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Abstract: Adsorption refrigeration systems are one of the emerging decarbonization technologies that
can use eco-friendly heating sources and working fluids. However, the highly porous adsorbent ma-
terials used in these systems have a low thermal conductivity that hinders their system performance
enhancement. Graphene nanoplatelets are proposed in the literature to improve the conductive heat
transfer through the adsorbent field and the resulting composite adsorbents were favorably testified
at the material level. In this study, the impact of employing a composite adsorbent that comprises of
50% activated carbon type Maxsorb III, 40% graphene nanoplatelets, and 10% binder was numerically
investigated at a system level. The contradictory effects of heat and mass transfer mechanisms within
the composite adsorbent on the performance of an adsorption ice production system were explored
for three cases of composite layer thicknesses at different cycle times. The results showed that the
maximum specific daily ice production and coefficient of performance of 33.27 kgice·kgads

−1·day−1

and 0.3046 were attained at composite thicknesses of 2 and 5 mm and cycle times of 430 and 1230 s,
respectively. The higher composite thickness of 10 mm increased the mass transfer resistances, which
overlooked the enhancement in the heat transfer and reduced the overall performance.

Keywords: adsorption ice production; composite adsorbent; consolidated form; graphene nanoplatelets;
numerical simulation

1. Introduction

Using adsorption refrigeration systems (ARSs) to produce ice is considered a promis-
ing sustainable solution for many applications where these systems can be directly driven
by low-grade thermal energy sources. In addition, natural refrigerants such as water,
methanol, and ethanol are used as working fluids in ARSs which can reduce the reliance
on the highly global warming potential refrigerants (HFCs and HCFCs) [1]. Therefore, en-
hancing the performance and applicability of the ARSs to produce ice can boost the global
direction towards adopting such clean production systems. Developing the adsorption and
thermal characteristics of the adsorbent materials is the most important key element that
has been investigated in literature to enhance the performance of the ARSs [2]. Examining
the performance of newly developed adsorbent materials for each specific application is
needed to explore the features and challenges on the system level. Using the loose grain
packing technique for adsorbent materials in finned-tube adsorbent beds is the conven-
tional approach used in ARSs [3]. The existence of thermal contact resistance between the
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adsorbent grains and metal surfaces besides the lower bulk thermal conductivity in the
adsorbent domain negatively affects the thermal performance of such adsorbent beds [4].
The consolidated form for adsorbent materials has been proposed to overcome these draw-
backs. The bed with an adsorbent in the consolidated form is being synthesized by mixing
the adsorbent with binder and additives. There are different types of binders such as:
polyvinylpyrrolidone (PVP) [4], polyvinyl alcohol (PVA) [5,6], poly-tetrafluoroethylene
(PTFE) [7], and polymerized ionic liquid (PIL) [8]. Besides, different types of additives are
used, such as expanded graphite (EG) [9,10] and graphene nanoplatelets (GNPs) [5].

Many investigations were focused on studying the behavior of different binder clay
materials since they possess an adhesive tendency with the adsorbent materials which can
considerably affect their performance. Cacciola, et al. [11] prepared bricks of activated
carbon using a PTFE binder. They reported a higher adsorption uptake by 40% compared
to the powder form of the activated carbon, while the measured thermal conductivity
was between 0.13 to 0.2 W·m−1·K−1. Wang, et al. [12] compared the performance of
a consolidated form of activated carbon with CaCl2 to a granular form. The thermal
conductivity of the consolidated form outperformed by 172%. Oliveira and Wang [13]
tested samples of expanded graphite enriched with CaCl2 in a consolidated form at the
material level. The calculated maximum specific cooling power (SCP) was 415 W·kgads

−1

and the estimated coefficient of performance (COP) was from 0.36 to 0.46. Rocky et al. [14]
investigated the effect of two binder clays; namely PIL and PVA, consolidated with activated
carbon Maxsorb III on the adsorption properties of the synthesize consolidated composite.
The maximum uptake of the CO2 was 1.4 cm3·g−1 for the composite employing 10 wt.%
PIL, while it was 1.3 cm3·g−1 for the composite employing 10 wt.% PVA. Wang, et al. [15]
investigated different mass ratios of a consolidated composite of activated carbon with
expanded nature graphite (ENG). The highest obtained thermal conductivity was 2.47
W·m−1·K−1 with a permeability of 4.378 × 10−12 m2. They reported that the mass transfer
of the refrigerant for the solidified composite of activated carbon was reduced at lower
adsorption pressure for freezing conditions compared to the granular form of activated
carbon. Zhao et al. [16] proposed a simple mathematical lumped model to analyze and test
19 different samples of composite activated carbon with ENG and used only one adsorbent
tube to predict the performance for refrigeration and freezing applications. They concluded
that the best sample would attain increases in the COP, SCP, and VCP by −15%, 602%, and
605% for air conditioning, and −16%, 505%, and 632.5% for freezing purposes compared
to the packed-bed form. Wang, et al. [17] proposed a new type of composite adsorbent
consisting of activated carbon with ENG-TSA as a binder, the improvement of thermal
diffusivity and thermal conductivity was 45 times and 150 times, respectively.

It can be noticed that activated carbon-based composite adsorbent is the commonly
chosen material for adsorption ice maker systems and can be obtained from different
sources [18]. Maxsorb III is a type of activated carbon featured with a higher surface area
of about 3200 m2·g−1 that leads to higher adsorption characteristics with many refriger-
ants [19–21]. However, the lower bulk thermal conductivity and density of Maxsorb III
negatively affect its cyclic performance in ARS systems [14,22]. Graphite nanoplatelets is an
emerging type of additives that has attracted attention in many studies due its exceptional
thermal conductivity properties [23]. Graphite nanoplatelets have a very small thickness
scaled in nanometer [24]. The thermal conductivity can reach 3000 W·m−1·K−1 in parallel
direction to the investigated surface while in perpendicular direction the value reaches
6 W·m−1·K−1 [25]. Recently, Rupa, et al. [26] presented four composites of Maxsorb III
(AC) with PVA and GNPs. They deduced that the third composite (which comprises of
50% Maxsorb III,10% PVA, and 40% H25 by weight) was the optimum choice for cooling.
Using thermodynamic analysis, they reported that the specific cooling energy was 425,
375, 300 kJ·kg−1 at evaporator temperatures of 15, 10, and 5 ◦C. The previous studies were
focused on investigating the behavior of the consolidated form of composite adsorbent
mainly on the material level. Developing a detailed numerical model to predict the whole
ARS performance for the ice production using the composite consolidated adsorbent beds
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had less consideration. However, the mass transfer mechanisms within the adsorbent bed
could be negatively affected due to using the adhesive materials and additives. Therefore,
the net effect of contradiction between the thermal and adsorption characteristics on the
ARSs performance under typical operating conditions for each application needs to be
evaluated [27].

Regarding the mathematical modeling, there are different approaches used to mimic
the adsorption process in the adsorbent bed including thermodynamic modeling, lumped
modeling, and CFD modeling. The latter accounts for the inter-particle and intra-particle
mass transfer resistances that are needed to catch the effect of composite adsorbent com-
positions. The microscopic details of the porous adsorbent materials are considered in
CFD modeling using the volume-averaged approach [28]. Thus, the three phases which
are adsorbent, adsorbate, and vapor phases in the adsorbent domain are demonstrated
and their net effect is incorporated with the conservation equations of mass, momentum,
and energy. Elsheniti et al. [29] developed a CFD fully coupled model for silica gel/water
finned-tube type packed beds associated with the turbulent flow model of the heat-transfer-
fluid that flows in the adsorber tube. They considered the time variations of the condenser
and evaporator pressures using two zero-dimensional models. They concluded that the
performance of the ARS was sensitive to the change in the evaporator and condenser pres-
sures which could change the predicted cooling capacity from +12.3 to −18.5%. A similar
numerical model for Aluminium Fumarate based adsorption cooling and desalination
system was developed and validated experimentally by Albaik et al. [30]. They reported
that the maximum deviation between the results of numerical and experimental models in
desalinated water production was not more than 6.67%.

The previous studies on the carbon-based composite adsorbents in the consolidated
form declared a considerable enhancement of the thermal and adsorption characteristics at
the material level. However, the numerical investigations for such composites on the system
level in detail, particularly for ice production, were discussed in limited studies. This study
introduces a detailed numerical model to simulate the performance of a consolidated
adsorbent-based adsorption ice production system. A consolidated form is a composite of
50% Maxsorb III with 10% PVA as a binder and 40% graphene nanoplatelets as additives, as
this composite attained the best performance at the material level [26]. A two-dimensional
axisymmetric CFD model for an adsorber representative tube is developed and coupled
with two zero-dimensional models for the evaporator and condenser modules to mimic
the effect of their pressures at the two bed boundaries. The numerical investigations will
help in understanding the net consequence of the bed advanced approach combined with
the critical parameters’ variations, such as the cycle time and composite thickness, on the
performance of the ice production system.

2. Methods

The two-bed configuration of an adsorption ice production system is employed in this
study to examine using a composite adsorbent of 50% Maxsorb III with 10% PVA and 40%
graphene nanoplatelets. Producing ice can be accomplished by circulating ethylene glycol
that enters the evaporator of the ARS at −2 ◦C with an external ice production block as
shown in Figure 1. The composite adsorbent is applied on the external surface of plain
copper tubes in the adsorbent bed, where the heating and cooling fluids are pumped inside
the tubes. Heating and cooling water are switched between the two beds during the four
processes (preheating, desorption, precooling, and adsorption) to complete a one-bed cycle.
Switching valves are used to connect the evaporator and condenser with the sorption beds
depending on the mode of operation.
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Figure 1. Schematic diagram of an adsorption system used for ice production.

2.1. Mathematical Modelling

A time-dependent fully coupled numerical model is employed in the present study
to simultaneously simulate the performance of the two composite adsorbent beds. Two
representative adsorber tubes, one for each bed, are used in the simulation, as each bed
consists of several parallel identical tubes. Unlike the previous studies that used thermo-
dynamic or lumped models to evaluate the system performance, a thorough numerical
model is developed in the present study for a carbon-based composite in a consolidated
form. The model simulates the two-bed adsorption system performance depending on
the microscopic details of the composite adsorbent. The model is employed to produce
ice which necessitates the operation under relatively low pressures in the evaporator com-
pared to conventional cooling operation. 2-D axisymmetric schemes of the representative
adsorber tubes are adopted in COMSOL Multiphysics as shown in Figure 2. The tubes
include the main four domains, which are the thermal fluid, plain copper tube, composite
adsorbent, and vacuum space domains. In an adsorption ice production system, the vapor
will enter the beds at relatively lower pressures and temperatures compared to conventional
cooling applications. That makes considering the time variations of the temperature lift (the
difference between the condensing and evaporating temperatures) more critical. Therefore,
the equations of energy balances for the condenser and evaporator are applied at the vapor
inlet/outlet boundaries of each representative adsorber tube. These equations consider the
thermal masses and overall heat transfer coefficients of both components to determine the
pressures and temperatures at those boundaries. The following general assumptions are
considered in adopting the governing equations:
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The ethanol vapor behaves as an ideal gas.
The composite adsorbent is homogonous and its porosity is isotropic.
Ethanol vapor, adsorbate, and composite adsorbent are at local thermal equilibrium.

2.2. Governing Equations
2.2.1. Heating and Cooling Fluids

Using RANS equations to describe the turbulent flow scheme for incompressible water
flowing inside the absorber tubes leads to the following mass, momentum, and energy
equations, respectively:

ρ f ∇· u f = 0 (1)

ρ f
∂u f

∂t
+ ρ f u f ·

(
∇u f

)
= −∇pI +∇·

[
(µ + µT)

(
∇u f +

(
∇u f

)T
)
− 2

3
ρ f κ I

]
(2)

ρ f Cp, f
∂Tf

∂t
+∇·

(
ρ f Cp, f u f Tf

)
(3)

The thermal turbulent conductivity (kT) accounts for the enhancement in conductive
heat transfer term due the turbulence [29].
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2.2.2. Absorber Copper Tube

The energy conservation equation for the heat transfer tube reflecting only the conduc-
tion mechanism can be written as:

ρmCp,m (4)

2.2.3. Composite Adsorbent Domain

The mass balance for the composite adsorbent in the consolidated form can be written
as [16]:

εt
∂ρv

∂t
+ (1− εt) ρs

∂X
∂t

+∇·(ρvu) = 0 (5)

where εt is the composite adsorbent total porosity, X is the instant uptake, ρv is the ethanol
density in vapor phase, ρs is the composite adsorbent density, and u is the volume-averaged
velocity.

The momentum equations that govern the composite adsorbent field can be adapted
as follows:

ρv

εt

[
∂u
∂t

+
1
εt

u ·(∇u)
]
=∇[−pI +

µ

εt

(
∇u + (∇u)T

)
− 2

3
µ

εt
(∇·u)I]−

[
µ

kp
+

Qm

ε2
t

]
u (6)

The modified Navier–Stokes equations in the above form account for the homogeneous
fluid flow inside porous domain including the effect of adsorption/desorption rates on the
momentum balances. In addition, using these equations’ form is necessary for coupling
the variables at the interface with the vacuum domain [29]. Qm is the source term used in
Equation (5) and can be rewritten as:

Qm = −(1− εt)ρs
∂X
∂t

(7)

The conservation of energy for the composite adsorbent field can be given as:

∂

∂t
((

ρCp
)
T
)
+∇

(
ρvuCp,v T

)
= ∇·

(
kcomp ∇T

)
+(1− εt)ρsHads

∂X
∂t

(8)

where the effective thermal capacity (ρCp) of the composite adsorbent can be expressed
as follows:

ρCp = (1− εt)ρs
(
Cp,s + X Cp,a

)
+ εt ρvCp,v (9)

Hads is the heat of adsorption and kcomp is the effective thermal conductivity of the
composite adsorbent.

2.2.4. Vacuum Chamber

The conservation equations for mass, momentum, and energy balances used for the
vacuum space to describe the laminar flow scheme of the ethanol vapor can be expressed,
respectively, as follows:

∂ρv

∂t
+∇(ρvu) = 0 (10)

ρv
∂u
∂t

+ρvu. ∇ (u)= −∇pI +∇·
[

µ
(
∇u + (∇u)T

)
− 2

3
µ(∇·u) I

]
(11)

∂
(
ρvCp,vTv

)
∂t

+∇·
(
ρvuCp,v Tv

)
−∇·(kv ∇ Tv) = 0 (12)

2.2.5. Evaporator and Condenser Models

The evaporator and condenser heat balance equations can be used to determine
the temperature of the evaporation and condensation, respectively. Therefore, the time
variation of the corresponding pressures of both components will reflect the influence of
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their thermal masses and heat transfer efficiency. The following lumped models are used at
the valve openings of the two representative tubes of the two beds.[

Meva,rlCp,eva,rl + Meva,metCp,eva,met

]
dTeva

dt =
.

mEth,GlyCp,Eth,Glyεeva

(
TEth,Gly,i − Teva

)
− α)

.
mv,evaNtube,adsorber

[LHeva − Cp,rl

(
Tcond − Teva)

] (13)

[
Mcond,rlCp,cond,rl + Mcond,metCp,cond,met

]
dTcond

dt =

− .
mcwCp,cwεcond(Tcond − Tcw,i) + (1− β)

.
mv,condNtube,adsorber[

LHcond + Cp,rv(Tv,out − Tcond)
] (14)

The effectiveness of the evaporator and condenser can be determined as follows:

εeva= 1− exp

(
−UAeva

.
mEth,GlyCp,Eth,Gly

)
and εcond= 1− exp

(
−UAcond
.

mcwCp,cw

)
(15)

where Ntube,adsorber is the number of tubes used in each the adsorber. α and β are flags
applied for simulating the situation of the connecting valves (on/off) that connect each
adsorber to the evaporator and condenser.

2.2.6. Isotherms and Kinetics Models

The equilibrium uptake can be determined from isotherms equations defined for the
investigated composite adsorbent/ethanol pair [26]:

Xeq = Xmax exp
[
−(RT

E
ln(

Ps

p
))

n]
(16)

where Xmax is the maximum adsorption capacity, E is the adsorption characteristics parame-
ter, and n is the heterogeneity parameter.The isotherms of the composite adsorbent/ethanol
pair are plotted in Figure 3.
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The linear-driving-force equation is typically applied for simulating the kinetics of the
given adsorbent material which can be written as [22,26]:

∂X
∂t

= KLDF
(
Xeq − X

)
(17)

where KLDF is the mass transfer coefficient and it can be expressed as follows:

KLDF =
FoDs

r2
p

(18)

where Fo is 15 for spherical shape, and the Ds
r 2

p
parameter is described by Arrhenius

equation as a function of the local temperature as follows:

Ds

r2
p
=

Dso

r2
p

exp
(
−Ea

RT

)
(19)

2.2.7. Performance Indicators

The system performance is evaluated by numerical integration of the change in thermal
fluid temperatures to calculate the refrigeration capacity

.
Qre f and regeneration capacity

.
Qreg as follows:

.
Qre f=

1
tcycle

∫ tcycle

0

.
mEth,GlyCEth,Gly

(
TEth,Gly,i − TEth,Gly,out

)
dt (20)

.
Qreg=

1
tcycle

∫ tcycle

0

.
mhwChw(Thw,i − Thw,out)dt (21)

The coefficient of performance (COP), and specific daily ice production (SDIP) can be
defined as follows:

COP=

.
Qre f
.

Qreg

(22)

SDIP=
1

Mcomp
∑n

0

∫ tcycle

0

.
mEth,GlyCEth,Gly

(
TEth,Gly,i − TEth,Gly,out

)
Cpl

(
Tw,in − Tf reezing

)
+ h f g + Cpice

(
Tf reezing − Tice,out

) dt (23)

where Mcomp is the composite mass of adsorbent material calculated for the two
sorption beds while n is the total cycles per day.

The set of parameters used in the simulation for the two beds is shown in Table 1. The
condenser and evaporator parameters and the details of the initial and boundary conditions
are provided in the Supplementary Materials.



Appl. Sci. 2022, 12, 7602 9 of 19

Table 1. The values of the parameters set in the simulation model.

Parameter Value Unit Ref

Thermophysical Properties and Isotherms’ Parameters

Activated carbon density (ρS) 2200 (kg·m−3) [22]
Polyvinyl alcohol density

(
ρpv
)

1290 (kg·m−3) [31]

Nanoplatelets density (ρnano) 2300 (kg·m−3) [32,33]

Bulk density (ρbulk) 614 (kg·m−3) [26]

Composite specific heat
(
Cp,com) 790

(
J·kg−1·k−1

)
[25]

Bed permeability
(
Kp
)

4 × 10−11 m2 [16]

Total porosity (εt) 0.3483

Thermal conductivity of composite (kcom) 1.550
(

W·m−1·K−1
)

[26]

Pre-exponent constant
(

Dso
r 2

p
) 2.84 × 10−2 (

s−1)

Activation energy (Ea) 272.4050
(

kJ·kg−1
)

Isosteric heat of adsorption at (Hads) 1056.445
(

kJ·kg−1
)

Maximum uptake (Xmax) 0.62
(

kg·kg−1
)

Adsorption characteristics parameter (E) 134.07
(

kJ·kg−1
)

Heterogeneity parameter (n) 1.88

Antoine’s equation constant (A) 8.1122

Antoine’s equation constant (B) 1592.8641

Antoine’s equation constant (C) 226.184

The adsorbent beds

Tube length (L) 0.4 m

[29]

Tube inner radius (Ri) 3.15 mm

Tube outer radius (Ro) 3.96 mm

Bed height (Hbed) 2.5 mm

Vacuum chamber space (Lch) 2 mm

Vapour in/out opening length 8 mm

Average hot water velocity
(
uave,hot,in

)
0.56 m·s−1

Average cold-water velocity
(
uave,cool,in

)
0.792 m·s−1

Regeneration temperature
(
Thw,i

)
90

◦
C

adsorption temperature
(
Tcw,i

)
25

◦
C

2.2.8. Numerical Procedure and Model Validation

The system of equations described in this study was solved simultaneously by adopt-
ing six physics in COMSOL Multiphysics software. The coupling among the equations for
the solved parameters was ensured via the Multiphysics options in which non-isothermal
flow was solved for the internal flow in the tubes and the flow in porous and free spaces
domains. Furthermore, the time variations of the pressures of the condenser and evaporator
were reflected at the valve opening boundaries using adjustable physics namely Ordinary
Differential Equations. The source terms in modified physics were programmed and im-
posed in the conventional equations using user-defined variable options. The number
of mesh used was about 506,664 mesh elements with average mesh quality of 0.86 and
considering an adequate number of meshes at the boundaries where the variables are
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undergoing high gradients. The segregated technique with MUMPS and PARDISO solvers
was employed to establish the final solutions with acceptable accuracy. The time step in
the switching modes was as low as 0.1 s to catch the rapid change in the main variables
during the short switching mode time while it was set to 1 s during the adsorption and
regeneration modes. A physics-controlled choice that considers the type of equations
solved for each physics was adopted in the mesh builder to set excessive mesh elements
close to walls where variables have higher gradients. The extra-fine mesh choice was used
with about 464,044 triangular elements and 42,620 quadratic elements for the model of the
composite thickness of 2 mm. The maximum growth rate at the boundary of the thermal
fluid domain was 1.08 and the maximum growth rate at the boundary of the composite
adsorbent and the vacuum chamber domains was 1.1. Increasing the number of meshes
over the previously specified level showed an insignificant effect on the results, where a
maximum variation of 0.15% in the COP and SDIP was reported.

For the given case, the validity of the present model was compared with the published
data by Pinheiro, et al. [34] for the time variations of the temperature and uptake as shown
in Figure 4. An excellent agreement between the results can be noticed, which confirms the
reliability of the present system of equations to simulate the adsorption system performance.
More details about the model validation can be accessed in references [30,35,36].
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Figure 4. The comparison between the data obtained from the present study and those published in
reference [34].

3. Results and Discussion

The pressure and temperature of the composite adsorbent determine the equilibrium
uptake which represents the maximum and minimum uptake capacity that can be attained
during the adsorption and desorption phases, respectively, at a given time. However, the
intraparticle and interparticle mass transfer resistances indicate how fast the adsorbent
material can approach its equilibrium uptake capacity in each given case. This highlights
the importance of solving both the mass transfer mechanisms simultaneously with the other
governing equations in the present study to show up the net effect of boosting the heat
transfer on accounts of the mass transfer. Therefore, the effect of using the carbon-based
composite adsorbent in the consolidated form with thicknesses of 2, 5, and 10 mm on
the overall performance of a two-bed adsorption ice production system are examined at
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different cycle time ranged from 430 to 1230 s. The total amount of the composite material
of 4.76 kg is fixed in all cases by changing the total number of tubes. The numerical
simulations of the composite domain are used to show up the temporal and spatial changes
of the temperature and the uptake for the duration of one of the complete cyclic processes.
The detailed model developed in the present study shows the net effects of adding the
graphene nanoparticles as additives with high thermal conductivity on the ice production
and the energy conversion efficiency of the adsorption system. This can help in designing
the composite adsorbent bed and selecting the most appropriate cycle time.

3.1. Numerical Simulation

Figure 5 shows the temperature distribution of the consolidated adsorbent domain for
a representative section at intervals of time during 430 s cycle time considering 30 s for both
preheating and precooling phases. The section area has a 5 mm composite thickness. The
average temperature of the selected section was 300.84 K at the start of the new cycle and
after only 15 s it reached 328.31 K affected by the enhancement of the thermal conductivity
of the composite adsorbent. The average temperature reached 359.87 K at the end of the
desorption process after 215 s which was only 3.13 K less than the regeneration temperature
of 363 K. At the end of the precooling process after 230 s, the average temperature reached
330.81 K, and it reduced to 302.01 K at the end of the adsorption process after 430 s. The
arrows appearing in the figure represent the velocity magnitude and direction of the vapor
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Figure 6 shows how the spatial variation of the instantaneous uptake responds to
the heat transfer enhancement achieved using graphene nanoplatelets in carbon-based
composite adsorbent. For the selected section, the average uptake was 0.14264 kga·kg−1

ads
at the end of the precooling process of the previous cycle. During the preheating process,
the amount released from the composite domain was used to build up the pressure in the
bed vacuum space before opening the connecting valve with the condenser. Therefore,
the change in the average uptake was hardly noticed due to the accumulation of the
desorbed amount coming from the adsorbent near the tube side to the other side near to
the vacuum space. After opening the connecting valve and the desorption process has
taken place, the average amount of the uptake reduced gradually from 0.2044 kga·kg−1

ads
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at 15 s to 0.198, 0.176 and 0.158 kga·kg−1
ads at 65, 115 and 165 s, respectively. Despite the

spatial variation of the temperature being less noticed with the progress of time, a relatively
high spatial variation of the uptake can be noticed in Figure 6. This can be attributed
to the increased interparticle mass transfer resistance caused by the lower total porosity
of the composite adsorbent estimated by 0.3483. As a result, the effective uptake, which
represents the difference between the maximum and minimum uptake, was limited to only
0.062 kga·kg−1

ads in the complete cycle during the cyclic steady state at the given condition,
as shown in Figure 7.
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3.2. The Bed Average Pressure, Temperature and Uptake

Figure 8 illustrates the cyclic change of the averaging of the bed’s main parameters,
which are the pressure, the temperature, and the uptake, at different cycle times and
composite thicknesses. In general, the effective uptake during a complete cycle increases
with increasing the cycle time, while it decreases with increasing the composite thickness.
The hysteresis of the adsorbate in the beds during repeated adsorption and desorption
processes was reduced with a longer cycle time. This can be indicated by the increase in the
enclosed area of each cycle at higher cycle time, as shown in Figure 8a–c at different com-
posite thicknesses. The additives and binder represent 50% of the carbon-based composite
in the present study which reduced the total porosity to 0.3483 even though the highly
porous carbon type Maxsorb III was used. This low porosity has a considerable impact
on the interparticle mass transfer, particularly when the composite thickness is increased.
Therefore, increasing the composite thickness from 2 to 10 mm decreases noticeably the
effective uptake.

In case of 10 mm composite thickness shown in Figure 8c the positive effect of the
longer cycle time was more pronounced during the desorption process as it decreased the
lower uptake limit. However, the upper limit of the uptake during the adsorption process
was slightly increased with increasing the cycle time. This was affected by applying the
very lower pressure level in the beds during the adsorption process to keep the evaporator
under −2 ◦C combined with the higher composite thickness used.
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Figure 8. P-T-Xeq diagram for the carbon-based composite adsorbent bed in a complete cycle under
different cycle times and composite thicknesses of (a) 2 mm, (b) 5 mm, and (c) 10 mm.

The Performance of the Ice Production System

The net impacts of the changing of the cycle times on the SDIP and COP of the ice
production system at composite thicknesses of 2, 5, and 10 mm are shown in Figure 9.
Overall, increasing the cycle time, in the given range, can either increase or decrease the
SDIP of the system depending on the composite thickness. However, the COP of the
system has increased by increasing the cycle time regardless of the composite thickness. A
maximum SDIP of 33.27 kgice·kgads

−1·day−1 was attained at the shortest cycle time of 430 s
and the smallest composite thickness of 2 mm. Nevertheless, the system COP reached its
maximum value of 0.3046 at the longer cycle time of 1230 with 5 mm composite thickness,
and the SDIP associated with this case was 23.27 kgice·kgads

−1·day−1. The changing range
of the SDIP over different cycle times was considerably reduced by increasing the composite
thickness as it can be seen by comparing the range of the SDIP given in Figure 9a–c. This
was attributed to the reduction in the effective uptake with thicker composite thickness.
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Figure 9. The specific daily ice production and coefficient of performance of the system under
different cycle times and composite thicknesses of (a) 2 mm, (b) 5 mm, and (c) 10 mm.

In the case of 2 mm composite thickness, the SDIP decreased gradually from its
maximum value of 33.27 kgice·kgads

−1·day−1 at 430 s to 27.66 kgice·kgads
−1·day−1 at 1230 s.

This reduction was affected by the slower adsorption and desorption rates at a higher
cycle time as the instantaneous uptake approached the equilibrium uptake in a short time.
However, this was not the case with 5 mm composite thickness, as depicted in Figure 9b, as
the kinetics remained at a higher level for a longer time compared with the case of 2 mm
composite thickness. Therefore, the maximum SDIP of 24.1 kgice·kgads

−1·day−1 with 5 mm
composite thickness was attained at 830 s. The slower adsorption and desorption rates at
a higher cycle time of more than 830 s hampered the increase in the SDIP that started to
be reduced. Consequentially, in this case, the rate of increase of the COP was reduced as
shown in Figure 9b. In the case of the composite thickness of 5 mm, the COP was enhanced
at all cycle times compared to the case of 2 mm composite thickness. This was in response
to the decrease in the number of tubes from 309 at 2 mm to 95 at 5 mm composite thickness.

In the case of the composite thickness of 10 mm, a higher cycle time was needed
to overcome the increase in both interparticle and intraparticle mass transfer resistances
associated with higher composite thickness and improve the system performance. The best
SDIP of 11 kgice·kgads

−1·day−1 and the best COP of 0.263, in this case, were attained at a
cycle time of 1230 s. Although the performance was the worst in this case, the lower number
of tubes used can considerably reduce the flow rates of the heating and cooling water, which
may be needed with an adsorption system of large capacity to reduce the pumping power.
Generally, the results showed a discrepancy between the effect of varying the composite
thickness and cycle time on both the system SDIP and COP. This highlights the importance
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of concurrent solution of mass and heat transfer resistances in evaluating the overall
performance of the adsorption ice maker that uses the activated carbon composite with
additives in a consolidated form. One can choose the best combination of the composite
thickness with the corresponding cycle time to achieve either the best COP or the best SDIP
depending on the primary concern and application.

4. Conclusions

Using a carbon-based composite in a consolidated form, which combines 50% carbon
type Maxsorb III with 40% graphene nanoplatelets and 10% binder, was numerically ex-
amined on an adsorption system level. The system is used to produce ice from ethylene
glycol at temperatures less than −2 ◦C. The composite adsorbent was primarily proposed
to enhance the thermal conductivity of Maxsorb III seeking out a higher overall adsorption
system performance. The present study aimed to highlight, at the system level, the incon-
sistent effects of the heat transfer and mass transfer within the adsorbent bed due to using
the consolidated form in an adsorption ice production system. The main outcomes can be
deduced as follows:

Using the composite adsorbent layer of 2 mm and cycle time of 430 s, which were
the smallest in the investigated ranges, led to the highest specific daily ice production
of 33.27 kgice·kgads

−1·day−1 with a corresponding COP of 0.115. The maximum COP of
0.3046 was attained when employing composite adsorbent thickness of 5 mm and cycle
time of 1230 s. The largest adsorbent thickness of 10 mm reduced dramatically the SDIP
and COP to be maximum at 11.01 kgice·kgads

−1·day−1 and 0.2632 at the cycle time of 1230 s.
Although extending the cycle time increased the effective uptake, the kinetics played

important role in determining the SDIP of the ice production system that uses carbon-based
composite adsorbent in the consolidated form. On the other side, the reduction in the
total number of tubes used in each adsorbent bed prompted the system energy conversion
efficiency in terms of the COP due to using the use of a lower heating water flow rate and
reduced energy share used for sensible heating at each cycle.

The case of the best COP can be used when the source of energy is costly and takes the
priority to be as minimum as possible. In the case of using solar energy to drive the system,
the higher COP will reduce the system footprint and capital cost. From a practical point
of view, using the adsorbent material in a consolidated form can ease the adsorbent bed
assembling and avoid the blocking and the increase of the pressure drop due to the fine net
used in the packing technique. However, future studies should focus on decreasing the
mass transfer resistances of the adsorbent layer in the consolidated form to attain a higher
system performance.
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Nomenclature

COP Coefficient of performance (−)
Cp Specific heat

(
J·kg−1· K−1

)
Ds Surface diffusivity

(
m2·s−1)

Dso Pre-exponent constant of surface diffusivity
(
m2·s−1)

SDIP Specific Daily ice production
(

kgice·kgads day−1
)

Ea The activation energy of surface diffusion
(

J·mol−1
)

k Thermal conductivity
(

W·m−1·K−1
)

kT Thermal turbulent conductivity
(

W·m−1·K−1
)

KLDF Mass transfer coefficient
(
s−1)

LH Latent heat
(

J·kg−1
)

M Mass (kg)
n Completed cycles per day
p Pressure (Pa)
Qm Source term in conservation of mass equation

(
m2)

Qads Heat of adsorption
(

J·kg−1
)

R Specific gas constant
(

J·kg−1·k−1
)

R Radius (m)
T Temperature (K)
t Time (s)
UA Heat transfer conductance

(
W·K−1

)
u Fluid velocity

(
m·s−1)

X Uptake
(

kga·kg−1
ads

)
Xeq Equilibrium adsorption uptake

(
kga·kg−1

ads

)
Greek Symbols:
ρ Density (kg·m−3 )
µ Dynamic viscosity (Pa·s)
µT Turbulent dynamic viscosity (Pa·s)
εt Total porosity (−)
ε Effectiveness (−)
Subscripts and Superscripts:
ads Adsorbent
a Adsorbate
b Bed
cw Cooling water
cond Condenser
comp Composite
Eth, Gly Ethylene Glycol
eva Evaporator
eq Equilibrium
f Fluid
hw Heating water
i Inlet
init Initial
m Metal
out Outlet
rl Refrigerant liquid
rv Refrigerant Vapor
s Solid Adsorbent
sat Saturation
v Vapor
w water
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