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Abstract--This paper presents a theoretical and experimental analysis of a constant pressure adsorption 
process. The governing heat and mass transfer equations derived from local thermodynamic equilibrium 
and energy balance are solved numerically. The model is validated by comparison with experimental results. 
It is then used to analyze the effect of some operating and design parameters on a constant-pressure 
sorption process. The adsorbent thickness and heat transfer coefficient between the adsorbent and the 
heating/cooling fluid have the strongest influence on sorption kinetics and on the cooling capacity of 

adsorption systems. 

1. INTRODUCTION 

Adsorption heating and cooling systems have been 
studied extensively during the last two decades as a 
serious alternative to vapor compression. Adsorption 
machines have the advantages of no moving parts, use 
of other than chlorofluorocarbon refrigerants and can 
be powered by a low-grade thermal energy source such 
as waste or solar energy. Adsorption technology is 
also regarded as a possible solution to cold storage 
of drugs and food in remote areas, particularly in 
developing countries. 

The present limited development of adsorption sys- 
tems is due to low efficiencies and the intermittent 
operation of simple adsorption cycles. A zeolite-water 
refrigeration cycle has a theoretical coefficient of per- 
formance (COP) of about 0.5 [1, 2]. Solar adsorption 
cooling machines have even lower efficiencies not 
exceeding 0.1 [3-5]. To overcome these disadvantages, 
multi-reactor adsorption systems use the principles of 
heat regeneration to achieve improved performance 
and continuous operation. Douss et al. [6] studied 
isothermal two and three-reactor adsorption systems 
and obtained a cooling COP of about 0.7 [7]. Tchernev 
and Clinch [8] tested a regenerative adsorption cooling 
system having a COP of 1.2. Hajji and Worek [9] 
showed that the performance of an ideal regenerative 
adsorption system can be as high as 1.8. 

Proper design of adsorption machines requires 
good understanding of the simultaneous heat and 
mass transfer which occur in adsorption reactors. A 
simple adsorptic,n cycle is composed of two constant- 
volume and two constant-pressure processes. In a pre- 
vious work, we studied the constant-volume adsorp- 
tion process [10]. This paper presents an investigation 
of adsorption kinetics under constant-pressure con- 
ditions. The objective is to develop a theoretical model 

allowing an accurate analysis of the effect of important 
operating and design parameters on sorption kinetics 
and on the behavior of adsorption cooling machines. 

In Section 2, the governing equations are derived 
from the local equilibrium condition and energy 
balance. Non-linear variations of the physical proper- 
ties which appear in these equations are discussed in 
Section 3. The numerical solution and its validation 
by comparison with known analytical solutions are 
presented in Section 4. The experimental procedure 
used to test the theoretical model is described in Sec- 
tion 5. Finally, the influence on adsorption systems 
of parameters such as the adsorbent thickness, the 
temperature of regeneration and heat transfer 
coefficient between adsorbent reactor and the heat- 
ing/cooling fluid is discussed in Section 6. 

2. THEORETICAL ANALYSIS 

The adsorbent reactor is supposed to have a rec- 
tangular cross-section and a thickness 2E much smal- 
ler than the length L and the width 1. Convective 
heat transfer occurs between the adsorbent and the 
heating/cooling fluid on the two largest sides of dimen- 
sions L x /  [Fig. l(a)]. To simplify the analysis, we 
make the following assumptions: (i) adsorbent tem- 
perature and uptake depend only on time and the y- 
space coordinate--this is valid when the adsorbent 
thickness is sufficiently small; (ii) the pressure of the 
vapor phase is uniform through the adsorbent thick- 
ness and remains constant; (iii) thermodynamic equi- 
librium holds at all times--Douss verified in ref. [7] 
that this assumption is valid when the rate of heat 
transfer to or from the adsorbent is sufficiently slow; 
and (iv) the temperature of the heating/cooling fluid 
is constant. 
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NOMENCLATURE 

A(W) polynomial function introduced in 
equation (2) 

B(W) polynomial function introduced in 
equation (2) 

Bi Biot number 
C specific heat [J kg - l  K -l] 
Cap apparent specific heat [J kg -I K -l] 
COP coefficient of performance 
E half the thickness of adsorbent layer 

[m] 
F isotherm equation 
G adsorptivity [kg adsorbate (kg 

adsorbent) -1 K -l]  
h heat-transfer coefficient [W m -2 K -1] 
k Thermal conductivity [W m -  l K -  1] 
l width (m) 
L length (m) 
Lv(T) heat of vaporization at temperature T 

[J kg -1] 
m, M mass [kg] 
Pv adsorbate vapor pressure [mbar] 
q, Q heat quantity [W] 
r rate of sorption [kg kg-  l s-  1] 
t time [s] 
T temperature [°C] 
V volume [m 3] 
W uptake [kg of adsorbate per kg of 

adsorbent]. 

Greek symbols 
AH heat of sorption [J kg-l]  

At time step [s] 
by space step [m] 
Aq dimensionless space step 
Az dimensionless time step 
q dimensionless space coordinate 
0 dimensionless temperature 
~c dimensionless thermal conductivity 

dimensionless apparent specific heat 
p density [kg m -3] 
r dimensionless time 
~0 dimensionless numerical parameter 
co dimensionless mean uptake. 

Subscripts 
a adsorbate 
avg average 
con condensation 
cum cumulative 
des desorbed 
equ equilibrium 
eva evaporation 
fin final 
ins instantaneous 
ini initial 
lat latent heat 
s adsorbent 
sen sensible heat 
ov heating/cooking medium. 

2.1. Governing equations 
The assumption of thermodynamic equilibrium 

implies that the three state properties T, W and Pv 
satisfy the isotherm equation 

In (Pv) = F(T, W). (1) 

For the pair zeolite 4A-water considered in this study, 
sorption data are fitted well by the following relation- 
ship: 

8(W) 
In (P) = A(W) + ~ (2) 

A/(W) and B(W) are third-order polynomials 
with coefficients A0 = 14.8979, Am = 95.4083, 
A2 = -636.658, A3 = 1848.84, B0 = -7698.85, 
B1=21498.1, B2=--184598.0 and B3=512605.0 
[11]. During a constant-pressure process, the value of 
the vapor pressure is imposed, therefore the state of 
the system at position y and time t are determined 
when the temperature T(y, t) and the uptake W(y, t) 
are known. The isotherm equation (1) imposes a non- 
linear relation between T and W having an S-shaped 
profile. An additional equation is obtained by writing 

the energy balance of the differential element of thick- 
ness Ay shown in Fig. l(b) between times t and t+At 

ps(C~ + Ca W)AyAT--psAyAWAH 

G =L\ (3) 

The first and second term on the left-hand side cor- 
respond to the sensible heats gained by the adsorbent 
and the adsorbate phase, respectively. The third term 
is the latent heat of sorption which is proportional to 
the uptake variation A W. The right-hand side terms 
are the conductive heat fluxes in and out of the differ- 
ential element. Dividing all terms by Ay At and taking 
the limits Ay ~ 0 and At ~ 0 yields: 

c P,(G,+ .W)-~--p,  ~ - = ~ Y k  c~y)" (4) 

Introducing the 'adsorptivity' G(T, W) and the 
'apparent specific heat' Cap, defined as 

OW 
G(W, T) = -- - ~  (5) 
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Fig. 1. The adsorbent layer: (a) geometrical dimensions; (b) discretization used in the numerical solution. 

Cap = Cs--~ WCa+G(T, W)AH (6) 

we obtain a more convenient form of  equation (4) as 
follows: 

aT o (k or  
p,Cap Ot - Oy ~ ~y )" (7) 

2.2. Boundary and initial conditions 
At the centre of  the adsorbent the symmetry yields 

adiabatic or zero heat flux condition. At  the heat 
transfer surface, we consider either imposed tem- 
perature or convective flux condition. The two solu- 

tions should give close results for large heat transfer 
conditions. Thus: 

at y = 0: 

at y = E: 

or  

(~ )~=o  = 0 (8) 

T(E, t) = T~ (9) 
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h[T(E, t ) -  T~] = - k / - - /  (10) 

Uniform temperature and uptake are chosen as initial 
conditions, thus 

T(y,0) = Tim W(y, 0) = WCq~(T~.i,P~). (11) 

2.3. System energy analysis 
In order to perform an energy analysis, the fol- 

lowing differential heat quantities need to be defined. 

Sensible heat gained by the adsorbent: 

= fv[Ps(C~+ WCa) dT]dV. (12) dQ~. 

Latent heat of desorption gained by the adsorbent: 

dQ~., = - fv (p~AH d W) d V. (13) 

Total heat gained by the adsorbent: 

= fv(PsCapdT) dV = dQ~nTdQ,at. (14) dQd~ 

Heat of condensation: 

dQ~o~ = L(T~o,) dmd~. (15) 

Potential cooling effect: 

dQo~ = [L(T~) - Ca(Too n - -  Teva) ] dmd¢~. (16) 

In equations (15) and (16), dmd~ is the desorbed mass 
between t and t+dt. 

Corresponding cumulative heat quantities are 
obtained by integrating the above expressions between 
times 0 and t. The performance of an adsorption cool- 
ing cycle is expressed by the ratio of the potential 
cooling effect to the total heat of desorption. Instan- 
taneous and cumulative values of this ratio define the 
following coefficients of performance: 

[L--C,(T¢o,- Teva)] dmd~s(t) 
COP~,~(t) - (17) 

v(psCap dT) dV 

[L-- C,(T~o, -- T~a)]md~(t) 
coec~m (t) = (18) 

2.4. The rate of sorption 
For a non-uniform uptake distribution, the mass of 

the adsorbed phase at time t is obtained by integrating 
the uptake W over the volume of the adsorbent 

Ma(t) = p~ fv WdV. (19) 

Introducing the average uptake Wavg(t  ) defined as 

Wavg(t) = ~ WdV. (20) 

the expression of M,(t) becomes 

i a ( t )  = Ms Wavg(t). (21) 

Since the desorbed mass mdc~(t) between times 0 and t 
is equal to the change in the mass of the adsorbed 
phase, we have 

redes(t) = Ma(0)-Ma(t)  = Ms[Wini- H'(avg(t)]. 

(22) 

As the final equilibrium state characterized by uni- 
form temperature T,o and uptake Wn, is approached, 
the desorbed mass tends to its maximum value 
mdos(m) given by 

md~,(~) = Ma(0)--Ma(~) = Ms(Wini- W~n). 

(23) 

The progress of the desorption process can be mea- 
sured by the ratio 

md~,(t) Win i - ~avg  ( t )  
o~(t) - - -  (24) 

m~os(m) W~n~- W~n 

which is a dimensionless average uptake between zero 
and unity and proportional to the desorbed mass. The 
rate of sorption rd~(t) is defined as the mass flow of 
desorbed mass per unit adsorbent mass, expressed by 

1 dm~¢~(t) drn(t) 
rdos(t) - mdo~(m~ dt - dt " (25) 

3. VARIATIONS OF THE ADSORPTIVITY AND 
THE APPARENT SPECIFIC HEAT 

Introducing the apparent specific heat simplified the 
form of the governing equations. In order to avoid 
convergence and stability problems in the numerical 
solution, it is necessary to show the variations of Cap 
with the temperature and uptake. Using equation (2), 
the expression of the adsorptivity for a constant-pres- 
sure process is straightforward: 

B(W) 
G(W, T) = T2A,(W ) + TB'(W)" (26) 

A'(W) and B[ssp] (W) are the first derivatives of A (W) 
and B(W) with respect to IV. Figure 2 shows the 
variations of Cap with temperature and uptake for 
various condensation temperatures. G presents a simi- 
lar behavior of bell-shaped curves due to the pre- 
dominance of latent heat of sorption compared with 
sensible heat. As an example, for a condensing tem- 
perature of 30°C, G varies from 5 to 25 x 10 -4 kg kg -~ 
K -l  with a maximum value reached at 140°C. Cap 
increases from 4 kJ kg-~ K-~ at 20°C to a maximum 
value of 9.2 kJ kg -~ K -~ at 135°C. Maximum values 
of G and Cao occur at an uptake of about 12%. 
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Fig. 2. Variations of the apparent specific heat with: (a) the temperature; (b) the uptake. 

4. NUMERICAL SOLUTION 

4.1. Finite difference equations 
To obtain a finite difference form of the governing 

equations, the adsorbent thickness is divided into n 
elements of thickness Ay [Fig. 1 (b)]. An energy bal- 
ance is written for each element between times t and 
t + A t .  During this period, the physical properties of 
each element are: considered to be constant. By intro- 
ducing the following variables and parameters 

y k j  T - - T ~  

q ~ z - p~C~E2 Tini- Too 

C~p k (27) 

1 ks At 
Bi = Aq = ~ A z -  - -  

p,C~E 2 

AT ~,- 

(28) 

a convenient dimensionless form of the explicit finite 
difference equations is obtained as follows. 

F o r j  = 1: 

~+ ,  2~,x{ [ 2Ox p 3 
= 4{ ~ + 1 - ~ - J ~ .  (29) 

For 1 < j  < n: 
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~:'+' =6KYr°e~f Lx,+,+~ , ] + I i - ~ ] ~  ". (30) 

F o r j  = n: 
case of imposed temperature 

~ + '  = 0 (31)  

case of convective heat transfer 

~ + ' =  20~c~ ~ 0';_, + [ 1  2tpOc~+~BiAq]~.~ J , 

(32) 

To avoid instability of the numerical solution, we 
make sure that the coefficients are positive by 
imposing on time and space steps the following con- 
ditions: 

case of imposed temperature 

1 2Az~c~ >i 0 (33) 

case of convective heat transfer 

2Ar 
1 - 2--[~c~+BiAq] >~ 0. (34) 

(an) ¢~. 

For a specified space increment, the time step is deter- 
mined from the above conditions as follows: 

case of imposed temperatures 

(At/) 2 min (G) 
A~ ~< (35) 

2 max (xy) 

case of convective heat transfer 

(At/) 2 min (~P,) 

Ar .G< 2[max 0c, p) +BiAtl]" (36) 

A computer program has been developed based on 
this numerical scheme. The program calculates, for 
each value of time, the spatial temperature and uptake 
distributions as well as their average values. It also 
calculates instantaneous and cumulative values of the 
desorbed/adsorbed mass, the energy quantities 
defined previously and the system coefficients of per- 
formance. The specific heat and thermal conductivity 
of the adsorbent-adsorbate mixture are considered as 
linear functions of the uptake but the numerical 
scheme can be readily used with more complex 
expressions involving eventually temperature-depen- 
dent terms. 

4.2. Validation of the numerical solution 
If the apparent specific heat and thermal con- 

ductivity are assumed to be constant, the governing 
equations reduce to the classical problem of transient 
heat conduction in a slab of which we have an exact 
solution in terms of a Fourier series [12]. Therefore, 
the numerical solution can be validated by comparing 
the temperature profile calculated by the computer 

program with that obtained from the analytical 
expression using the mean values of the apparent 
specific heat and thermal conductivity. Figure 3 shows 
that the maximum difference between the two profiles 
does not exceed 5%. The data used to obtain this 
figure are given in the following section and the mean 
values of the apparent specific heat and thermal con- 
ductivity are 6 . 6 k J k g  ~ K l and 0 . 4 W m - I  K J, 
respectively. 

5. COMPARISON WITH EXPERIMENTAL 
RESULTS 

Figure 4 shows the apparatus used in this study. 
The adsorbent sample is enclosed in a tight copper 
box immersed in a thermostatic bath. The box is con- 
nected to a scaled tube which collects the condensing 
adsorbate. The tube is cooled by an external water 
loop. The pressure of the gas phase and the bath 
temperature are recorded using a data logger. Starting 
from an equilibrium state defined by the adsorbent 
temperature Ti and vapor pressure, the sample tem- 
perature is changed to a second equilibrium state at 
the temperature T~ of the heating/cooling fluid while 
maintaining the vapor pressure constant by the cool- 
ing water loop. 

Typical test data are: copper box dimensions, 12 x 6 
mm; adsorbent thickness, 2 E =  8 mm; mass of 
adsorbent, 59.1 g; initial temperature, T~ni = 20°C; 
heating fluid temperature, T~ = 150°C; heat transfer 
coefficient h = 30 W m -2 K- l ;  and condensing tem- 
perature, Tcon = 20°C. Using thermal properties of 
the zeolite-water pair given in Table 1 leads to a 
characteristic time of 16.38 s and a Blot number equal 
to 0.6. A numerical solution is obtained by taking a 
dimensionless space step of 0.2 (n = 6). It is noticed 
that a smaller step does not improve the accuracy. 
The stability condition imposes a maximum time step 
of 6.41 x 10 3 so we chose At/= 0.006. With these 
values, the calculated and measured profiles of the 
desorbed mass are very close (Fig. 5). 

Agreement with experimental data indicates that 
the present one-dimensional model gives reasonably 
accurate results when the thickness is about six times 
smaller than the dimensions of the heat transfer area. 
This is also confirmed by a two-dimensional model 
developed later in order to analyze the improvement 
of sorption kinetics by inserting metallic fins in the 
adsorbent material [13]. 

6. RESULTS AND DISCUSSION OF THE 
PARAMETRIC STUDY 

After its validation, the model developed here is 
used to analyze the behavior of sorption systems and 
the effect of some operating and design parameters 
on sorption kinetics and on cooling capacity. Both 
parameters are directly related to the machine size 
as faster sorption and higher cooling capacity means 
lighter and competitive machines. Zeolite 4A-water is 
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Fig. 4. Schematic of the experimental setup. 

chosen as the working pair. The data used in the 
parametric study are summarized in Table 1. The 
analysis includes the effect of  the adsorbent thickness, 
the heat transfer coefficient, the difference between 
initial and final adsorbent temperatures and the tem- 
perature of  condensation. 

Figure 6 shows that the rate of  desorption decreases 
with time and tends to zero. As a consequence the 
mass o f  desorbed species increases rapidly at the 
beginning of  the process before reaching its asymp- 
totic value. This behavior is due to the fact that 
adsorbate becomes more and more difficult to extract 
when the uptake decreases. Energy quantities which 
are essentially proport ional  to the desorbed mass pre- 
sent similar trends. The latent heat accounts on aver- 

age for 66% of the total energy of  desorption. The 
heat of  condensation represents 51% of  the heat of  
desorption. We also see that the instantaneous COP 
reaches a maximum value of  0.57. This behavior and 
the cycle cumulative COP of about 0.5 are in agree- 
ment with published data [2, 5]. 

The adsorbent thickness which appears in the 
expression for dimensionless time and Biot number, 
has a strong influence on sorption kinetics. The 
desorption process is almost finished at z = 4.7 (6 min 
for E = 5 mm) while its progress does not  exceed 
15% at ~ = 0.13 (same 6 min period for E = 30 mm). 
Similarly, for a 5 min desorption time, the cooling 
capacity is doubled when the thickness is reduced from 
10 to 5 mm (z increases from 1 to 4). 
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Table 1. Elements of the parametric study 

Parameter Value 

Adsorbent: 
Nature Zeolite-4A 
Mass density [kg m -3] 735 
Specific heat [J kg , K ~] 836 
Thermal conductivity [W K- l m- '] 0.2 
Thickness [m] 0.010/variable 

Adsorbate: 
Nature Water 
Specific heat [J kg -~ K -~] 4180 
Thermal conductivity [W K-l m ~] 0.6 

Operating conditions: 
Condensation temperature [ ° C ]  37.8/variable 
Heating fluid temperature [ ° C ]  200/variable 
Initial temperature [°C] 20/variable 
Heat transfer coefficient [W m ~ K ]] 500/variable 

The heat transfer coefficient which appears in the 
expression for the Biot number also has a marked 
influence on sorption kinetics (Fig. 7). For Bi = 25 
(h = 500 W K -1 m 2), the desorption process is 
finished at r = 5.9 (30 min) while only 80% ofdesorp- 
tion is achieved during the same period for Bi = 2.5 
(h = 50 W K -l  m-2). The cooling capacity changes 
in the same proportions. No improvement is expected 
by increasing the Biot number beyond 25. 

The difference between hot and cold temperatures 
has relatively little effect on sorption kinetics (Fig. 8); 
however, it affects considerably the cooling capacity as 
the latter is doubled when the temperature difference 
increases by 50°C. This is explained by the increase in 
uptake variation resulting from an important differ- 
ence between hot and cold temperatures. With the 
zeolite 4A-water pair, uptake variation increases from 
15.8 g kg -1 between 20 and 50°C to 50.3 g kg 

KHALLOUFI 

between 20 and 100°C and 172 g kg ~ between 20 and 
200°C. 

The condensation temperature which imposes the 
vapor pressure in the adsorbent reactor has little effect 
on sorption kinetics although a reduction of the con- 
densation pressure speeds up the desorption process 
(Fig. 9); however, the cooling capacity increases by 
about 40% when condensation occurs at 20°C instead 
of 40°C, again as a result of uptake variation. 

7. CONCLUSIONS 

A theoretical model is developed to study sorption 
kinetics and the behavior of adsorption cooling sys- 
tems during a constant-pressure adsorption process. 
The non-linear governing equations are solved 
numerically and the solution compares well with 
known analytical expressions. An experimental study 
is also conducted in order to test the model. The 
comparison revealed a very good agreement between 
model predictions and experimental data. 

The model is then used to evaluate the influence of 
various important design and operating parameters 
on sorption kinetics and on the performance of 
adsorption cooling machines. The parametric inves- 
tigation shows that the adsorbent thickness and heat 
transfer coefficient have major effects on sorption kin- 
etics. The cooling capacity of sorption systems can 
be substantially increased by using thinner adsorbent 
layers and enhancing heat transfer rates. The con- 
densation temperature and the adsorbent temperature 
difference between initial and final states also have 
a non-negligible influence. Faster operation requires 
operating at lower condensing temperature and a big- 
ger difference between cold and hot adsorbent tem- 
peratures. 
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