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Abstract—This paper presents a numerical investigation of the sorption kinetics under constant-pressure
conditions using a finned adorption reactor. The governing equations, derived from local thermodynamic
equilibrium and energy balance, are solved using an explicit scheme. The model is validated and used to
analyze the effect of important design parameters on the performance of the adsorbent reactor. It is found
that using metallic fins at sufficiently small intervals and reducing the contact resistance at the interface,
metal-adsorbent can improve significantly sorption kinetics. However, the fin thickness and the nature of
the metal have little effect on the rate of heat transfer. The model can be used to optimize the design of
efficient adsorption heat exchangers.

INTRODUCTION

Significant progress has been achieved during the last
two decades in the development of adsorption cooling
and heating systems considered as a serious alternative
to vapor compression [1]. A detailed description of
the operating principle and thermodynamic analysis
of solid sorption refrigeration machines is given in ref.
[2]. Applications of adsorption systems include solar
cooling, energy storage, automobile and residential
space conditioning...etc. {3-5]. The state-of-the-art
in adsorption technology is discussed in a recent pub-
lication of the International Institute of Refrigeration
[6].

The efficiency of an adsorption system is char-
acterized by the coefficient of performance (COP) and
the specific power ratio (SPR) expressed as the cooling
or heating output per unit mass or volume of adsorbent
material. The COP and the SPR are critical for cost
effective machines as they are directly related to the
running and investment costs, respectively. Various
studies have shown that the COP and the SPR can
both be improved by using energy recovery techniques
[7, 8] or increasing sorption kinetics [9, 10]. The limit-
ing factor of low adsorbent thermal conductivity is
overcome by classical heat transfer enhancement tech-
niques, such as using composite materials [11, 12] or
metallic matrix structures [13], reducing the contact
resistance between the adsorbent and the external
heating/cooling fluid [14], minimizing the adsorbent

thickness [15] and using compact heat exchangers of
improved design [16, 17].

The key component in an adsorption system is the
adsorbent reactor, which is a heat exchanging device
between the cooling/heating fluid and the adsorbent
material. Therefore, the proper design of adsorption
machines requires a good understanding of the simul-
taneous heat and mass transfer occurring in these
devices. Relatively few published studies deal with
these important aspects, as major effects concentrate
on the development and testing of prototypes designed
by the methods of heat exchangers theory. In ref. [18],
formulas which describe both constant-volume and
constant-pressure adsorption processes are derived
from thermodynamic analysis. Basic experimental
and theoretical investigation of these processes which
compose adsorption cycles are presented in refs. [19,
10].

This paper presents a numerical investigation of
the improvement in sorption kinetics under constant-
pressure conditions. The objective is to develop a
theoretical model allowing an accurate analysis of the
effect of important design parameters on sorption kin-
etics and on the behavior of adsorption cooling
machines. In Section 2, the governing equations are
derived from local energy balance and thermo-
dynamic equilibrium conditions. Section 3 presents
the numerical solution and its validation by com-
parison to other results. Section 4 discusses the influ-
ence on sorption kinetics of such parameters as the
distance between the fins, the contact resistance
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NOMENCLATURE

A(W) polynomial function introduced in

equation (2)

B(W) polynomial function introduced in

equation (2)

specific heat [J kg™ K]
apparent specific heat defined in
equation (5) [J kg7' K]

..C; constant defined in equations

(26-28)

fin thickness [m]

half the thickness of adsorbent layer
[m]

adsorptivity defined in equation (4)
[kg adsorbates kg adsorbent ™' K]
thermal conductivity [W m~' K]
half the distance between the fins [m]
adsorbate vapor pressure [mbar]
contact resistance [m* K W]

time {s]

temperature [°C]

space coordinates

uptake [kg of adsorbate kg of
adsorbent~'].

Greek symbols

AH  heat of sorption [J kg ']

Ax, Ay, At space and time steps [m]

AL, An, At dimensionless space and time
steps defined in equation (25)

K dimensionless thermal conductivity
defined in equation (23)

{,n,t dimensionless space and time
coordinate defined in equation (24)

0 dimensionless temperature defined in
equation (23)

P mass density [kg m~]

4 dimensionless apparent specific heat
defined in equation (23).

Subscripts

a adsorbate

ave  average

co condensation

m metallic fin

o initial (at time 0)

s adsorbent

oG heating/cooling medium.

between the metallic parts and the adsorbent material,
the fin thickness and the nature of the metal.

THEORETICAL ANALYSIS

Figure 1 shows the geometry of the finned adsorp-
tion reactor, assumed to be of parallelipedic shape.
The adsorbent material of thickness E; is heated/
cooled symmetrically from its upper and lower sides
by a fluid at temperature 7.. In order to enhance

Metal fin
Adsorbent

L Y

sorption kinetics, metallic fins of thickness 2F,, are
inserted into the adsorbent material at a distance 2.L.
Taking into account the symmetry of the system, the
study will be limited to the element shown in Fig. 2.
In order to simplify the analysis, the following
assumptions are made : (i) the length in the z-direction
is much larger than the other dimensions, therefore
relevant properties are assumed to depend only on x
and y coordinates. (ii) The fin temperature is a func-
tion of the y-coordinate. (iii) The temperature of the

2

M

Heat from fluid
at Tm

Domain of study

Fig. 1. Schematic representation of a finned adsorption reactor.
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Fig. 2. The domain of study.

heating/cooling fluid is constant. (iv) Contact resist-
ance between either the walls of the heat exchanger or
the fins and the adsorbent is taken as the inverse of a
heat transfer coefficient A.. (v) The pressure of the
vapor phase is uniform through the adsorbent thick-
ness and remains constant. (vi) Thermodynamic equi-
librium holds at all times. (vii) Thermal conductivity
and specific heat of the metal are constant and those
of the adsorbent vary linearly with the uptake. The
validity of these assumptions is discussed in previous
publications [10, 19].

The isotherm equation

The state of an adsorption system is characterized
by three state properties the temperature T, the uptake
W and the vapor pressure P, of the adsorbate. Under
thermodynamic equilibrium these parameters 7, W
and P, satisfy the isotherm equation

In(p) = KT, W). M
For the pair Zeolite 4A-water considered in this study
the sorption data are well fitted by the following
relationship :

B(W)

In(P,) = AW+~ )

A(W) and B(W) are third-order polynomials

with  coefficients A4, = 14.8979, A, = 954083,
A, = —636.658, A;=1848.84, B,= —7698.85,
B, =21,498.1, B,= —184,598.0, B,= 512,605.0.

During a constant-pressure process, isotherm equa-
tion (1) imposes a nonlinear relation between T and
W represented in Fig. 3.

Adsorbent temperature distribution
Since we consider constant-pressure processes, the
pressure is fixed and the assumption of thermo-

dynamic equilibrium implies that the isotherm equa-
tion gives a relationship between T and W. Therefore,
we need only solve for the temperature distribution in
order to determine the state of the adsorbent material
at each point. The following partial differential equa-
tion can be derived by writing the energy balance of a
differential element of adsorbent material :

or
ps(Co+ WCa)E
a/(, orT o[, 0T ow
= a(kﬁ)'{' 5(k5>+psAHE. 3)

The terms in the left hand side (LHS) correspond to
the sensible heats gained, respectively, by the adsorb-
ent and the adsorbate phase. The first two terms in
the right hand side (RHS) correspond to the con-
ductive heat fluxes and the last term is the latent heat
of sorption which is proportional to the uptake vari-
ation. Introducing the apparent specific heat and the
adsorptivity defined as

oW

GTW) = =57

@

Co(T, W) = C+WC,+G(T,W)AH  (5)

a more convenient form of equation (3) is obtained

or 98/ 0T\ 0/, 0
pscapﬁ = a(k—a;>+ *@(k%)

This equation is valid for 0 < y < E, 0 < x < L and
t > 0. The boundary conditions express the symmetry
conditions and heat transfer between the metal and
the adsorbent :

(a) on the symmetry x-axis (y = 0)

)



A.HAJJI and S. KHALLOUFI

] | | J

1680
24 —
22 |
20 |-
18
% 16
Al
§> 14 |-
W 12
2
> 10+
-
g2 8
=Y
4_
2__
| ]
0 50 100

150 200 250 300

Temperature [°C]

Fig. 3. Uptake variation with temperature at constant-pressure (adsorption pair = Zeolite 4A-water,
T, = 30°C).

or

=0 for y=0 O0<x<L
ay

t>0;, ()
(b) at the interface metal-adsorbent (y = E)

orT
k@ =(/R) T —T)

for y=E O<x<L t>0; (8
(c) on the symmetry y-axis (x = 0)
aT—O for x=0 O0<y<E, t>0; (9

0x

(d) at the interface fin-adsorbent (x = L)

oT
ks =(/R)(Tn—T)

for x=L 0<y<E t>0.(10)

The initial temperature distribution is supposed uni-
form

t=0.
(D

T=T, for 0<x<L O0<y<E

Fin temperature distribution

The following partial differential equation can be
derived by writing the energy balance of an element
of the fin:

oT, *T  2h,
me—k P "—(T— T.). (12
The boundary conditions are as follows :
T
g =0 for y=0 ¢t>0 (13)

oy

T,=T, for y=E, t>0. (14)

The initial fin temperature is also supposed uniform
and equal to T,

T,=T, for O0<y<E, t=0. (15)

The rate of sorption

For a nonuniform uptake distribution, the mass of
the adsorbed phase at time ¢, M,(), is obtained by
integrating the uptake W over the volume of the
adsorbent

M) = psj wav. (16)

vV

Introducing the average uptake W, (f) defined as

1
W (D) = — J wdv an
V | 4
the expression of M,(7) becomes
Ma(t) = Ms Wavg(t)‘ (18)

Since the desorbed mass mg,(f) between times 0 and ¢
is equal to the change in the mass of the adsorbed
phase, we have

mdes(t) = Ma(O)_Ma(t) = MS[WO_ Wavg(t)]-

19

As the final equilibrium state characterized by uni-
form temperature 7', and uptake W, is approached,
the desorbed mass tends to its maximum value
mdes(oo) given by

Mges(00) = M,(0) — M, (0) = M (W, — W)

20)
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Fig. 4. The grid of the numerical solution.
The progress of the desorption process is measured 0— T-T, 0 — Tn—T, _Cy _k
by the ratio =T.-r, "™=7T,-T, é—Cs K—k—s
_ mdes(t) _ Wavg(t)_Wo (23)
RdES(t) - mdcs(w) B Woo - Wo (21)
which is comprised between 0 and 1 and proportional x ¥ ¢
to the desorbed mass. The rate of sorption ry,(?) {= L n=g = _—( C.Jk)E? (29)
defined as the mass flow of desorbed mass per unit ) Pstols)Es
adsorbent mass is expressed by
- Ldme® L 4R Y- JE SN N
Tdes _Ms dl - o o0 dt . L N—‘l Es M—l
ko/p, CAL
22) AT = (kifp €A 25
£
NUMERICAL SOLUTION
Figure 4 shows the grid used to obtain the numerical | = Az C, = (5 M)Z C, = heE; (26)
solution. The adsorbent element is divided into N—1 (An)? L Af ks
divisions in the x-direction and M —1 in the y-direc-
tion. The fin is divided into M —1 elements. Applying
heat balance equations to appropriate elementary vol- C. = hAy CAn C.— h(Ay)? _E (An)? c
umes yields a finite difference form of the governing T, B nobs= kAx L AL P
equations. In order to have an explicit scheme, the
physical properties are supposed constant and evalu- @n
ated at the previous iteration.
2
Finite difference form of the dimensionless governing C, = kl':/ACE Az - G = he(Ay)* = ks —Ei(Ar,)z.
equan’ons s/psCs (Arl) kmEm km Em
A convenient form of the finite difference equations (28)

is obtained by introducing the following dimensionless
variables and parameters :

The governing equations become
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In the adsorbent matrix
Il<j<Mandl <i<N

L
077" = SO\ [CoOyy + 00 407, 07, ]

i

+[1— C (1+C)19%,  (29)
/J
l<j<Mandi=1
HPH _E_C 12C,0 12+0 +1,1+9’;—1,1]
Al
+[1—2 e (1+C10%,  (30)
/l
l<j<Mandi=N
A
GPH = gtN C1[2C295{N—1+0?+].N+07—1,N]
N
; C
+[1—2K‘—”"C1<1+C2+—5>j|
& Kin
C,Cs
x 05 n+2 0” @3n
&in
j=Mandl <i<L
04} = (0851 +04501)+20% 1]
M.i
; C,
+[1—25‘ﬂc. <1+C2+—)]
Ehti Ky
x04,+2- 0., (32)
M.
j=Mandi=1
9’11‘211 = 2’2:“ C [C29M2+9M 1. 1]
M.
C,
+[1~2" ¢ <1+C2+—>}
Ehin Kh
C.C
x 0%, +2—220, (33)
M, 1
j=Mandi=N
14
Ot =25, €L (Callnr + 0%, 1)
MN
5 c,+C
l1=28mv e (e, + S5 e
élll\/l.N Khn
2C,(C,+C
+—l(i+—5)95’n,1u (34)

P
MN

j=landi=1
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KI’
954" = 22,117‘6 (€207, 465,
Kia
+[1—2_’C|(1+C2)}9’f.1 (35)
&h
j=landl <i< N
01! —fc G (08,4 +07,2,)+204 ]
1.0
+[1—2%c1(1+c2)}0q,,. (36)
1.0
j=landi=N
0'11 = Bq,N—I +0’£‘N)
LN
2
o o G|
4
f,;N KI‘N
Cc,C
X 08 y+2——20,  (37)
fn
In the fin
l<j<n
0”*' [1-2C.(1+Cy)67,
+Cs(2C;004+04, 1 +04, 1) (38)
j=1
675! = [1=2Cs(14-C,)]0%,, +2C(C10% v+ 62,5)
(39)
j=M
o = 1. (40)

Convergence conditions

In order to avoid divergence and instability of the
numerical solution, we make sure that the coefficients
appearing in the finite difference equations are positive
by imposing on the time and space steps the following
conditions :

2. C,+C
1250 (140, + 2 5 0 @
&, K
and
1-2Cs(1+C;) > 0. (42)

These conditions are used to calculate the time step
when the space steps are fixed
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Fig. 5. Validation of the numerical solution by comparison to the non finned reactor. Case of a large
distance between the fins.

Ar = min[ min(¢)(An)*
2[max(k)(1+C,)+C, + Cs]

(ki/p.C(AN)?
2(km/pmcm)(1+c7>} “3)

Organization of the computer program

A computer program is developed based on the
above explicit numerical scheme. The program cal-
culates at every time step the spacial temperature and
uptake distributions as well as their average values. It
also calculates instantaneous and cumulative values of
the desorbed/adsorbed mass and various heat transfer
quantities involved in the system energy analysis. The
program calculates also the system cooling/heating
coefficients of performance. The temperature dis-
tribution is determined at each time step, using the
values at the previous iteration. The uptake dis-
tribution is then calculated from the isotherm equa-
tion. The average temperature and uptake and various
energy quantities needed to evaluate the system per-
formance are calculated by numerical integration. The
physical properties (thermal conductivity and specific
heat) are evaluated using the temperature distribution
at the previous iteration.

Validation of the numerical solution

The numerical solution is validated by comparison
with the solution obtained in ref. [10] for the case of
a nonfinned reactor. This is done by taking either
a large distance between the fins or a high contact
resistance between the fin and the adsorbent so that
the fin effect can be neglected. Figures 5 and 6 show
that in both cases, the two solutions give close results.

RESULTS AND DISCUSSION

The computer program is used to analyze the influ-
ence of various design parameters on the kinetics of

sorption, including the distance between the fins, the
fin thickness and thermal conductivity and the contact
resistance between metallic parts and the adsorbent
material. The adsorption pair used in this study is
Zeolite 4A-water. The other parameters are sum-
marized in Table 1.

Figures 7 and 8 show that the distance between the
fins has a strong effect on the sorption kinetics. The
duration of a heating phase (half-time of a cooling/
heating adsorption cycle) decreases from 30 min for a
nonfinned reactor to 4 min only when fins are used at
5 mm interval. It is also seen that the fin effect is

Table 1. Input data and the output results

Parameter Value Unit
Adsorbent :
Nature Zeolite 4A
Mass density 735.0 kgm™3
Specific heat 836 Jkg 'K™!
Thermal conductivity 0.2 WK 'm
Thickness 10/variable mm
Adsorbate :
Nature Water
Specific heat 4180 Jkg ' K™!
Thermal conductivity 0.6 WK 'm
Fin characteristics :
Nature Copper/variable
Mass density 8133 kgm™3
Specific heat 385 Jkg7'K™!
Thermal conductivity 400 WK !'m™'
Thickness 1/variable mm
Distance between fins 10/variable mm
Contact resistance 10~%/variable m*K wW-!
Operating conditions :
Condensation temperature 37.8 °C
Heating fluid temperature 200 °C
Initial temperature 20 °C
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Fig. 6. Validation of the numerical solution by comparison to the non finned reactor. Case of an infinite
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Fig. 10. Effect of the contact resistance at the interface metal-adsorbent on the desorption time (time at
which Ry = 90%).

negligible when the distance between the fins exceeds
50 mm.

Figures 9 and 10 show that the contact resistance
between the adsorbent and metallic parts affects sig-
nificantly the sorption kinetics. For a resistance of
1073 m? K W~!, the fin temperature is equal to that
of the adsorbent in contact with the metal. We also
notice no improvement of the heat transfer rate by the
fins when the contact resistance increases to 10 m*> K
w-L

Figure 11 shows that the fin thickness has prac-
tically no effect on sorption kinetics. Desorption time
remains unchanged when the fin thickness is varied
from 0.1 to 1 mm. This shows that the low adsorbent
thermal conductivity limits the rate of heat transfer
between the fin and the adsorbent. A similar result is
obtained when the nature of the metal is changed. No

difference was found between fins made of copper,
aluminum and steel.

CONCLUSIONS

A two-dimension model is developed to study sorp-
tion kinetics and the behavior of adsorption cooling
systems with finned reactors. The governing equations
derived from local energy balance and thermo-
dynamic equilibrium are solved using an explicit
numerical scheme. The solution is validated by com-
parison to previous results. The model is then used to
evaluate the influence of various design parameters on
sorption kinetics.

The parametric analysis revealed that a significant
improvement of sorption kinetics can be obtained by
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Fig. 11. Effect of the fin thickness on sorption kinetics.

reducing the distance between the fins and the contact
resistance at the interface metal-adsorbent. However,
the thickness of the fin and the nature of the metal
has very low effect on the improvement. Therefore
thin fins and cheap metals are recommended if the
price of the cost and weight of the system are to be
minimized.
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