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a b s t r a c t

In the present work, a detailed model of simultaneous heat and mass transfer through a desiccant micro-
porous media of an element of a channel wall of compact desiccant matrix was used to numerically
evaluate the overall transfer coefficients of pseudo-gas-side-controlled models (PGSCMs). In the detailed
modelling, the relevant phenomena considered within the porous medium are the surface diffusion of
adsorbed water, Knudsen diffusion of water vapour, heat conduction and the sorption process. The
convective mass and heat fluxes predicted by the detailed model are used to estimate the evolution of
the pseudo-global resistances to heat and mass transfer during a sorption process, which are required by
the PGSCM. The simplified formulation of the PGSCM is presented for an element of the channel wall of
the desiccant matrix.
Results of the evolutions of these pseudo-global resistances are presented for a wide range of values of
the layer thickness of the porous medium, which is supposed to be silica gel RD. It is concluded that the
pseudo-gas-side-controlled model with constant transfer coefficients is valid only for layer thicknesses
lower than 0.1 mm, approximately.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

A significant number of studies were carried out to predict the
behaviour of solid desiccant air dehumidification systems using
simplified mathematical models [1–11]. In most of them, the heat
and mass transport phenomena occurring inside the porous
desiccant medium are not described in a very detailed way,
simplified approaches being adopted instead.

Numerous studies have been devoted to the modelling of
desiccant wheels, but further research is still needed [12], namely
to analyse the influence of the variation of the properties, either of
the moist air and of the desiccant materials, which are taken as
constant in most of the models. It is also recognized that the
accuracy of many of the existing models must be improved taking
into account the internal diffusion phenomena.

Pseudo-gas-side-controlled models (PGSCMs) have been used in
some works [5], which require overall heat and mass transfer
coefficients to account for the internal resistances in the desiccant
genharia Mecânica, Instituto
pus da Penha, 8005-139 Faro,
05.

son SAS. All rights reserved.
layer. A single-blow test procedure for compact heat and mass
transfer exchangers to evaluate those overall transfer coefficients is
presented in [13]. The pseudo-gas-side-controlled model can be
seen as a modified gas-side-controlled model (GSCM), the main
difficulty laying on the estimation of the pseudo-mass transfer
coefficients to be used in a particular simulation. The range of
validity of such models can be investigated by using experimental
techniques or by detailed numerical modelling.

When advanced numerical methods are used to solve the
complete set of differential transport equations, a number of critical
issues still remain, such as the lack of suitable functions to describe
the variation of the porous medium properties [14–17] and the
complexity of numerically solving the intrinsically coupled
phenomena within the porous desiccant solid, together with the
great computational time needed [7]. Nevertheless, advanced
mathematical models for sorption and transport phenomena –
including surface diffusion of the adsorbed phase, Knudsen diffu-
sion of the gaseous phase and thermal diffusion – as local processes
in the porous desiccant layer have been adopted to support
numerical predictions of the behaviour of desiccant and enthalpy
wheels [17–23].

Some studies focused on the detailed modelling of the behav-
iour of a wall channel element of a hygroscopic matrix have been
conducted with the main purpose of investigating the validity of
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Nomenclature

as specific transfer area of the matrix, m2 m�3

cp;f specific heat of the air flow, J kg�1 K�1

cp;p specific heat of porous medium, J kg�1 K�1

cp;p average specific heat of the wall, J kg�1 K�1

cp;v specific heat of water vapour, J kg�1 K�1

Df diffusion coefficient of water vapour in the airflow,
m2 s�1

DK;eff effective coefficient of Knudsen diffusion, m2 s�1

Ds;eff effective coefficient of surface diffusion (of adsorbed
water), m2 s�1

dhyd hydraulic diameter, m
Hp thickness of the desiccant layer, m
hads heat of adsorption, J kg�1

hads,p average heat of adsorption, J kg�1

hh convection heat transfer coefficient, W m�2 K�1

hfg latent heat of vaporization, J kg�1

hl enthalpy of liquid water, J kg�1

h0l enthalpy of adsorbed water, J kg�1

hm convection mass transfer coefficient, m s�1

hv enthalpy of vapour, J kg�1

h0w heat of wetting, J kg�1

jh convective heat flux, W m�2

jm convective mass flux, kg s�1 m�2

Le Lewis number
Mv molecular mass of water, kg kmol�1

Nu Nusselt number
p pressure of the air–vapour mixture, Pa
pv partial pressure of water vapour, Pa
pv,sat saturation pressure of water vapour, Pa
Rgv particular gas constant of the air–vapour mixture,

J kg�1 K�1

Rv particular gas constant of water vapour, J kg�1 K�1

rgv average radius of pore volume occupied by the gaseous
phase, m

Sads source-term in the energy conservation equation (2),
W m�3

Sh Sherwood number
Sv�l source-term in the mass conservation equation (1),

kg s�1 m�3

T temperature, �C
Ti temperature of the interface, �C
Tf temperature of the airflow, �C
Tp average temperature of the wall, �C
T0 initial temperature in the porous medium, �C
t time, s
Uh overall heat transfer coefficient, W m�2 K�1

Um overall mass transfer coefficient, m s�1

wv water-vapour content of the gas mixture inside the
porous medium (db), kg kg�1

Xl adsorbed water content (db), kg kg�1

Xl;p average adsorbed water content (db), kg kg�1

Xl;0 initial adsorbed water content in the porous medium,
kg kg�1

y spatial coordinate, m

Greek symbols
3gv volume fraction of the gaseous mixture within the

porous medium
3m matrix porosity
4v vapour mass fraction of the gas mixture inside the

porous medium, kg kg�1

4v;f vapour mass fraction in the airflow, kg kg�1

4v;i vapour mass fraction of the gas mixture at the
interface, kg kg�1

4v;p average vapour mass fraction of the gas mixture in the
wall, kg kg�1

lf thermal conductivity of the airflow, W m�1 K�1

lp thermal conductivity of the porous medium,
W m�1 K�1

r*
d apparent density of the dry desiccant, kg m�3

r*
d;p average apparent density of the dry desiccant, kg m�3

rf density of the airflow, kg m�3

rgv density of the fluid inside the porous medium, kg m�3

r*
gv apparent density of the gas mixture inside the porous

medium, kg m�3

sl tortuosity of the adsorbed water path within the
porous medium

sgv tortuosity of the water vapour path
j relative pressure, i.e., ratio of the partial vapour

pressure to the saturation vapour pressure

Superscripts
* apparent density
0 adsorbed water

Subscripts
0 initial condition
ads relative to the adsorption phenomenon
d dry desiccant
eff effective quantity
eq equilibrium conditions
f airflow
gv gaseous mixture (air–vapour)
h heat
i solid–airflow interface
m mass
p porous medium
sat saturation condition
v water vapour
l free liquid water or adsorbed water
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simplified methods [21,24,25], as well as providing guidelines for
the optimisation of the wheel performance [21,26].

In the present work, the numerical modelling of the behaviour of
a layer of a desiccant composite is addressed, considering the complete
set of governing equations for the local sorption, heat conduction and
mass diffusion phenomena within the porous medium. The depen-
dence of the thermodynamic properties, the diffusion coefficients and
the volume fraction of the gaseous phase on the local primary vari-
ables (temperature, vapour and adsorbed water contents) is also
considered. It is also supposed that the desiccant layer belongs to the
channel wall of a compact exchanger, which is crossed by a moist air–
vapour flow. The hypothesis of one-dimensionality assumed in this
study – a plane and short element of the desiccant layer – is mainly
intended to determine the overall transfer coefficients to be used in
the pseudo-gas-side-controlled model.

2. Mathematical modelling

2.1. Detailed model

Although the channel geometry of a real hygroscopic matrix is
three-dimensional, the modelled domain is reduced to an element
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of the channel wall and considered one-dimensional. This
assumption simplifies significantly the analysis of the heat and
mass transfer phenomena inside the porous medium, towards the
main purpose of investigating the overall transfer coefficients to be
used in the PGSCM. Consequently, the physical domain of the
problem is schematically represented in Fig. 1, in which only the
channel wall element is studied. It is considered as a homogeneous
desiccant medium with the properties of silica gel and having an
infinitesimal-length in the flow direction. The half-thickness of the
wall is related with the porosity and the specific area of the real
hygroscopic matrix by Hp ¼ ð1� 3mÞ=as.

Inside the porous medium, vapour and adsorbed water coexist
in equilibrium, which is characterized by the water vapour–silica
gel sorption isotherm. Due to the small dimension of the silica gel
pores, only two mechanisms of mass transport are considered:
surface diffusion of adsorbed water and Knudsen diffusion of water
vapour [27]. The mass transport of dry-air inside the pores is also
neglected and the total pressure is assumed to be constant and
uniform.

At the interface between the airflow and the desiccant layer,
transfer of water vapour and of heat occurs. The upper face of the
desiccant layer is located at the symmetry plane relatively to an
adjacent channel, and consequently is treated as an adiabatic and
impermeable boundary.

The air stream in contact with the infinitesimal-length wall
element is treated as a well mixed flow (bulk flow), characterized
by constant and uniform properties (pressure, temperature and
vapour content).

The governing equations can be mathematically deduced from
appropriate balances applied to an infinitesimal control volume of
the desiccant porous medium, leading to the following partial
differential equations:

- mass conservation of adsorbed water:

v
�

r*
dXl

�
vt

¼ v

vy

 
Ds;eff

v
�

r*
dXl

�
vy

!
þ Sv�l (1)

- energy conservation in the porous medium (gas mixture,
adsorbed water and desiccant solid):

v

vt

�
r*

d$cp;p$T
�
¼ v

vy

�
lp

vT
vy

�
þ Sads: (2)

The local value of the vapour mass fraction fv is specified as the
equilibrium value, obtained from the sorption isotherm as
airflow

y

Hp

symmetry plane

Wall
element

Tf, ϕv,f ; hh, hm

Fig. 1. Schematic representation of the airflow channel and of the calculation domain –
a wall element.
a function of the local values of T and Xl [28]. The source-term Sv–l

represents the adsorption rate per unit volume of the porous
medium and is expressed by

Sv�l ¼
v

vy

 
DK;eff

3gv
$
v
�

r*
gv4v

�
vy

!
�

v
�

r*
gv4v

�
vt

: (3)

The energy equation (2) is written in a classical form, in terms of
temperature as the primary dependent variable. From the mathe-
matical derivation of that equation, the following expression
results:

Sads ¼ r*
d
v
�
Xlh
0
w
�

vt
þ v

vy

 
Ds;eff

v
�

r*
dXl

�
vy

h0w

!

þ v

vy

 
DK;eff

3gv
$
v
�

r*
gv4v

�
vy

hv

!
�

v
�

4vr*
gvhfg

�
vt

: (4)

The specific enthalpy of the water vapour is given by

hv ¼ cp;vT þ hfg (5)

and that of the adsorbed water is given by

h0l ¼ hv � hads (6a)

or, by other means:

h0l ¼ hl � h0w; (6b)

where hads is the heat of adsorption and h0w is the heat of wetting.
The instantaneous volume fraction 3gv is the ratio between the

instantaneous volume occupied by the air–vapour mixture in the
pores and the total volume of the solid porous medium, being
correlated with the local content of adsorbed water.

The effective diffusivity associated with Knudsen diffusion in
a porous desiccant medium may be written as [28]:

DK;eff ¼ 97rgv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tþ273:15

Rv

s
3gv

sgv
: (7)

The effective diffusivity associated to the surface diffusion of
adsorbed water Ds,eff in a porous desiccant medium is directly
influenced by the path tortuosity, sl, and depends on the pair
adsorbate–adsorbent. In the present work, the following expres-
sion was used [28]:

Ds;eff ¼
Ds0

sl
$exp

 
�4:5� 10�4hads

bRvðT þ 273:15Þ

!
; (8)

where b depends on the type of adsorption bond and Ds0 is
a constant that depends on the adsorbent.

The effective thermal conductivity of the porous medium lp is
difficult to predict accurately due to the coupled transfer
phenomena. An average value is used according to the conductivity
and mass fraction of each component phase. A similar procedure is
used to evaluate the specific heat of the porous medium.

The moisture content of the air–vapour mixture wv (mass
fraction of vapour on dry basis) is calculated from the vapour mass
fraction fv through

wv ¼
4v

ð1� 4vÞ
: (9)

The upper and the two lateral faces of the wall element are
considered adiabatic, as well as impermeable to both water phases
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(cf. Fig. 1). According to the low-mass-transfer rate theory [29], the
mass and heat fluxes evaluated on the gas side of the interface are

jm ¼ hm$rf

�
4v;f � 4v;i

�
(10)

and

jh ¼ hh

�
Tf � Ti

�
; (11)

respectively, where 4v,i and Ti are instantaneous values at the
interface and 4v,f and Tf are instantaneous bulk flow values. The
convection heat and mass transfer coefficients are taken from
the values of the Nusselt and the Sherwood numbers for the fully-
developed laminar regime of an internal channel flow, which are
related by the well-known Chilton–Colburn analogy:

Sh ¼ Nu$Le1=3; (12)

the Lewis number being estimated from its definition:

Le ¼ lf�
rf cp;f Df

�: (13)

The convection coefficients are then obtained by the expressions:

hh ¼ Nu$lf=dhyd (14)

and

hm ¼ Sh$Df=dhyd: (15)

The interface fluxes calculated through equations (10) and (11)
are positive in the y direction, i.e., when entering the wall element
(cf. Fig. 1).

At the interface with the airflow, the following surface balances
can be written:

"
�

DK;eff

3gv
$
v
�

r*
gv4v

�
vy

� Ds;eff

v
�

r*
dXl

�
vy

#
y¼0þ

¼ hm$rf

�
4v;f � 4v;i

�

(16)

and

"
�

DK;eff

3gv
$
v
�

r*
gv4v

�
vy

hv � Ds;eff

v
�

r*
dXl

�
vy

h0l � lp
vT
vy

#
y¼0þ

¼ hh

�
Tf � Ti

�
þ hm$rf

�
4v;f � 4v;i

�
$hv;i: (17)

The partial differential equations (1) and (2) are discretized
using the finite volume method [30] and solved through the tri-
diagonal matrix algorithm (TDMA). An iterative procedure is per-
formed in each time step, in order to handle the strong coupling
between the governing equations and the non-linearities implied
by the changing properties. With appropriate control parameters,
the resulting numerical model showed a rather stable and robust
behaviour along the calculation procedure.

The calculation domain is divided into control-volumes, forming
a cartesian and non-uniform grid, which is gradually expanded
from the solid–flow interface towards the adiabatic/impermeable
upper surface. A very short distance from the first inner grid point
to the interface is imposed (0.5–1 mm), thus ensuring an accurate
numerical representation of the boundary conditions expressed by
equations (16) and (17). These boundary conditions are introduced
via the corresponding source-terms in the discretization equations
[30]. Since the present study is focused on the evaluation of the
overall transfer coefficients of the PGSCM, the numerical model is
assumed one-dimensional and solved only for one column of
control-volumes.

The time discretization consists of a step-by-step evolution,
each time interval being automatically generated along the
numerical simulation of the transient process. Basically, the sharper
is the time evolution of the dependent variables the shorter are the
time steps imposed, and conversely. This generation algorithm
guarantees a suitable representation of the transient evolutions,
while minimizing the computing time needed to simulate
a complete adsorption or desorption process.

Further information and results of the detailed numerical
modelling of the channel wall element can be found in [21,24–26].

2.2. Pseudo-gas-side-controlled model – PGSCM

The simulation of the behaviour of the channel wall element
with the PGSCM is achieved solving the two following equations for
the mass and energy conservation:

v
�

r*
d;pXl;p

�
vt

¼ 1
Hp

Umrf

�
4v;f � 4v;p

�
(18)

and

v
�

r*
d;pcp;pTp

�
vt

¼
Umrf

�
4v;f � 4v;p

�
hads;p þ Uh

�
Tf � Tp

�
Hp

: (19)

In this simplified formulation, it is assumed that there are no
gradients inside the desiccant layer of the wall element, and that
the average values of Xl,p, Tp and 4v,p represent also the state of the
solid–gas interface. These three variables are related by the sorp-
tion isotherm under the hypothesis of local hydrothermal equilib-
rium [28]. The variables Um and Uh are pseudo-overall transfer
coefficients that must be known. The pseudo-simplified model
PGSCM corresponds exactly to the gas-side-controlled model
(GSCM) when with Umzhm and Uhzhh.

3. Results and discussion

The detailed model presented above is a powerful tool to
investigate the values of the overall coefficients to use in the
PGSCM. Taking the value of the convective heat flux predicted by
the detailed model, equation (11), the overall heat coefficient is
calculated by

Uh ¼
jh

Tf � Tp
; (20)

where Tp is the mean value of the temperature calculated after the
solution of the detailed model is given by

Tp ¼
1

Hp

Zy¼Hp

y¼0

r*
d;pcp;pT

r*
d;pcp;p

dy: (21)

In a similar way, the overall mass coefficient is calculated after the
convective mass flux predicted by the detailed model, equation
(10), as follows:

Um ¼
jm

rf

�
4v;f � 4v;p

�; (22)



Table 1
Airflow and initial conditions of the desiccant wall for both the adsorption and
desorption processes simulated.

Adsorption Desorption

Tf (�C) 30 100
wv,f (kg kg�1) 0.01 0.01
p (Pa) 101,325 101,325
T0 (�C) 100 30
Xl,0 (kg kg�1) 0.0126 0.2363
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where 4v,p is determined by the sorption isotherm [28] as a func-
tion of Tp and Xl,p, this one given by

Xl;p ¼
1

Hp

Zy¼Hp

y¼0

Xl dy: (23)
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Fig. 2. Time evolutions during the adsorption process: (a) tempera
The variables Tf, rf and 4v,f refer to the state of the bulk airflow,
which, in the present simulation of the channel element, corre-
spond exactly to the specified airflow conditions.

Starting from a given initial state, the response of the desiccant
wall to a step change of the airflow conditions was simulated until
final equilibrium was achieved. Table 1 summarizes the input data
for the calculations, namely the imposed state of the airflow and
the initial conditions of the desiccant wall.

The value 2.45 was assigned to the Nusselt number corre-
sponding to heat convection between a uniform temperature wall
and a fully-developed laminar flow inside a corrugate sinusoidal-
type channel of a compact exchanger [9]. The channel cross-section
area was 4.5 mm2, with an internal perimeter of 10.6 mm and
a hydraulic diameter of 1.69 mm, approximately.

Runs were conducted with the detailed modelling covering
a wide range of values of the layer thickness (0.01–5 mm).
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The fluid properties of the binary air–vapour mixture depend on
the primary variables T and 4v. Appropriate 4v-weighted functions
were developed that take into account the individual dry-air and
water-vapour properties available from thermodynamic tables [31].
The properties of the desiccant medium are referred to silica gel RD
[28].

Fig. 2 shows the calculated evolutions of the mean state of the
wall (Tp and 4v,p) and of the state of the interface (Ti and 4v,i) for
the cases of adsorption in desiccant layers of different thickness in
the range of 0.01–5 mm. Fig. 3 shows the corresponding evolutions
for the desorption cases.

Figs. 4 and 5 represent the evolutions of the overall transfer
coefficients Uh and Um for the adsorption and desorption processes,
respectively, calculated with equations (20) and (22).

Coefficients Uh and Um in Figs. 4 and 5, for HP ¼ 0:01 mm, are
approximately constant and agree well with the respective values
of the convective coefficients hh and hm, derived form the Nusselt
and Sherwood numbers. However, the values of Uh and Um differ
much from the adsorption to the desorption process, due to the
influence of the airflow properties on the convective coefficients
(cf. equations (14) and (15)).

For HP ¼ 0:1 mm, a reasonable agreement between the evolu-
tion of Uh and hh is also observed, while Um exhibits a weak vari-
ation during the adsorption process and shows a non-negligible
decrease during the desorption process. For HP ¼ 1 mm, a devia-
tion of Uh relatively to the imposed value of hh is observed, as well
as variations during the process. For HP ¼ 5 mm, the deviations
and the transient variations are much more remarkable.

For HP ¼ 1 mm and for HP ¼ 5 mm, the evolutions of the
coefficient Um evidence a strong decreasing during the process,
with the particularity that the values of Um at the beginning are
higher than the imposed values of hm. So, this could mean that the
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global resistance to the mass transfer, during at the beginning of
this transient process, is smaller than the convective resistance,
which contraries the physics law of the transfer phenomena. An
accurate analysis of the evolution of 4v,i and 4v,p can help to
understand this apparent absurd. In fact, at the beginning the
potential for convection mass transfer (4v,f� 4v,i) is greater than the
potential (4v,p� 4v,p) adopted in the simplified modelling (v.,
Fig. 2c). So, to assure the same convective mass flux when predicted
by the model PGSCM, a Um value artificially augmented must be
adopted. This fact also helps to justify the classification of ‘‘Pseudo’’
for this simplified model.

From the present analysis, it can be concluded that the use of the
model PGSCM is easy and reliable for Hp< 0.1 mm. On the other
hand, it can be used for Hp> 0.1 mm only if an empiric law,
enabling the estimation of the variations of the coefficients Uh and
Um, exists. Some investigations focusing this last point were per-
formed, concluding that it is not an easy task to find a generic law
for that purpose, particularly for Um.
4. Conclusions

A detailed mathematical model was formulated in order to
describe the behaviour of a wall element of a desiccant matrix. A
one-dimensional version of it was used under specific conditions,
aiming to estimate the overall heat and mass transfer coefficients
that are required to use as input data in pseudo-gas-side-controlled
models.

The capabilities of the detailed model were demonstrated,
namely through the predicted transient evolutions of the primary
variables (temperature, vapour and adsorbed water contents), as
well as the transient heat and mass fluxes at the interface.

It was also concluded that, for both the adsorption and
desorption processes simulated, the heat and mass lumped
capacitance assumption supporting the gas-side-controlled model
is valid only for desiccant layers thinner than about 0.1 mm, in
which cases Umzhm and Uhzhh. The main conclusion of the
present work is that, for thicker desiccant layers, difficulties still
subsist in the use of simplified models PGSCM, due to the signifi-
cant variations of Uh and Um during the transient process, which are
extremely difficult to predict accurately.
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