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ARTICLE INFO ABSTRACT

Keywords: In this study, three-dimensional numerical models of cylindrical adsorber were developed for vertical and
Adsorption cooling system horizontal fins. This adsorber contains fins filled with two traditional adsorbents (Zeolite and Silica gel) and a
Zeolite

new adsorbent (NH,-MIL125). The height of the adsorber is adjusted to have the same amount of the adsorbent
for the different number of fins and adsorber design. The discretization of the coupled equations in the system is
done by the finite volume method (FVM). The effect of the number and geometry of fins on the desorption kinetic
and the specific cooling capacity are investigated for each one. The results showed that NHp-MIL125 gives the
best coefficient of performance (COP) and the highest Specific Cooling Power (SCP) comparing to the traditional
adsorbents. For the vertical fins, results showed a low impact of the fins number and design of the different
adsorbents (Zeolite, silica and NH»-MIL125). This low impact is due to the configuration of the adsorbent bed.
The factor form F is found to be correlated to the time cycle and the heat transfer. F has an optimal value of 0.4
when the number of fins is 15. The coefficient of performance (COP) shown to be independent from the fins
number. The Specific Cooling Power (SCP) is affected by the fins number of the three adsorbents. NHp-MIL125 is
giving the best result of SCP reaching a value of 80 Wh/kg. Considering the obtained results, the NH-MIL125 is a
promising adsorbent for the adsorption cooling system.

Silica gel
NH,-MIL125
Fins Design

depletion and climate change. Besides, it was proved that the CFCS/CFC
are the origin of one third of the global greenhouse effect [2,3].

The adsorption cooling technology presents an attractive alternative
to traditional systems. In fact, these are eco-friendly as refrigerants do
not harm the environment such as water [4-9]. Moreover, they can be
powered by low temperature driving sources such as solar heat, indus-
trial/automobile waste heat and geothermal heat. The global waste heat
is estimated as 72 % of the primary used energy [10]. Hassan et al
[11,12] studied a new configuration system for the simultaneous pro-
duction of electricity and cooling from solar energy. Compared with
systems based on the Photovoltaic thermal collector (PVT) alone and on
evacuated tube collectors (ETC-only) powered adsorption system, for
the same area of the solar collector, the new configuration proposed
proved to be the best performing, with a high energy efficiency.

However, the adsorption cooling technology does not meet yet the
desired level as far as for their Coefficient of Performances (COP) and
Specific Cooling Power density (SCP) comparing to the traditional
cooling systems [13,14]. However, at low power levels, these adsorption

1. Introduction

After the Kyoto Protocol and recently the Paris Agreement, many
countries have started taking steps to reduce their dependence on fossil
fuels, that provide conventional energy resources which are not sus-
tainable. The renewable energy sources are the remedy for this old en-
ergy sources. The use of renewable energy reduces the pollution and
creates new fields of investment. The renewable energy secures the
reduction of pollution and creates new field of investment to cover the
demand of the population. Cooling system has a crucial importance in
the human life, which is needed in all the vital areas, like food, agri-
culture, manufacturing, medical industries, preservation, air condi-
tioning, ice making, etc. Meanwhile the traditional vapor compression
systems lost its durability due to the high consumption of energy (almost
45 % of the house consumption of electricity) [1]. In addition, the used
refrigerants Chlorofluorocarbons (CFCs) and Hydro-
chlorofluorocarbons (HCFCs) contribute to the pollution such as ozone
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Nomenclature S Solid/gas transfer area m?/m?>
SCP Specific Cooling Power Wh/kg
a; First term of Langmuir T Temperature K
b; Second term of Langmuir t time S
COP Coefficient of Performance \Y Velocity m/s
ci Langmuir third term X Adsorbed amount Kg/kgags
Cp Specific heat in constant pressure J/(kg.K)
D Diffusion coefficient m?/s Greek .
E. Diffusion activation energy kJ /mol € Total porosity o
E; The fourth term of Langmuir W/K A Thermgl cqnduc.t1v1ty W/(m.K)
F The factor form n Dynamic viscosity kg /(m.s)
H Convective heat transfer coefficient W/(m.K) p D.en51ty 1.<g / m 2
h Height m v Kinematic viscosity m“/s
L Latent heat J/ kg AH Heat of adsorption J/kg
G The rnass‘ Fransfzer coefficient Subscripts
K Permeability m R Radial coordinate
m Mass flow rate Kg/ s z Vertical coordinate
M Molar mass of the water kg/mol G Gas
P Pressure Pa Sat Saturation
R Perfect ga.ls constant J/ (mol.K) Eq Equilibrium
Rin Inner radl}ls m S Solid
Rout Quter r‘aldlus m Ef Effective
R¢ Fin ¥ad1us m. £ Fin
R Radial coordinate m
Ip Adsorbent granule radius m
Inlet of the heating
(or cooling) water
Horizontal fins
Adsorbent
Mass transfer tube
Shell
Outlet of the heating Outer tube
(or cooling) water & Water vapor inlet
| /
Fig. 1. Schematic view of the adsorption bed with horizontals and verticals fins.
Table 2
Table 1 The constants of the isotherm equation
The Langmuir coefficients used by Ben Amar [43]. [46].
A C b E NH,MIL125
0 0,152 —0,896 - - A 0.23
1 ~155,36 843,85 1,508 10°1° 7726,58 B 0.025
2 6,37 10* -2,5410° 5,417 10710 6074,71 E 0.425
3 -8,45° 2,78 107 1,707 10°1° 5392,17 F -
G 0.97
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Fig. 2. Time evolution of the temperature on the inner and outer wall surface
of the adsorber.
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Fig. 3. Evolution of the desorbed mass.
Table 3

Temperature and the mass desorbed deviation compared to those in literature
for both Langmuir and Dubinin numerical models.

Langmuir model Dubinin model

Mass desorbed (g)
Temperature (K)

8,93 %
0,75 %

7,77 %
1,71 %
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refrigeration systems are more expensive than conventional systems of
equivalent power. They also require a relatively large installation space.
To increase the performance of the adsorption cooling system, the Co-
efficient of Performances (COP) and Specific Cooling Power (SCP) must
be optimized. Therefore, a lot of studies are developed and continue to
be developed to improve the performance by including a multiple stage
cycle, heat, and mass recovery cycle, improving the characteristics of
adsorbate-adsorbent couples and optimizing the adsorber bed heat ex-
changers [15]. Li et al. [16] studied the heat and mass transfer for two-
dimensional quasi-equilibrium model in an annular finned tube silica gel
module to identify the optimum fin pitch and height. It was concluded
that without considering the effect of cycle time, the optimum fin
spacing occurred was optimized between consecutive adsorption and
desorption processes when the amount of refrigerant uptake by adsor-
bent. This result was only effective for optimizing the COP but not the
SCP.

Leong and Liu [17] studied a simple adsorber tube chiller to see the
effect of adsorbent parameters and adsorption bed such as porosity,
adsorb particle size and bed height. It was demonstrated that elongate of
the bed height increases the COP and reduces SCP. However, the
porosity and particle size have a relatively small effect on the perfor-
mance of the bed. Wang [18] used the equilibrium model as intra-
particle mass transfer equation to investigate the effects of variety of
parameters such as cooling and heating water temperature, heat and
mass recovery time and cycle time. Kubota et al. [19] optimized the
conditions of the adsorption chiller and tested the effect of cycle time,
switching time and hot water temperature. They found that COP slightly
improved with rising the hot water temperature. But the switching time
had almost no effect on COP. Zhang and Wang [20] developed a nu-
merical transient three-dimensional model of fin-tube type adsorption
bed. They proved that there is an optimum fin dimension (with the
highest values of COP and SCP. Saha et al. [21] modeled an adsorption
bed for silica gel-water system with annular fins. They investigated the
effect of cycle time, switching time and heating temperature on COP and
cooling capacity. They found that COP is higher with larger cycle time
and higher heating temperature. Moreover, the ultimate values of
heating temperature, cycle time and switching time were found for
cooling capacity. Pei-Zhi [22] reported that the extension of the time
cycle leads to the augmentation of COP. But there is an optimal cycle
time for the SCP. Niazmand et al. [23,24] investigated the processes of
heat and mass transfer in a silica gel/water adsorption adsorber con-
taining annular fins. Their studies proved that COP augmented, however
SCP reduce when smaller particle sizes were used, larger fin pitch and
larger fin height. Grabowska et al. [25,26] studied the effect of a coated
sorbent layer on the heat transfer process in adsorption beds. The rela-
tionship of the bed structure and the adsorption pair was discussed.

Xiangbo [27] demonstrated that the COP decreased when the
desorption time is extended due to the rising of the heat loss. The effect
of fins height and spacing of a flat tube in adsorber were studied on the
performance of a two-bed silica gel-water adsorption chiller using a
lumped body mode (heating in range of 50-90 °C). Results showed that
SCP could be increased up to 6.3 % and COP up to 3.7 % by the opti-
mization of the fins geometry [28].

It was demonstrated by Verde et al. [29] that increasing the fins
thickness and reducing its pitch enhance the SCP and the bed thermal
conductance. New fins designs: rectangular and trapezoidal were used
by Kowsari et et al. [30] showed that the rectangular form of fins gave
the highest SCP comparing to the trapezoidal form, but the COP was the
same for both cases.

Golparvar et al. [31] have developed a three-dimensional model to
evaluate the effects of heat and mass transfer in longitudinal and annular
finned tube filled with zeolite-13x adsorbent. The effect of the spacing of
finned tube has been checked. The time cycle in this study was consid-
ered as twice the desorption time (adsorption time is equal to desorption
time) and the tested adsorbent was only the Zeolite 13X. The aim of
recent work is to develop new adsorption couples. L. Ye et al [32] have
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n=10 n=15

Fig. 4. Spatio-temporal evolution of the temperature in the desorption phase (vertical fins) when z = h/2.

used the Maxsorb III/HFO-1234ze(E) couple as a working couple.
Theoretical and experimental studies have been carried out. The couple
has been tested under different working conditions and the results are
promising for the use of this couple in adsorption cooling systems.
New materials were developed the performance of adsorbent based
on many focusing on Zeolite and silica gel. In fact, a variety of these

composite were improved like SWS-1L by adding calcium chloride
(CaCly) to mesoporous silica gel [33] or synthesized Zeolite like Zeolite
5A or 13X. Also new adsorbent type based on Zeolite, functional
Adsorbent Material-Zeolite (FAM), is one of the new adsorbents for the
heat pumps. Kakiuchi [34,35] introduced respectively FAM Z01 and Z02
with limited concentration of 0.2 and 0.3 kg/kg.
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Fig. 6. Mass desorbed profile in term of horizontal fins.

Metal-organic frameworks (MOFs), which are characterized by their
high adsorption capacity, can replace conventional adsorbent materials.
Thanks to their high surface area, regular porosity and high crystallinity,
which increase adsorption capacity, the MOF/water couple is an envi-
ronmentally friendly adsorption couple [36-38]. NHy-MIL-125
(TigOg(OH)4-(02C-CgHs-CO2-NHy)e) is another new composite for the
adsorption heat pump. MIL-125 is a Ti-incorporated MOF structure [39].
After studying its effect on water adsorption, Gordeeva [40] showed that
NH2-MIL-125 could be a promising material for adsorptive heat transfer
and storage. The measured parameters were the specific surface area,
total, and micro-pore volumes of the composite.

The aim of this study is to present a 3D model developed which
govern heat and mass transfer in an adsorber. This model was used to
select the optimum geometric configuration of the adsorber and adsor-
bent for application in an adsorption cooling system. Three adsorbents
were used, zeolite, silica gel and a new adsorbent NHy-MIL125 in a
cylindrical adsorption bed with horizontal and vertical fins. The SCP and
COP of the refrigeration systems were calculated for each adsorbent for
the different fins designs. The effect of factor form is studied to check the
fin’s effect in each bed configuration.

2. System description and methodology
2.1. System description

The considered physical model is shown in Fig. 1. It consists of three
coaxial cylinders, the mass transfer tube, the outer tube, and the tubular
shell. Even the mass transfer tube and the outer tube have the same
height “h” and two different radiuses called the inner radius “Rj,” and
the outer radius “Royt”, respectively. The radius and height of tubular
shell are fixed to guarantee the heating (cooling) fluid flow at a constant
fluid temperature Tyg over the entire exchange surface of the outer tube.
The mass transfer tube exchanges the water vapor (adsorbate) with the
condenser (evaporator). The annular space is devised by equidistant
horizontal (vertical) fins made of copper. Their numbers, thickness and
radius are variable. The adsorbent (Zeolite, silica gel or MIL125) is
packed in the annulus between the mass transfer tube, the outer tube
and the fins.

2.2. Mathematic model

The following assumptions were adopted for the formulation of heat
and mass transfer equations in the studied bed,

o The adsorbate gas is assumed to be an ideal gas;
e The porous medium is isotropic and composed of uniformly sized
particles.
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e The porous medium particles are incompressible.

e The bed is assumed to be in local thermal equilibrium.

o The heat capacities of fluid and metal are considered constant.
e Darcy’s law gives the gas flow rate.

2.2.1. Gas mass conservation equation
The mass conservation equation for the adsorbate in macro scale gas
is written in cylindrical coordinates as:

ap,) . .
€ ()tg) +div(p, V) +m=0 (€]
The Darcy’s law expresses the vapour velocity as following:
(2)

K————
V= 7M—grad(Pg)
8

The density of ideal gas is given by the following expression:

Py = RﬂTgP g 3)
The rate of refrigerant adsorbed is defined as:
m=—(1— e)ps(j)—}: 4
Using equations (2) and (3), the equation (1) becomes:
I NP0 (1) 1D (00 KR, 0T, (0,
RT, ot R 0t\T,) rvor\ or / v 0z rv 06 *or

)

The Linear Driving Force Model (LDFM), was used to describe the
behaviour of the adsorption capacity rate with time; based on the LDFM,
Glueckauf [41] proposed a formula to relate the rate of adsorption to
diffusivity.

X

5= —G(X —X,) ©)
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Where G is the mass transfer coefficient:

G =10 %)
I
p
-E
D,y = D, “ 8
off eXp (RTg > (€))

D is the effective diffusion coefficient.
The equilibrium adsorption capacity Xeq of Zeolite/water pair was
evaluated by:

Thermal Science and Engineering Progress 49 (2024) 102466

e Using Dubinin equation as:

Xeq = Xin exp

- D(Tgln(PS”;,(Tg)))z} ©

4

Where: Xj, and D were given experimentally by Guilleminot [42]

o Using Langmuir equation as:

Xeq _ X&lb]Pg X&ZbZPg X&3b3Pg (10)
14+bP, 1+bP, 1+Db3P,
Where:
3
Xy =34 a1
s T
i=0
3 e,
X = Xin — X — X 13)
E:
b; = boiexp (7') a4

The coefficients a;, b;, ¢; and E; (i = 1 to 3) are given in Table 1
The equilibrium adsorption capacity Xeq of silica gel/water pair is
defined using Dubinin-Astakhov (D-A) equation Di et al [44]:

X,y = 0.346exp[ ~5.6(T, /Tm,)”’] (15)

The equilibrium adsorption capacity Xeq of NH;MIL125/water pair as
the model for isotherm type V extended is given below [45]:

P, —A
1 —A
Xy = D tan™! % G — tan™! (?> E-F (16)

Where: A, B, E, F and G they are given in Table 2
Then D is calculated as follows:

_ af1-Ay (A
D—{tan (—B ) an (3)} a7

2.2.2. Energy conservation equations
The energy balance for fins is described as:

o7 —_—
Py ol —div pfgmd(rf) ] =0 (18)

In cylindrical coordinates, the expression is given as follows:

a(m,‘;i;) a(z,%) a(a,-‘j,@)
2.C oy 1 1 _ /9 19)
= or Ty or r? 00 0z

In the absence of local thermal equilibrium, the energy balance is
given by:

e For adsorbents

o7

pi(1— 5)(Cps +chg) o

.
div|(1 = e)Asgrad(T) | +mAH.q,  HyS(T,

_ Ts)
(20)

e For Gas
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oTg - . s .
0 Crg, TPy V Cpegrad(Tg) = div [e/lggrad(Tg)] +mCy (T, — T5)

~HyS(T, ~ T.)
@D

2.2.3. Energy conservation equation for local thermal equilibrium

If the local thermal equilibrium is valid, it can be considered that Ty
= Ts; = T. In fact, the energy conservation equations of the adsorbent
(20) and the gas (21) can be reduced to:

— B —
+p, V Cpegrad(T)

JaT
[Po(1 = €)(Cps + XCpy) + E/chpg] o

= div {Ae/gmd(T) ] +1AH, (22)

In cylindrical coordinates:

or | 10(rp,V,CyeT)

N 3(p,V.CyeT) +1 3(p,VoCp,T)

2.2.4. Initials conditions
Initially, the pressure, the temperature and the moisture content in
the bed are assumed to be constants:

P,(0,r,6,2) = P; 24)
T(0,r,0,2) =T, (25)
T;(0,r,0,2) = T (26)
X(0,r,6,2) = X 27)

2.2.5. Boundary conditions
The pressure boundary conditions.
The pressure values on the inner surface (r = Ry,) are constant

[pr(l - g) (Cp: + chg) + engpg}

o or 0z r a0
(23)
J rl(,fa—T d /‘Lefa—T 0 /‘Lefa_T
1 or N ° 0z +l ’ 00 S MAH
r or 0z r? 00 e
Py(t,Ri, 0,2) = P, (28)
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0P, (1,r,6,0) _ 29)
0z

OP,(t,r,0,h) —0 (30)
0z

OP,(t,Rox, 0,2) _o 31
or

OPy(t,7,0,7) _ 0 (32)

0z

The temperature boundary conditions
The boundary conditions of the adsorption chiller can be written as
the follows:

oT(t,r,0,0
- zef% =H(T-T;) (33)
- Aef‘mt’a;z’“) =H(T-T)) 34)
3 R 0.2) gy (35)
dar
3 d()T(n Rin,6,2) _ 0 36)
’ or

The boundary conditions between the porous media and vertical fins as
the follows:

oT(t,r,0,2) 0Ty (1,r,6/,2)
Aes =Y

- 37
0z 0z 37
oT(t,17,07,2) 0Ty (t, 17,6y, 2)
Aef 92 =~ 9z (38)

The boundary conditions between the porous media and horizontal fins,
can be expressed as the follows

()T(t7 r, 9, Zf) _ an(l’, r, 6, Zf)
— Aef 92 =% 9z (39)
daT(t,rs,0, 7 oT¢(t, 17,0,z
(tr,0,7) 4 381,60, %) 40)

M 0z 0z
2.2.6. Performance

To evaluate the performance of the system, the performance coeffi-
cient and the specific cooling power were used.

The coefficient of performance is introduced as:

_ Qewa

ch

COP (41)

Where the total input heating (Qch) energy to the system is, calculated
as:

Q= H*AS* / ’ (Ty—T,(t))dt (42)

Where: AS is convection exchange surface.
The cooling energy (Qeva) produced by the system is, calculated as:
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ty Tcond
Oune = / [L(Tm)f / C,,_,(T)dT} it (43)
3 Teva

where t; is the starting instant of the isosteric heating process while ts,
t4, and ts are the instants of the isobaric heating, the isosteric cooling
and isobaric cooling, respectively.

The Specific cooling power of the system is estimated as:

Qeva

teMy

SCP = 44

Where M; is the system mass and tc is cycle time.

2.2.7. Simulation method
The proposed numerical simulation for solving the equations of the
above model is based on the Finite Volume Methods (FVM) [47].
Algebraic equations were discretized considering the following
assumptions:

e The implicit scheme is adapted to the term which varies with time;
the choice was made to avoid numerical instability, the implicit
scheme is unconditionally stable;

e The convection terms are discretized by upwind scheme;

e The terms of accumulation and source terms are assumed constant in
the control domain;

e The variations between neighboring nodes are linear; Discretize to
first derivatives terms in space made by the centered scheme.

The iterative method is used to solve the obtained algebraic system of
sweeping radial road line by line following the direction choice. This
method is justified by the fast convergence regarding the iterative

method point by point. In order to evaluate the calculated fields; in the
beginning the simulation started with arbitrary values. For the resolu-
tion of the system of discretized equations, the method of the Gauss
elimination was applicated. The convergence is reached when the values
of the chosen arbitrary fields and the calculated solutions coincide.

For the simulation, Fortran 3D codes was developed. The grid points
used depends on the design of the bed to have the same Ar and Az
values. For the standard bed (Roy; = 10 cm, Rjpe = 7 cm and H = 30 cm)
there is 300 points in z 140 points in r and 360 points for 0, the grid
points number here 15120000. The computation time take about 144 h.
Around the bed, the temperature is constant.

2.3. Model validation

To check the validity of our numerical model, the obtained numer-
ical results are compared to those found by Mhimid [48] (Fig. 2). The
simulation configuration is the same used by Mhimid; a cylindrical bed
with a height equal to 1.2 m and an inner and outer radius equal to 0.03
m and 0.1 m, respectively. The experimental temperatures values on the
outer lateral area, are used as the heat source temperature Ty during
desorption phase. The condenser temperature (T.) and pressure (P.) are
respectively equal to 313 K and 70 mbar. Fig. 3 shows a diamond-shaped
curve presenting the experimental temperature on the outer surface of
the adsorber (the heating temperature) measured experimentally by A.
Mhimid [48]. This temperature is taken as the heating temperature of
the adsorber in the simulation. The dotted line shows the temperature at
which the adsorber heats up in our simulation. The dotted line shows the
temperature at the inner surface measured experimentally and the two
red and blue lines show the two curves resulting from our simulation on
the inner surface of the adsorber as a function of the two models
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Fig. 15. Effect of fins number on COP and SCP for the three adsorbents.

indicated. The temperature curve shows good agreements and therefore
the numerical methods are reliable and accurate.

The curves in Fig. 3 show the time evolution of the mass desorbed
quantity profile, using both Dubinun and Langmier methods, in com-
parison with the experimental results found by Mhimid [48,49]. Hence,
the mass desorbed graphs fit the results presented in literature. The
quantity of the mass desorbed is increased with the time, reaching a
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peak of 750 g at 22000 s. This evolution is characterized by its unsteady
increase. In fact, for the first 5000 s, the amount of accumulated des-
orbed mass is about 100 g. However, for the two following phases (5000
s—10000 s and 10000 s—15000 s), the amount of accumulated desorbed
mass is above 250 g, with a decrease reaching100g at the last phase
(15000 s-20000 s).

The checking of both Langmuir and Dubinin numerical model val-
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idity needs also the examination of the mean error deviation for both
temperature and mass desorbed graphs. In fact, the mean error formula
used is expressed as follows:

L&y - x|
MeanError(%) = N ZT x 100 (48)
i=1 i

Where: N is the total number values, Y; is the temperature or mass
desorbed found by experimental results from literature and X; is the
temperature or mass desorbed calculated by ours model. Table 3 sum-
marizes the deviation of the results of the numerical models compared to
those presented in literature. It shows maximum deviation of 1.71 % for
temperature and 8.93 % for mass desorbed. The suitability of the nu-
merical model has been demonstrated by this small deviation to simu-
late the heat and mass transfer.

3. Results and discussion

In this study, three couples were used: zeolite/water, silica gel/water
and MIL125/water. The physical model and kinetic parameters of
adsorption are described in the previous section. The values of the
specific heat of adsorption for the couples used are 836 Jkg'K ! and 924
Jkg'lK’1 respectively for zeolite [48,31] and silica gel [24]. For
MIL125NHo,, the value used is 1000 Jkg 'K}, which is the average value
of the average specific heat in the working temperature range [40].

3.1. Effect of fins number

The effect of the fins number implanted in the adsorber, on the ki-
netics of desorption phase with modification of parameters is studied.
The fins number is varied from 1 to 15 for horizontal fins and from 2 to
36 for the vertical fins; the Rj;, is equal to 3 cm, Ry is equal to 13 cm and
30 cm height without fins. The height is varied to have the same amount
of Zeolite in the adsorber. Fig. 4 shows radial sections of the adsorber
with vertical fins taken respectively in the middle of the adsorber with
different vertical fins number (5, 10 and 15) and different times (60 s,
900 s, 1800 s and 3600 s). Fig. 5 present spatio-temporal temperature
profile in a finless adsorber and with 8 horizontal fins (for t = 60 s,3600
s, 5400 s, 7200 s5,14400 s). The Fig. 4 and Fig. 5 show the evolution of the
adsorption bed temperature during the preheating and desorption
phases, considering a homogeneous initial temperature equal to the
discharge temperature (Tip; = Trej = 296 K). The increase of the ex-
change surface by increasing n (fins number) shows a better thermal
diffusion.

For an adsorber equipped with horizontal fins, the evolution of the
desorbed mass as a function of time is shown in Fig. 6. Different number
of fins number are considered (1, 3, 6, 9 and 15). The figure shows that
the difference in kinetics for this size of reactor gets higher with an in-
crease of the number of fins from 1 to 6. However, this difference be-
comes smaller for numbers of fins more than 6.

The effect of the fins numbers on desorption kinetics is evaluated
considering three adsorbent (Zeolite, silica gel and MIL125) the same
configuration is used.

The quantity of the adsorbent is fixed to have the same maximum
amount of desorbed vapor. A dimensionless parameter ¢ is considered.
This parameter is defined as the ratio between the saturation times of
reactor with fins Tsye by the saturation time of the reactor without fins
Tswt. It can be expressed as follows:

¢="Ta/r (49)
Fig. 7 showed that ¢ declined when the fins number augmented. In fact,
after planting the first horizontal fin (Fig. 7 (a)) and six vertical fins
(Fig. 7 (b)), the saturation time of Zeolite, MIL125 and silica gel de-
creases, respectively, to 0.179, 0.278 and 0.412 for horizontal fins and to
0.44, 0.59 and 0.71 for vertical fins in comparison to the saturation time
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of the three adsorbents without fins.

In the horizontal fins design, for the Zeolite, ¢ decreases to reach a
value equal to 0.02 after the fifth fins. Meanwhile for the MIL125 and
Silica Gel, ¢ reaches a value of 0.02 respectively after the seventh and
the eighth fins.

For the vertical fins design, ¢ was dropping after adding 12 fins for
the three adsorbents. From n = 18, ¢ is showing is slightly decrease and
almost having a stable value which is around 0.086 for Zeolite and 0.095
for NH,MIL125. While the dimensionless parameter ¢, for the silica gel,
starts to be stable after adding 24 fins to be around 0.11.

This difference is due to the conductivity parameter value of the
different materials type. Moreover, for the same adsorber configuration,
the highest conductivity value causes the decrease of the sensibility of
the fins additions.

3.2. Effect of fins radius

To study the effect of the fin’s radius on the heat exchange and then
on the kinetic desorption, a dimensionless radius parameter R, is
considered. It is defined as follows:

Ry

Row -

R, =
R[n

(50)

Where: R¢, Royt and Ry, are the fin radius, the outer tube radius, and the
mass transfer tube radius, respectively.

Fig. 8(a) shows the effect of R, on the Zeolite/water torque desorp-
tion kinetics. In fact, the outer tube radius, mass transfer tube radius and
fins number are kept constant (Royt = 10 cm, R, = 3 cm and fins number
= 15), the adsorber height is varied to conserve the amount of the mass
desorbed and the R, parameter is varied from 0.1 to 0.9. It is interesting
to note the existence of a significant effect on desorbed mass. It is more
pronounced for high values of R,. Indeed, the R, increment from 0.1 to
0.9 gives a gain approximately equal to 150,000 s for the desorption
kinetics of the Zeolite/water. Fig. 8(b) shows the evolution of X average
adsorbed amount (kg/kg) (R, = 0.9, 0,6 and 0,1with 15 vertical fins) for
MIL125 NH; /water. the figure shows a very slight difference between
the three curves (almost merging). The effect of the radius of the vertical
fins is negligible for this adsorber configuration.

To study the effect of the time saturation ratio ¢ for the three ad-
sorbents Fig. 9 shows the evolution of ¢ of this parameter when the total
mass desorbed equals 80 %. ¢ is presented against the size of the fins.
The sensitivity to the increase of the fins area, according to three ad-
sorbents, depends on their thermal conductivities. The increase of the
fins size leads to this ratio. For the cases of NH-MIL125 and Zeolite, for
R, = 0.6, the variation of ¢ is negligible, almost of 0.03. Therefore, a
lowering in terms of the mass of the reactor is observed. Nevertheless,
for the case of Silica Gel, the optimization of the fins size is obtained for a
value of R, = 0.9.

3.3. Effect of the form factor

To study the effect of the adsorber design on the heat and mass
transfer, the factor form has been evaluated. An adsorber filled with
NH,;MIL125 using 15 vertical fins has been used and the radius and the
height were variable.

The factor form (F) is dimensionless (the fraction of the lateral sur-
face by the longitudinal surface of the adsorber). Fig. 10 shows the effect
of the factor form on fraction of the saturation time/the saturation time
of the reference form (Rj,y = 0.03, Rex = 0.1 and h = 0.3) saturation
values (20 % and 30 %) of maximal adsorbed mass. The two curves are
characterised by three phases.

In the first phase F < 0.4, which corresponds to low F value, the ratio
decreases from 1.03 till a limit of 0.97 because in the beginning the heat
transfer is one-dimensional and depend only on z. When F rises, the
radius is diminished, and the effect of the vertical fins became
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significant. In the second phase 0.4 < F < 1.1, when F increases r is
reduced, and h is augmented. The resistance (Inertia) is improved, and
the saturation time is expanded. In the third phase when F > 1.1, the
height is increased, and the radius is dropped significantly. The inertia
becomes low, and the vertical fins effect turns out to be higher. So, the
heat transfer is becoming so important, and the saturation time is
lowering.

3.4. COP and SCP

3.4.1. Horizontal fins

To study the fins radius effect, the same simulation conditions are
adapted. Fig. 11 shows the effect of the radius of the fins on the COP for
different amount of desorbed mass. The three adsorbents show almost a
linear increase of the COP, as a function of the radius of fins, from: 0.51
to 2.40 for the silica gel, 0.35 to 1.41 for the zeolite and 0.6 to 2.89 for
NH>-MIL125, when R, varies from 0.1 to 0.9. It is noted that the COP of
the two couples’ silica gel/water and zeolite are independent of the mass
rate used. On the other hand, for NH,-MIL125, between R, = 0 and 0.7,
the COP is higher for a mass 80 % of the maximum mass and the COP of
90 % is greater than 100 %. From R, = 0.8, the profile of the NH,-
MIL125 curve is reversed.

Fig. 12 shows the evolution of the COP as a function of the number of
fins for the three adsorbers. The COP is between 0.2 and 3 for the silica
gel/water pair and 0.3 and 1.55 for the couple Zeolite/ water. Results
also show that the COP has a linear trending in function of number of
fins. The evolution due to the decrease of the input het energy Q. with
the rise of the number of fins.

As it is known, the COP does not present a criterion of the deter-
mining choice. Specifically, the Specific Cooling Capacity (SCP) has an
important criterion for the choice of an adsorber of optimal yield as a
function of weight. Fig. 13 shows the evolution of mass SCP of the three
pairs as a function of fins radius. Unlike the COP, the SCP profiles of the
three couples are different. For the silica gel/water pair, Fig. 13 shows
three different speeds depending on the percentage of mass. For a mass
of refrigerant equal to the maximum adsorbed mass, the SCP is very low
of the order of 1/10000 is these values are due to the very long cycle of
silica gel/water. For a percentage of 90 %, the curve of the SCP as a
function of R, has two parts, between R, = 0.1 and 0.5, the SCP varies
slightly. Nevertheless, between 0.91 and 1.05 the SCP varies exponen-
tially to reach 4.5. For the 80 % curve, the SCP profile varies linearly
between 1.46 and 4.98. For the zeolite/water pair as a function of Ra,
the three curves present at the beginning a linear profile up to R, = 0.6.
From this value, the curves start to have saturation, whose SCP values
are 8.9 for 80 % of the mass desorbed, 6.6 for 90 % and 4.5 for 100 %.
Indeed, for the NHy-MIL125/water pair, the three SCP curves has a
constant profile up to R, = 0.5. From this value the SCP starts to increase
to a saturation value. The figure shows that for our adsorber and for
values of R, between 0.2 and 0.5, the zeolite at 80 % of the desorbed
mass has the favorable adsorbent with a very slight difference of NHg-
MIL125. For the other values of Ra, NH»-MIL125 has very important
values in terms of the SCP up to 2 times of zeolite and 4 times the silica
gel. Fig. 14 shows the evolution of the SCP as a function of the number of
fins for the three pairs. The SCP of the silica gel/water pair improves
with the increase of the number of fins. For the case where the mass of
the refrigerant equal to the maximum mass adsorbed, the SCP reaches an
optimal value before it begins to decrease with the increase in the
number of fins. The SCP of the two pairs Zeolite/water and NHy-MIL125
behaves in the same way between 0 and 15 fins. At the beginning a
gradual increase of 3.02 for the zeolite and 8.29 for the NH5-MIL125 up
to an optimal value of about 0.94 for the zeolite and 19.25 for NHp-
MIL125. At the end, the profile of the SCP is degrading with increasing
number of fins. Both pairs have optimal SCP values for a number equal
to 10 fins and a percentage of 80 % of the total adsorbed mass. For the
same adsorber, the same geometry and with the same desorbed-
adsorbed mass of water vapor (refrigerant) (Fig. 14), NH2-MIL125 has
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SCP values twice as large as silica gel and zeolite. From both Fig. 12 and
Fig. 14 the optimal configuration for our prototype is reached for equal
numbers of fins 9 and 10 for a percentage of 80 % of the maximum.

3.4.2. Verticals fins

Results (Fig. 15) show that the COP has a constant low value (0.024)
without optimisation. COP is not depending to fins number. When the
fins number is getting higher the heat transfer is slightly improved.
Augmenting the fins number gives a significant increase of the adsorber
mass and decreases slightly the cycle time. For those reasons, the SCP is
declined. NHp-MIL125 has the highest SCP value (80 Wh/kg) comparing
to Zeolite and Silica Gel. From the number of 12 fins, the Silica Gel has
the important SCP value which is almost the double of the values for the
Zeolite and NH,-MIL125.

These results are due to the factor form of our design used in the
second zone (Fig. 10). For this zone the horizontal fins are more efficient
than the vertical fins.

4. Conclusion

A 3D numerical model was developed using Fortran. It was used to
study heat and mass transfer during the desorption phase in a cylindrical
adsorber in the presence and absence of fins (vertical or horizontal).
Three different adsorbent-adsorbate pairs were considered (water-
zeolite, water-silica gel and water-NH2MIL125). The main conclusions
obtained are:

(1) In desorption phase, the results prove that the sensibility of the
fins addition decrease with the increase of thermal conductivity
of adsorbents. The sensitivity of saturation time for the radius
effect is linear.

(2) For the same desorption quantity, the NH,-MIL125 the optimal
adsorbent due to the adsorption capacity and conductivity.

(3) The factor form F is correlated to the time cycle and the heat
transfer. F has an optimal value of 0.4 when the number of fins is
15.

(4) For the horizontal fins, the decreases of COP values increasing of
fins numbers due to the decrees of Q., quantity. Increasing the
fins numbers decrease the COP values. Increasing the radius fins
decrease the COP values. Decreasing the mass of vapor, used in
during the adsorption cycle, increase the SCP values. The SCP of
NH,-MIL125 presents the best values.

(5) The NHy-MIL125 presents a promising adsorbent for the
adsorption cooling system.

(6) For the verticals fins, the coefficient of performance (COP) shown
to be independent from the fins number. The Specific Cooling
Power (SCP) is affected by the fins number of the three adsor-
bents. NH,-MIL125 is giving the best result of SCP reaching a
value of 80 Wh/kg.

(7) There is no optimal value of fins number because of the factor
form of the configuration reference which is about 0.6. The effect
of the vertical fins number became higher for a factor form values
below 0.4 or above 1.1.
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