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Abstract

In the present work, a detailed model of simultaneous heat and mass transfer through a desiccant micro-porous medium of a channel wall
of compact heat and mass exchangers, such as desiccant wheels, was developed. The relevant phenomena considered by this model within the
porous medium are surface diffusion of the adsorbed water, Knudsen diffusion of water vapour, heat conduction and the sorption process. A one-
dimensional formulation of this model is used to investigate the validity of two simplifying approaches based on the lumped-capacitance method.
One consists of neglecting the transversal heat and mass transfer resistances within the porous medium, the other of cancelling only the thermal
resistance.

Results are presented for a wide range of values of the layer thickness of the porous medium. It is concluded that the hypothesis of null-
resistances in the cross direction is valid only for layer thicknesses lower than 0.1 mm, approximately, while the approach based on the thermal
lumped capacitance model is valid for layer thicknesses lower than 5 mm. Finally, a dimensional analysis of interfacial balances leads to the
conclusion that the Biot number for surface diffusion is several orders of magnitude higher than the corresponding thermal Biot number.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The study of the transport phenomena in desiccant airflow
systems has been addressed in numerous research works, many
of them concerning combined desiccant cooling and dehumid-
ification, air filtering, air dehumidification and energy recovery
processes (e.g., [1–16]).

A significant number of studies was carried out to predict the
behaviour of air dehumidifying systems using simplified math-
ematical models (e.g., [17–27]). In most of them, the heat and
mass transport phenomena occurring inside the porous desic-
cant medium are not described in a very detailed way, simplified
approaches being adopted instead. Pseudo-gas-side controlled
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models have been the most used models (e.g., [21]) based on
fictitious overall heat and mass transfer coefficients when it is
important to take into account the internal resistances in the
desiccant. A single-blow test procedure for compact heat and
mass transfer exchangers to evaluate those overall transfer co-
efficients is presented in [28]. An alternative to this approach
consists in using the parabolic profile assumption, which valid-
ity was investigated in [29] and supports the rotary desiccant
dehumidifier model used in [23].

The range of validity of such models can be investigated
by using experimental techniques and by detailed numerical
modelling. The adsorbate surface diffusion inside microporous
media like silica gel is known to be a dominant mechanism [6].
Some studies concerning the use of correlations for solid-side
mass diffusivity estimation are important references [30–33],
but large discrepancies between experimental and theoretical
values are observed [33].

The air stream behaviour and its interaction with the desic-
cant medium are also often treated in a simplified way, namely
by assuming a fictitious bulk flow pattern, as well as fictitious
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Nomenclature

Bih Biot number for heat transfer
BiK Biot number for Knudsen diffusion
Bim Biot number for mass transfer
Bis Biot number for surface diffusion
C� mass concentration of adsorbed water . . . . kg m−3

C+
� dimensionless mass concentration of adsorbed wa-

ter
Cv vapour mass concentration of the gas mixture

inside the porous medium . . . . . . . . . . . . . . . kg m−3

C+
v dimensionless vapour mass concentration of the gas

mixture inside the porous medium
Cv,f vapour mass concentration in the

airflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

Cv,i vapour mass concentration in the gas mixture at the
interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

cp,f specific heat of the air flow . . . . . . . . . J kg−1 ◦C−1

cp,p specific heat of porous medium . . . . . J kg−1 ◦C−1

cp,v specific heat of water vapour . . . . . . . . J kg−1 ◦C−1

Df diffusion coefficient of water vapour in the
airflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2 s−1

DK,eff effective coefficient of Knudsen
diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2 s−1

Dp coefficient of water (mass) diffusion inside the
porous medium. . . . . . . . . . . . . . . . . . . . . . . . . m2 s−1

Ds,eff effective coefficient of surface diffusion
(of adsorbed water) . . . . . . . . . . . . . . . . . . . . . m2 s−1

dhyd hydraulic diameter . . . . . . . . . . . . . . . . . . . . . . . . . . m
hads heat of adsorption . . . . . . . . . . . . . . . . . . . . . . . J kg−1

hh convection heat transfer
coefficient . . . . . . . . . . . . . . . . . . . . . . . . W m−2 ◦C−1

hfg latent heat of vaporization . . . . . . . . . . . . . . . J kg−1

h� enthalpy of liquid water . . . . . . . . . . . . . . . . . J kg−1

h′
� enthalpy of adsorbed water . . . . . . . . . . . . . . . J kg−1

hm convection mass transfer coefficient . . . . . . . m s−1

hv enthalpy of vapour . . . . . . . . . . . . . . . . . . . . . . J kg−1

h′
w heat of wetting . . . . . . . . . . . . . . . . . . . . . . . . . . J kg−1

jads adsorption rate per unit area of the
interface . . . . . . . . . . . . . . . . . . . . . . . . . . . kg s−1 m−2

japp heat or mass convective flux predicted by the sim-
plified model

jh convective heat flux . . . . . . . . . . . . . . . . . . . . W m−2

j+
h dimensionless heat conduction flux

j+
h,ads dimensionless heat generation/consumption rate per

unit area of the interface
j+

K dimensionless Knudsen flux at the interface
jm convective mass flux . . . . . . . . . . . . . . . . kg s−1 m−2

jref heat or mass convective flux predicted by the de-
tailed model

j+
s dimensionless surface diffusion flux at the interface

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 ◦C−1

Rv particular gas constant of water
vapour . . . . . . . . . . . . . . . . . . . . . . . . . . . . J kg−1 ◦C−1

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

Sads source-term in the energy conservation
equation (3) . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−3

Sh Sherwood number
Sv-� source-term in the mass conservation equations (1)

and (2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg s−1 m−3

s thickness of the desiccant layer . . . . . . . . . . . . . . . m
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C
T̃ average temperature of the porous medium. . . . ◦C
Ti temperature of the interface . . . . . . . . . . . . . . . . . ◦C
Tf temperature of the airflow . . . . . . . . . . . . . . . . . . . ◦C
T0 initial temperature in the porous medium . . . . . ◦C
t time coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
t1 time to the variable X̃� predicted by the detailed

model attain 90% of the maximum variation . . . . s
wv water-vapour content of the gas mixture inside the

porous medium (d.b.) . . . . . . . . . . . . . . . . . . kg kg−1

w̃v average water-vapour content of the gas mixture in
the porous medium (d.b.) . . . . . . . . . . . . . . . kg kg−1

X� adsorbed water content (d.b.) . . . . . . . . . . . kg kg−1

X̃� average adsorbed water content in the porous
medium (d.b.) . . . . . . . . . . . . . . . . . . . . . . . . . kg kg−1

X�,0 initial adsorbed water content in the porous
medium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg kg−1

X̃+
� dimensionless average adsorbed water content in

the porous medium
y spatial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

�ε deviation between the evolutions of the convective
heat or mass fluxes, with respect to the detailed
model (Eq. (19))

εgv volume fraction of the gaseous mixture within the
porous medium

φ generic variable, i.e., temperature, adsorbed water
content or water-vapour content

Φ+
h,ads ratio between the heat released in the phase change

of the vapour flux convected to the interface, if the
phase change were completely achieved, and the
convection heat flux (Eq. (26a))

ϕv vapour mass fraction of the gas mixture inside the
porous medium . . . . . . . . . . . . . . . . . . . . . . . . kg kg−1

ϕv,eq vapour mass fraction of the gas mixture within the
porous medium at equilibrium . . . . . . . . . . kg kg−1

ϕv,f vapour mass fraction in the airflow . . . . . . kg kg−1

ϕv,i vapour mass fraction of the gas mixture at the
interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg kg−1
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λf thermal conductivity of the airflow . . W m−1 ◦C−1

λp thermal conductivity of the porous
medium . . . . . . . . . . . . . . . . . . . . . . . . . . W m−1 ◦C−1

ρ∗
d apparent density of the dry desiccant . . . . . kg m−3

ρf density of the airflow . . . . . . . . . . . . . . . . . . . kg m−3

ρgv density of the fluid inside the porous
medium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

ρ∗
gv apparent density of the gas mixture inside the

porous medium . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

τ� tortuosity of the adsorbed water path within the
porous medium

τgv tortuosity of the water vapour path
ψ relative pressure, i.e., ratio of the partial vapour

pressure to the saturation vapour pressure

Superscripts

* apparent density
′ adsorbed water

+ dimensionless variable

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
st steady-state condition
v water vapour
� free liquid water or adsorbed water
heat and mass convection coefficients for the gas side. Con-
cerning convection heat transfer, work was carried out to obtain
values of the Nusselt number in corrugated ducts of compact
desiccant matrixes by holographic interferometry [34] and by
detailed numerical modelling of the airflow field [35,36]. The
convection mass transfer can be estimated through the Sher-
wood number, this one being given by the analogy between heat
and mass transfer characterized by Le ≈ 1.

The experimental work on desiccant devices such as des-
iccant wheels has been focused on the validation of physical
prediction models [8,37–40], the development of simplified
models based on experimental data correlations [40–42] and the
performance characterization by carrying out numerous exper-
iments under various operating conditions [43,44].

Several studies of partial or complete solid desiccant systems
for air conditioning have been conducted, mainly supported on
experimental results [45,46] or using mathematical modelling
with the behaviour of the desiccant device taken from proper
laboratory experiments [47], manufacturer’s performance data
[48] or specific modelling software [49–51].

When advanced numerical methods are used, solving the
complete set of differential transport equations, a number of
critical issues still remains, such as the lack of suitable func-
tions to describe the variation of the porous medium proper-
ties [8,42,52,53] and the complexity of numerically solving the
intrinsically coupled phenomena within the porous desiccant
solid and the great time consumption of computational calcu-
lations [23]. An additional delicate question consists of accu-
rately representing the solid-fluid interface phenomena [11,15].
Nevertheless, advanced mathematical models—including sur-
face diffusion of the adsorbed phase, Knudsen diffusion of the
gaseous phase, thermal diffusion and sorption as local processes
in the porous desiccant layer—have been adopted to support nu-
merical simulations of the behaviour of desiccant and enthalpy
wheels [53–56]. Some of the adopted assumptions [56] were:
(i) the channel wall was made of a composite material, which
is assumed to be an uniform mixture of substratum and
desiccant materials;

(ii) the mass fraction of desiccant in the porous medium was
taken as thrice the mass fraction of substratum;

(iii) the adsorption heat and the volume fraction of the gaseous
phase inside the porous medium were both constant and
uniform.

It is recognized the importance of validating the numerical
results by comparison with experimental data. The extensive
bibliographic research referred above shows a lack of infor-
mation for the complete characterization of the desiccant me-
dia as required for the validation of detailed models. In some
cases, the degree of accuracy of the measured results is not
included and, in other works, a poor degree of accuracy is re-
ported. A difference of about 10% was obtained in [9] between
numerical and experimental results for the behaviour of a des-
iccant granular bed, which is attributed to inaccuracies in the
measurements and in the adopted correlations. Moreover, the
experimental exhaustive research of [40] on the behaviour of
a desiccant wheel showed significant mass and energy imbal-
ances between the regeneration and the process air streams.

In the present work, the numerical modelling of the physi-
cal behaviour of a layer of a desiccant composite is addressed,
considering the complete set of governing equations for the lo-
cal adsorption, heat conduction and mass diffusion within the
porous medium. The dependence of the thermodynamic prop-
erties, of the diffusion coefficients and of the volume fraction
of the gaseous phase on the local primary variables (tempera-
ture, adsorbed water content and vapour content) is also con-
sidered. 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 desic-
cant layer—is mainly intended to better identify the effects to
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be analysed, namely the importance of neglecting the internal
diffusive resistances.

2. Mathematical modelling

2.1. Physical model and simplifications

The physical model is schematically represented in Fig. 1,
together with the boundary conditions considered.

The present study is focussed on the assessment of the in-
ternal resistances of the porous medium in the cross direction.
For this purpose, it is of no interest to consider the variation of
the flow properties in the streamwise direction. Therefore the
physical domain is reduced to an element of the channel wall,
which is considered as a homogeneous desiccant medium, hav-
ing the properties of silica-gel and an infinitesimal length in the
flow direction. The heat and mass transfer phenomena inside
the porous medium are considered only in the y direction.

Inside the porous medium, two phases of water (vapour and
adsorbed water) coexist in an equilibrium state, which is char-
acterized by the water vapour–silica gel sorption isotherm. Due
to the small dimension of the silica gel pores, only two mech-
anisms of mass transport are considered: surface diffusion of
adsorbed water and Knudsen diffusion of water vapour [7]. 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), charac-
terised by constant and uniform properties (pressure, temper-
ature and vapour content), thus dispensing the need of solving
any conservation equation in the flow domain.

2.2. Model equations, coefficients and properties

The governing equations can be mathematically deduced
from appropriate balances applied to an infinitesimal control

Fig. 1. Schematic representation of the plane airflow channel and of the calcu-
lation domain—a wall element—with the corresponding boundary conditions.
volume of the desiccant porous medium, leading to the follow-
ing partial differential equations:

– mass conservation of water vapour:

∂(ρ∗
gvϕv)

∂t
= ∂

∂y

(
DK,eff

εgv
· ∂(ρ∗

gvϕv)

∂y

)
− Sv-� (1)

– mass conservation of adsorbed water:

∂(ρ∗
dX�)

∂t
= ∂

∂y

(
Ds,eff

∂(ρ∗
dX�)

∂y

)
+ Sv-� (2)

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

∂

∂t

(
ρ∗

d · cp,p · T ) = ∂

∂y

(
λp

∂T

∂y

)
+ Sads (3)

Under the assumption of local thermodynamic equilibrium,
only one of the above mass conservation equations must be
solved. Dropping equation (1), the local value of the vapour
mass fraction ϕv is specified as the equilibrium value ϕv,eq,
obtained from the sorption isotherm as a function of the lo-
cal values of T and X� [6]. Consequently, the source-term Sv-�
representing the adsorption rate per unit volume of the porous
medium is expressed by:

Sv-� = ∂

∂y

(
DK,eff

εgv
· ∂(ρ∗

gvϕv)

∂y

)
− ∂(ρ∗

gvϕv)

∂t
(4)

The energy equation (3) is written in a classical form, in
terms of temperature as the primary dependent variable. From
the mathematical derivation of that equation, the following ex-
pression results:

Sads = ρ∗
d
∂(X�h

′
w)

∂t
+ ∂

∂y

(
Ds,eff

∂(ρ∗
dX�)

∂y
h′

�

)
+ ∂

∂y

(
DK,eff

εgv
· ∂(ρ∗

gvϕv)

∂y
hv

)
− ∂(ϕvρ

∗
gvhfg)

∂t
(5a)

However, this term is usually taken as [53,55,56]:

Sads = Sv-� · hads (5b)

Exploratory calculations showed that expressions (5a) and (5b)
led both to practically the same results.

The specific enthalpy of the water vapour is given by

hv = cp,vT + hfg (6)

and that of the adsorbed water is given by

h′
� = hv − hads (7a)

or, by other means:

h′
� = h� − h′

w (7b)

where hads is the heat of adsorption and h′
w is the heat of wet-

ting.
The instantaneous volume fraction εgv 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.
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The effective diffusivity associated with Knudsen diffusion
in a porous desiccant medium may be written as [6]:

DK,eff = 97rgv

√
T + 273.15

Rv

εgv

τgv
(8)

The effective diffusivity associated to the surface diffusion
of adsorbed water Ds,eff in a porous desiccant medium is di-
rectly influenced by the path tortuosity τ� and depends on the
pair adsorbate–adsorbent. In the present work, the following ex-
pression was used [6]:

Ds,eff = Ds0

τ�

· exp

( −4.5 × 10−4hads

bRv(T + 273.15)

)
(9)

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 λp
is difficult to predict accurately due to the coupled transfer phe-
nomena. An average value is used according to the conductivity
and mass fraction of each component phase. A similar proce-
dure is used regarding the specific heat of the porous medium.

Finally, for the graphical representation of the results, the
moisture content of the air–vapour mixture wv (mass fraction of
vapour on dry basis) is calculated from the vapour mass fraction
ϕv through

wv = ϕv/(1 − ϕv) (10)

2.3. Boundary conditions

The upper and the two lateral faces of the wall element
are considered adiabatic, as well as impermeable to both wa-
ter phases (cf. Fig. 1). According to the low-mass-transfer rate
theory [57], the mass and heat fluxes evaluated on the gas side
of the interface are

jm = hm · ρf(ϕv,f − ϕv,i) (11)

and

jh = hh(Tf − Ti) (12)

respectively, where ϕv,i and Ti are instantaneous values at the
interface and ϕv,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 = Nu · Le−1/3 (13)

the Lewis number being estimated from its definition:

Le = λf/(ρfcp,fDf) (14)

The convection coefficients are then obtained by the expres-
sions:

hh = Nu · λf/dhyd (15)

and

hm = Sh · Df/dhyd (16)
In a real channel the convection coefficients depend on the flow
regime, the channel geometry and on the distance from the
channel inlet. The interface fluxes calculated through Eqs. (11)
and (12) 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 bal-
ances can be written:[
−DK,eff

εgv
· ∂(ρ∗

gvϕv)

∂y
− Ds,eff

∂(ρ∗
dX�)

∂y

]
y=0+

= hm · ρf(ϕv,f − ϕv,i) (17)

and[
−DK,eff

εgv
· ∂(ρ∗

gvϕv)

∂y
hv − Ds,eff

∂(ρ∗
dX�)

∂y
h′

� − λp
∂T

∂y

]
y=0+

= hh(Tf − Ti) + hm · ρf(ϕv,f − ϕv,i) · hv,i (18)

2.4. Numerical modelling

The detailed model described above will be hereafter taken
as the reference or standard model. The partial differential
equations (1)–(3) are discretized using the finite volume method
[58] and solved through the tri-diagonal matrix algorithm
(TDMA). An iterative procedure is performed in each time
step, in order to handle the strong coupling between the govern-
ing 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 gradu-
ally expanded from the solid-flow interface towards the adia-
batic/impermeable upper surface. A very short distance from
the first inner grid point to the interface is imposed (0.5–
1 µm), thus ensuring an accurate numerical representation
of the boundary conditions expressed by Eqs. (11) and (12).
These boundary conditions are introduced via the correspond-
ing source-terms in the discretization equations [58]. Since
the present study is focused on the assessment of the cross-
direction resistances of the porous medium, the model is as-
sumed one-dimensional and only one column of nodes is
solved.

The time discretization consists of a step-by-step evolu-
tion, 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 gener-
ation algorithm guarantees a suitable representation of the tran-
sient evolutions, while minimizing the computing time needed
to simulate a complete adsorption/desorption process until the
steady-state.

Two simplifying approaches based on the lumped-capaci-
tance method are numerically investigated. One corresponds to
the theoretical analysis of the system neglecting the internal re-
sistances to the heat and mass diffusion (approach A—“Null
Res.”). This global lumped-capacitance approach is achieved
by specifying great enough values to all diffusion coefficients
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(DK,eff,Ds,eff, and λp). The other approach (B—“Null Thermal
Res.”) corresponds to the thermal lumped-capacitance method
and it is implemented by specifying a great enough value to the
thermal conductivity λp of the medium.

3. Results and discussion

The use of dimensional analysis in the present situation is
difficult, due to the strong variations of some parameters along
the transient process and, on the other hand, to the complexity
inherent to the coupled phenomena involved.

Starting from a given initial state, the response of the desic-
cant wall to a step change of the airflow conditions is simulated
until global equilibrium is achieved. Table 1 summarizes the in-
put data for the calculations, namely the 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 [25]. The chan-
nel cross-section area was 4.5 mm2, with an internal perimeter
of 10.6 mm and a hydraulic diameter of 1.69 mm, approxi-
mately.

Runs were conducted covering a wide range of values of the
layer thickness (0.01 mm to 5 mm) in order to study the validity
of neglecting internal thermal and mass resistances (approach A
—“Null Res.”) and only the thermal resistance (approach B—
“Null Thermal Res.”).

The fluid properties of the binary air–vapour mixture depend
on the primary variables T and ϕv. Appropriate ϕv-weighted
functions were developed that take into account the individual
dry-air and water–vapour properties available from thermody-
namic tables [59]. The properties of the desiccant medium are
referred to silica gel RD [6].

3.1. Tests for grid and time-step dependence

Exploratory calculations were made for the adsorption case
referred in Table 1 and a wall-thickness of 5 mm, in order to
analyse the dependence of the results on the space and time
discretization. It was concluded that no more that 10 nodes in
the y direction were needed to guarantee grid-independent so-
lutions. All subsequent calculations were then performed with
a single column of 10 control-volumes. On the other hand, with
the procedure described in Section 2.4, the transient solutions
showed very little dependence on the size and variation of the

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
X�,0 (kg kg−1) 0.0126 0.2363
time-interval, provided that a sufficiently short period (0.5 s,
typically) is taken for the first 2 or 3 time-steps.

3.2. Significance of the internal resistances

A particular adsorption case was selected for the detailed
analysis of the transient evolutions of the variables inside a des-
iccant layer with 1 mm of thickness. Time-evolving profiles are
shown in Figs. 2(a)–(c) as calculated with the “normal” inter-
nal resistances (i.e., using the “standard” model, as described in
Section 2). It is seen that the temperature field presents small
gradients, meaning that the internal resistance to heat diffusion

Fig. 2. Time-varying profiles of the dependent variables along the adsorption
process in a desiccant layer of s = 1 mm, considering the “normal” internal
resistances: (a) temperature T ; (b) vapour content wv; (c) content of adsorbed

water X�.



288 C.R. Ruivo et al. / International Journal of Thermal Sciences 47 (2008) 282–292
is almost insignificant, contrarily to those restricting the mass
diffusion.

The same case was simulated using two different simplified
versions of the model, taking thickness values in the range of
0.01 to 5 mm: one cancelling both thermal and mass resistances
inside the desiccant wall (approach A), the other cancelling
only the thermal resistance (approach B). The diagrams in
Figs. 3 and 4 show the time evolutions of a set of relevant vari-
ables for the adsorption and the desorption processes referred in
Table 1, respectively. It can be observed that the results of ap-
proach A (dashed lines) show a good agreement with those of
the detailed model (full lines) only for very thin desiccant lay-
ers (s � 0.01 mm), and that they diverge as the desiccant layer
thickness increases. This indicates that significant inaccuracies
may result when the internal resistances to both heat and mass
diffusion are neglected. In particular, according to Figs. 3(c)
and (d) and Figs. 4(c) and (d), this hypothesis may lead to unre-
alistic estimation of the convection fluxes at the interface. It can
be observed that the results of approach B (dashed-lines with
marker) agree well with the detailed model for all studied wall
thicknesses, except for s = 5 mm. In all cases, no significant
deviation is observed in the evolutions of the adsorbed water
content, as can be seen in Figs. 3(b) and 4(b).

To better assess the deviations of the results with each of
the approaches A and B relatively to the detailed modelling, a
global indicator is defined, on the basis of the interfacial heat
and mass fluxes:

�ε =
∫ t1

0 (jA,B − jnorm)dt∫ t1
0 jnorm dt

(19)

where t1 is chosen as the time needed in each case for the vari-
able X̃� to reach 90% of its maximum variation, when predicted
by the detailed model (index ‘norm’). Fig. 5 allows to con-
clude that the global lumped-capacitance model is reasonably
valid for s � 0.1 mm (�ε � 4%), while the thermal lumped-
capacitance approach is valid for all studied values of the wall
thickness.

In a general way, the transient sorption process depends on
the convective heat and mass transfer coefficients and, mainly,
on the total mass of the wall and on the coefficients for the inter-
nal diffusion of heat and mass, which exhibit opposed variations
along the adsorption and the desorption processes. This is the
reason for the faster evolution of the desorption process, as it
can be inferred from the comparison of Figs. 4(a) and (b).

3.3. Final remarks

The lumped capacitance method can be often used to solve
problems of transient heat conduction in solids. The assessment
of its validity is based on the magnitude of the Biot number:

Bih = hhs

λp
(20)

Likewise, in transient mass diffusion problems inside a porous
wall with no phase change, a Biot number for mass transfer can
be used:

Bim = hms

D
(21)
p

Fig. 3. Effect of imposing internally null mass and thermal resistances and null
thermal resistance on the predicted evolution of the adsorption process (v. Ta-
ble 1), by comparison of the time variations of: the space-averaged (a) temper-
ature and (b) content of adsorbed water; the (c) heat and (d) mass fluxes at the
interface. ((—–) normal, (– – –) null thermal and mass and (—�—) null thermal
resistances.)
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Fig. 4. Effect of the null thermal and mass resistances and null thermal resis-
tance assumptions on the predicted time evolution of the desorption process
(v. Table 1): (a)–(d) as in Fig. 5.

Fig. 5. Deviation of the evolutions of the convective fluxes of the null resis-
tances and of null thermal resistance approaches relatively to the predicted
evolutions of the adsorption process with normal resistances.

where Dp is a coefficient of mass diffusion within the porous
medium and s is the half-thickness of the wall. In the present
case, the heat and mass fluxes convected to the surface split into
two terms within the porous medium, due to the phase change
imposed by the sorption phenomenon, as shown by the balance
equations (17) and (18). These may be rewritten as:

hm(Cv,f − Cv,i) =
[
−DK,eff · ∂Cv

∂y
− Ds,eff

∂C�

∂y

]
y=0+

(22)

and

hh(Tf − Ti) =
[
−jadshads − λp

∂T

∂y

]
y=0+

(23a)

where

jads = −Ds,eff
∂C�

∂y
(23b)

represents the adsorption rate per unit area of the interface, after
the mass balance expressed by Eq. (22). The resulting normal-
ized forms of the mass and energy balances at the interface are,
respectively:[
− 1

BiK
· ∂C+

v

∂y+ − 1

Bis
· ∂C+

�

∂y+

]
y=0+

= 1 (24)

and[
−Φ+

h,ads

Bis

∂C+
�

∂y+ − 1

Bih

∂T +

∂y+

]
y=0+

= 1 (25)

where the dimensionless mass concentrations are C+
v = Cv/

(Cv,f − Cv,i) and C+
� = C�/(Cv,f − Cv,i) and three Biot num-

bers appear: one for heat transfer with the usual definition,
Bih = hhs/λp, and two Biot numbers for mass transfer, re-
spectively: BiK = hms/DK,eff for the Knudsen diffusion, and
Bis = hms/Ds,eff for the surface diffusion. The parameter

Φ+
h,ads = hm(Cv,f − Cv,i)hads

hh(Ti − Tf)
(26a)

represents the ratio between the heat released in the phase
change of the vapour flux convected to the interface, if the phase
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Fig. 6. Dimensionless mass fluxes by Knudsen and by surface diffu-
sion at the interface defined as j+

K = −(1/BiK) · (∂C+
v /∂y+) and j+

s =
−(1/Bis) · (∂C+

�
/∂y+), respectively.

Fig. 7. Dimensionless heat generation/consumption rate per unit
area of the interface and heat conduction flux, defined by j+

h,ads =
−(Φ+

h,ads/Bis) · (∂C+
�

/∂y+) and j+
h = −(1/Bih) · (∂T +/∂y+), respec-

tively.

change were completely achieved, and the convection heat flux.
It may also be expressed as:

Φ+
h,ads = hadsDf(Cv,f − Cv,i)

λf(Ti − Tf)
Le−1/3 (26b)

after the Chilton–Colburn analogy (cf. Eqs. (1), (15), (16)),
which provides a quick assessment of its order of magnitude.

Eqs. (24) and (25) indicate that the internal gradients of tem-
perature and of the mass concentration of both water phases are
coupled. This means that the relevance of the internal gradients
can not be directly assessed by a unique dimensionless parame-
ter.

The time evolutions of the terms on the left side of Eqs. (24)
and (25) are plotted in Figs. 6 and 7 for the adsorption case and
different wall thicknesses. It can be seen from Fig. 6 that, af-
ter a short initial period, the contribution of Knudsen diffusion
is negligible, meaning that the surface diffusion is the dom-
inant mass transport phenomenon inside the porous medium,
which is in agreement with [6]. On the other hand, Fig. 7 shows
the relative importance of the two terms in Eq. (25) along the
process: j+

h is generally more important in the beginning, while
the phase change term j+

h,ads becomes gradually dominant.
If the assertions supported by Fig. 6 are included in Eq. (24),

it can be concluded that the relevance of the internal gradients
Fig. 8. Biot numbers for: (a) heat conduction, (b) Knudsen and (c) surface dif-
fusion.

of mass concentration of adsorbed water may be directly repre-
sented by the magnitude of Bis. On the contrary, the observation
of Fig. 7 together with Eq. (24) shows that both terms have im-
portance, even at different stages of the process, the thermal
gradients being affected simultaneously by Bih and by the pa-
rameter Bis/Φ

+
h,ads. The calculated time evolutions of the three

Biot numbers defined previously are plotted for the same cases
in Figs. 8(a)–(c), where an obvious influence of the desiccant
layer thickness can be observed. Besides, these parameters ex-
perience significant variations along the process: Bih decreases
about 30%, while BiK nearly doubles its value and BiS increases
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Fig. 9. Ratio between the heat released in the phase change and the convection
heat flux, Φ+

h,ads.

almost 50% (except for s � 0.01 mm, with changes of about
±10%). In Fig. 9, the calculated time evolutions of the parame-
ter Φ+

h,ads are presented. It can be observed that they are very

close to the evolutions obtained for the parameter j+
h,ads, which

is in agreement with the fact that the surface diffusion is the
dominant mass transport phenomenon.

The analysis of the results of Section 3.2, in particular those
represented in Fig. 5, leads to the conclusion that the thermal
lumped capacitance model is valid when Bih � 1 (s = 5 mm),
approximately, and that the validity of the global lumped capac-
itance model is reasonable when Bis � 2×104, this value being
several orders of magnitude higher than the critical thermal Biot
number.

4. Conclusions

A detailed mathematical model was formulated in order to
describe the behaviour of a wall element of a compact heat
and mass exchanger, like a desiccant wheel. A one-dimensional
version of it was used under specific conditions, aiming to de-
termine the validity field of the hypotheses of negligible internal
resistances of the porous medium in the cross direction, which
are frequently used in simplified models.

The capabilities of the model were demonstrated, namely the
detailed analysis of the transient distributions of the primary
variables (temperature, content of adsorbed water and water
vapour content) across the desiccant layer. The time evolutions
of the averaged variables, as well as the transient heat and mass
fluxes at the interface, predicted by the detailed standard model
were compared with those based on the hypothesis of “null” in-
ternal resistances for heat and mass diffusion (approach A) and
of null thermal resistances (approach B).

From a dimensional analysis, it was possible to conclude that
in a sorption process the relevance of the internal temperature
and mass concentration gradients can only be assessed through
the order of magnitude of a set of four dimensionless numbers,
which includes at least three Biot numbers.

It was also concluded that, for the adsorption/desorption
cases simulated, the heat and mass lumped capacitance as-
sumption supporting the pseudo gas-side model is valid only
for desiccant layers thinner than about 0.1 mm, corresponding
approximately to the range of Bis < 2×104. The use of the ther-
mal lumped capacitance model in this kind of coupled heat and
mass transfer problems appears to be reasonable when Bih < 1.

In a 2-D modelling, the characteristic dimension associated
to the internal diffusion phenomena occurring in the axial direc-
tion is the channel length, which is typically two or three orders
of magnitude greater than the thickness of the desiccant layer.
Therefore, the assumption of null resistances to diffusion in the
axial direction is not applicable. In this case, an interesting hy-
pothesis to be numerically investigated consists of assuming
infinite resistance values (or, by other words, neglecting dif-
fusion) in the streamwise direction, meaning that the internal
axial gradients are only due to the convective interaction with
the air flow. This will be addressed in a future work, when using
the 2-D formulation of the model.
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