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Abstract

Despite the increasing interest insadption cooling and desalination systems, the poor heat hence mass
transferin theadsorbenbed(the corecomponent)mpedegheefficient energyconversioratthe systenievel

and increases its physical footprint. In response, this papeerically investigates the overall enhancement

of adsorptioncooling cum desalinationsystem employing emerging copper foamed adsorbentbeds of
advancedthermal performancecoated with advancedadsorbentmaterialsto addresssuch anuntapped
challenge. Silico-aluminophosphat€dSAPG-34) and Nickel-basedmetatorganic framework CPO-27(Ni)
adsorbents were employed. First,-B 2xisymmetric computational fluid dynamic fully coupled model was
developed to simulate the adsorbbatls considering neideal con@nser and evaporator pressures. Second,
theinfluenceof differentoperatingconditionsand coppefoamthicknessesvasinvestigatedat theadsorbent

bed and system levels. The advanced adsorption kinetics of SARGabled shortening the cycle tifrem

600to 180s, which enhancedhe coefficientof performancéCOP),specificcoolingpower(SCP),andspecific

daily water production (SDWP) of the system by 163%, 223%, and 228%. The regeneration temperature was
the most influential parameter onthest ems 6 perf or mance wi t-100 9C). t he i
enhanced the COP from 0.2 to 0.421, SCP from 132 to 821" \\akg SDWP from 4.7 to 29.3%non’.day

! for CPG27(Ni) coated bed; and COP from 0.378 to 0.388 and SCP from 393 to 853 W#dSDWP

from 14 to 31 riton*.day’, for SAPO34 coated bed. The reported enhancements at the adsorption-system

level signpost metedbamed adsorberiiedcoatingthemost thermallyefficient adsorberrbeddesign.

Keywords: Adsorption chiller; Copper foam coating; Adsorption desalination; Advanced adsorbents; MOF
CPO27(Ni); AQSOA™ FAM-Z02.


mailto:mbadawy.c@ksu.edu.sa
mailto:%3Bmelsheniti@gmail.com

Highlights
1 CPO27(Ni) andSAPG-34 coatedon foamedadsorptiorbedsarenumericallysimulated
1 Comparativestudiesonthetwo adsorbentareintroduced ata twobedsystemevel
9 Adsorptionkineticsof SAPO-34 advances itsystenmperformance abov€PO-27(Ni)
1

Usingthicker coatedoamenhances th€EOPof bothadsorbensystemsoticeably

1 Introduction
Adsorption cooling cum desalination (ACD) systems, the most feasible way to decarbonize cooling and

desalinatiorproductionprocessedjavegainedincreasingattentionvia enormousnvestigationsn thelasttwo

decades [1]. Using water as a natuedtigerant of zero global warming and ozone depletion indices raises
suchemergings y s t sgnificance.Besidesproducingpotablewaterandthe by-productof coolingin ACD
enhancesheoverall energyefficiency of suchsystemsMoreover,low-temperatte wasteandrenewableheat
resources (55100 °C) can be adequately used to drive the ACD systems [2, 3], which enhances diversifying
the energy mix for many countries of the immense need for cooling and desalination [4, 5]. Nevertheless, the
inherited lav performance of ADC determined by specific cooling power (SCP), coefficient of performance
(COP), and daily water production (DWP) of current ACD systems increase the initial cost and physical
footprintcomparedo theconventionabystemsThelow performancef ACD is stemmedrom theinefficient

heat transfer hence mass transfer within the adsorbent materials due to their low effective thermal agility. As
a resul t, the systembs response t o t hedendethepnicr at ur
desorptiorswingis delayed6]. Many approachewvereinvestigatedo enhanceACD systemgo competewith
otherconventionabystemssuchasusingnewcompositematerialg7-11], addingmetallicadditivesof higher

thermal conductivity than the adsorbent materials-{4, developing new granulated adsorbent packing

techniqueg15], usingwire finned heaexchanger§l6, 17], and adsorbembating[18-21].

Amongthedifferentapproachesdsorbentoatingshowedhemostreductionin thethermalcontactresistance

[22]. There are various adsorbent coating approaches, each of which has its merits. One approach is binding
the adsorbent grains directly on the surface of the adseledreat exchanger using epoxy oramig glue;

despite the significant reduction of the contact resistance, it inhibits the mass transfer due to the low vapor
permeability within the adsorbent material domain-222. Another coating approach is the direct synthesis

of thin adsorbent coatisgon the heat exchanger surface. It enhances heat transfer due to nearly perfect
adhesion; nevertheless, it reduces the mass transfer to some extent and increases the volume of the sorptior

bedto accommodate the critical massanfsorbents [227].

There has been an emerging interest in metal foam coating [22, 28]. Using metal foam can address the
downside of mass transfer caused by poor permeability in conventional coating techniques, owing to the high
surface area of the foam cavities. Moreoveg, tthickness of the foamed structure could be increased while

maintainingits mechanicabktrength.Furthermorejt wasreportedthat metalfoamis versatileand could be



machinedwithout affectingits dynamicperformance$29-31]. Suchmeritsfosterits feasibility for adsorption
systemsapplicatiornto addressheheattransfersimultaneouslyvith themasdransferchallengegandwithstand
the thermal stresses developed from the intense temperature swing during the intermittent
adsorption/desorptioprocesses.

Many studies have paved the way to apply metal foams in the adsorption systems by proving their reliability.
Calabresetal.[32] verifiedthestability of SAPO 34-siliconecompositdoamsatdifferent SAPO- 34 contents

by applying1500ageingcycles.Calabresetal. [24] studieda synthesizedompositanadeof SAPO-34filled

silicone foam for adsorption heating and cooling applications, demonstrating a higher COP without affecting
its mechanicaperformanceandmaximumuptake Baueret al. [33] reportedthe potentialimprovemenbf the
performance of adsorption systems when metal foam hosted CaCl2/silica gel composite, AIPO, and SAPO
zeolites. Calabrese et al. [34] suggested using reiene SAPO34 composite materials for heat storage
applications after investigating the morphological aspects, water adsorption, and mechanical properties at
various SAP®@4 contentsBonaccorsiet al. [35] used cellular graphite foam of porosity 85%pamous

structuredor directsynthesisf SAPO-34 zeolite andeachedathermal conductivityf 24W.m™*.K™,

For further investigating the impact of the met al
experimentallystudiedcopperfoam curedMIL -101 (CFCM). Thethermalconductivitywas 0.8624Vm*K™,
whichwasl4timeshigherthanthatof thepowderform. It enhancedhecoolingcapacity SCP,andvolumetric
coolingpower(VCP) by 1.8,2.6,and4 times, respectivelycomparedo thesystememployedgranulampacked

bed. Hu et al. [37] numerically studied a single bed of composite zeolite/aluminium foam, which enhanced
SCP by 200 % and COP by 37 % compared to a packed bed. Freni et al. [22] experimentally determined the
porosity and thegpermeability of copper foams coated with zeolite, coupled with a mathematical model to
predictthe performancef onebedadsorptiorcoolingsystem. Thenhancementsf SCPandVCP were510

% and548%, respectivelycomparedo loosepellets Mohammedetaal. [38] investigatedhe useof silica-gel

granules packed into a higdorosity aluminium foam. The SCP, VCP, and COP were enhanced by 161 %,
137 %, and 9 %, respectively.Pinheiro et al. [31] developeda 2-D numericalmodel to simulatethe
performance of a oneed heat pump adsorption system using copper foams coated with two adsorbent
materials. The metal organic framework (MOF) GPTINIi) performance was benchmarked against SAPO

34; the latter adsorbent outperformed the former, wher€€@.caing the specific heating power, and the

volumetric heapowerwere improvedy 21%, 34%, and 17%espectively.

AQSOA™ FAM-Z02 is a new type of zeolite, otherwise dubbed siitoninophosphate (SAR®Y), of
exceptional adsorption characteristids shows adsorption isotherm typé with an uptake up to 0.25
kgw-Kgsags* Within a narrow range of low relative pressure and low desorption temperaturé80C) and
relativelyhighkinetics[39-41]. CPO-27(Ni) is anisostructuraMOF materialproducedf high poroussurface
areaandhigh-wateradsorptioruptake(0.47kgw.Kgags?). It showsadsorptiorisothermtype| andreache81%



of its adsorption capacity at a low relative pressuf®05), which is of greabenefit in cooling and water

desalinatiorapplicationg42, 43].

Given the current literature, the thermal performance of adsorbent beds utilizing metal foams coated with
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studyaimsto undertakeacomparativestudyon thethermalperformancef coatingSAPO-34 andCPO-27(Ni)

asemergingadsorbentsn copperfoamedheatexchangerattheadsorbenbedandsystemevels.Theaim of

the study wasachievedthrough two objectives:(i) developinga 2-D axisymmetricCFD model using

COMSOL Multiphysics to simulate the adsorbéeds, considering the actual instantaneous pressure to

replicate boundary conditions during adsorption/evaporationand desorption/condensationand (ii)

investigating the effects of different operating conditions and copper foam thicknesses at the adsdrbent

and

materials coated onto copper foarieat to the overall performance of adsorption cooling and desalination

systems. The investigated adsorbents and the range of physical and operating conditions are the critical
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contributions that helpdalresses the poor performance of the adsorption cooling and desalination systems by

developingadvanced adsorbebeddesigns.

Nomenclature:
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Greek symbols:

—

[p) Co;o“:m Y=

Subscripts:

ads
a
AHEX
b
coat
cw
chw
cond
eff
eva

€q

hw

init
LDF
met
out
rl
rv
s
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Adsorbenthicknesgd )

Density (Q@ 2)

Dynamic viscosity(0 ¢i)
Turbulentdynamicviscosity (0 i)
Bed porosity

Effectiveness

Volumefraction ofthe copperfoam

Adsorbent
Adsorbate
Adsorptionheat exchanger
Bed

Adsorbent coating
Coolingwater
Chilled water
Condenser
Effective
Evaporator
Equilibrium

Fluid

Copperfoam
Heatingwater

Inlet

Initial
Lineardriving Force
Metal

Outlet
Refrigerantiquid
Refrigerantvapor
Solid Adsorbent
Saturation

Vapor

water

2 Systemdescription

A conventional configuration of a twlmed ACD system was utilized to evaluate the performance of two
adsorbenmaterialscoatedon copperfoams:namelyCPG-27(Ni) andSAPO-34. Thecopperfoamsareformed
ontheoutersurfaceof plaincoppernubestypically usedo transfethethermalenergyto/fromtheheattransfer

fluid (HTF) during the adsorption/desorption processdhémadsorberbeds. The system layout and its main
componentgmployedor numericaimodellingareillustratedin Fig. 1. Eachbedundergoegour cyclic phases:
pre-heating, heating (desorption), preoling, andcooling (adsorption), following a timing strategy for
interconnecting@ndthe HTF controlvalves.Wateris usedasanadsorbateywhich adsorbghecleanwaterfrom
thesalinewater,previouslyfed to theevaporatorusingtheevaporatiorprocesswvhile producingcooling.More

detailsaboutthe operationatheoryof thetwo-bedadsorptiorsystemusedfor coolinganddesalinatiorcanbe

obtainedn reference$2, 44].
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Fig. 1. Schematicliagramof atwo-bedadsorptioncoolinganddesalinationsystem.
3 Mathematical modelling
A 2-D axisymmetridransienfully -coupledmodelwasdevelopedor thetwo adsorbentmaterialsconsidering
fourdomainsHTF, plaintube,adsorbentoatedon copperfoams(foam-basedhdsorbentiomain),andvacuum
space domains, as shownHig. 2. The model merged the physical and thermal characteristics of the copper
foams and the adsorbent coated layers via volume averaged approach in mass, momentum, and energy
conservation guations. The isotherms and kinetics models for the two adsorbents were integrated with the
conservationequations. Zero-dimensional models considering the energy balancesand heat transfer
effectivenesdimits for bothcondenseandevaporatocomponentsvereappliedat thevalve openingsof each
bed as boundary conditions. The present model can observe the temporal and the local variations of the
variablessuchastemperaturepressureandtheamountof adsorbatevithin theadsorbenbed.Thegoverning
equations were solved simultaneousl!l vy, considering

determinedafterreachingthe cyclic steadystateoperation.
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Fig. 2. The2-D axisymmetriadepresentativadsorbenbedtubes
3.1 Assumptions
COMSOLMultiphysicswasemployedo solvethegoverningequationsimultaneouslyvhile consideringhe
following assumption§23, 31, 45-47].
1) Waterin thevaporphaseactsasan idealgas.
2) Thebedporosityis assumedo beisotropic.
3) Thermalcontactresistancés eliminatedbetweernthe adsorbentoatingandthe copperfoam.
4) The thermal conductivity of the compositebed is consideredo be that of copperfoam effective
thermal conductivity.
5) Local thermalequilibriumis assumedetweerthe adsorbentthe adsorbedvater,andthe
watervapor.
6) B e dcendainersaarewell insulated sothereareno heatlossesacrossthe outerboundaries.



3.2 Governing equations

3.2.1 Heattransferfluid
Theconservatiorof massor incompressibldluid flow inside thetube:

"q .00= 0 (1)
Theturbulencenodelusedn thestudywasthek-Umodel,whichintroducegwo additionattransporequations
solved for two dependent variabl es: the turbul ent
energy (U). The wall functions modified the model

COMSOLwere assumedbo startadistancdrom thewall. Thek-Umodelconvergeselativelyfastin this study,
and the results showed a good agreement with the experimental data published by Elsheniti et al. [45]. For

turbulentflow, the RANS equatio2 was used. ]
" 6 (9= Ao [+ (6 F(0) 2o @
o 5 0w 0 o ; o 9 3 0
The energy conservation considering the enhancement in the thermal conductivity due to the turbulent flow

(@) was governed bgquatior3 [45]:

" g e (8 6y @ + Q) "W=0 (3)
SYTNRII W UL Sy

3.2.2 Heattransfertube
Theenergyconservatiorof the metal tubes;onsideringconduction modenly, wasgoverned byequatioré.
” 4 "['XY' o] e v
a o@na 'QTo'_r ¢ ( Qoo k=0 (4)

3.2.3 Adsorbenimaterial
The adsorbatemassbalancein the foambasedadsorbentdomainwas governedby equation5, following

Pinheiro etal. [31]:
St (L (L D) TiLer ("40) =0 (5)
T o

(0]

Herein-gs the bed porosity; is the volume fraction of the copper foam,is the instantaneous amount of
the adsorbate (water); is the vapor density,; is the adsorbent density, aodhe volumeaveraged vapor

velocity vector. Equation 6 can hesed to govern the momentwhithe vaporflow.
fato, 1 6. 91= '@l (ot ( 9) 22(.00 [_+5id0 (6)
-0 1T o - -% 3-6 Q-2
This form of the modifiedNavierStokes equations describes the homogenous fluid flow in isotropic porous

(>3]
(>3]

media considering the effect of mass desorbed or adsorbed on the momentum balance [45, 48]. In addition,
this form enables the coupling with the typical Naaidokes equationsolved for the vacuum space at the

interfacewith the compositefoam-adsorbentdomain.Equation7 determinesd¢ asa function of porosity,

volumefractionandthe rateof adsorption/desorptiofh?).
RO

= T w
) & & i 7
v (p P - o 7)
Equation8 presentshe energybalanceor the composited foaradsorbent domain.
@Y+ (60 G Y= (Rumee WH(L -1 ) iDonis ®)

T o



The term” @is the total heat capacity of the foadsorbent domain considering all the materials present in
thecontrolvolume:metalfoams,adsorbentadsorbateandwatermoleculesit canbedeterminedasshownin
equatior.

"§=(p -a(p )"i(6ni + @ One) +-3" 0o+ (L -8) —"adnae (©)
Os0is the heat of sorption. Thewmposited bed thermal conductivity is considered as the effective thermal
conductivity of the copper foantoios @a: )¢ Which considered the porosity of the foam structure and

thevaporthermalconductivitythatfills the voidsthatcanbeobtained fromEquation 1422, 49, 50].

0.65

?w Lo (10)
st nnai

Giventhatthethicknessof the coatedayerof theadsorbentnaterialon thefoamstructureis very small(0.01

Q@ qiad 0350 Q + (P ) Qe nd b

mm), and the foam cell structure (copper foams) is continuously connected under théageatddherefore,
the heat diffusion by conduction through the foam thickness (2 mm to 15 mm in this study) depends mainly
on the foam structure conductivity. At any point in the domain, the coated layer takes the temperature of the
adherentoamcell side,while the effectof thermalresistanc®f the heattransferacrosghecoatedayer(0.01

mm) has minimakffect onthetemperaturef the coatedayer, whichcanbe neglected[22, 281].

3.2.4 Vacuumchamber
Thetypical conservatiorequationdor laminarincompressiblélow areemployedin this studyto describehe

vaporflow surroundinghefoamadsorbentlomainin thevacuumspaceThe masshalancefor thevaporflow

can bedetermined usingquation 11.

By 9)=0 (12)
T o
Themomentunbalancecanbe governed bgquationl 2.
”U;_éy"oé. (0= ndO . ( 6+ ( 9 25‘( .0) ‘D (12)
o
Theenergybalance can bgovernedby equation 13.
oy (298 vy (QWY) =0 (13)
t o 0 AL O 0 0

3.2.5 Evaporatormodel
The evaporatoroés ther mal mass and dvdperating¢emperature a n s f

henceheevaporatiorpressureln addition,therateof adsorbeanasgo theconnectededfrom theevaporator
also affects the evaporating temperature, even with a fixed entering chilled water temperature. Therefore,

energybalancefor the evaporatocomponent ands effectiveness can lgoverned byequations 4-15:
QYQ u_oo v
[UQL)lw@r]Quuwc’i"UQqugnQumdo a wﬂ)onuﬂ) Qu(wm Q Ylu)w P4

) 20 \ (14)
A pooln 6 doi ¢ i[Bdo o0 6 e & 0 BLoyb

sl QafY o) (15)



3.2.6 Condensemodel
Similarly, the condenser thermal mass, the heat transfer effectiveness, and the rate of desorbed mass in the

connected bed to the condenser are used to determine the condenser pressure in this study. Therefore, the
energybalance fothe condenseaandits effectivenesganbe determined bgquations 14.7.

. . N y QYGEE Q. » . .
[0 ¢ a@noe oo 0oe wabos wmb O oPnhome ddheta bodt
Q0
(16)
L 1)a 6t DVao @oi ¢ i1 [BEe 70 € ¥eo0 %t dlo
cne=d QoY hEY 17
WEé & (k(gmz ( )

TheflagsUandb areusedin the switchingtimesto simulatethe conditionsof interconnectingalvesbetween
the adsorbent beds, condenser and evaporator depending on the operating modes: adsorption/evaporation
desorption/condensatiopre-heatingor precooling.

3.2.7 Adsorptionequilibriumandkinetics
The linear driving force model is used to determine the internal mass transfer resistance for water adsorption,

asshownin equation 18 [51]:

To_, (& o) (18)
T o Us 00 an

where U ot the overallmassransfercoefficientdeterminedisingequationl9 [49]:
30 (19)

Yooy = 2
AEAY)

wherd ¢ @3 theadsorbentoatingthicknessandO parametecanbedeterminedy Arrheniusequation20.

0 =19 9‘*('1%5 (20)
!

‘O s thepre-exponentonstantQ;is theactivationenergy,T is theuniversalgasconstantandT is thelocal
temperaturelhe equilibriumadsorptioruptake(w ) canbedeterminedisingadsorptiorequilibriummodels
given developed by Wei et al. and Elsayed et al. for the used adsorbents [41, 52]. Equ&kidris @ik
equilibriumisotherms for CP7(Ni)/water.

4
.. = 0.462248exp  (_5 ) ] (21)
Qn 10019.2

0 =Y éﬂ_‘ri]@b (22)
Equation23-24 is the equilibriumisothermgor SAPG34/water.

. (J_) 1..01
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W= 0.29[——4—4] (23)
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fi =7x 10 sexg1.01(0i o &/ 'Ys"Y] (24)



The adsorption isotherms of the CR® (Ni) and SAP@EB4 at various heating temperatures are shown in

Fig. 3.
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3.3 Performanceindicators
The cooling and desalination system performance using the two adsorbents coated on copper foams were

evaluated in terms of thmefficient of performanced(0 )) the specific cooling powefY6 )0 the volumetric

coolingpower(w 6 Yandthespecificdaily waterproduction("Y'O w)Jas follows:

~ 1 O, o O o o - ” h

oo &— r;‘;‘” 4 oo bam (Yoo Ywe 0§20 (25)
~ _ 1 0, o O o o o ~ N
Um ém&v;;w 64 %00 (Yoo YoiofO (26)

oL 676 Q0 & (27)
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Y6 5 LRO & (28)
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abno(™he ¢ Mool B
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The Vs oois the total volume of the adsorption heat exchangeis the total amount of adsorbent in the two

beds, and n is the number of cycles per day. The thermophysical properties, isotherms parameters, physical
and operationgbarameters used in the computational solver were obtained from work published by Pinheiro
et al. [31] and furnished imable 1.The parameters used for the condenser and the evaporator components
wereobtainedfrom work publishedby Elshenitiet al. [45] andpopulatedn Table2. The overallheattransfer
coefficients for both the condenser and evaporator were calculated based-esta@ithed correlations in

the heat transfer for shell atube condenser in which the cooling water flowed inside the tube and flooded
typeshellandtubeevaporatorThelabelsusedto describeéhedimensionaparametersf afoamedadsorption

tubeareshownin Fig. 4.



Tablel. Valuesadoptedn simulatingthe baselinemodel.

Parameter | Value | SlUnit

Main properties
CPO-27(Ni) SAPO-34

Specificheat ofadsorben{ fuy 1000 892 (L QQ.QY
Adsorbentdensity (z1) 2600 2260 Q@ 3)
Pre-exponentonstan( vJ 49% 10 @ 3.92x 10 ¢ (a2 1)
Activation energy( [+ 25125 28035 (La € 8)
Isostericheatof adsorption at 2.881x 106 3.160x 106 (0L.QQ)
half coverage( |F+ =)y
Isostericheatof adsorptiormat |  -—--—-- 4.560x% 108 (0LQQ)
zerosurface coveraggk, ),
Main properties of copperfoamsand the composite.
Adsorbentthicknesg#4- 3 « 1x10 v a
Bed permeability( L) 0 v a2
Bedporosity(£4) o8 | -
Volume fractionof thecopper 052 | -
foam(t)
Copperdensity(Z4: —g > 8954 Q@ 3)
Specificheatof copper 390 (LQQ.L Y
(Pt el >
Thermalconductivityof copper 398 (w.& Loy
@
The geometrical andoperating parametersof the AHEX.
Massof adsorbent irrachbed 2 0Q
Tubelength@) 0.4 a
Innerradius ofthetube § ) 0.0045 [
Outerradius ofthetube(d - ) 0.005 a
Copperfoamthickness(=| 4 0.002 a
Vacuumchamberspacé¢= & 2 aa
Vaporin / outopeningength 8 ad
Average hotvatervelocity 0.56 a.it
©Osod-:@
Averagecold watervelocity 0.792 a.it
Osoh- cw
Hot watertemperatures| | -,) 95 £
Cold watertemperaturéq|4 30 £0
Adsorption/desorptiortime 420/180 i Qw
Pre-heating/Pre-cooling time 1.6/1.5 i Qw




Table 2. The geometricahd operating parameters the condenseandthe evaporator.

Operationatonditionsfor condenser

T . oot T om g, . [ 25% 4180 + 12 x 386 e
T=..= 4114 x 1.855 ®.0 1
U & oFiadt o 0.6271 x 4180 ®.0 1

Wa 30 *6

Condenseinitial temperaturda)4. . m) 4 30 £6

Operationatonditionsfor evaporator

+

= Leh

T b ot . gofiy Romom <« | 20X 4180+ 4.45 e
x 386
T mo¥ 2557 % 0.6 w.u !
O & it 0.4240225 x 4180 o'o.'o 1
T 14.8 (5
Evaporatoiinitial temperatured g o +=) | 14.8 )
1
I
i L nber
. Vacuum chamber
| -+ I space
|

Tube length [

Side view

Fig. 4. Schematidiagramof asinglefoamedadsorptiontubetoindicated i me n fabels.n s 6
3.4 Initial and boundary conditions
The performance indicators were calculated when the cyclic numerical results stabilized to ensure that
thes y s t perfodmancevasindependensdf theinitial conditionspftenafterfive cycles.Theboundary

conditions adopted ithe CFDmodelsolution are populateid Table 3.



Table3. Boundaryconditionsof theinvestigated®-D axisymmetrimmumericalmodel

Preheating Desorptiot Precooling Adsorptior
. . T &
Axisymmetric TR =0 & | =0
axis _il'.:o T =0
_ M = o0 Mo = "bum
HTF inlet 04 = O¢ viigami 04= O¢0,Be 2k
6 =0 6 =0
S -
HTF outlet | =0 & nf =0
T a e R ©oa
=0
Valve opening Insulated Y Insulated N =%
T
No-slip 2 - No-slip n=0aoe
o

3.5 Numerical solution procedures
Theaforementionedoverningequationgandthe boundaryconditionsweredefinedin COMSOL Multiphysics

using six physics to be numerically discretized and solved in ad@pendent fullycoupled model manner.

Heat Transfer Physic was solved for the temperature in all domains as a conjugate heat transfer problem.
Turbulent Flow (K-U) Phy s i c srthwedud flevahdiuebdlende anodel parameters in HTF inside
thebedtubes FreeandPorousMediaFlow Physicsvasadoptedo solvethemassandthemomentuntransport
equations for both composited foadsorbent and vacuum chamber domains and coupdetloth at the
interface between them. Convecii@iffusion Equation Physic was used for representing the LDF model.
Two OrdinaryDifferential Equations weradaptedo applythe condenseandthe evaporatoequationsatthe

val ve openi cogdgidns. Allocsource tarmsg; including the partial differential equations and the
temperaturalependent thermophysical properties, are integrated with the above physics usihefinedr

variables.

A time-dependence study was conducted, and all the iegsatvere solved by applying the segregated
approach and using the PARDISO and MUMPS solvers to get the best converge. The maximum time step
rangedrom 0.001sto 0.1 sfor pre-heatingandpre-cooling phasesvherevariablescould havesharpchanges

and fom 0.1 s to 1 s for adsorption and desorption phases where the main variables have stepper or minor

changes.

A physicscontrolled option in the COMSOL mesh builder was employed. Therefore, boundary mesh layers
in different domains were built to consideethigh gradients in the variables solved at these boundaries with
appropriate growth rates. In this builder, an efitmia mesh option was chosen with total mesh elements
(506664) for the foam thickness of 2 mm. Mesh independence study showedcgaaaty with maximum
change®f 0.14%in thecalculatedCOPandSCP.Theaverageslementguality was0.8591 ,andthemaximum

growth rates in the boundary mesh elements of the thermal fluid domain and the adsorbent and vacuum

chamber domains were 1.08 ahd, respectively.



4 Resultsand discussion

4.1 Validation
Theavailabledataon copperfoamcoatedwith CPO-27(Ni) andSAPO 34 reportedby Pinheiroetal. [31] was

used to validate the developed model. The model for validatiorun@ertaken on a single bed adsorption

heat pump with a regeneration temperature of 95 °C, adsorption temperature of 35 °C, condensation pressure
of 5624 Pa and evaporation pressures of 870ABashown inFig. 5, the developg model was in good
agreement with the published data by Pinheiro et al. 3&herally, the effect of different mass transfer
mechanisms is more prominent during the adsorption and desorption processes, particularly at lower
pressures during the adsogptiprocess [45]. The present numerical model considered the modified
NavierStokes equations in modeling the momentum balance effect on the vapor transport in the
foambased adsorbent domain. It included the inertia and viscous effects besides the pgrmeabi
effect,whichis notthecasewhenD a r day@asconsideredn Ref.[31]. However thedifferences

in uptakes were within the acceptable range with a maximum of 0.Q0Kgkg! at a time of 360 s,

asshown inFig. 5c.
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Fig. 5. Comparison between the time variations of the temperatures and uptakes obtained from the present
modelandthose obtainefomreferencd31]: (a)&(c) for CPO-27 (Ni); and(b)&(d) for SAPG34.

4.2 Cycletime

Thebaselinenodelconsistof 2 beds,eachconstructedrom plain tubescoveredoy a2 mm adsorbentoated
coppeirfoamlayer.Thecycletimewas600sec:18Gfor desorptiorand420sfor adsorptionandbenchmarked
against 180s cycle time: 90 s for desorption and 90 s for adsorpigré shows the average temperature,

pressureand uptakefor two adsorbenmaterialsduring adsorption/desorptioprocessesCPG-27(Ni) and



SAPQO3 4 . Al t hough Dboth materialsdé adsorption-3and de
coated bed showed higher adsorption/desorption uptake/offtake in a shorter time due to its higher kinetics, as
its massriansfer coefficient is higher than that for GRQ(Ni) by two orders of magnitude [31]. In addition,

the pressurespikes up to 10840 Pa, and the correspondingfast uptake/offtakeat the beginning of
desorption/desorptioprocesseseflectsthehigheradsorptiorkinetics of SAPO-34.

Fig. 7andFig. 8show the bed uptake during desorption and adsorption modes at different times for the two
materialsat 10 mm copper foam thicknessto be more prominent. The effective thermal conductivity
enhancement due to using the copper foam leads to an almost equal and uniform distribution of the uptake in
the adsorbent domains of both materials at any specified time during desorption and adsorption phases.
However, the higher kinetic performance of the SAROleads to more shortening of the time required to
reachits upperuptakeimits in theSAPO-34 basedoamedbedscomparedo CPO-27(Ni) basedoamedbeds.

The cyclic performance indicators are furnished #@ble 4.Despite the outperforming adsorption kinetics of
SAPQO34,its cyclic performancavas substantialljower thanthatfor CPG-27(Ni) for the cycletime of 600

s. Thelow COPfor SAPG-34 wasattributedto theexcessivadsorbedheatin themetalmasswhile theuptake

profiles plateauedFor betterutilizing SAPG-34, reducingthe cycle time by 70 % enhancedts COPby 163

%, outperforming CPQ7(Ni) by 16.5 %. On thether hand, shortening the cycle time enhanced its SCP by
223 % and specific daily water production (SDWP) by 228 %. Compared te2Z@), its SCP and SDWP

were 42 % and 43 % highd¥ig. 9shows the cyclic uptake for bothaterials at the investigated cycle times.
However,thecyclic uptakefor CPO-27(Ni) andSAPO34 arenearly0.21kgw/kgadss CPO-27(Ni) experienced

more hysteresis during the adsorption process due to lower mass transfer coefficient; this negatively affects
the energy conversion at the component level. The hysteresis during the adsorption process showed more
impact in the case of 180 s cycle time, owing to the insufficient time to maintain the developed pressure
potential hence maintaining a satisfactory snwansfer during the desorption/condensation. Given that the
comparison between 180s and 600s cycle times explained the influence of mass transfer coefficient on the
adsorbenbed performance, additional cycle times in between would not add to the kgeveled would be

at the expense @bmputationatost.

Table 4.Theperformanceandicatorsof the systemat 180and 600s cycletimes

CPO27(Ni) SAPO34
Cycletime Units
600s 180s 600s 180s
COP 0.112 0.104 0.046 0.121 [-]
SCP 832 1182 793 2561 W.kg?
SDWP 29.5 42 28 92 m2.ton.day*
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Fig. 6.The time variations of average temperature, pressure and uptake in the two beds: (a), (c), and (e) for
CPO-27 (Ni); (b),(d),and (ffor SAPG34
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Fig. 7. Beduptakesat differenttimesduring thedesorptionmode:(a) CPO-27 (Ni); (b) SAPQ34
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Fig. 8. Beduptakesat differenttimesduring theadsorptionmode:(a) CPO-27 (Ni); (b) SAPQ34
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Fig. 9. TheP-T-Weqdiagramat cycletimes180s and600s: (a) CPO-27 (Ni); (b) SAPQ34

4.3 Metal foam thickness

The thickness of copper foam varied from2 mmtor®m whi | e mai nt ai ning the
by adjusting the number of the tubes, as showTainle 5.The cycle time was fixed at 600s. Increasing the
metalf o a thiékeesdncreasedhethermalmassof theadsorbenbed,essentiallydueto increasinghetotal
metalmasgo theadsorbenmassTheincreasedhermalmassprolongedheadsorbenb e dhi&rsnalresponse,
reducing the cyclic water uptake, as showFion10.The acamulated effect of the poor thermal response at
largefoamthicknessandthelow masdransfercoefficientof CPO-27(Ni) slowedits dynamicthermalresponse
hence the mass transfer response. Besides, increasing the thickness of the metatdaaed the hysteresis

duringthe adsorptioprocessassociatedvith the CPO27(Ni) coated bedasshownin Fig. 11

Despitethepooradsorbenb e dh&renalresponsatlargerfoamthicknesseandthesubsequergloweduptake
benefitted the magnitude of cyclic uptake to prolonged heating/coolingduring desorption/adsorption

processesin general,the COPsof both foam-basedsystemsare considerablyenhancedat larger foam

a












