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A generalized computational model for the simulation of adsorption packed
bed reactors - Parametric study of five reactor geometries for cooling
applications

Giorgos Papakokkinos®, Jesiis Castro, Joan Lopez, Assensi Oliva*

Heat and Mass Transfer Technological Center (CTTC) Universitat Politécnica de Catalunya-BarcelonaTech (UPC)
ESEIAAT, Colom 11, E-08222 Terrassa, Barcelona, Spain

Abstract

Environmental concerns regarding global warming and ozone depletion urge towards sustainable solutions
for satisfying the increasing cooling demand. Adsorption cooling technology could form part of the solution
since it can be driven by solar energy and industrial or vehicular waste heat, as well as it employs non
ozone-destructive refrigerants. However, its low performance hinders its extensive development and com-
mercialization. The design of the adsorption reactor is crucial for its performance improvement, since its
inherent cyclic operation imposes a compromise between the Specific Cooling Power and the Coefficient of
Performance. A generalized three-dimensional computational model based on unstructured meshes is pre-
sented, capable to simulate all potential geometries. Dynamic conjugate simulations of the packed bed and
the heat exchanger allow to study the latter’s influence on the reactor performance. A parametric study of
five reactor geometries was conducted, demonstrating quantitatively the strong impact of the solid volume
fraction, fin length and fin thickness on the performance. Within the studied range, the Specific Cooling
Power is maximized for the highest solid volume fraction and for the lowest fin thickness and fin length. The
effect of the adsorbed mass spatial distribution on the desorption phase is discussed. A sensitivity analysis
exhibits the importance of the heat transfer coefficient between the two domains. Copper and aluminium
are compared as heat exchanger materials, revealing that the former performs more effectively, although the
difference is appreciable only for longer fin lengths. The presented numerical model can be employed for
improving the design of adsorption packed bed reactors.
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Nomenclature

Latin characters
A area [m?]
Cp specific heat capacity [ Jkg™! K™!]
d,  particle diameter [m]
Dy effective diffusivity [m?s™]
Dy reference diffusivity [m%s™1
E, activation energy [Jkg™!]
hi¢  heat transfer coefficient at the interface between packed bed and heat exchanger [Wm™2K~!]
hyi  adsorbent-adsorbate convective heat transfer coefficient [Wm™2K~1]
Koy  Téth pre-exponential constant [kg,, kg ! Pa™1]
Kp permeability [m?]
K inertia-related parameter for Ergun equation [m?]
M mass [kg]
Nu  Nusselt number [-]
n surface normal vector
pressure [Pa]
Pr  Prandtl number [-]
Q heat flux [W]
¢m  Téth monolayer capacity [kegy, kg !]
R universal gas constant [Jmol~! K~}]
R,  gas constant [Jkg™! K]

Re  Reynolds number [-]

T temperature [K]
t time [s]
0 velocity vector [ms™!]

w adsorption capacity [kgy kgo ]

w adsorption equilibrium capacity [kgy kg: ]



Greek characters

« specific exchange surface area per unit volume for spherical particles [m™1!]
B geometry-specific parameter [m or °)

5 fin length [m)]

0 fin thickness [m]

AH,qs isosteric enthalpy of adsorption [Jkg™!]
AHeyap latent heat of evaporation [J kg™

[0}

void fraction [-]

A thermal conductivity [Wm™! K~1]
1 dynamic viscosity [Pas]
p density [kgm™3]
o standard deviation
T T6th dimensionless constant [-]
¢ angle [°]
Subscripts
aver average
Al aluminium
b bed
Cu copper

evap evaporator

f control face
g gas
hx heat exchanger

init initial

inst instantaneous

if interface between heat exchanger and packed bed
1 liquid

p particle

pi particle interface

rel relative

S solid

t total

w water



Abbreviations
CcoPp Coefficient of Performance

CcvV control volume

GEOM geometry

HTF heat transfer fluid

SCP Specific Cooling Capacity [W kg™1]
SVF Solid Volume Fraction [%)]

1. Introduction

The cooling demand is expected to increase as a result of the human population growth and socioeconomic
development [I], the elevated temperatures due to global warming [2], as well as the urban heat island effect
[2] provoked by the ongoing urbanization of Earth [3]. Satisfying this demand is conflictive with the fossil
fuel finiteness and the urgency to reduce greenhouse gases emissions in order to mitigate the global warming
phenomenon [4]. Furthermore, a paradigm shift should take place in accordance to the Montreal protocol
[5], with respect to the elimination of the ozone-destructive refrigerants.

The adsorption cooling technology could contribute to a sustainable solution for these environmental
concerns, since it can be driven by solar energy, industrial or vehicular waste heat, as well as it employs non
ozone-destructive refrigerants.

Despite the environmental benefits of adsorption cooling systems, their low performance hinders their
commercialization and widespread development [6]. Researches for improving their performance focus mainly
on (i) the adsorption properties of the materials involved [7], (ii) the configuration and operational char-
acteristics of the thermodynamic cooling cycles [8] and (iii) the design of the adsorption reactors [9]. This
study is dedicated to the latter and specifically to the design of adsorption packed bed reactors.

The inherent cyclic operation of adsorption reactors imposes a challenging task regarding their design,
which aims for the optimum compromise between the Specific Cooling Power (SCP) and the Coefficient of
Performance (COP). The shape and size of the heat exchanger - the solid mass between the heat transfer
fluid (HTF) and the packed bed - play a crucial role in the performance of the system.

On the one hand, increasing the size of the heat exchanger improves the SCP. Adsorption is an exothermic
process and the heat released should be effectively removed, since the adsorption capacity decreases at higher
temperatures. Incorporation of additional fins enhances the heat transfer and the reactor is maintained at
lower temperature, resulting in higher SCP.

On the other hand, increasing the size of the heat exchanger affects negatively the COP. During the
desorption phase an amount of thermal energy should be provided to the packed bed, in order to increase its

temperature and pressure, leading to the desorption of the adsorbate. To achieve this, the heat exchanger



solid should be heated as well, and this energy is lost in every cycle. Therefore, increasing the size of the
heat exchanger increases the additional thermal energy input to the system and thus, it decreases the COP.

Consequently, a conflict arises with respect to the solid mass of the heat exchanger. The design strategy
should ensure enhanced heat transfer inside the packed bed, while using the minimum amount of additional
mass in the heat exchanger.

Reliable computational distributed-parameter models can contribute substantially to the design of the
adsorption reactors. If they are proved to predict the performance of the system with an acceptable accuracy,
they allow to conduct numerous computational simulations in a shorter period of time, with less effort and
lower cost than actual experiments. Furthermore, they provide temporospatial information of all the physical
quantities within the domain, even those that are impossible to measure experimentally. In this sense, they
allow us to improve our understanding of the physical phenomena involved.

Within this context, several distributed-parameter models were presented in the peer-reviewed literature.
A summary of the most important aspects of these models is presented in Table 1 and it is discussed later
in this section.

The scope of the presented models is diverse. Some models were used in order to study the validity
of various modelling strategies. Mhimid [I0] investigated the validity of the local thermal equilibrium
assumption, in comparison to the local thermal nonequilibrium approach. Ilis et al. [II] performed an
analysis regarding the applicability of the isobaric assumption inside the packed bed, by comparing the
non-uniform and the uniform pressure approach. Chahbani et al. [12] used a numerical model to study and
compare the effect of different modelling strategies with respect to the intraparticle mass transfer kinetics.

Other works were dedicated to the experimental validation of the model. Zhao et al. [I3][14] constructed
a numerical model for the simulation of the adsorption refrigeration tube and conducted experimental studies
for the validation of the model. Similarly, Zhang and Wang [I5] and Jribi et al. [I6] performed the same
task for a tubular reactor with axial and radial fins, respectively. Luo and Tondeur [I7] and Wu et al. [I§]
conducted experimental studies on annular adsorption reactors, in order to validate numerical models for
adsorption refrigerators and adsorption-based desalination processes, respectively.

Distributed-parameter models were also used to evaluate the system performance when employing differ-
ent adsorption materials. Saha et al. [19] used a distributed-parameter model to compare the performance
of an adsorption chiller based on two different adsorbent materials, silica gel RD and the composite sorbent
SWS-1L. Sun et al. [20] studied the performance of an adsorption reactor using zeolite 13X as an adsorbent
and compared the utilization of two adsorbates, water and ammonia.

Another research direction using distributed-parameter models is to investigate the performance of the
system under different operational conditions and recovery strategies. Chua et al. [2]I] studied the effect
of the heat recovery strategy and the effect of the cycle time on the COP and the cooling capacity. They
also compared results obtained by distributed-parameter and lumped-parameter models, concluding that
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the latter underpredicts the performance of the system. Leong and Liu [22] numerically investigated the
incorporation of heat and mass recovery strategies on a tubular reactor without fins. Pan et al. [23] used
a distributed-parameter model to study and compare three different heat recovery strategies on a tubular
reactor with radial fins. Hong et al. [24] studied the effect of several parameters, concluding that the driving
heat source temperature has the strongest influence on the SCP. Solmus et al. [25] studied the influence of
operational parameters such as the condenser and evaporator pressures, as well as the driving heat source
and cooling temperatures. Demir [26] studied an adsorption heat pump incorporating microwave heating
and compared it to the conventional approach.

Several authors used distributed-parameter models in order to investigate and improve the geometrical
configuration of adsorption reactors. Niazmand and Dabzadeh [27] studied the influence of fin pitch and fin
length on the performance of a tubular reactor with circular radial fins, while Mahdavikhah and Niazmand
[28] studied the impact of these geometrical parameters on the performance of a tubular reactor with square
radial fins. Mohammed et al. [29] proposed a reactor design consisting of two layers of packed beads
separated by a vapor passage and numerically studied the impact of the particle diameter, bed thickness
and thermal conductivity on the SCP. Ramji et al. [30] presented a parametric study with the objective
to investigate the effect of the wall thickness on the performance of an adsorption air-conditioning system
driven by exhaust heat. Kowsari et al. [3I] investigated the geometrical configuration of the trapezoidal
finned flat-tube heat exchanger and proposed a design procedure for reactors of this type.

Table 1 presents an extensive, though not exhaustive, summary of the distributed-parameter models
published in the peer-reviewed literature [I0H36]. For conciseness, numerical models used by the same
research group and appear multiple times in the literature are listed only once. Simulation models related
to adsorption packed bed reactors which are embedded in the solar collector such as [37, [38] are not included
in the summary, as they are specific to solar energy source, as well as to ice production applications. Since
numerical models are easily adaptable to other adsorption pairs, the adsorption pair and isotherm are not
included in the presented summary. It should be noted that the adsorption packed bed reactors are used
throughout a wide spectrum of industrial and environmental applications. Examples include gas storage
(hydrogen [39], methane [40], carbon dioxide [41]), gas separation [42], carbon capture [43] and water
treatment and purification [44]. Although the presented model is extensible to these applications, Table 1
is limited to numerical studies related to adsorption cooling, desalination and heat storage.

Table 1 summarizes the most important features related to the reliability, extensibility and complexity
of the models. The features summarized in Table 1 are discussed below with the intention to reveal some
common tendencies, important distinctions and limitations of the current state-of-the-art regarding the
numerical modelling of adsorption packed bed reactors.

The experimental validation is categorized between local and global. Global experimental validation
is performed at component level, based on experimental information outside the packed bed, such as the
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temporal evolution of the outlet temperature of the HTF, the exterior wall temperature of the packed bed
and the overall adsorption uptake. Local experimental validation is based on experimental information
within the packed bed, in particular, the temporal evolution of the temperature on 3-4 different points
inside the packed bed. The local experimental validation is considered more rigorous since it challenges the
distributed-parameter nature of the models and therefore it increases their reliability for design purposes.
The majority of the experimentally validated models are based on the global approach, while only few
models are validated based on the local approach. One third of the presented numerical models are not
experimentally validated, hence they are less applicable to studies aiming quantitatively accurate results.

The models are also characterized by whether they solve numerically the solid heat exchanger. When
the solid is not taken explicitly into account the influence of its shape, size as well as its thermal properties
cannot be appreciated and the model may be used to study only the packed bed using fixed boundary
conditions. When the solid is numerically solved, the conjugate heat transfer is solved and the influence of
the heat exchanger can be evaluated and improved.

The spatial discretization of the domain is also a significant factor regarding the applicability of the model.
From Table 1, it can be observed that the majority of the models are based on cylindrical coordinates, hence
they are restricted to reactor geometries of cylindrical shape. Structured meshes are subjected to geometric
limitations with respect to the simulated geometry, whereas unstructured meshes can be used in order to
simulate any potential geometry. Furthermore, unstructured meshes allow higher flexibility over the mesh
density distribution, which can be adapted spatially to the physical phenomena involved.

The dimensionality of a model represents its capacity to be applied independently to the presence of
geometric symmetry or symmetry of the boundary conditions. The applicability of one-dimensional and
two-dimensional models depends on the presence of such symmetries, while three-dimensional models can
be applied in any case. Only few of the presented models are three-dimensional, whereas the majority are
either one-dimensional or two-dimensional.

Table 1 also summarizes the geometry of the packed bed reactor that was studied by the referenced
models. As observed, all listed studies are dedicated to one geometry each. Tubular reactor is noted for
cylindrical reactors where the HTF passes through its center and the vapor enters the packed bed from its
exterior. Annular reactor is noted when the HTF passes through the exterior of the cylinder and the vapor
enters through its center. The presence of fins and their type is also reported.

The vast majority of the reported distributed-parameter models use the Linear Driving Force (LDF)
model to describe the intraparticle mass transfer resistance. A few models use the equilibrium approach,
which neglects the adsorption kinetics, assuming local equilibrium between the gas and solid phase of the bed.
The solid diffusion model (SD, or Fickian diffusion model) is generally considered to be the most accurate
[24], however its computational cost is much higher. While the LDF model assumes lumped temperature
and adsorption capacity over the entire adsorbent particle, the SD model requires spatial discretization
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of the particle and numerical solution of the heat transfer and adsorbate diffusion within the adsorbent.
This applies for each control volume of the mesh, increasing significantly the computational cost of the
simulations, especially in three-dimensional cases. Moreover, the spatial discretization at the particle level
decreases the acceptable timestep. Chabani et al. [I2] compared the three approaches and concluded that
outside their validity range, the LDF model underestimates the system performance and the equilibrium
approach overestimates it, with respect to the diffusion model.

Regarding the interparticle mass transfer resistance, some studies assume uniform pressure throughout
the packed bed [12], [33]. This isobaric assumption is not valid in the case of large packed beds or small
adsorbent particle size [I1], where pressure gradients are considerable. The most common approach is to
use momentum equations for porous media such as the Darcy equation, the Ergun equation and the Darcy-
Brinkmann equation. Authors who used commercial CFD software report using the ’classic Navier-Stokes
equations’ [30], Navier-Stokes equations with a sink term in the momentum equation [16] and turbulence
k — € model [23].

With respect to the heat transfer within the packed bed, two approaches are encountered in the literature;
the most commonly used is the Local Thermal Equilibrium (LTE), while few works use the Local Thermal
Nonequilibrium (LTNE, or non-local thermal equilibrium) [10, 14, 25 85]. The LTE approach assumes
that the gas and solid phases have the same temperature, therefore one energy equation is solved. This
approach requires the use of effective thermal conductivity and effective specific heat capacity, assuming
that the heat transfer resistance between the two phases is negligible. The LTNE approach distinguishes
the temperature of the two phases, and therefore, two energy equations are solved. Each energy equation
has a source term for the heat transfer between the two phases. Mhimid [I0] compared the two approaches
for the desorption phase. Although no significant difference was found on the total desorbed mass between
the two approaches, he concluded that the LTE is not valid throughout the entire domain. Using the
LTNE approach, he observed temperature differences up to 10 °C between gas and solid. Furthermore, the
conclusion of the small discrepancy between the desorbed mass calculated by the two approaches is specific
to the particularities of the studied case (geometry, dimensions, adsorption pair, desorption phase etc.) and
cannot be generalized.

Based on the above discussion and with an overview of the Table 1, it becomes clear that there is a
great interest for the numerical modelling of adsorption reactors. However, the previously reported models
have significant limitations with respect to the simulated reactor geometry. The majority is limited only to
cylindrical geometries. Moreover, only few reported models are three-dimensional, whereas the rest depend
on the presence of symmetries. Furthermore, most of the reported models are either not experimentally
validated, or their experimental validation is performed at component level, and thus, the distributed-
parameter nature of the model is not challenged. In addition, many reported models simulate only the
packed bed and they do not explicitly solve the heat exchanger, thus, they cannot be used for the study
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and the improvement of the reactor performance. The literature review also reveals the absence of any
comparative parametric study between different adsorption reactor geometries.

In this study, a generalized three-dimensional computational model is presented, capable to simulate any
potential reactor geometry. The model exhibits reasonably good agreement against experimental results,
with respect to the temporal evolution of the temperature at four point inside the packed bed reactor [16].
Both the packed bed and the solid heat exchanger domains are simulated in a dynamic conjugate manner
(Figure 1(a)), thus allowing to study the influence of the latter on the reactor performance. The interaction
of the two domains was carried out using the NEST platform, an in-house C++ object-oriented tool for the
conjugate simulation of models of arbitrary complexity [45]. The intraparticle and interparticle mass transfer
resistance were modeled using the LDF model and the Ergun equation, respectively. The heat transfer
within the packed was modeled by the LTNE approach, thus two energy equations were solved. The spatial
discretization of the governing equations was implemented onto three-dimensional unstructured meshes
(Figure 1(b)). Versatility is provided regarding the adsorption pair and the material of the heat exchanger.
The computations can be distributed in various CPUs (Figure 1(c)). Parallel computing allows the simulation
of relatively large domains in reasonable computational time. The numerical model is implemented within
TermoFluids, an in-house Computational Fluid Dynamics (CFD) code based on C++ programming language
[46]. Coding the model rather than using commercial software provides the freedom to fully define the
problem mathematically, as well as to implement numerical algorithms that assure stability and accuracy
at the lowest possible computational cost.

Following the model definition, a parametric analysis is presented for five reactor geometries, with re-
spect to their fin thickness, fin length and solid volume fraction. Furthermore, the influence of the spatial
distribution of the adsorbed mass on the desorption phase is investigated. Finally, copper and aluminium
are compared as heat exchanger materials and a sensitivity analysis is presented with respect to the heat
transfer coefficient between the packed bed and the heat exchanger. The presented numerical model can

contribute to the improvement of the design of adsorption packed bed reactors.

porous
medium

solid
) (b

Figure 1: Conceptual images of the work process (a) geometry definition, (b) domain discretization, (¢) partition on 8 CPUs

for parallel computing



[eu0301}10-UON

PAsSN SDM 2UDMI[OS (T, DIDLDULULOD

HIT Loreq AdT oqny yey pouul  pg paanjong SOX  [eqorD 810¢ T€] tresmody NN
ANLT  uueunyutig-£ore( AdT BYPO  PE ueIsLIe)) ON  TBqO[D LT0Z [62] powruretoN Y
HIT SOY0}§ 19TABN AT (suy rerper) remany,  pg V/N SOX [e20T LT0G «[91] aur g
LT SoY0}§ 1oTARN V/N  (suy [erper) remqny,  pg [eonpuIisn) SN QUON GT0Z «[€2] wed MO
ANIT Loreq AdT Teuuy - pg [eoLIpuIfd) ON OUON GT0% ¢zl snwogT
HIT woIsnyI(T as (suy rerper) remqny,  pg [eoripur£n SOX  [eqOrD ST0% 72l SwoH "M°S
LT S9Y[0}g IO1ARN AQT  (suy [erxe) remany, /N V/N ON  T®qO[D ¥10% «[0g] lurey y'H
HIT Loreq AT remuuy Pl [eonpurisn ON [e20T $10T [RT] o mr
HIT Aoreq  wmuqumby Temqny,  pg [eoLIpuIfA) ON  TeqOID ¥10% [9¢] eusenbu( I\
LT Loreq AdT Temuuy Pl [eoripur£n ON ouoN €108 [9g] trweq "H
(suy Terper [RUOSOT}I0-UON]
HIT Loreq AdT orenbs) remqny,  pg pamjonug soX  [eqo[D €10% (7] yeuNaepye ‘N
HIT Lore(y/o1reqosy AdT remuuy - pl [eotpuIi£) ON QUON €108 1l sur Do
HNILT Loreq AdT  °qny ‘spe remuuy Pl [eonpuIiA)) ON [e20 g0 71l oeuz T X
HILT uolsnyrq  wmuqumbg  oquy 'spe remuuy Pl [eotpuIi£)) ON [e20T Z10G [€1] oeuz T X
HILT ungy AT (suy [erper) wenqny, - pg [eorpur£n SOX  [eqorD Z10% (7] puewzelN H
ANLT Loreq AdT Temuuy Pl [eoripur£n ON  TBqO[D 6002 fgel s3a0D g i
HIT V/N AT (suy rerper) remany,  pg [earpur£n 9K [BqOrD 6008 (61l eves d-q
HIT Loreq AdT  9qny spe reuuy  pg [eortpur£n SOK  [RqOLD 6008 el o am
LT OLIR(OST AT Temqny,  pr [eonpuIisn) SOX QUON 8008 fegl sizyperfop
HIT Loreq AdT Teqny,  pg [eoLIpuI[A) S9X OUON 7008 [¢g] Suoo "D
HIT V/N AdT  (suy rerper) remany,  pg [eonpuIisn) SOK [BQOLD Y008 (el enud "L 'H
HIT ungy  wnaqgmbgyy (pojeoo) renqny,  pg [eoLIpuI[A)) SO OUON Z00% [zg] eworreN 1
HIT orreqos 0S/AaT/1mbyg Temuuy Pl [eoripurfn SN OUON Z00% Tl wweqey) "HIN
HIT uorsnyrq  wniaqrmbgy reuuy Pl [eonpuIisn ON [e20T 00T (1] ony 11
HIT Loreq AQT  (suy [erxe) remany,  pg [eoLIpuIfA) S9X [8207] 6661 fc1] Sueyy 71
qrog Loreq 44T Teuuuy  pg [eoLIpuIfA) ON  [eqo[D 8661 [01] pruyy v
AT ungyy  wnaqgmby remqny, P [eoLIpuIfA) S9X ouoN 6661  [0g] Te 10 ung "INT
yoroxdde 90URISISOT 90UR)SISOI uorjepIfeA
Iojsuery JoJsuel) ssewn JoJsued) ssewl %Huwaoww UOTYRZIJDIISIP UOIIN[OS [ejuoa
1oy oniredrsjuy opnrederjuy 103009y “WI(] reryedg pros  -tedxf Ieax QOUBIROY

UOT)RUI[RSIP pU® 95eI0)S [BIIWAYIOUWLIAY) ‘SUI[00d U0I3dIOSpPR JO 1X9U0D 9} Ul Pasn s[epow Iojourered-pajnqriisip jo Arewrmung :T o[qe],

10



2. Computational model

2.1. Introduction

The adsorption packed bed reactor consists of two domains, the packed bed (containing two phases,
the solid adsorbent and the gaseous adsorbate) and the solid heat exchanger. The importance of the size
and shape of the heat exchanger on the heat and mass transfer inside the packed bed is crucial. In order
to capture this influence, the packed bed is simulated along with the solid heat exchanger in a dynamic
conjugate manner.

The respective governing equations of the two domains are presented below. The model is based on
the following common assumptions: (i) constant inlet vapor pressure and temperature to the reactor, (ii)
uniform void fraction and adsorbent particle shape and size, throughout the packed bed domain, (iii) the
porous medium is isotropic, hence the surface porosity of the bed is equal to its volume porosity [47], (iv)
the reactor is ideally insulated, (v) the specific heat capacity of the adsorbed phase corresponds to the liquid
state, (vi) the adsorbate in gaseous form behaves as an ideal gas (a validated hypothesis based on [48], see
section 2.2.4) and (vii) the HTF temperature is steady across the channel, an assumption justified by the

experimental results of [I6] (see section 3.1).

2.2. Mathematical formulation

2.2.1. Adsorption equilibrium and kinetics

The adsorption pair considered in this study is water-silica gel type RD, manufactured by Fuji Silysia
Chemical LTD. [49]. The adsorption equilibrium capacity is calculated by the Téth isotherm, experimentally
derived by Wang et al. [50] for the temperature and pressure range under consideration in this study. The

T6th isotherm is expressed by equation (1) and the relevant input parameters are listed in Table 3.
Ky exp(AHads/(RgT))P

w*(P,T) = !
[1 + (% eXp(AHads/(RgT>)P) }

1/7 (1)

For the adsorption kinetics, the Linear Driving Force (LDF) model is used [5I]. The adsorption rate is
calculated as a function of the difference between the current adsorbed mass w and the equilibrium capacity
w* corresponding to the current pressure and temperature. For spherical adsorbent particles, it is expressed

as:
dw 60D,
. d2

(w" —w) (2)

D, is the temperature-dependent effective diffusivity. It is calculated by the Arrhenius equation, based on

the reference diffusivity Dy and the activation energy F,.

Dy = Dy exp(—Eq/(RT)) (3)
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2.2.2. Mass conservation equation
The mass conservation equation describes the temporal evolution of the spatial distribution of vapor

density in the reactor bed, as a result of vapor movement and sorption phenomena.

ap . ow
Gbaff‘*‘v'(PgU)‘i'Ps(l—Gt)a =0 (4)
where e stands for total void fraction, calculated as [21]:
e =ep+ (1 —ep)ep (5)

2.2.3. Energy conservation equations

Packed bed reactor domain. For the heat transfer inside the packed bed, the local thermal nonequilibrium
approach is adopted (LTNE). Therefore, a distinct energy equation is solved for each phase. The solid
energy equation describes the temporal evolution of its temperature as a function of the heat diffusion, the
heat generated or consumed depending on whether adsorption or desorption is taking place and the heat
exchanged with the gas phase. The gas energy equation describes the temporal evolution of its temperature

as a function of heat convection, diffusion and the heat exchanged with the solid phase.

. 0T, ow
solid: (1 — et)pscpsa—; = AV, + ahpi(Ty — To) + (1 — €t)psAHadsE (6)
: A i- VT, =\ V2T, hpi(Ts — T, 7
8a5: €bPgCp, 5" + PgCp, U e = AV Ty + ahyi(Ts — Ty) (7)

Parameter « is the specific exchange surface area per unit volume, which for a bed of spherical particles can
be calculated as in equation (8) and hp; is the adsorbent-adsorbate convective heat transfer coefficient at

the particle interface which can be determined by the Nusselt number in equation (9) [10].

a=6(1—e)/dp (8)

hpidy
Ag

The influence of the adsorbed phase on the thermal capacity of the solid phase c,, is taken into account by

Nu = 2 4 1.8Pr?33Re’® = (9)

evaluating the latter as (cp,),,, +w X ¢p, .
Solid heat exchanger domain. For the heat exchanger solid domain the heat equation is applied.

O0Thx
phchth_}tl = MV Thx (10)
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2.2.4. Pressure equation

The water vapor is assumed to behave as an ideal gas, and thus, its pressure is calculated by the ideal
gas law (11). The validity of this assumption has been confirmed by comparing results obtained using the
ideal gas law to results obtained based on the approach proposed by the International Association for the
Properties of Water and Steam (IAPWS) reported at [48]. The ideal gas law was finally used because of its
considerably lower computational cost.

P = pgReTy (11)

2.2.5. Momentum equation

The momentum equation for porous media used in this study is the Ergun equation [20] [47]

K
i+ 2 Rpald = -—2vp (12)
0 0
Where permeability Kp and Ergun inertia-related parameter Kg are calculated as:
dze; 1.75d
Kn=_— PP  oidKm=_—'°%° 13
DT 15001 —ep)2 O E T 150(1 — e (13)

2.2.6. Boundary conditions

In this section, the boundary conditions applied to the two domains are presented. Figure 7 illustrates
the boundary conditions for each of the five geometries considered in the parametric study.

At the interface between the two domains, the heat flux is calculated using the heat transfer coefficient
hi¢, the area of the control face Ay and the temperature difference between the heat exchanger and the

adsorbent (Thx¢ — Ts¢) on the control face.
Qr = Ashit(Th s — Tsf) (14)

There is some ambiguity regarding how the exchanged heat flux is distributed to the two phases of the
packed bed domain [47]. In studies dedicated to experimentally derive the heat transfer coefficient, the value
reported pertains to the heat transfer coefficient between the heat exchanger and the adsorbent grains (solid
phase of packed bed) [52] [53]. In [53], it is hypothesized that the heat flux between the heat exchanger and
the adsorbent grain takes places partially through the stagnant vapor and that the reported value for his
is an apparent heat transfer coefficient. Since these reported values pertain to the heat exchange with the
adsorbent grain and they appear to include the heat flux through the stagnant vapor, in this study it is
assumed that the heat flux between the two domains is exchanged exclusively between the heat exchanger
and the adsorbent. Neumann boundary condition is applied for the rest variables at the interface (equation
15).

opP _ 0Ty _ Opg

a0 on  on (15)
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For the rest boundaries, typical boundary conditions of adsorption packed bed reactors are applied.
At the vapor inlet, the face of the packed bed exposed to the vapor chamber, the boundary conditions
of the porous medium are described by equation (16(a-c)). The thermal flux between the heat exchanger
and the vapor chamber, by means of natural convection, is neglected (equation (16d)). At the interface
between the heat exchanger and the heat transfer fluid, the heat transfer is calculated by equation (17).
The convective heat transfer coefficient hyrr can be calculated based on the geometry channel and the
flow regime, as reported in [54]. Where symmetry applies, Neumann boundary condition is applied for all
variables (equation (18)). It should be noted that no-slip boundary condition applies for velocity when the

pressure gradient is zero.

P = Poap (16a)
o1, oI,
78 _ — 1
on on 0 (16b)
P
pg - Rng (16C)
a,I’hx o
S =0 (16d)
0T
)\hXTE = huatr (Tarr — Thx) (17)

@:%zﬁTSZBThX:%:O (18)
On On On On On

2.83. Numerical model

The governing equations are a set of nonlinear partial differential equations. Discretizing them in space
and time allows to solve them numerically. The temporal discretization is based on an Euler implicit
scheme, adopting a multi-timestep approach which allows to reduce significantly the computational cost
without compromising the accuracy of the solution. The option of using an explicit scheme (lower timestep,
one iteration per timestep) or an implicit scheme (higher timestep, more sub-iterations per timestep) was
evaluated by preliminary studies, concluding that the computational cost is lower for the latter. The spatial
discretization is based on the control volume method using unstructured meshes. Tetrahedral elements are
used for the three-dimensional cases, while for the two-dimensional cases, extruded triangular elements are
used and Neumann boundary conditions are applied in the extruded direction. The diffusive terms are
discretized with a second order central difference scheme and the convective terms with an upwind scheme.

The energy equations are numerically solved by the Generalized Minimal Residual (GMRES) method.
For the porous medium, the two energy equations are composed in one matrix in order to accelerate conver-

gence. The equations of the porous medium related to the mass transfer (adsorption equilibrium, adsorption
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kinetics, mass conservation, pressure and velocity equations) are strongly coupled and therefore they are
solved together using the Gauss-Seidel method. This strategy was found to be more robust in compari-
son to solving the equations individually and sequentially, allowing to use higher timestep and reduce the
computational cost.

Furthermore, the aforementioned strongly coupled equations require a small timestep in order to ensure
a stable and accurate solution. In a conventional approach, this timestep is imposed to the rest of the
equations as well. Consequently, phenomena with larger time scales are solved at a lower timestep, resulting
in a significant increase of the computational cost. In this particular case, the heat transfer phenomena,
expressed by the energy equations, have larger time scale in comparison to the mass transfer phenomena.
Additionally, the energy equations are the most computationally intense part of the numerical solution.
Solving them at the timestep imposed by the mass transfer phenomena results in a significantly higher
computational time. Therefore, a multi-timestep approach is adopted. The energy equations are solved using
timestep A¢, whereas the rest equations are solved at a lower sub-timestep Atsy, = At/(sub-timesteps).
This approach was tested, and while it does not compromise the accuracy of the solution, it drastically
reduces the computational cost. Indicatively, for a particular test case, the conventional approach requires
a uniform timestep of At = 107?, while the multi-timestep approach requires Atsup, = 107° and At = 1073,
The multi-timestep approach provides almost identical results with the conventional approach (relative error
0.0007%) and it is 13 times faster. Namely, a reduction of 92.3% of the computational time is achieved,
without affecting the accuracy of the solution.

The implicit algorithm requires various sub-iterations within each domain (solid heat exchanger and
packed bed domain) until convergence. After each domain sub-iteration, the two domains exchange infor-
mation regarding the temperature distribution on their common interface and the heat exchange between
them is calculated; subsequently, they subiterate anew, until the solution of the two domains converge.
Figure 2 illustrates the algorithm of the numerical procedure for the solution of one timestep.

The simulation tool allows the parallelization of the computations on various CPUs. The number of the
CPUs allocated to each domain can be chosen. In this study, since the solid domain is computationally less
intensive than the packed bed domain, the allocation of the CPUs was one for the solid and three or seven

for the packed bed.

2.4. Verification and experimental validation of the model

The consistency of the numerical model has been tested in terms of (i) mass conservation, (ii) energy
conservation, (iii) spatial mesh independence, (iv) timestep independence, as well as (v) sufficiency of the
convergence criteria of the iterative procedures involved.

Furthermore, the numerical model has been validated against experimental results published in the

literature. The criterion for the election of the experiment was to provide information in various points
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Figure 2: Algorithm diagram for the numerical procedure for the solution of one timestep
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within the packed bed (instead of information outside the packed bed), in order to achieve a rigorous
experimental validation. The chosen experiment, conducted by Jribi et al.[16] satisfies this criterion, as well
as it is very well documented. The experiment pertains to the adsorption of ethanol on activated carbon on
a finned tubular reactor. The temperature is monitored throughout the process on four points within the
packed bed, using thermocouples with an accuracy of +0.1 K. The thermocouples are located at 0, 1, 5 and
10 mm from the tube of the reactor and they are abbreviated as T0, T1, T5 and T10. The geometry of the

reactor, the position of the thermocouples as well as the calculation domain are illustrated in Figure 3.

Reffigerant

Activated carbon

Figure 3: Schematic diagram of the geometry, calculation domain and position of thermocouples of the experiment used for

validation (Reproduced image from [16])

Figure 4 shows the comparison of the temporal evolution of the temperature on those 4 points, experi-
mentally as provided by [I6] and numerically as calculated by the presented model. The model appears to
capture well the temperature evolution at the positions of 1 mm and 5mm. At 10 mm, the model does not
capture a significant peak. A sensitivity analysis was conducted in order to identify the model input param-
eters that are related to this discrepancy between the numerical and experimental results. It was detected
that the temperature curves are highly sensitive to the inlet pressure profile. The authors of the experiment
report the pressure profiles of the reactor and the evaporator [16]. The results presented here are based on
the reactor pressure profile as inlet pressure profile. The reactor pressure profile presents a sudden peak at
the moment when the reactor is connected to the evaporator and this pressure peak influences significantly
the temperature peak observed at 10 mm. There are two uncertainties with respect to the appropriateness
of this model input. First, the exact position of the reactor pressure sensor is unknown, thus it is unclear
whether this profile represents the inlet pressure profile. Second, the sampling of the sensor is unknown,

therefore it is possible that the aforementioned pressure peak is not captured well quantitatively. Taking
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into account the significant influence of this input parameter along with the two uncertainties with respect
to its appropriateness, the authors conjecture that this discrepancy might be attributed to an inconsistency
between the experiment and the numerical simulation. At 0mm, the general behavior is well captured,
however, the model does not capture well the behavior in the period of 60s to 90s. At [16], it is reported
that the thermocouple TO is located at 0 mm from the solid tube, but it is unclear whether it measures the
vapor temperature or if the thermocouple is in contact with the solid tube. The presented numerical results
for TO pertain to the vapor temperature. Apart from the aforementioned inconsistencies, the agreement
between numerical and experimental results is considered sufficient for further utilization of the model in

order to study the adsorption packed bed reactors.

Temperature profiles at the four points based on numerical results
of the presented model and experimental results of [16]

65 ‘ ‘ ‘ ' 65
! 3 ; Sim-T0 ———
Sim-TI ——
Sim-T5 —— H 60
‘ ‘ ‘ Sim-T10 ———
L | | Exp-TO[16] -+~
55 f N —,—,—, —— Exp-TI[16] ------- 1 ss
N 3 3 Exp-T5[16] -------
— 50 8
&) 1
2. )
s b o=
40
35
30 : , , , , 30
0 100 200 300 400 500

Figure 4: Comparison of the numerical results of the presented model and experimental results of [16]

3. Parametric study

3.1. Geometries under investigation

The implementation of the mathematical model on unstructured meshes provides the capability of sim-
ulating any given geometry. The objective of the parametric study is to analyze and compare the behavior
of five geometries of adsorption reactors. The five geometries presented (Figure 5) are: circular channel

with radial fins (GEOM-A), circular channel with square fins (GEOM-B), circular channel with axial fins
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(GEOM-C), rectangular channel with corrugated fins (GEOM-D) and rectangular channel with hexagonal
honeycomb fins (GEOM-E). On GEOM-A, GEOM-B, GEOM-C the HTF passes through the circular chan-
nel in the middle of the geometry. On GEOM-D, the HTF is distributed in various horizontal rectangular
channels which pass above and below the metal plates with corrugated fins. On GEOM-E, the HTF passes
through one vertical rectangular channel defined by the two metal plates with honeycomb fins. Taking ad-
vantage of the periodicity and symmetry of the geometries, the simulated domains are reduced as illustrated
in Figure 6, in order to decrease significantly the computational cost. Figure 7 illustrates the spatial dis-
cretization and the boundary conditions (equations 15-18) for each geometry. In GEOM-A and GEOM-C,
symmetries allow to reduce the problem to two-dimensional, while GEOM-B, GEOM-D and GEOM-E are
three-dimensional problems.

The assumptions (iv) and (vi) of section 2.1 allow to interpret the results of the reduced geometries
as representative for the entire reactor. The hypothesis of constant HTF temperature across the channel
appears to be valid when observing the experimental results of [I6]. During an experiment with a duration
of 3800s, the HTF temperature difference between the inlet and the outlet of the channel (channel length

700 mm) is higher than 1°C for less than 200s, with a maximum of approximately 1.8 °C.
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Figure 5: Geometries under investigation
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Figure 6: Simulated domains taking into account the periodicity and symmetry
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MPacked bed (PB) - Interface PB-HX - PB - Vapor chamber -Heat Exchanger - -PB symmetries
MHeat exchanger (HX) - HX - Vapor chamber Heat Transfer Fluid -HX symmetries

(@) (b) (©) (d) (©

Figure 7: (a) Geometry discretization, (b) Interface between the two domains, (c¢) Face exposed to the vapor chamber for the

two domains, (d) Interface between heat exchanger and heat transfer fluid and (e) Symmetry faces of the two domains

3.2. Comparability of the geometries

Apart from studying each geometry individually, it is interesting to be able to compare the performance
of the proposed reactor geometries. To allow the comparison of the geometries, a set of parameters should
be imposed that render the geometries comparable.

As illustrated in Figure 6, the geometries can be defined by three parameters (8, «, ), except GEOM-D

21



which requires the definition of an additional parameter, the angle ¢, which in this study is set to 75°.

It can be observed that two of the geometrical parameters which define each geometry are readily
comparable. In this study, we call fin the mass of solid which is in contact with the HTF channel and
extends inside the packed bed in order to enhance heat transfer. The two parameters that are comparable
across the five geometries are the fin thickness § and the fin length . The fin length is representative of the
maximum distance that the vapor is required to travel inside the packed bed (from vapor inlet).

The third parameter which is designated as 8 in Figure 6 cannot be used for direct comparison. In the case
of GEOM-A and GEOM-B, § is the fin pitch measured in distance, in GEOM-C f is the fin pitch measured
as an angle, whereas for the other two geometries it is difficult to define a clearly comparable parameter. In
order to fully define the geometries while maintaining their comparability, we introduce another parameter
which is more meaningful regarding its impact on the performance of an adsorption cooling system. The
third parameter which is imposed in order to define each geometry is the solid volume fraction, calculated
as in equation (19). As explained in the Introduction, the solid mass of the heat exchanger corresponds to
the additional input energy which is lost in the desorption phase of every cycle, resulting to a lower COP.
When imposing the solid volume fraction, the dimension § can be calculated through the relevant geometric

relations and the equation (19).

‘/solid

SVF = x 100% (19)

total
3.3. Parameters under investigation

For the geometric study, a total of 65 simulations have been conducted, 13 for each geometry. The
base case is for fin thickness =1 mm, fin length y=10mm and solid volume fraction SVF=40%. Then, a
parametric study was conducted for each of these parameters. By keeping the other two parameters steady,
the solid volume fraction was studied for 20, 30, 40, 50, 60 %, the fin thickness for 0.5, 1, 2, 3, 4 mm and the

fin length for 5, 10, 20, 30, 40 mm. Table 2 summarizes the reactor dimensions of the 65 simulated cases.
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Table 2: Dimensions of the simulated geometries

SVF ) y B according to geometry

%) [mm] [om] | Afmm] Binm]  CF]  Dfmm]  Efmm]
20 1 10 5.38 497 3048 24.16 8.75
30 1 10 2.82 2.68 18.22  14.57 4.14
40 1 10 1.72 1.66 12.99 9.75 2.50
50 1 10 1.11 1.08 10.10 6.83 1.66
60 1 10 0.73 0.71 8.26 4.85 1.14
40 1 5 2.15 1.92 1897 9.75 3.23
40 1 10 1.72 1.66 1299  9.75 2.50
40 1 20 1.57 1.56 8.67 9.75 2.22
40 1 30 1.54 1.53 6.61 9.75 2.14
40 1 40 1.52 1.52 5.35 9.75 2.10
40 0.5 10 0.86 0.83 6.50 6.64 1.25
40 1 10 1.72 1.66 12.99 9.75 2.50
40 2 10 3.44 3.33 2598 15.63 5.00
40 3 10 5.16 499  38.98 21.37 7.50
40 4 10 6.88 6.65  51.97 27.05 10.00

The geometries and the meshes were created using Ansys ICEM CFD mesh generator. Scripting tools
were used, in order to automatize the mesh generation process. All meshes were imposed to mesh and
timestep independence tests. The average values across the 65 meshes regarding the smallest and largest
control volume of each mesh are 1.71 x 10~ m? and 4.76 x 10~1%m?, respectively. The number of the control
volumes ranged between 625 and 10920, depending on the geometry size.

For the presented geometric study, the heat exchanger material is copper. The simulations were repeated

with aluminium as heat exchanger material and the results are commented in section 4.2.4.

3.4. Simulation details

The initial conditions of the simulation assume that the adsorbent is desorbed and pre-cooled. The
initial adsorbed mass corresponds to the adsorption equilibrium capacity for the condenser pressure and the
heating fluid temperature of a typical cycle (P = 4243 Pa and T' = 80 °C). The simulation begins when the
reactor is connected to the evaporator and the adsorption process is initiated. The simulation is stopped

when the relative average adsorbed mass W, (equation 20) reaches 70 %, namely when the average adsorbed
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mass of the reactor w reaches the 70 % of the difference between the initial adsorbed mass wini and the
adsorption equilibrium capacity w*, which corresponds to the evaporator pressure and HTF temperature
(P = 1228Pa and T = 30°C). The latter w* is the adsorbed mass that would have been achieved if
the process continued for a very long period. The time required for this process is denoted as t7qe;. The
simulation is terminated before reaching equilibrium, since the adsorption rate becomes significantly low

while approaching equilibrium (see section 4.2.2), and this regime is not interesting for practical purposes.

W — Winit

w*|(Pevap*THTF) ~ Winit Loz (20)
Table 3 summarizes the input parameters of the numerical study. With respect to the heat transfer coefficient
between the packed bed and the heat exchanger hji, there are significant discrepancies across the reported
values in the literature. In a recent review, Y. Aristov reported that using the Large Temperature Jump
method it was revealed that the hjs can reach values of 100-250 W m~2 K~!, much higher than the commonly
reported values of 15-50 Wm =2 K~! [55]. It should be mentioned that the value of hi is often not reported.
Indicatively, out of the 27 studies listed in Table 1, in 14 studies the value is not reported, while in 3 other
studies the thermal resistance between the packed bed and the heat exchanger is neglected. In this study,
the value of hi is taken as 100 Wm =2 K~!, which is the most conservative value from the range given at

[53], where the hj; was experimentally derived for the Fuji silica gel type RD. A sensitivity analysis of A is

presented in section 4.2.5.
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Table 3:

Model input parameters

Input parameter Value Unit Ref.
Con, 903 Jkg 'K 54]
Coon, 385 Jkg 'K 54]
Cpeary 924 Jkg 1 K™! [50]
dy 0.0005 m

Dy 2.54 x 1074 m?s7! [21]
E, 4.2 x 104 Jmol™! [21]
Bt 100 Wm 2K 53]
Ky 7.3x 10713 kg, kgs Pa™! [50]
Gm 0.45 kgy kgt [50]
AH,qs 2.639 x 10° Jkg! 501
. 0.3955 ; 0]
& 0.4287 - [50]*
& 0.6546 ; 50]*
Ps 2027 kgm—3 [50]
PAL 2702 kgm ™3 154]
PCu 8933 kgm™3 [54]
AAl 237 WmK-! 54]
Acu 401 Wm K 54
As 0.198 Wm1K! 501
- 12 - [50]
Turr 303.15 K

Tovap 283.15 K

Pt 1228 Pa

Pevap 1228 Pa

Winit 0.0458 kg, kgt

*Calculated based on the apparent density, particle bulk density and skeletal density reported at [50]
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4. Results

4.1. FEwvaluation parameters

The simulation results are evaluated based on the average Specific Cooling Power [W kg '] (equation 21)
and the 799, as defined above. Both values are representative of the effectiveness of the reactor in terms
of heat and mass transfer. Enhancing heat transfer ensures higher rate of adsorption, and therefore, higher
evaporation rate and cooling production in the evaporator.

Am X AHevap  Aw X AHeyap
M x troy t70%

SCPpyer = (21)

where Am is the difference between final and initial adsorbed mass, M, is the dry solid adsorbent mass and
AHgyap is the latent heat of water evaporation.

Furthermore, the results are evaluated based on the temporal evolution of the instantaneous Specific
Cooling Power, SCPj,s;. As discussed in section 4.3, the temporal profile of the SCP;,¢; during the adsorption
phase is associated with the smooth operation of the evaporator and should be taken into account during

the design stage.

4.2. Results discussion
4.2.1. Awverage Specific Cooling Power SCP e, and trgy,

Figure 8 illustrates the effect of the solid volume fraction on the performance of the reactor, based on
simulations of the five geometries for SVF 20, 30, 40, 50 and 60% (6 = 1mm, v = 10mm). The left y-axis
corresponds to the SCP e, and the right y-axis to the t7gy. It should be noted that the t7q9 axis is reversed
and non-linear since SCP,yer % Anticipatedly, increasing the solid volume fraction of the reactor
increases the SCP,ye; and reduces trqy. This applies to all geometries. Since the fin thickness and length
are kept identical, increasing the SVF means that the fins are more densely distributed, and therefore, the
heat transfer is more effective. Consequently, the reactor is cooled more effectively and its temperature
is maintained lower, resulting to higher adsorption capacity and higher SCP ... In the opposite case, for
lower SVF, the fins are less densely distributed and therefore cooling the reactor is less effective, leading
to higher reactor temperature and consequently to lower adsorption capacity and SCP,ye. Indicatively,
for SVF=20%, the SCP,yc lies between 135.1 W/kgs (GEOM-E) and 163.6 W/kgs (GEOM-A), whereas
for SVF=60 %, the SCP,ye, lies between 401.1 W/kgs (GEOM-C) and 526.9 W /kgs (GEOM-D). The time
required to achieve Wy of 70 %, trgy, lies for SVF=20 % between 1636.9 s (GEOM-A) and 1982.2s (GEOM-
E), whereas for SVF=60% it ranges between 508.4s (GEOM-D) and 667.4s (GEOM-C). It is interesting
to observe that for SVF=20 % the geometries have similar performance since the minimum and maximum
SCP,yer differ by only 28.5 W /kgg, while this difference for SVF=60 % reaches 125.8 W /kgs, demonstrating
that the performance of the geometries at high SVF is significantly different. Therefore, it is observed that

the solid volume fraction influences drastically the performance of the reactor.
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Influence of solid volume fraction on SCP,.. and t;(q,
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Figure 8: Results comparison for the influence of Solid Volume Fraction on SCPayer (left y-axis) and t7go, (right y-axis, reversed)

Figure 9 shows the impact of the fin length on the performance of each geometry for v values of 5, 10,
20, 30 and 40mm (§ = 1mm, SVF = 40%). For the smallest fin length v = 5mm, the geometries have
very similar performance, since the minimum and maximum SCP .., differ by only 19.0 W /kgs. While for
v = 5mm the performance is almost geometry-independent, for v = 40mm the SCP,y. ranges between
67.1W/kgs (GEOM-C) and 257.9W /kgs (GEOM-D), showing a strong dependence on the geometry. The
performance of the reactor is expectedly lower when the fin length increases, since the packed bed volume
becomes larger, and thus, the heat and mass transfer are hindered. However, it can be observed that the
decrease of the reactor performance is more pronounced on the circular channel geometries (GEOM-A,B,C),
with an average decrease of SCP e, of approximately 80.4 % between fin length of v = 5 mm and v = 40 mm,
whereas GEOM-D and GEOM-E exhibit a decrease of 28.3% and 49.1 %, respectively.

Moreover, it is interesting to observe that the impact of the fin length variation is neither numerically
constant across the studied range nor behaves in a similar manner in the five geometries. The expected
performance variation as a result of v variation is different depending on the region of the studied range,
except GEOM-E, which exhibits an almost linear relation between v and SCP,y.. For circular channel
geometries, the gradient of the SCP,ye; curve is much higher at the smaller fin lengths than at larger fin

lengths, whereas for GEOM-D the effect is the opposite. In particular, circular channel geometries have
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in average a (%F;‘““) of —12.8 (W /kgs)/mm for 5mm < v < 20 mm, whereas for 30mm < v < 40 mm
their average (%ﬁmr) is —3.7 (W /kgs)/mm. Contrarily, GEOM-D has (%?m) of —0.8 (W /kgs)/mm
for 5mm < v < 10mm and —3.9 (W /kgs)/mm for 30mm < v < 40mm. To conclude, the performance
of circular channel geometries become less sensitive on variations of v at higher values of 7, while the
performance of GEOM-D becomes less sensitive at lower values of +.

Figure 10 illustrates the effect of the fin thickness for § values of 0.5, 1, 2, 3 and 4mm (y = 10mm,
SVF = 40%). As observed in Table 2, increasing the fin thickness while maintaining the solid volume
fraction steady results to geometries with greater distance between fins. The results in Figure 10 quantify
the empirical notion that thinner fins densely packed are preferable to thicker fins sparsely packed. Unlike
the case of fin length, there are no differences between the performance behavior of the five geometries. At
d = 0.5mm, the SCP,yer ranges between 325.5 W /kgs (GEOM-C) and 452.1 W /kgs (GEOM-E), while at
d = 4mm it becomes less geometry-dependent, ranging between 122.5 W /kg, and 144.1 W /kg,. The impact
of fin thickness on SCP ayer (%) is stronger for lower ¢. For 0.5 mm < § < 1 mm, the (%) ranges
between —76.9 (W /kgs)/mm (GEOM-C) and —224.2 (W /kgs)/mm (GEOM-E), while for 3mm < § < 4 mm
it ranges between —27.5 (W /kgs)/mm (GEOM-C) and —40.1 (W/kgs)/mm for (GEOM-D). The SCP,yer

becomes less sensitive to fin thickness variations at higher values for 9.
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Figure 9: Results comparison for the influence of fin length on SCPayer (left y-axis) and trge (right y-axis, reversed)

28



Influence of fin thickness & on SCP and tygo,

average
T T T T I
L R e Sl S e
S ; ; : GEOM-C o
400 | o B e e s GEOM-D (0]
8 N : : GEOM-E - 700
— 350 L |
on |
% —
2 300 490 =
3 =
g 4 1000 R
6‘“ 250 :
2 - 1200
200 1 1400
- 1600
150 - 1800
- 2000
: : : : % - 2400
100 by — I —— I — I —— — 4 2800

Fin thickness & [mm]

Figure 10: Results comparison for the influence of fin thickness on SCPayer (left y-axis) and trqy (right y-axis, reversed)

4.2.2. Instantaneous Specific Cooling Power SC Py,

In the previous section, the parametric study treated the performance of the system in a macroscopic
way by solely evaluating the average SCP over the course of the entire adsorption phase. In this section,
the temporal evolution of the SCPj,g; is elaborated. The SCPjg; is plotted against non-dimensional time
t* = t/troy, for ease of comparison between different cases.

In Figure 11, the temporal evolution of SCPj,y for GEOM-A is shown for SVF values of 20, 30, 40, 50
and 60%. As observed, all cases exhibit a SCPj,s of approximately 1240 W /kgs at the beginning of the
adsorption process. Then the SCP;,s drops rapidly for lower SVF values, while the decrease for higher
SVF values is smoother. All geometries adsorb with the same rate at the beginning, and consequently, their
temperature increases as a result of the exothermic nature of adsorption. For low SVF, the ineffectiveness of
the heat exchanger to remove the released adsorption heat results in higher temperatures inside the reactor.
Consequently, the adsorption capacity drops. On the contrary, for high SVF the heat transfer is more
effective and the reactor temperature is maintained low, and therefore, its adsorption capacity is maintained
high. The other geometries exhibit a similar behavior with GEOM-A, presented in Figure 11. Figure 12
compares the SCP;,q; of the five geometries for the case of SVF=20%. Their behavior is similar, SCP;,;
exhibits a sudden drop at the beginning of the process and then gradually decreases. It appears that in the
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most transient part, the SCPi,s of the geometries may differ by more than 100 W /kg.
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Figure 11: Solid volume fraction influence on the SCPjygt distribution for GEOM-A
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SCP;, distribution of the five geometries for SVF=20% (8=1mm, y=10mm)

1400 1 ‘
f GEOM-A SCP,
: GEOM-B SCP,
1200 = P GEOM-C SCP, .
s s | GEOM-D SCP;
GEOM-E SCP,
L S :
&
< 800
z
&= 600
O
wn
400
200
0 | | | |
0 0.2 0.4 0.6 0.8 1

Non-dimensional time t* [-]

Figure 12: Comparison of the SCPj,g¢ distribution of the five geometries, for the case of SVF = 20 %

Figure 13 illustrates the SCPj,g distribution for GEOM-C, for § values of 0.5, 1, 2, 3 and 4mm (v =
10mm, SVF = 40%). The same behavior is observed in the other geometries. Increasing fin thickness
while maintaining the SVF steady results in thicker fins, but less densely distributed. It can be observed
that while reaching equilibrium at t*=1, the SCPj,s for § = 4mm is ~ 61 % lower than the SCPj,s for
0 = 0.5 mm.

Figure 14 shows the SCP;,s distribution for the five geometries, for the case of v = 40 mm (§ = 1 mm,
SVF = 40%). As shown earlier, the rectangular channel geometries exhibit a better performance in higher
fin lengths than the circular channel geometries. It is observed that although the initial SCP;y is lower
for rectangular channel geometries, it does not decrease as drastically as the rest of the geometries. At
t*=1, the SCP;, for the rectangular channel geometries is significantly higher than for the circular channel

geometries (almost triple for GEOM-E and quadruple for GEOM-D).
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Figure 13: Fin thickness influence on the SCPj,g¢ distribution for GEOM-B
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SCP,,, distribution of the five geometries y=40mm (3=1mm, SVF=40%)
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Figure 14: Comparison of the SCPjygt distribution of the five geometries for the case of fin length v = 40 mm

4.2.8. Spatial distribution of adsorbed mass at t = t7gy. Influence on the desorption phase

As mentioned earlier, the simulations are terminated when the average relative adsorbed mass w,e
reaches 70 %. However, as observed from the results, while the average relative wWye value is 70 % at t7gy,
its local values across the reactor may vary significantly. Figure 15 illustrates the spatial distribution of wye
across the reactor at the end of the adsorption phase, for Solid Volume Fractions of 20, 30, 40, 50 and 60 %
(v = 10mm, § = 1mm) of GEOM-A. As observed, the distribution of wye becomes more uniform for higher

SVF. The non-uniformity was quantified in terms of the range of w, and its standard deviation o.

l 85
=77
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Figure 15: Spatial distribution of the wye) at t = t7qg for different Solid Volume Fractions of GEOM-A (v = 10mm, § = 1lmm)
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The spatial distribution of the adsorbed mass at the end of the adsorption phase is the initial distribution
of the pre-heating phase. The objective of this section is to evaluate whether this non-uniformity affects
the pre-heating and desorption phases, and consequently, the performance of the system. For this scope,
the pre-heating and desorption phases were simulated for the case of GEOM-A, SVF = 20%, § = 1 mm,
v =10 mm.

Two cases were considered with respect to the spatial distribution of the adsorbed mass at the beginning
of the pre-heating phase. In Case-I, the spatial distribution of the adsorbed mass is the final spatial distribu-
tion of the adsorption phase, as arose from the simulations; while in Case-II, a uniform spatial distribution
is imposed. It should be emphasized that the global amount of adsorbed mass is the same for the two cases
Wye) = 70 %, the only difference is its spatial distribution. The initial spatial distribution of wy is illustrated

in Figure 16 for Case-1 and Case-II.

Case-I

Figure 16: Initial spatial distribution of adsorbed mass at the beginning of the pre-heating phase for the two cases

At the beginning of the pre-heating phase, the reactor is disconnected from the evaporator and the HTF
temperature is set to 80 °C. The reactor is heated and once its minimum pressure reaches the condenser
pressure, the condenser and the reactor are connected. The initial hypothesis was that in Case-I, the
desorbed vapor would be readsorbed in the regions far from the heat exchanger, which are less saturated,
resulting in slower pressure increase.

However, the physical phenomena involved are more complex and their interaction is not very intuitive.
In order to further understand the phenomenology, Figure 17 presents the spatial distribution of the relative
adsorbed mass, sorption rate, temperature, density, pressure and velocity magnitude at ¢t = 40s of the
pre-heating phase. It should be noted that during the pre-heating phase the reactor is disconnected from
the other components, thus it is a closed system and there is no mass flux at its boundaries.

The distinct difference between the two cases is that in Case-1 the adsorbed mass is more accumulated in
the region near the heat exchanger (Fig. 16 at t = 0s and Fig.17-a at ¢ = 40s). This results in more intense
desorption in this region in comparison to Case-II (Fig.17-b), as the difference between the adsorbed mass

*

and the new equilibrium capacity is higher, and the sorption kinetics dw/dt is proportional to (w* — w).
This can be also appreciated by observing the temperature distribution (Fig.17-c¢). The thermal energy
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provided through the heat exchanger is partly dedicated to sensible heat that increases the temperature
and partly dedicated to the endothermic energy required for desorption. The temperature near the heat
exchanger is lower in Case-I than in Case-II, indicating that more energy was used for desorption and less
for temperature increase.

Consequently, the higher rate of desorption in Case-I results to higher density and pressure near the heat
exchanger with respect to Case-II (Fig.17-d,e). The pressure gradient between the regions near and far from
the heat exchanger provokes the mass flux between the two regions. Since the pressure gradient is more
intense in Case-I, the vapor velocity is higher (Fig.17-f), resulting in a faster distribution of the desorbed
vapor to the rest of the packed bed. Higher mass flux to the region far from the heat exchanger is associated
to higher temperature increase of this region (Fig.17-c); on the one hand, because the desorbed vapor is hot,
and on the other hand, because higher vapor mass is readsorbed (Fig.17-b) releasing exothermic energy. The
temperature increase, along with the density increase mentioned earlier, contribute to the pressure increase
in the region far from the heat exchanger, even though readsorption of vapor is more intense in Case-I than

in Case-II.
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Figure 17: Spatial distribution at ¢ = 40s of the pre-heating phase: (a) relative adsorbed mass, (b) sorption rate, (c) tempera-

ture, (d) density, (e) pressure and (f) velocity magnitude

Finally, the time required for the pre-heating phase is 50.9 s for Case-I and 51.8 s for Case-II. The total
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time required for desorption (reduce Wy from 70% to 20%) is 709.6s for Case-I and 716.8s for Case-
II. Thus, it is concluded that for the same average adsorbed mass, its spatial distribution does not affect

significantly the desorption phase.

4.2.4. Heat exchanger material

The results presented above consider copper as heat exchanger material. The simulations were repeated
for aluminium, in order to observe how it affects the system performance, since the properties of the two
metals are quite different (pa1 = 0.3 X pcu, ¢pay = 2.3 X ¢pe, and Aa1 = 0.6 X Acy). The density, the specific
heat capacity and the thermal conductivity of the materials are presented in Table 3. It appears that using
aluminium heat exchangers results to slightly lower SCP e and higher ¢7q ¢, since due to its lower thermal
conductivity the packed bed is cooled down less effectively. However this difference is not significant and the
choice of material may be based on other technoeconomic criteria. The decrease observed in SCP .., when
using aluminium instead of copper does not exceed 1%, for the studied range of SVF and fin thickness.
The decrease is higher than 1% only at higher values of fin length, v > 30 mm, with a maximum of 3.03 %
reduction for fin length v = 40 mm of GEOM-A.

4.2.5. Sensitivity analysis of the heat transfer coefficient hif

As mentioned in section 3.4, there are significant discrepancies across the reported values of the heat
transfer coefficient between the packed bed and the heat exchanger. In the results presented above, the
value of 100 Wm™2K~! was used. In this section, a series of simulations was conducted in order to evaluate
the influence of this parameter. The simulations pertain to the the base case of GEOM-A (SVF = 40 %,
v =10mm, § = 1mm). Figure 18 shows the SCP,ye, (left y-axis) and the ¢7gy (right y-axis, reversed and

nonlinear) for various values of hjs in the range 10-350 Wm—2K~1.
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Sensitivity analysis of heat transfer coefficient h;;
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Figure 18: Influence of heat transfer coefficient hif on SCPaver (left y-axis) and trgy (right y-axis)

As observed in Figure 18, the hir has a strong impact on the performance of the system. At low values of
hi¢, the heat transfer is limited by the thermal resistance between the packed bed and the heat exchanger,
thus, the numerical value of hj strongly affects the performance of the system. At high values of hji¢, the
performance of the system is only slightly affected by h;¢, since the limiting factor becomes the heat transfer
within the packed bed. Indicatively, the SCP,ye: for Ay = 150 Wm 2K~! is 3.2 times higher than the
SCPaver for hif = 10 Wm™2K~!, whereas the SCPayer for hif = 350 Wm ™2 K~ is 1.1 times higher than the
SCP pver for hip = 150 Wm—2 K1,

4.3. Results discussion from engineering perspective

In this section, an engineering perspective is presented with respect to the results discussed in the previous
sections. The SCP,ye, represents the cooling capacity of the reactor per unit mass of adsorbent. A high
value of SCP . is desired, since it allows to construct more compact reactors, which are associated with
lower fabrication cost and higher applicability. Moreover, high SCP .., represents that the potential of the
adsorbent material is taken advantage in larger extent, and allows to use less adsorbent mass for a given
cooling capacity. Therefore, the cost-effectiveness of the reactor is improved.

As demonstrated in Section 4.2.1, the SCP,y., increases drastically when increasing the SVF. However,
as mentioned in the Introduction, increasing the SVF affects negatively the COP, since the thermal energy
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input which is lost in every cycle increases. Therefore, on the one hand, in applications where the thermal
energy input is not associated with additional operational costs, such as in waste heat applications, reactors
with high SVF should be preferred. On the other hand, in applications of solar energy, the thermal energy
input is associated with installation (solar system) and operational (auxiliary heating unit) costs. In these
cases, the SVF of the reactor should be determined by evaluating both the SCP and the COP. To evaluate the
effect on COP, longer simulations of the entire thermodynamic cycle are required (pre-cooling, adsorption,
pre-heating, desorption). Additionally, the simulations should be performed for several cycles, until the
system attains cyclic behavior and the influence of the initial conditions is eliminated. This is planned
as the next stage of this study and the results presented here allow to determine the cycle period of each
reactor.

With respect to the fin length, it was shown that increasing the fin length decreases the SCP of the
reactor. However, the decrease of the SCP is more noticeable in the circular channel geometries, while the
rectangular geometries exhibit relatively higher SCP at larger fin lengths. It is therefore recommended to
prefer rectangular channel geometries when larger reactors are required. Moreover, when large amount of
adsorbent must be employed, it is suggested to use various reactors of smaller fin length instead of one
reactor with larger fin length. Within the studied range, the fin thickness should be as low as possible,
taking into consideration the feasibility, ease and cost of fabrication.

In section 4.2.2, the temporal evolution of the SCP;,s; was studied for the different geometries. The
SCPinst is representative of the cooling production, and in adsorption systems tends to have high values at
the beginning of the cycle and low values while reaching equilibrium. For better operation of the evaporator,
it is desired that this curve is as smooth as possible throughout the cycle. The smoothness of this curve is
associated with smooth cooling production and relatively steady temperature in the evaporator. In practice,
the evaporator temperature will drop at the beginning of each cycle. Disproportionally high peaks of the
SCPiust (as those appearing in Figure 12) enhance this temperature drop, especially in evaporators with
low thermal inertia. This should be taken into account when designing the system, to evaluate the possible
complications of freezing or delivering unacceptably low temperature to the cooling demand.

With respect to the heat exchanger material, the results demonstrate that for the studied range of
SVF and fin thickness, copper heat exchangers perform slightly better than aluminium heat exchangers.
Therefore, the choice of the material can be based on other technoeconomic criteria. The difference between
the performance of the two heat exchanger materials increases at larger fin lengths. The maximum difference
of SCPjpet, within the studied range, was found to be 3.03% at v = 40 mm of GEOM-A.

Although the study is oriented to cooling applications, the results can be usefully interpreted for other
applications as well. In this study the adsorption rate is used for the calculation of the SCP, which is
relevant to cooling applications. For adsorption desalination, multiplying the SCP ., and SCP;yet by the
latent heat of water evaporation AHevap, the adsorbed mass over a cycle and the instantaneous adsorption
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rate per unit mass of adsorbent can be obtained. These values allow to estimate the cyclic desalination
capacity of each reactor, as well as the temporal profile of the desalination rate, which can be relevant
to the evaporator design and operation parameters, such as the saline water inlet rate. For heat storage
applications, multiplying the SCPaver and SCPingt by AHevap and by the enthalpy of adsorption AH,4s, the
released stored energy and its release rate per unit mass of adsorbent can be obtained. However, detailed

studies oriented to these applications should be conducted in order to elaborate specific conclusions.

5. Conclusions

Adsorption cooling technology has significant potential environmental benefits but it remains underdevel-
oped due to its low performance. The design of the adsorption reactor is a crucial task for the improvement
of the reactor performance. In this context, an in-house computational model is presented, capable to sim-
ulate any potential reactor geometry. The model exhibits a reasonably good agreement with experimental
results. The model simulates both the packed bed and the heat exchanger, allowing to study the influence of
the latter on the reactor performance. A multi-timestep approach is adopted in order to reduce drastically
the computational cost.

Using the presented model, a parametric study was conducted for five reactor geometries, with respect
to their solid volume fraction, fin thickness and fin length. It was demonstrated that these parameters have
a strong impact on the reactor performance. Depending on the geometry, the SCP,; for SVF=60% is
2.6-3.6 times the SCP ,yer for SVF=20 %. Similarly for the fin thickness, the SCP,ye, for §=0.5 mm is 2.6-3.7
times the SCP.ye for 6=4mm. With respect to the fin length, a different behaviour is observed for the
rectangular and the circular channel geometries. For circular channel geometries, the SCP e for y=5mm
is 4.8-5.3 times the SCP,ye, for y=40 mm, whereas for rectangular channel geometries this figure is between
1.4-1.96, since they maintain relatively high SCP . at increased fin lengths. It should be noted that the
intensity of the fin length influence varies throughout the studied range and behaves differently between the
circular and rectangular channel geometries. Therefore, the outcome of varying the fin length should not be
expected to be the same in different regions of the studied range and for different reactor geometries.

Consequently, it is recommended to use reactors with high SVF, low fin thickness and low fin length, in
order to achieve high SCP,y . It also suggested that if it is required to employ large amount of adsorbent
mass, various reactors of small fin length should be preferred rather than one reactor with large fin length.

Furthermore, the temporal evolution of the instantaneous values of SCP are presented. Important peaks
are observed at the beginning of the cycle for high values of fin length and fin thickness, as well as for low
SVF values. It is strongly advised to take into consideration these peaks during the design of the evaporator,
in order to avoid freezing problems or supplying unacceptably low temperature to the cooling demand

The non-uniformity of the spatial distribution of the adsorbed mass at the end of the adsorption phase
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was observed and its effect on the desorption phase was investigated, concluding that it does not affect the
system performance considerably.

A comparative study between two heat exchanger materials is presented. The results show that while
copper is more effective than aluminium as heat exchanger material, its superiority is lower than 1% for the
studied range of SVF and fin thickness. The difference between the two materials becomes appreciable at
increased fin lengths, with a maximum of 3.03% at v = 40 mm of GEOM-A.

A sensitivity analysis was conducted with respect to the heat transfer coefficient hi;. The results showed
that for lower values of his the performance of the system is strongly dominated by this parameter, while at
higher values it affects the performance only slightly.

Lastly, the results were discussed from engineering perspective. The presented findings along with other
technoeconomic criteria - such as feasibility, ease and cost of fabrication - could contribute to a beneficial

design of adsorption packed bed reactors.
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