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ANALYSIS OF COMBINED HEAT AND MASS TRANSFER 

OF WATER-VAPOR IN A CYLINDERICAL ZEOLITE ADSORBER 
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ABSTRACT 

Jn this paper, the combined heat and mass transfer 
of water-vapor into a cylindrical zeolite adsorber 
has been numerically simulated The two­
dimensional heat and mass transfer equations are 
numerically solved using gPROMS program - a 
general Process Modeling System [J] program, 
inserting the proper initial and boundary 
conditions to the model. The centered finite­
difference method (CFDM) approximation is 
employed in solving the two-dimensional partial 
differential equations. The validity of the developed 
model has been checked against an experimental 
study [2} conducted at the Institute of Technical 
Thermodynamic, Aachen - Germany, where this 
simulation study has been carried out. The complex 
experimental rig has been built to investigate the 
water vapor uptake of zeolite layers of defined 
cylindrical dimensions. The results of the 
experimental investigation and the numerical 
simulation show a very good fit with a maximum 
error of approximately 4%. 

INTRODUCTION 

Adsorption of vapor and gases into an adsorbent 
bas obtained an increased and significant 
importance in the area of environmental protection 
in recent years. In the last three decades, the 
technical applications of the adsorption processes 
have shown a remarkable progress. 

Adsorption heat pumps make use of the low 
temperature waste energy, which otherwise would 
be lost to the surroundings, instead of high-energy 
fuels. Use of waste energy serves to save energy in 
addition to avoiding of environmental pollution 
that would arise from the bwning of high-energy 
fuels. The adsorption heat pumps employ, for 
example, the non-poisonous, non-flammable and 
minimally corrosive working paiis of zeolite and 
water (3). 

The rate of adsorption in porous adsorbents is 
controlled by heat and mass transport phenomena 

within the pore network [4]. The detennination of 
the heat and mass transfer rates in adsorbents is, 
therefore, an important prerequisite in the 
optimi2ation of heat pumps. The adsorption of 
water-vapor into a porous solid adsorbent such as 
zeolite can be described by the following three 
processes: 

1. Breaking-up of the mass transport resistance at 
the boundary of the porous particle; 

2. Diffusion in the adsorbent particle and 
3. Adsorption at the inner surface of the particle, 

release of heat of sorption and temperature rise 
within the particle. 

The heat of sorption developed within the particle 
bas to be removed from the particle by conduction 
and then given up to a cooling medium at the 
surface by convection [5-6], to increase water­
vapor uptake capacity of the adsorbent. The rate at 
which gaseous molecules are adsorbed by the 
adsorbent depends not only on the mass transfer 
mechanism but also on the temperature profile 
within the adsorbent. Due to the heat of sorption 
generated, the temperature of the adsorbent particle 
rises, which reduces its water vapor uptake 
capacity. Further mass transport into the adsorbent 
particle is then possible only when this heat of 
sorption is removed. 

Based on certain assumptions, analytical solutions 
for the heat and mass transfer in porous medium 
have been obtained [7-8]. To solve the 
cumbersome expressions involved, even for the 
simple equilibrium relation, linear relations are 
assumed for the analytical solutions [7]. Adsorption 
in spherical particles have been analysed with 
diffusion taken as the sole factor in the process (9-
10). In these analyses the Fourier series expansion 
and the penetration theory have been implemented 
for the solution. Studies of one-dimensional 
analysis of non-isothennal adsorption processes 
have also been presented [ll-12]. In the analyses, 
the assumption of isothermal adsorption has been 
disqualified, particularly for large adsorption rates. 
Recently, two new rate models - the modified shell 
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core (MSC) and the general driving force (GDF) 
models has been analysed in which the Fourier 
series expansion method have been integrated in 
the analytical solution l 13 J. The various studies 
indicated above have analysed one-dimensional 
heat and mass transfer in porous media. A three­
dimensional, non-cquilibriwn model has been 
developed only very recently, in which the linear 
driving force (LDF) equation has been used to 
describe the mass transfer resistance within the 
pores particles while Darcy's law has been applied 
to describe the flow of adsorb:ite within the inter­
particles [l4]. 

1l1e present study is carried out to investigate the 
kinetics of heat and m.ass transfer and adsorption 
dynamics in a two-dimensional cylinderical zeolite 
adsorbcr. The two-dimensional zcolite adsorber is 
numerically simulated by solving the energy and 
continuity equations considering the diffusive 
enthalpy rate of flow of the adsorbed vapor using 
the gPROMS program ll], with the necessary 
initial and boundary conditions specified. 1l1e 
simulation outputs are then compared ·with 
ex'J)Crimenta.l results rendering an excellent fit, 
validating the model. 

PHYSICAL MODEL 

A schematic diagram of an adsorber segment with 
a single cylinderical zeolite layer .placed 011 the 
annular fin is shown in Fig. l. Heat of sorption 
generated within the zeolite layer is first conducted 
to the metal fin and,then gi\eo out to the stream of 
water flowing through the tube. 

MA TBEMA TICAL MODEL 

Considering the effect of the diffusive enthalpy rate 
of absorbed gas, a new form of energy equation has 
been derived in the Cartesian coordinates (15). 
Following the same analogy, the energy equation in 
cylindrical coordinates has been derived as given 
below. 
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Ettergy Equation: 
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U is the specific internal energy of wetted zeolite 
and is a function of both the water uptake and the 
prevailing temperature (16]. 

Continuity Equation: 

ap =-~(m" )-!i_(r·m" )-!~(m") c2> at ik z ri>r ' rOO 8 

The following basic assumptions have been 
considered in solving the combined energy and 
continuity equations. 

I . The heat and mass transfer processes are 
considered to be transient and two dimensional 
-(r, z). 

2. All phases within an infinit.semally small 
zeolite sub-layer remain in a thermodynamic 
equilil>rium whereby the water-vapor uptake in 
one element can be determined at the 
equilibrium isotherm. 

(1) 
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3. The heat content within the vapor phase can be 
neglected for the density ratio between vapor 
and liquid phase is very small. At the working 
temperature and pressure of 100 °c and 100 
mbar respectively, for example, the density 
ratio between vapor and liquid is 
approximately 5xl0 -s. 

4. The zeolite layer and the adsorbed water are 
considered incompressible. 

5. The mass transfer within the zeolite layer is 
determined from the macropore diffusion of 
water vapor. 'The diffusion of adsorbed water 
through the zeolite walls are negligibly small 
[5]. 

Mass Transfer: 

The mass flow rates of adsorbent in the radial and 
axial directions per unit area, given in Eqs. (1) and 
(2) are defined as: 

m" 
IDr 

r A 

m• mz 
= z A I (3) 

The heat transfer within the zeolite crystal is 
expressed in terms of the effective thermal 
conductivity A :!!00 which takes the porosity of the 
zeolite particles \fl MaP into account and is given by: 

(4) 

where Ac = 0.58 W/(mK) (5] and 

'1tM.aP = 0.55 (3). 

Neglecting the volume of the charged water-vapor 
content in the zeolite particle, the density may be 
expressed as (17]: 

p = P- · ( l+x) ; (5) 

where p_, is the density of the zeolite crystal. 

From Eq. (5), the quantity of water-vapor clmrged 
into a zeolite particle per kg of dry zeolite as a 
function of its coordinates is: 

p (r,z) { z e "(0,s2] 
x (r,z) = -- - 1 ; 

. Pao r = ['i,r2 ) 

(6) 

In the model, the tube and water flowing through it 
are considered as a lumped system. The 
temperature distribution and consequently heat 
transfer within the fin are determined by solving 
the energy equation, Eq. (1), after omitting the last 
4 tenns and substituting the appropraite properties 
of the fin material. 
Initial conditions: 

lnitiallj, both the fin and the zeolite layer are 
assumet to be at the temperature of the water 
vqpor. 

Tfin (r,i) TV ~ {:: [o,s1] = 
fo,r2) 

(7) 

Tuo (r,z) TV {:: [O,s2 ) 

= 
[r1,r2) 

(8) 

Boundary conditions: 

• During the absorption process heat is 
generated within the zeolite partides. Heat 
generated at the surface of the zeolite layer 
tends to heat up water vapor molecules at its 
vicinity. However, as these water vapor 
molecules are consequently adsorbed into 
the surface, heat transfer from the upper as 
well as the outer radius zeolite layer to the 
vapor phase at the interface can be 
neglected [ 18]. 

• For the mass transfer within the zeolite 
layer, it is assumed that the pressure is 
equal to the locally prevailing pressure. 

• F111: 
1. The lower surface of the fin is at the 

same temperature of as the water vapor 
temperature. 

(9) 
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2. There is no heat transfer from the outer 
radius of the fin towards the water 
vapor and vice-versa. 

3. Heat transfer from the inner radius of 
the fin to the tube: 

(11) 

• Zeolite layer: 

1. There is no heat transfer from the inner 
radius of the zeo/ite layer to the tub_e: 

(12) 

2. There is no heat flow from the outer 
radius of the zeolite /~r to the water 
vapor. 

Connecting conditions: 

At the junction between the upper surface of the fin 
and the lower surface of the zeolite layer, the 
following connecting equation is considered. 

The pecentage of water charged, in a decimal form. 
is descnl>ed by the re3Itive water content as: 

z = X11w -Xo (lS) 
x.,.-x

11 
which is the ratio of the actual quantity of water 
adsorbed to the maximum possible adsorption. The 
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average water uptake x.,.., in Eq. (15), is the 
integrated water vapor uptake divided by the area 
of the particular layer. In order to compare the 
computed results with the experimental data, which 
are the average valqes of water vapor uptake and 
pressure, the calculated values have to be averaged 
over the whole domain. 

The time rate of decrease of the mass of water 
vapor in the vapor phase is equal to the sum of the 
integrated mass flow rates of the adsorbed water in 
~e axial and radial directions of the zeolite layer, 
m._ .... 

Om 
_v_ = 

c3t 
- mv ads (16) 

where the mass of water m v is determined at the 
prevailing conditions, assuming that the water 
vapor behaves as ideal gas: 

(17) 

SOLUTION MEmOD 

For the veiy fact that periodically operating 
adsorption heat pumps work under transient 
ci>nditions, the energy and continuity equations, 
considering the diffusion enthalpy rate of the 
adsorbed water, expressed above, · are co-ordinate 
and time dependent. To consider the coordinate 
dependency of properties, the fin and the zeolite 
layers are separately discritised into balance 
elements in both the radial and axial directions. 
Within each of the balance elements, there exists a 
state of homogeneity with time dependent 
properties. Proper definition of the computational 
model allows the coupling of the adjoining balance 
elements with each other in the determination of 
combined heat and mass transfer. 

The gPROMS program has been implemented as a 
device for the system simulation. The advantage of 
using this program over other simulation programs 
is its power of direct conversion, Without the need 
of simplifying the partial differential equations, to 
the set algebraic equations. The system of 
differential equations is automatically discritised, 
converted into simple system of differential 
algebraic equations, handled by the built in 
routines, and numerically solved. 
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For the simulation process, an Input-File is 
prepared in which the actual problem is modeled. 
The created Input-File is then called by gPROMS, 
read, transformed and its syntax free characteristic 
verified. At the end, processes defined in the Input­
File. Will be at disposition for execution. In solving 
the partial differential equations, gPROMS uses the 
line method approach (19) in which the solution 
function is parameterized such that it becomeS 
dependent on a continuous co-ordinate, at least on 
time. 

In this paper, among the various discritisation 
techniques for the approximation of the partial 
differential equations to algebraic equations 
available within gPROMS, the centered finite 
difference method (CFDM) is applied. 

RESULTS 

For the purpose of comparison of the dynamics of 
heat and mass transfer during the adsorption 
process, data taken from experimental investigation 
[ 17) canied out at the same institute where this 
study has been conducted have been implemented. 

Heat Exchanger 

The relevant data taken from the experimental 
studies and used in the current simulation process 
are giyen in Table 1. In checking the validity of the 
set of heat and mass transfer equations and initial 
conditions prevailing for the physical model given 
exchanger, the temperature of which is maintained 
constant The adsorber is connected to the vapor 
tank at time t =O, via a valve. 

Table 1. State Variables and Geometric Data of 
Experimental Investigation 

Initial water content 

Final water content 

Initial prqssure 

Final pressure 

Wall temperature 

Zeolite mass (dried) 

Volume' of water-
vapor container 

Water Vapor 
Tank 

Xo = 0.149 [kg wlkg zeo] 

Xao = 0.169 [kg wlkg zeo] 

Po = 7.5 [mbar] 

p., = 16.4 [mbar] 

T.., = 96 [°C] 

m_, = 3.86 [g} 

Vronk = 23.5 [I] 

Fig. 2 A Simplified Experimental Setup for Ute Investigation of Water-Vapor Uptake 

in Fig I. only the boundary conditions are modified 
to match the conditions of the experimeDlal set-up. 

A simplified schematic diagram of the complex 
experimenlal imutigation rig, (2). (3). is indicated 
in Fig. 2. The 7.eOlite layer is fixed on to a heat 
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Figure 3 shows the experimental and computed 
results of the relative water content as a function of 
time, with data for the GOmputational analysis taken 
from experimental studies, Table 1. The results 
obtained from simuJation are in an excellent 
agreement with the experimental results, with a 
maximum relative error of approximately 4%. This 
is a clear indication of the applicability of the 

- SirnJalial 
.. Expermert . 

100 200 3X) 400 500 
Tll118 [sec] 

Fig. 3 Experimental and SimJlation Results of Relative \Ndter Content 
presented model in the optimiz.ation and 
determination of the combined heat and mass 
transfer dynamics in zeolite adsorbent. 

The transient temperature distribution within the 
fin and the temperature and concentration 
distributions and pressure variation within the 
uolite layer as functions of radial and axial 
directions are shown in Figures 4 to 7. State 
variables and geometric data used in the simuJation 
of the model, Fig. 1, are given in Table 2. 

Table 2; State Variables and Geometric Data 
for the Model 

Initial water x = 0.149 (kgW/kgzeo) 
content 

Final water 
content 

x.., =0.24 (kg W/kg uo) 

Inlet temperature 
of cooling water 

T- =50 [ 0 C] 

Thickness of fin St =0.3 (mm) 

Thickness of 
zeolite layer 

52 = 1 [mm) 

Inner radius (J{n 
zeolite layer/J ti 

r1 = 9 [mm) 

Outer radius/}(,, 
zeolite layer/J n 

. r2=16 (mm) 
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For the detennination of the temperature 
distribution within the fin as well as the zeolite 
layer and the pressure distribution and 
consequently the concentration distnl>ution within 
the zeolite layer, the fin and the zeolite layers are 
discritized. The fin of 0,3 mm thickness and radius 
of (r2 - r1) of 7 mm is discritlZed into 6 steps in the 
axial direction and 20 steps in the radi;ll.direction, 
forming 120 nodal points. On the other· hand, the 
zeolite layer of thickness 4 mm and radius of 7 mm 
is discritized into 20 steps in the axial direction and 
20 steps in the radial direction, forming 400 nodal 
points. 

Temperabue Distribution: 

Transient temperature distributions within the fin at 
two nodal points are shown in Fig. 4. Nodal points 
selected for representing the temperature 
distribution within the fin are ;rt. r = r1 and r = r2 in 
the radial direction and at half the thickness of the 
fin (that is at z =·0.5xs1) in the axial direction 

The heat of sorption generated within the zeolite 
layer and which is conducted to the fin heats up the 
layer at the start of the process. As this conducted 
heat is transfered to the cooling water, the 
temperature within the fin drops gradually. At the 
closest node to the tube, Cooling starts earlier than 
the furthest node resulting in lower peak 
temperature. 

Figures 5(a) and 5(b) represent the temperature 
distribution at four nodal points within the zeolite 
layer as function of time. The temperature 
distynl>ution within the zeolite layer, at the selected 
nodal points, during the first 30 seconds, is 
presented in Fig. S(b). 

370.8.------------------. 

-·-- r1=9 mm& s,=0.15mm 
- r,=18mm&s,=0.15mm 

3119 ._...._~~-~~~~__..__..__._~__, 

0 100 200 300 400 500 8(;) 

T-fsecJ 
F"ig. 4 Temperatan Ois1riWion wiU1i'I RI 
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The selected nodal points are the intersection points 
of r = r1 + 2x6r and r = r2 - 2x6r and z = 5x6S:i and 

z = 15x6S:i. The average temperature Tave for the 
entire layer is also shown as function of time. At 
th.e beginning of the adsorption process, the zeolite 
layer at the furthest point from the fin gets heated 
up faster. As beat is conducted through the lay~rs 
towards the fin, the temperature of zeolite layer 
closer to the fin gradually gets higher. Heat of 
conduction from layers further from the fin towards 
layers closer to the fin and consequent transfer of 
heat to the fin and eventually to the cooling water 
causes a gradual temperature drop as indicated in 
Fig. 5 (a). 

370.8 i\ 
t 1\ 

370.4 
1 

\ --- r• 9.7mm, s2•1mm 

~ 
..... 370 
e 
5 l 369.6 

e 
.! 369.2 

368.80 

\. -----· r = 15.3 nvn, s2" 1 mm 
,, ---· r• 9.7mm, s2•3mm 

\\\,, --- r•15.3mm,s2 •3mm \ ', -- r_. 
''-...~-~--------~.___ ----------- -------

100 200 300 400 500 600 
Time[sec] -

(concentration) distributioa The further the zeolite 
layer from fin, the higher is the prevailing pressure. 

f 1500 

1400 

"'=' 
~ 1300 

.§. 
! 1200 
:;:, 

ti ct 1100 

1000 

--- r= 9.7mm, 11z=11.1m 
-·- r = 15.3 mm, Sz = 1mm 
--- r= 9.7mm, &z=2mm 
---- r=15.3mm,&z=2mm 
----- r= 9.7mm, 11z=3mm 
-- r= 15.3mm, az=3mm 

! 
900~~-.._~_.._~-~~-~~-~~~ 

0 100 200 300 400 500 
Time[sec} -

F!g. 6 Pressure Distribution within Zeolite Layer 

Water Vapor Uptake: 

Water-uptake within the zeolite is presented at the 
same nodal points chosen for describing the 
pressure distribution in Fig. 6. The water uptake 
Fig. 7 follows the same trend as the prevailing 
pressures within zeolite layer. 

600 

Fig. 5{a) Temperatll"e Distribution within Zeolite Layer o.115 ...-------------------. 

371.2.--------------~ 

--- r • 9.7mm, a,• -
--- r• 15.3mm,s,• -
----- r• 9.7mm, s,• 3mm 
---· r•15.3mm,s,•3mm 
-T-

368.ao!:-~~5~~~,~o~~,5=--.._~~-~~z~'---'30 

Tllll8[sec} 

Fig. 5(b) Temperaturw Distribution within Zeolillt Layer 

Pressure Dmribution: 

Pressure distribution within the zeolite layer at six 
nodal points as function of time, are indicated in 
Fig. 6. Nodal points at the intersections of r = r1 + 
2xl\r & r = r2 - 2xl\r and z = 5x6S:i, z = lOxL\S:i & 
z = 15x6S:i are selected in representing the pressure 

,----/~~-;;}.i/i~il:~ii:~~~~::----
/~/:;'/ .. -

t 0.1685 . 

>.( 

5 0.162 

! 
c 
CD 
0 

230.1555 

,;,: / ---- r= 9.7 mm, Sz= 1 mm 
l,/ --- r= 9.7 mm, Sz=2mm 

--- r= 9.7 mm, ~= 3mm 
---· r=15.3mm.~=1mm 
----- r= 15.3mm.~=2mm 
-- r= 15.3mm.~=3mm 

0.149 L..-~-L--~-L--~-L--~-..__~_..__~__, 
0 100 200 300 400 500 

Time[sec] -
Fig. 7 Concentration Distribution within Zeolite Layer 

For the consi<lered state variables of the analysis, 
the rate of water-vapor charged into the zeolite 
layer is higher during the first 600 seconds. 
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CONCLUSION 

A transient two-dimensional model, which takes 
into account the adsorption kinetics inside 
adsorbent particles as well as the external mass 
transfer resistance based on combined heat and 
mass transfer phenomena has been established. The 
time-space evolution of state variables such as: 
temperature and · concentration distribution, 
pressure variation and water uptake within the 
zeolite layer have been determined. 
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Nomenclature 

A area [m2] 
m mass flow rate [kgls] 
m mass flow rate per .unit area (kgl(s m2)] 
m.., mass of dry zeolite [kg] 
p vapor pressure [Pa) 
r radius[m) 
r1 inner radius [m) 
r2 outer radius [m) 
R gas constant [kJ/kmol K] 
S1 thickness of fin [m] 
82 thickness of zeolite layer [m) 
t time [s) 
T temperature [K] 
Tew cooling-water rq 
T., fin temperature rci 
T. wall temperature rci 
T.., zeolite temperature rci 
u specific internal energy [kJ/kg) 
Vy.- Volume of vapor tank [m3] 
x adsorbed quantity of water[ - J 

6.r fin/zeolite thickness of a single step in 

6.s1 
radial ~on [m] 
fin thickness of a single step in axial 
direction [m) 
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p 
'Ir MoP 

x 

:ieolite thickness of a single step in axial 
direction [m] 

heat transfer coefficient of cooling water 
[W/m2K] 
thermal condllctivity [W/m K] 

thermal conductivity of zeolite _crystal 
[W/mK] · 
density [kg/m3

) 

porosity of zeolite [ - ) 

relative water content [ - ) 

Subscripts: 

0 initial value 
00 final value 
ave average value 
r radial direction 
v vapor 
z axial direction 
8 angular direction 
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