pipe design. This design can be described as circular pipe
segments in placed concentrically in annulus shaped cylindrical bed slices. The
cylindrical bed slices are separate from each other. Since the adsorbent particles are
placed into the slices whicls not connected, axial heat transt®r conduction
among adsorbent particles is eliminated from one slice to andttditionally all
surfaces of the cylindrical slices are open to the vacuum chamber which reduces the
mass transfer resistance comparedBed Design 1The 3D CAD model of Bed
Design 2 can be seen in Figyrd 1
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Figure 4.11 3-D CAD modelof Bed Design 2vith vacuum chamber, front and

bottom views

In the manufacturing process same coggpe (22 mm outer diameter, 1mm Wwal

thickess)with the Bed Design 1 is used. The circular pipe segments are obtained by
winding around a mandr el by t hhecirsuar i ng manu:
pipe segmentsare connected via elbowand straight pipe sections to form the HTT

assembly Upon completion of the assembling the elbows, pipe sections and the

circular pipe segments are brazed together, with silver brazing process. The Bed

Design 2 before the brazinggeess can be seen in Figdré?2
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Figure 4.12 The HTT for Bed DesigR before brazing operation
The Beal Design 2 after the brazing operation can be seen in Fgu8&The silver

brazing operation is preferred to avoid the possibility of extreme warping of the HTT

after welding process.
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Figure 4.13 HTT of Bed Design 2 after brazing operation

The bed will be composeaf annulus shaped slicaghich are not connected to each
other. Therefore a frame which will carry and support the slices formed from
metallic net is manufactured from 6mm stainless steel sticks. Similar to the previous
bed construction, the metallic nststitched with stainless steel wire by hand to form
the annulus shaped slices which will be filled with adsorbent particles. The final
shape of the stitched metallic net and the frame of the adsorbent bed together with

the HTT can be seen in Figurd 4.

132



Figure 4.14 HTT of Bed Desigr2 metallic netforming the annulus shaped slices
around the HTT

Similar to the Bed Design 1 here also silica gel produced by Damla Kimya company
with an average diameter ofdm will be used as adsorbent. The adsorbent will be
totally regenerated before being filled into the annular slices formed by the metallic
net. The number of thermocouples available for measurements inside the vacuum
chamber is 10 due to the availabled#geough connectors. The 10 thermocouples are
placed with an angular difference of 2&bong the central axis of the annular slices

to observe the three dimensional temperature distributions. The thermocouples are
inserted into the holes opened in the atiet net, and tied to the net by using

stainless steel wire.
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The thermocouple locations can be shown on the crossectional view of Bed Design 2

as given in Figure 45

[

Figure 4.15 The thermocouplécations for Bed Design 2

Measured values for Bed Design 2 will be labeled with the number of the
thermocouple given in Figure. The instrumented bed before placement into the

vacuum chamber can be seen in Figui® 4.
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Figure 4.16 The instrumented Bed Design 2 before placement into the vacuum

chamber

The dimensions of the Bed Design 2 can be summarized as,

- The tube outer diameter is 22 mm , with a wall thickness of 1 mm

- Mean diameter of the circulgipe segment is 115 mm

- Angular of the pipe segment is £25

- Length of themetallic net foreach slicas 70 mm but the 40 mm of the slice
is filled with adsorbent

- Overall length of the adsorbent bed is 350 mm

- Outer diameter of thannuluss 180 mm
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- Inner dameter of thennuluss 50 mm
- Total amount of adsorbent filled into the frant®25kg evenly distributed to
slices

- Net volume occupied by the adsorbenB@ liters

4.2.2 Evaporator

Evaporator is another component of the refrigerant vapor flow dewion. The
evaporator will be used for receiving the heat from the cooling space by evaporation
of the refrigerant. The refrigerant will be water in this stadystated earlierA

simple design which has a low pressure dnilp be used as evaporatomse it is
availablefrom the previous studiesly,14. However the small pipe diameter and

low pressure drop design of the evaporator is suitable for testing of adsorbent beds
with small adsorption amounts and rates. Compared to the previous studies the
adsorbent beds used in this study have approximately 10 times higher adsorption
capacity.When tle low crosssectionalareaand volumeof the evaporatocombined

with the large adsorption potentialhye water is sucked into the vacuum piping
towards the adsgbent bedn liquid form from the condenser. The capillary tube and

the throttling valve could not establish the desired pressure drop when used together
with the low pressurdow volumeevaporatorln the beginning water evaporates as

it flows through hecapillary tube and evaporator. After some time the water starts to
drip into the evaporator from condenser. As the time passes evaporator becomes
filled with water and the water proceeds to the bed from vacuum line in liquid form.
The liquid water evapated from the free surfaahuring its travel in the evaporator

and the pipingout the location of evaporation in the vacuum line changes with time
and most of the time evaporation does not take place in the evapdragse
observations are based on ttiermocouple readings taken inside the evaporator
pipe. Therefore despite the insistent trials, the adsorption experiments could not be
performed successfully in a consistent manner and will not be presented in the scope

of this study An evaporator in théorm of acylindrical vessel which contains liquid
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refrigerant would be a more proper design for the adsorption experiments. The free
surface of the liquid should be highirerefore instead of flowing in liquid form

evaporation of refrigerant will biacilitated.

There are three Kype thermocouples are placed into the evaporator pipe. One of
them is at the bottom, one of them is at the top and the other is at the middle of the
evaporator.These thermocouples are connected to a feedthrough connexcer s
they are placed into the vacuum line. The photogrdpth® evaporator and the

feedththrogh connector can be seen in Figure/4.

T —

2

ector N

Feedthrough conn

| for thermocouples

i o —
Refrigerant inlet side

Figure 4.17 The evaporator, feedthrough connector for K type thermocouples

In addition to the thermocouples placed into the evaporator three T type
thermocouples are placed into the cooling space in which evaporator will be placed.
The cooling spaces a 5 liter cylindricakontainer manufactured from Plexiglas. The
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cooling space is filled with water to damp the fluctuations in the temperature of the
evaporator and to calculate the cooling power from temperature variations. The
cooling space needs be insulated well to measure the actual cooling power of the

bed during adsorption. The evaporator placed into the cooling space before and after

application of insulation can be seen in Figu4.

Figure 4.18 The evaporator placed in to the cooling spaddout and with

insulation

4.2.3 Condenser

Condenser is the component in which the refrigerant vapor condenses by releasing
heat to the environment. Condenser is also works waberum pressure and will be

connected to the vacuum chamber during desorption process. To receive the heat
rejected at the condenser, condenser is placed into a water bath which is externally

cooled andheated to keep the condensation temperature constang experiments.
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The condenser that will be used in the current study had been manufactured and used
in the previous studie§.here are two main parts in the condenser one of which is
condensetube bundle andther iscondenser canister. The conderisée bundle is

consists of stainless steel tube bundles to increase the heat transfer area. The
condensatiorof refrigeranttakes places at the tube bundle and then the condensate
flows to the canister. The canister is also a stainless steel cylindridaire. For

being able to measure the amount of water in the canister a glass window with a
scale is installed on to the canister. The photograph ofathdetiser can be seen in

Figure 419.Phot ograph i s taken from t hensestudy
IS permanently mounted into the water tank and it is not possible to take a

photograph.
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Figure 4.19 Photograph of the condenser]1

The condenser tube bundles are composed of 22 stainless steel tube with an outer
diameter of 8 mm. thiengthof the tubes in the tube bundle is 135 nithe canister
is constructed by using a 300 mm long tube with an inner diarokt mm.[17]
As it hadbeen stated the condenser canister is equipped with a scaled sight glass

which can be seen in Figure20.
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Figure 4.20 The sight glass of the condenser canister

The whole condenser assembly is placgd a temperature controlled water bath.
The water bathtemperatureneeded to be controlled since the condensation
temperature during the tests will be constdfr this purpose the ater bath is
equipped with a heater and cooling cditiditionally a crculation pump is used for
circulation and stirringof the wate in the tank for homogenizatioof the water

temperature all around the condenser.

However the cooling coil of the vapor compression refrigeration system is found out
to be too slow to respond the temperature overshoots resulted from heaterofAn on
type controlling procedure is applied to the heater and the cooling system of the tank.

A previously installed 1.5 kW heater is used for heating of the water in the tank. The
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required fast response cooling systenessablished by installing a gasketed plate
heat exchanger between tap water and the circulating water of the water batip. The ta
water flow in the cold side of gasketed plate heat exchanger is also controlled via an
on-off type loop and a solenoid valve connected to the tap. The photograph of the
gasketed plate heat exchanger used for cooling of the condenser water bath can be
sea in Figure 4221. The tap water temperature was abof2(at maximum) during

the experiments therefore it had been used for keeping the water bath temperature of
the condenser at 30 when used together with the heater in aroffroperation

cycle. AT type thermocouple is placed into the water bath for measuring the
temperature of water bath. The measurement taken from this thermocouple is used
for controlling the heater and the solenoid valve which controls the flow of tap water
into heat exchangeA sample temperature plot for the condenser water fuat®

hours of duration can be seen in Figure24The water bath temperature is set to
30°C and the temperature measured by the thermocouple fluctuates betwé&én 29.4
and 30.4C.

There are also 3 K pes thermocouples installed into the upper, lower and middle
part of the condenser canistetich is connected to a feedthrough connector
However due t@orrosion and aging, measurement of temperature inside the canister

cannot be performed by using théisermocouples.
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Figure 4.21 Photograph of gasketed plate heat exchanger used for cooling of the
condenser water bath
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Figure 4.22 Sample condenser water bath temperature variation plot during

experinents

4.2.4 Throttling Valve and Capillary Tube

Therefrigerantusedin the system istered in the condenser canister ame @nd of

the evaporator is connected to the canisteaviaottling valve andh capillary tube.

Main function of the throttling valr and capillary tube is to reduce the pressure of
the wder contained in the canister from condenser pressurietoevaporator
pressure. In this system both throttling valve and capillary tube is used together to
ensure that the required pressure dropasfied.Moreover usage of a throttling
valve also adds flexibility for controlling the pressure drop from the condenser
canister to evaporator.he photograph of the capillary tube and the throttling valve
(BOC-EdwardsLV10K) installed between evaporatand thecondenser can be seen

in Figure 4.23.
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Figure 4.23 Photograph of throttling valve and the capillary tube installed between

condenser and evaporator.

Unfortunately thisstatement othe purposdor using throttling valve and capillary

tube could not find its place in the practical applicatiés. explained in detail
previously the evaporator desigwas not proper for performing adsorption
experiments. Therefore despite the extensive effort anteraus trials, adsorption

tests could not be performed successfully on the available setup. The previous
researchers worked on this setup also could not present any adsorption experiment

data because of the same reason [14, 17].
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4.2.5 Heat Transfer Fluid Loop

The adsorbenbed is heated and cooled by the circulating HTfve HTF piping is
shown in the schematic given in Figure 4 with the red colored lines. There are two
by-pass lines exist in the pipin@ne of the bypass lines is used for adjusting the
flow rate of the HTF and therefore starts just after the pump outlet. This bypass line
is equipped with a needle valve which enables the fine adjustment of the flow. The
second bypass line is installed just before the adsorbent bed HTF inlet. This bypass
line is used for circulating oil in a longer loop for heating all the pipes except the
adsorbent bed HTF flow path. The oil is circulated through this route for
approximately half an hour at stabilized temperature before starting the heating of
adsorbent et Another needle valve is installed at the downstream of the flowmeter,
this valve is used together with the bypass needle valve to adsjust and stabilize the oil
flow rate to the adsorbent bed. The whole HTF piping is redesigned and

reconstructed sinceetprevious version was not suitable for long duration operation.

4.2.5.1.1 Hot HTF Tank

The hot HTF tank supplies the heated HTF to the system during desorption
experiments. The tank isnanufactured specific to this study. The previous
researchers used open taaksl experiencedil vaporizationandodor problem. For

this reason closed tanks are designed and manufacturddrtunately the odor
caused by the heated oil could not be elated but contamination due to oll

vaporization is prevented with the usage of closed hot HTF tank.

The hot oil tank is equipped with resistive heaters sewkral port$or oil inlet, oil
outflow, resistance heaters and instrumentation. The resistamsteied at the
bottom face through the sleeves on that face by fastening. Throughout the

experiments resistances had been changed for 3 times due to excessive local heating
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problems. The hot HTF tank is equipped with four 1kW resistive heaters which are

controlled by the data logging devit®ugh the relays.

Thetemperature is measured at the outlet of the tank and the tank outlet temperature
is used as the control parameter. The hot HTF tank can be seen before insulation and
installation in Figure 24

Figure 4.24 Photograph of the hot HTF tablefore insulation and installation

4.2.5.1.2 Cold HTF Tank

Similar to the hot HTF tank, cold HTF tank is designed as a closed vessel to prevent
the oil vaporization problem. Different than the hot HTF tank cold HTF tank is

equipped with a cooling coil. This coil is manufactured from 30 meter stainless steel
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pipe. The photograph of the cooling coil that had been installeétigrtank can be
seen in Figurd.25

m\\

—

Figure 4.25 Photograph of the cooling coil placed into the cold HTF tank

For being able to keep themperature of the HTF, cold HTF taakso equipped
with two resistive heaters. The cooling coil is connected to the tap water line and the
water flow is controlled by a solenoid valve by the data logger. Similar to the hot

HTF tank the temperature measuent location for the cold HTF tank is also at the
outlet.
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Water inlet and

outlet

Figure 4.26 Photograph of the cold HTF tank

The hot and cold HTF tanks after installation and insulation can berségyure 4.

27. GemaoitThermoil32 heat transfer oil, which is available in the laboratory, is

used as HTF. The tabulated thermophysical propesfiesh e

[14] can be seen in Tablel4.

HTF

gi ven

Table 4.1 The thermophysical properties of the HTF given by [14]

GemaoitThermoil 32

Density [kg/ni] 914
Thermal Conductivity [W/mK] 0.115
Specific Heat [kJ/kgK] 1930
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The density value of the HTF changes during operationrasudt of contamination
and temperature change, therefore density is measured for the operating conditions

and this measured value is used in calculations.

Figure 4.27 The insulated and installed HT&nksand HTF loop

4.2.5.1.3 HTF Pump

In the previous studies a centrifugal oil pump designed to operate at high
temperatures is used. During the preliminary experiments, it had been observed that
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the nominal flow rate of that pump is relatively high comparedh® low flow
velocities that are needed. Additionally, instability in pumgpheadand flow rate

with the HTF temperature variations and increased pump temperature becomes a
significant problem during - hours long experiments. Therefore need for pump
which has low volumetric flow capacity and good stability characteristics had been
raised. There are several positive displacement pumps exist in the market with these
qualities however most of these pumps are manufactured specific to hydraulics
applications ad highest temperature of operation is limited with th&C9@hich is

the endurance limit of the Viton gaskets used in their construction. After surveying
the market and nmafacturers, an internajear type pump, had beardered to

Vi mpi P o mp a nufActuker. of vistoes flurdapumps. Upon the request the
original design is modified and all the seals are replaced with high temperature
resistant graphite seals for facilitating operation at temperatures ov&C.ZDie
volume of fluid pumped in each reution is 0.004 itersunder ideal conditions, but

the volumetric flow rate decreases with decreasing viscosity. However at a constant
operating temperature the volumetric flow rate and the head can be kept constant
with high stability.The pump is attaclgeto a 2800 rpm 0.55 kW electric motor via a

7 ratio reductionThe pump is unidirectional without a specific direction of rotation,
and no check valves need to be installed before the pump since dry operation is not
catastrophic. Thecoupling and alignmenof the pump and the motor is also
specifically manufactured. The photograph of pguenp, reduction and the electric
motor can be seen in Figure8.
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Figure 4.28 The HTF pump assembly, electric motor, reduction and pump

4.2.6 Data Acquisition System and Sensors

The last sub section of the experimental setugoieposed othe data acquisition
andloggingdeviceand sensors. In the experiments the vacuum chamber and vacuum
line pressure are measured. In addition to the pressure measurements, the

temperature at various locations needed to be measvoedover the flow rate of
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the HTF will also be measuretliring experiments. Therefore the sensors that will be

used are mainly,

- Thermocouples
- Pressure transducers

- Flowmeter

In addition to the sensors a data logging device will be used for acquisition and

logging the reading of these sensors.

4.2.6.1 Thermocouples

The thermocouples will be used for measuring the temperature at various locations in
the experimental setufghe temperature measurement locations and the purpose of

measurement could be listed as,

1 Hot HTF outlet temperature is measured by a T tyyemocouple and
used for controlling the temperature of the hot HTF tank.

1 Cold HTF outlet temperature is measured by using a T type thermocouple
for controlling the temperature of cold HTF tank

1 10 K type thermocoupleare used for measuring the tempemtwithin
the adsorbent bed

1 One T type thermocouple is used for measuring and controllling the
condenser water bath temperature

1 Three T type thermocouples are used for measuring the top, middle and
bottom of the cooling space water temperature

1 Three K typethermocouples are used for measuring the refrigerant
temperature within the evaporator

1 Two T type thermocouples are used for measuring the HTF temperature
at the inlet and outlet of adsorbent bed
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1 One T type thermocouple is used for measuring and controlling the

vacuum line heaters and piping.

4.2.6.2 Pressure Transducers

The pressure transduceasailable in the laboratory was malfunctioning therefore
they are replaced with the brand new ones. Thespre transducers are used for
measuring the vacuum chamber and condenser pressure. Orftebar Gabsolute
pressure transducers are used in the experiments.trahgducers werdactory
calibrated therefore did not require any calibratidime outputvoltage of the
transducers iinearly scaledo obtain a pressure valueading Each sensor is sent
with a speffic calibration documentThe standard mechanical connection is adapted
to the vacuum line by manufacturing adaptéfbe photograph of th@ressure
transducerghat areinstalledto the condenser and the vacuum chamber can be seen
in Figure 429.
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Figure 4.29 Photograph of the pressure transducer installed to the condenser

4.2.6.3 Flowmeter

As stded earlier the flow rate of the HTF will be measured by using a flowmeter.
The flowmeter that will be used in the experimental setup is Khrone H250/M9 flow
meter which is also available in the laboratory. This flow meter is a custom made
flow meter whichcan operate at high temperature and low flow rates. The flowmeter
is variable section flowmeter and measures the volumetric flow rate of the HTF and
will be installed to the outlet of HTF circulation pump. The flow meter reading will
be used for controllig the HTF circulation pump and for determining the amount of
HTF circulated through the bed during experimer&ce the flow meter is
calibrated for 25(°C heat transfer oil with a prescribed viscosity, manual
measurements performed at different tempeeatund needle positions to determine
the actual flow rate of HTF used in the experiments with respect to corresponding

needle positionsThe HTF flow rates adjustedby using the needle valves installed
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in the bypass line and at the downstream of the fluster. Thephotograph of the
flowmeter can be seen in Figut&0.

Figure 4.30 Photograph of the HTffow meter

4.2.6.4 Data Acquisition System

The signals received from sensors will be converted into meaningful values and will
be logged by the data acquisition and logging device. For acqainddogging the
sensor readings arabntrolling the system parameters DT800 type data logdss

used. This device is also available in the inventory of the laboratory. The
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thernmocouples, pressure transducers willdoenected to the analog channels of the
data logger.The controllable devices such as heaters and solenoid wailrdse
controlled throughthe digital signal output frondligital channels. The data logger
enablesd design oroff type controlling of the relay§ he heaters and solenoid vales

in the experimental setup is controlled via these relay which are electrified by the
output signals prduced by the DT800. The photograph of the data logger used in the
experiments can be seen in Figurdl4The data logger is connected to the PC via
RS232 port and the connection is grounded since, any kind of magnetic field affects
the operation of datagging and acquisition system. The data logger has an internal
memory of 100 MB to store the measurement data this is a limiting factor for the

number of channels that can be used and the duration and frequency of measurement.

daralaker

Data l-ogger

DT800

Figure 4.31 The photograph of the data logger (dataTaker DT800) used in the

experiments
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Temperature measurement by using different type of thermocouples is an embedded
feature of the data logger. Data logger is capable of thermocouple output calibration
by measuring the junction temperature withbarlt-in thermistor.Additionally on-

off type control loops can be easily implemented. For example it is possible write a
code which opens the heater of the condenser bath when condenser bath temperature
is below 30C and closes the heater and opens the cooling water solenoid valve when

it over 30C. As mentioned heaters arslenoidvalves are controlled by using
electromechanical relays instrumented on the electric control board. The relays and

the electric control board can be seen in Figuse 4.

— AIN--“*E =

Figure 4.32 Photograph of the electric control board and the relays installed
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4.3 Experimental Procedure

Before starting the experiments the packed bed is prepared by placing the HTF tube
into the stainless steel frame. Adsorbent material (silicawleich is completely
regenerated in the oven before is filled into the spacing between HTT and the
metallic net of the adsorbent bed. 10 K type thermocouples are piatcethe
predetermined locationef the bed that will be testedJpon completion of the
thermocouple instrumentation, the adsorbent bed is placed into the vacuum chamber
and the chamber is sealed. The sealed vacuum chamber containing adsorbent bed is
connected to the vacuum line and the HTT of the adsorbent bed connected to the
HTF line and partof the HTT remained outside of the chamber is insulated.
Thermocouples that measure the inlet and outlet temperature placed into the
measurement location@fter connedng vacuum chamber to the vacuum line,
vacuum ball valves between pump and the chandbepened and the vacuum
chamber is evacuated by using the vacuum pufiter the pressure inside the
chamber is reduced up to levels 6 Inbar vacuumpump turned off andalves
connectingfrom the vacuum chambend the pump is are closed. The pressure
inside the vacuum chamber is observed t@ Hoursfor any possibility of vacuum

leak. If the pressure do not rises it is accepted that no significant leakage into the
chamber is observed’he vacuum chamber and adsorbent bed connected to the

vacuum andHTF lines can be seen in Figur&3.
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Figure 4.33 Vacuum chamber after being connected to vacuum line and HTF line

The next step is to fill the condenser canister with deionizagér. Deionized water
is used as the refrigerant in this systeimce it is free of minerals and particles which
may cause fouling and contamination in the vacuum line compofdm@sieionized

water is fedfrom the water feeding lineo the system through two ball valves for
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contolling the flow. Amount taken into the canister is measured through the view
glass and value is recorded. At the same time, the temperature of water bath
containing the condenser assembly is set to the desired value and stalbilibed.

next step, thevalves connecting the vacuum pump and the condenserparesd.

The vacuum pump is operated for evacuating the air in the vacuum line between
pump and condenser. The condenser pressure is measured and after reaching
pressure values belothe saturation presire(4247 mbai) at the condenser water

bath temperatur¢30°C), the vacuum pump is turned off and the valves in the

vacuum line is closed.

The adsorbent was totally regenerated before being filled into the bed therefore the
initial step for theexperiments will be increasing the adsorbate uptake of the
adsorbent up to levels of 0.3. The maximum amount sjeaused in the
experiments can adsorb is %34.6 of its weight [17] therefore adsorbate loadings in
the level of 0.3 can be considered ashhagisorbate loading value which can be used

as an initial condition for the desorption experiments. The valves between condenser
and the vacuum chamber are opened for adsorption of the refrigerant to reach the
initial adsorbate loading conditions for dgstown analyses. Theisible part of the
volume of the condenser canisfesm the sight glass is 200 m long which contains

to 528 grams of water. The water is adsorbed from condenser since the amount
adsorbed need to be recorded. In case of adsorptiorefraporator, the liquid water

is sucked into the evaporator and the amount adsorbed could not be measured. The
Bed Design 1 contains 5.79 kg of adsorbent and the initial adsorption capacity value
used in the desorption experiments is equal to 0.33. Regammunt of water to

reach 0.33 adsorption capacity value is 1.91 kg. Therefore to reach the required
adsobate loading, condenser canister is filled 4 times and the vacuum line and
condenser is evacuated 4 times. Total process of adsorbing 1.91 kg ofakese8

days. Similar procedure #&so followed for Bed Design 2 his bed contains 332kg

of adsorbent and requires adsorbing approximately 1 kg of water to reach the %33
adsorbate loading. After the desired initial adsorbate loading level is reaxchibe f
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adsorbent bed the desorption experiments are performed. Before starting an
desorption experiment, the hot HTF tank is set to desired temperature and inlet
valves and the outlet valve of the hot HTF tank is opened. The HTF pump is started
and the HTFstarted to circulate in the bypass loop without entering the adsorbent
bed until the desired temperature is reached and stabilized. The purpose of operating
the pump is to achieve the stirring of the HTF in the tank to avoid overheating of the
resistanceneaters. The vacuum line is wrapped with temperature controlled band
heaters.The band heaters that are used for heating the vacuum line piping and
therefore they are turned on before starting desorption experiments and s& to 80
which is higher than theondensation temperature to prevent condensation of the
refrigerant in vacuum lineAfter the tank outlet temperature reaches the desired
value, the flow rate of the HTF is adjusted by using the needle valves installed
downstream of the flow meter and thgpass line of the pump. Approximately in 10
minutes the flow becomes stabilized and ready for heating the adsorbefithbed.
data logging starts before hdifF is fed to the bedl'he ball valve at the end of the

long bypass loop is closed while the badlves at the inlet and outlet of the HTT of
adsorbent bed are opened to feed the hot HTF into thelrogdlly the bed is at
uniform low temperature and low pressure. The first step of the experiment is to
increase the vacuum chamber pressure up toecsed pressure. This step is known

as pressurization or isosteric heating. During pressurization the valves connecting
vacuum chamber and condenser is closed. When the vacuum chamber reaches the
condenser pressure the valves connecting the vacuum chambeoadenser is
opened and the refrigerant vapor flothsoughthe line and condenses at the tube
bundles of the condenser and the condensate flows to the condenser canister. The
duration of these desorption experiments are limited with the capacity of the
condenser canister and the memory of the data logger. The data logging frequency is
set to 10 seconds for reducing the memory requirements. Generally desorption
experiments are performed for 5 hours including the isosteric heating dutatson.
possibleto perform experiments longer than 5 hours howdweere-establishment of

the initial conditions, approximately 10 hours are required for being able to perform
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a new desorption experiment. Sin@searcher himself needs to be present at the
laboratory hroughout desorption experiments and during thestablishment of
initial conditions, a limit for the experiment duration is required to be set. Therefore
5 hours is chosen which seemed to be a reasonable duration for performing

experiments.

After competing the desorption process the amount desorbed is recorded, and to
reach the initial adsorbate loading for the next experiment the desorbed amount is re
adsorbed. Therefore the valve between condenser and vacuum chamber is left open
and the water is adgbed by the bed. It is possible to accelerate the rate of adsorption
between desorption experiments by circulating cold oil in the adsorbent bed. Upon
reaching the initial adsorbate loading value the desorption experiment is repeated

under different condions.

Actually there aretwo different operation modes exists thie experimental setup.

The first mode of operation is desorption experimamntdescribed abov&ince a
successful adsorption experiment could not be conducted in the scope of this study,
the mode of operation during adsorption experiments will not be detailed in this text.

4.4 Experimental Results

The expementsperformedfor the isosteric heatingnd the desorption phases for a
duration of 5 hours due to limitations mention&ifferent bed designs had been
experimentally investigated under different, HTF velocities, initial adsorbate loading
conditions and HTF inlet temperature values. The benesire described in detail

in the previous section$iTF temperatureat the adsorbent bed inlet differs much
from the hot HTF tank outlet due to low flow rate and relatively long piping.
Consistent bed inlet temperature values are tried to be obtainddféoent beds at
different HTF velocitiesWith trial and error the consistency of inlet temperature at
different flow velocity had been establishdthe HTF inlet and outlet temperature
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measurement lations was situated on the HTat the upstream ofhé location

where HTT enters the vacuum chamber pastcan be seen in Figur&4. Initially

the heat loss in this section is assumed tonégligible howeverthe resuls of
detailed numerical analyses for this section had been shown that thereoms a n
negligible heat loss at the HTT section due to contact with the vacuum chamber cap

at inlet port and due to natural convection despite the insulation.

&l The temperature

“l measurement point
at the upstream of
the HTT entering

: the port on vacuum

chamber

HTT inlet port of at the

cap of vacuum chambe

Figure 4.34 The adsorbent bed HTT and the vacuum chamber
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The significant part of heat lost through conduction to the vacuum chamber cap
where HTT and vacuumhamber isn contact. The hot HTF heats the HTT and then
starts to heat the massive stainless steel vacuum chamber cap therefore the
temperature of HTF igdlifferent from the measured valuethe inlet. However the

heat loss at the outlet section of the HTT is not significant as the inlet due to low
temperature difference between the vacuum chamber cap and the HTF outlet
temperatures. Consequently, the irdetl outlet temperatures are measured but some

of the heat is used for heating the vacuum chamber through conduction. This heat

loss is calculated by the detailed numerical analyses and will be discussed later.

In addition to the inlet and outléémperature measurements, as stated, temperature
measured from the adsorbent bed by using 10 thermocouples. The results will be
presented by using temperature measurements in the adsorbent bed under different
operating conditions. The locations of the thecouples for different bed designs

are given in the related section.

The initial bed temperature may vary for different experiments since, it is difficult to
reach the desired initial temperature since duration required to start experiment may
change. Threfore,in the experiments initial temperatures in the range of ZK

is tried to be obtained as an initial condition. The adsorbent bed temperature is
assumed to be uniform wheime temperature values in the bed are in 5 K variation

range.

The samping rate for the temperature measurements is 10s for all of the
experiments. Therefore the measured values are discrete in time, howdwettdor
graphical presentationthe time variation plots of the experimentally obtained
temperature values are pled as linesActually the point plots also results in

continuous lines due to sampling frequency and overall duration of experiments.
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4.4.1 Experimental Tests of Bed Design 1
The performed desorption experiments Bad Designl can be summarized by the
HTF inlet temperaturanitial adsorption capacity and HTF velty as given in Table

4.2.

Table 4.2 Theconditions for the experiments of Bed Design 1

HTF Inlet HTF Inlet Initial Adsorption Capacity
Bed Design 1 Temperature [K] Velocity [m/s] [KQwate/KQ adsorber}
Experiment 1 397.00 0.0012 0.332
Experiment 2 397.00 0.0020 0.330
Experiment 3 370.00 0.0020 0.330
Experiment 4 394.00 0.0020 0.320

Four different experiments performed with Bed Design 1, Experiment 1 is performed
with low HTF velocity, high HTF inlet temperature and high initial adsorption
capacity. In Experimen2 HTF inlet temperature, HTF velocity and the initial
adsorption capagitof the adsorbent bed is high. In Experiment 3 the HTF inlet
temperature is lowered keeping the HTF velocity gralinitial adsorption capacity
high. In Experiment 4 the initial adsorption capacity of the adsorbent bed is lowered

to 0.32 while HTF inlevelocity and temperature is kept high

At high HTF inlet velocity values, heat exchange between HTF and the bed reduces
due to low heat transfer rate within the b€de HTF inlet velocity values used in the
experiments are chosen to be at very low let@isnprove the heat exchange in the
directiors perpendicular to HTT surface$heefore as HTF inlet velocity value
0.0012 and 0.002 mareused in the experimenbased on the preliminatgss and

the previous studies [123.
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The measured HTF iléemperature igivenin the table however as stated above
the temperature dhe position where HTT enters tlhhacuum chamber is different
from the measured valu&he tabulated values are the mean value of the measured

temperatureluring18000 seconds.

The initial adsorptiorcapacityis determined by using the adsorbed amount at the
beginning of experiments. Also it is possible to calculate the adsorption capacity
from DubininAshtakov relation given previously by using the temperature and the

pressuref the adsorbent bed.

It is difficult to obtain exactly the same inlet temperature values in different
experiments due to changes in ambient temperature and wearing of the insulation.
Additionally the adsorbed amount could not be adjusted precisely to obtain the same
adsorptioncapacity in Experiment 1, 2 and Jhe initial adsorption capacity
intentionally loweredor Experiment 4 to see the effect of reduced initial adsorption

capacity.

The temperature measurement points are placed in Bed Design 1 at 10 different
locations Fve of the thermocouplegrom 1 to 5)arelocatedon the right hand side

of the crossectional view shown in Figure 4. The other five (from 6 to 10) is located
on the left hand side of the crossectional view. The thermocouple nuarzbthe
placement onhte crossection shown ggven in the Figure &5. These numberiill

be used for the presentation of bethperature variations plots.
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Figure 4.35 The thermocouple placement locations shown on the crossectional

view of the packed bed.

The results of the experiments will be presented in terms of time variation of the
measured bed temperatures, and the temperature distribution along the bed axial
position measured from right hand side and the left hand side of the bed as shown in
the figues below. The measurements taken from thermocouplés 10 will be
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named as temperature measurements on right axis values, while the measurement of
thermocouples froml to 5will be named as left axis value3he axial temperature
variations in the bedavill be taken from300, 1200, 4800, 9600, 12000 and 18000
seconds of the experiments.

330

~—Point 1-Exp ~—Point 2-Exp ~Point 3-Exp ~—Paint 4-Exp
——Paint 5-Exp —Point 6-Exp Point 7-Exp Point 8-Exp
325 Point 9-Exp Point 10-Exp

Temperature [K]

300

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Time [seconds]

Figure 4.36 Bed temperature variations with time for Bed Design 1 in Experiment 1
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Figure 4.37 The axial tempetare variations of Bed Design 1 in Experimeriteift

axis

Figure 4.38 The axial temperature variations of Bed Design 1 in Experimé&ight

axis
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