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Abstract

The simplified model developed in Part I for the behaviour of a channel with parallel desiccant walls is adapted and used to analyse
heat and mass transfer phenomena in hygroscopic rotors, the so-called enthalpy wheels and desiccant wheels, operating in steady-state
conditions. The characterization of the corrugated matrix and an inspection of the effect of the corrugate curvature are presented. Global
parameters characterizing the performance of the hygroscopic rotor are defined, and evaluated after the numerical results for the cyclic
stationary behaviour of a real shape channel. Parametric studies are presented, concerning the steady-state performance of an equally
partitioned desiccant wheel having sinusoidal-type channels. The influences of the dimensions of the matrix cells and of the constitution
and thickness of the channel walls, as well as of the rotation speed and the inlet airflow conditions on the performance of desiccant wheels
were analysed. The results presented provide a powerful insight into the operation of this type of devices, the model being an interesting
tool both for manufacturing and design purposes.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hygroscopic rotors have been applied for decades as
enthalpy wheels in energy recovery processes, as well as
desiccant wheels in applications of air dehumidification.

Studies of the global behaviour of air conditioning sys-
tems integrating desiccant wheels have been performed
exclusively on an experimental basis [1–5] or by way of
numerical simulation techniques. In the latter cases, the
necessary characterization of the behaviour of the desic-
cant wheel was obtained by laboratory experiments [6,7],
either using directly the performance data provided by
the manufacturer [8,9] or by using specific software [10–14].

Other studies have been dedicated to the behaviour of
hygroscopic rotors. Concerning the desiccant wheels,
experiments have been done to validate prediction physical
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models [15–22], simplified models have been developed
using experimental data correlations [23–25] and the per-
formance characterization has been performed by carrying
out experiments under various operating conditions
[26–29]. Another series of works was dedicated to the
experimental investigation of the behaviour of enthalpy
wheels [30–34]. In other studies, based on advanced physi-
cal models, the internal sorption and diffusion transport
was taken as local phenomena in the thin desiccant layer
of the matrix [35–40].

The simplified model described in Part I of this paper is
adapted to simulate the cyclic behaviour of the channel of a
corrugate matrix, and then used to predict the heat and
mass transfer in a hygroscopic rotor operating at steady-
state conditions.
2. Geometric parameters and convection transfer in the

matrix

In Fig. 1, three matrix cells with distinct corrugations
are schematically represented, illustrating its typical
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Nomenclature

as specific transfer area of the matrix
�c�pf;out

specific heat of the bulk airflow referred to the
unit of mass of the mixture

dhyd hydraulic diameter
dh infinitesimal angle of the elementary volume of

the wheel
ds infinitesimal time step
Ep plate thickness (Fig. 1)
F m;in inlet convective intensity (or mass velocity)
Hc half-height of the modelled channel
Hd thickness of the desiccant layer
Hp half-thickness of the modelled channel wall

(H p ¼ Hd þ H sub ¼ 0:5EpÞ
Hsin characteristic dimension of the sinusoidal-type

corrugated matrix (cf. Fig. 2)
Hsub half-thickness of the substrate layer of the mod-

elled channel
_J v;gs mass transfer rate per unit of transfer area of the

modelled channel
_J#

m mass transfer rate per unit of frontal area of the
matrix

Lc channel length
Nu Nusselt number
Pcell cell pitch (Fig. 1)
Psin characteristic dimension of the sinusoidal-type

corrugated matrix (cf. Fig. 2)
P w;cell wetted perimeter of the cell
_Qh;gs heat transfer rate per unit of transfer area of the

modelled channel
_Q#

h heat transfer rate per unit of frontal area of the
matrix

R radius of the hygroscopic wheel (Fig. 5)
r spatial coordinate (Figs. 2 and 5)

Sp length of contact area (cf. Fig. 1)
T temperature
t time coordinate
wv water-vapour content in the gas mixture
X ‘;i adsorbed water content in the porous medium at

the interface (d.b.)
x, y spatial coordinates

Greek symbols

asin characteristic aspect ratio of the cell P sin=H sin

dsin characteristic dimension of the sinusoidal-type
corrugated matrix (cf. Fig. 2)

em porosity of the matrix
uv vapour mass fraction of the gas mixture
h angular coordinate in the hygroscopic rotor

(Fig. 5)
qf density of bulk airflow
s time coordinate in an adsorption/desorption cy-

cle
s+ dimensionless time coordinate in a adsorption/

desorption cycle

Subscripts

ads relative to the adsorption mode
cyc relative to the adsorption/desorption cycle
des relative to the desorption mode
f bulk airflow
h heat
i solid-airflow interface
in inlet condition
m mass
out outlet condition
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dimensions, namely, the pitch Pcell, the height H cell, the
thickness of the plates Ep and the length Sp of the contact
area between plane and wavy plates. It should be men-
tioned that the sinusoidal type corrugation provides higher
specific transfer area, provided Sp is small.

In some real matrices, the cell exhibits a curvature as
shown in Fig. 2, corresponding to two adjacent channels
with opposite curvatures, as illustrated in Fig. 3, the cross
section area being larger for the channel represented in
Fig. 3a. The curved cell of the sinusoidal type corrugation
is characterised by the aspect ratios P sin=H sin and dsin=P sin.

The curvature aspect ratio dsin=P sin depends on the
radial position of the cell in the matrix, increasing in the
direction of the rotor axis. The graphical representation
of Fig. 4 characterizes this dependence relatively to the
parameter P sin=r, allowing to conclude that the curvature
of the corrugation becomes negligible for r > 2:5P sin, if
the criterion d sin=P sin < 0:05 is adopted. Taking into
account the dimensions of real rotors and of the corruga-
tions, the curvature effect appears to be insignificant, even
in less compact matrices, affecting only a very small frac-
tion of the frontal area around the axis of the rotor.

For each corrugation represented in Fig. 1, it is possible
to relate the wetted perimeter, the specific transfer area and
the porosity with the pitch, the height and the wall thick-
ness of the cell. Taking into account the expression pro-
posed by [42], the cell wetted perimeter for sinusoidal
type corrugation can be estimated as:

P w;cell ¼ 2H sin asin þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

sin þ p2

q
3þ ð2asin=pÞ2

4þ ð2asin=pÞ2

" #
� 4Sp; ð1Þ

where asin ¼ P sin=H sin.
The specific transfer area of each cell is evaluated as:

as ¼ 2
H sin

P cellH cell

asin þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

sin þ p2

q
3þ ð2asin=pÞ2

4þ ð2asin=pÞ2

" #
� 4Sp

P cellH cell

ð2Þ
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Fig. 1. Characteristic dimensions of the corrugation of (a) sinusoidal, (b)
triangular and (c) rectangular type cells.
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Fig. 3. Adjacent channels with (a) greater and (b) smaller cross section
area.
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Fig. 4. Curvature of the matrix corrugation [41].
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and the porosity of each cell is approximately determined
by:

em ¼ 1� EPH sin

P cellH cell

asin þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

sin þ p2

q
3þ ð2asin=pÞ2

4þ ð2asin=pÞ2

" #
: ð3Þ

With the porosity and the specific transfer area, the
hydraulic diameter yields dhyd ¼ 4em=as. When Ep is very
small relatively to the dimensions of the cell, it can be as-
sumed that P cell ¼ P sin and H cell ¼ H sin, yielding to asin ¼
P cell=H cell. When Ep is significant and SP � 0, the assump-
tion P cell ¼ P sin remains valid, but a correction for H cell

must be adopted. The relation proposed is:

H cell ¼ H sin þ Ep þ Ep

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4a�2

sin

q
: ð4Þ

In the literature, one can find Nusselt number values for
several channel configurations, for completely developed



Table 1
Nusselt numbers for channels of sinusoidal corrugation type [45]. (NuA

and NuB refer to the channel configurations of Fig. 3a and b, respectively.)

dsin=P sin H sin=P sin NuA NuB NuAB

0 0.75 2.32 2.32 2.32
0.125 0.75 2.78 1.67 2.22
0.25 0.75 3.08 0.97 2.03
0 1.0 2.46 2.46 2.46
0.125 1.0 2.83 1.97 2.40
0.25 1.0 3.00 1.35 2.18
0 2.0 2.66 2.66 2.66
0.125 2.0 2.79 2.39 2.59
0.25 2.0 2.82 1.99 2.41
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Fig. 5. Hygroscopic wheel.
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laminar flow with constant properties of the fluid [43,44].
For channels of sinusoidal corrugation type, Niu and
Zhang [45] have numerically determined Nu values for
the uniform and constant interface temperature condition
and evaluating its dependence on the ratio dsin=P sin. Some
of the results of that work are compiled in Table 1, namely
NuA and NuB for the channel types represented in Fig. 3a
and b, respectively, showing that NuA > NuB. Moreover,
it is seen that the deviations from the average value,
NuAB ¼ 0:5ðNuA þ NuBÞ, are directly proportional to the
corrugation curvature, becoming important only in cases
where dsin=P sin > 0:125. This conclusion, together with the
fact that in real matrix of hygroscopic wheels dsin=P sin is
typically less lower than 0.05, means that a Nusselt number
value given for a channel with no curvature effect (dsin ¼ 0Þ
is precise enough for numerical modelling purposes.
According to the results of Niu and Zhang [45], the follow-
ing expression is proposed:

Nu ¼ �0:2711
H sin

P sin

� �2

þ 1:018
H sin

P sin

þ 1:7045: ð5Þ
3. Model for the stationary behaviour of a hygroscopic rotor

The detailed modelling of the behaviour of a hygro-
scopic rotor generally involves several difficulties, such as
the complex channel geometry, the presence of structural
elements in the rotor matrix, the non-uniform inlet condi-
tions and the air crossover between the adsorption and
desorption zones.

In Part I of this paper, a detailed two-dimensional
numerical model (MD) was developed for the interaction
between a moist airflow and the desiccant, plane parallel
walls of a static channel. This model was taken as a refer-
ence to assess the quality of the results of a more simplified
model (MS), which is based on the hypothesis of bulk air-
flow inside the channel, with the heat and mass fluxes at the
interface modelled through appropriate convection coeffi-
cients. In view of the good agreement obtained, the simpli-
fied model MS is now adapted to simulate the transient
cyclic behaviour of real shape channels of hygroscopic
rotors. Since the channel wall thickness is one order of
magnitude lower than its cross section dimensions, the
two-dimensional formulation is kept, the real channel
being approached by an equivalent parallel plate configura-
tion with the same wall thickness and the real ratio of air-
flow rate to wetted perimeter. The convective heat and
mass fluxes are calculated after the values of Nusselt and
Sherwood numbers for the real channel geometry. It is
assumed that the radial gradients in the matrix are negligi-
ble and that there are no significant transport phenomena
between adjacent channels.

The modelled channel is supposed to be representative
of a rotating elementary volume of the wheel, such as the
slice sketched in Fig. 5, which occupies successive angular
positions h. The simulation of the stationary behaviour
of the wheel is achieved by cyclically changing the inlet air-
flow conditions and reversing the airflow direction in the
channel, at the moment of transition between the adsorp-
tion and the desorption zones, thus reproducing the
sequence of adsorption/desorption cycles.

In the modelled parallel plate geometry, the channel half-
height and the half-thickness of the wall are H c ¼ em=as and
Hp ¼ ð1� emÞ=as, respectively, where em and as are the
porosity and the specific transfer area of the matrix. Addi-
tionally, to guaranty the real ratio of airflow rate to wetted
perimeter in each zone of the matrix, the specification of
each inlet condition must be based on a frontal velocity
given by uin ¼ F m;in=qf ;in, where F m;in represents the inlet air-
flow rate per unit of frontal area in each zone.

The cyclic process with a duration scyc is divided into the
adsorption and the desorption modes, with durations sads

and sdes, respectively, the corresponding zones of the
matrix being defined by 0 < h 6 hads and hads < h 6 2p,
with hads ¼ 2psads=scyc. From the point of view of the mod-
elled channel, the adsorption and the desorption processes
occur when 0 < s 6 sads and sads < s 6 scyc, respectively,
with s ¼ scych=ð2pÞ.

For the stationary regime of the hygroscopic rotor, the
transfer rates occurring in the adsorption zone are equal
to those occurring in the desorption zone. Therefore, con-
sidering the adsorption mode, the following expressions
can de deduced for the heat and mass transfer rates per unit
of frontal area of the matrix, respectively:



Fig. 6. Sketch of a sinusoidal channel with the wall composed by (a)
separate layers of substrate and desiccant (wall type I) and (b) substrate
and desiccant mixed in a single layer (wall type II).

Table 2
Characteristic geometric parameters of cells of type A, B and C
(P cell ¼ P sinÞ

Ep (mm) H sin (mm) em as (m2 m�3)

Cells type A: A1 0.05 0.88 0.878 4852
H cell ¼ 1 mm A2 0.075 0.83 0.821 4769
P cell ¼ 2 mm A3 0.1 0.77 0.766 4673

A4 0.25 0.47 0.467 4267
Cells type B: B1 0.05 1.38 0.918 3280
H cell ¼ 1:5 mm B2 0.075 1.33 0.879 3239
P cell ¼ 3 mm B3 0.1 1.27 0.84 3198

B4 0.25 0.95 0.627 2980
Cells type C: C1 0.05 4.88 0.975 1004
H cell ¼ 5 mm C2 0.075 4.82 0.963 1000
P cell ¼ 10 mm C3 0.1 4.76 0.950 995

C4 0.25 4.42 0.878 972
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_J#
m ¼

asLc

scyc

Z sads

0

_J v;gsds; ð6Þ

and

_Q#
h ¼

asLc

scyc

Z sads

0

_Qh;gsds; ð7Þ

parameters that have a practical interest for design
purposes.

At the outlet of each zone, the air state exhibits a non-
uniform angular distribution, and the downstream average
temperatures are evaluated by:

T out;ads ¼
Z sads

0

qf ;out�c
�
pf ;out

uoutT outds
Z sads

0

qf;out�c
�
pf;out

uoutds

�
ð8Þ

and

T out;des ¼
Z scyc

sads

qf;out�c
�
pf;out

uoutT outds
Z scyc

sads

qf;out�c
�
pf ;out

uoutds

�
;

ð9Þ
respectively, for the outlet of the adsorption and desorp-
tion zones. The average outlet moisture contents are evalu-
ated in a similar way by:

wv;out;ads¼
Z sads

0

ð1�uv;outÞqf ;outuoutwv;outds
Z sads

0

ð1�uv;outÞqf;outuoutds

�
ð10Þ

and

wv;out;des¼
Z scyc

sads

ð1�uv;outÞqf ;outuoutwv;outds
Z scyc

sads

ð1�uv;outÞqf ;outuoutds

�
:

ð11Þ

The variables qf;out, �c�pf;out
, uout, T out, uv;out and wv;out concern

the outlet state of bulk airflow of the modelled channel as
predicted by the present simplified model MS.

4. Parametric studies

Different parametric studies were conducted, in order to
characterise the importance of a set of parameters on the
behaviour of a hygroscopic wheel, namely the rotation
speed, the cell dimensions, the wall thickness, as well as
the inlet conditions of both airflows.

The shape of the matrix channel studied is illustrated in
Fig. 6, and the different sizes of the cells are indicated in
Table 2 (high, medium and low values of specific transfer
area of the matrix, respectively, types A, B and C). The
cells of each type have the same H cell and P cell, and different
wall thickness Ep, leading to different values of H sin, em and
as. It is assumed that Sp ¼ 0, meaning that the corrugation
has its maximum specific transfer area (cf. Fig. 1).

The properties of the desiccant considered are those of
silica gel RD, and can be found in Part I of this paper.
The values of the specific heat, the density and the thermal
conductivity of the substrate are supposed to be the same
of the silica gel RD. Following the procedure described
in Part I, the convective coefficients are evaluated after
the Nusselt number estimated by Eq. (5).

The results of the first parametric study (Figs. 7–10)
refer to the behaviour of a hygroscopic rotor with equal
adsorption and desorption zones (sads ¼ sdesÞ, at a pressure
of 101,325 Pa and for the particular inlet conditions indi-
cated in Table 3. The channel wall is assumed to be com-
posed by a desiccant layer without substrate and the
length channel is fixed at Lc ¼ 0:3 m. For the case of the
matrix cell B3 and scyc ¼ 500 s, Fig. 7 illustrates the time
evolutions of the states of the interface and of the bulk flow
in four sections at different longitudinal locations of the
channel, as a function of the angular position, evidencing
the abrupt variations after the mode transition. From the
temperature and the moisture content evolutions (Fig. 7a
and b), it can be observed that the airflow and the wall
are closely in thermodynamic equilibrium in most of the
rotor domain, a condition that is sometimes taken as a sim-
plifying hypothesis in the behaviour analysis of ideal desic-
cant wheels (v., e.g. [46]). It can also be seen that only in the
desorption mode the channel wall surface achieves equilib-
rium with the incoming air, an indication that the regener-
ation process is completed. This suggests that it is possible
to optimise the dehumidification performance of the rotor
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through the reduction of the rotation speed and the aug-
mentation of the adsorption zone.

The results of the parametric study are summarized in
terms of the influences of scyc and Ep on the global heat
and mass transfer rates, for the three types of cells (Table
2). Figs. 8 and 9 represent, respectively, the heat and mass
transfer rates per unit of frontal area of the matrix, while
Fig. 10 shows the mass transfer rate per unit of transfer
area. The heat transfer rates exhibit a monotonic decreasing
trend with the cycle duration, with similar values in cells A
and B, but rather lower values in cell C. Furthermore, it is
observed that thicker channel walls provide higher heat
transfer rates.

From Fig. 9, it is possible to identify for each cell type
the optimal cycle duration that maximizes the dehumidifi-
cation capacity of the desiccant wheel, and conclude that
such optimum value depends strongly on the wall thickness
of the channels. The maximum values of the mass transfer
rate _J#

m are close to 0.006 kg s�1 m�2, for cells A and B, and
about 0.005 kg s�1 m�2 for the cells of type C, regardless of
the wall thickness.
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Table 3
Inlet conditions of the airflows

Adsorption zone Desorption zone

T in (�C) 30 100
wv;in (kg kg�1) 0.01 0.01
F m;in (kg s�1 m�2) 1.5 1.5
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In a next parametric study, two wall constitutions were
analysed: one wall without substrate, and the other, a wall
of type I with H sub ¼ 0:1 mm and H d ¼ 0:025 mm. In both
cases, the length Lc ¼ 0:3 m is maintained, and the thick-
ness of the channel wall is fixed at Ep ¼ 0:25 mm,
(Hp ¼ 0:125 mmÞ, corresponding to the cell B4. The study
is focussed on the influence of the inlet airflow conditions,
as considered in Table 4, maintaining the pressure of
101,325 Pa and a fixed value of scyc ¼ 500 s, for a wheel
with equal adsorption and desorption zones (sads ¼
sdes ¼ 250 sÞ.

For both wall constitutions considered, Figs. 10a–c
show how the heat transfer rate _Q#

h depends on the inlet
temperature in the desorption zone and on the inlet water
vapour content in the adsorption zone, for increasing air-
flow rates. The same influences on the mass transfer rate



Table 4
Inlet conditions of the air flows

Adsorption zone Desorption zone

T in (�C) 30 60, 80, 100, 120
wv;in (kg kg�1) 0.005, 0.01, 0.015, 0.02 0.01
F m;in (kg s�1 m�2) 1.0, 2.0, 3.0 1.0, 2.0, 3.0
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_J#
m are represented in Figs. 11a–c. It can be concluded that,

as expected, the heat and mass transfer rates increase
monotonically with the inlet temperature of the regenera-
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Fig. 11. Mass transfer rate per unit of frontal area of the hygroscopic
rotor with cell B4, considering F m;ads ¼ F m;des and equal to: (a)
1 kg s�1 m�2, (b) 2 kg s�1 m�2 and (c) 3 kg s�1 m�2; (—: Hd = 0.125 mm,
Hsub = 0; - - -: Hd = 0.0125 mm, Hsub = 0.1 mm).
tion airflow, as well as with the inlet vapour content in
the adsorption zone. Furthermore, it is seen from Fig. 11
that the dehumidification capacity is generally greater for
the wall without substrate when the vapour content in
the adsorption incoming air is higher (wv;in;ads > 0:010
kg kg�1Þ, differences that are more notorious for higher air-
flow rates.

The influence of the same parameters on the outlet states
of both airflows in the case of the channel wall without sub-
strate is represented in Figs. 12 and 13. The results in
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Fig. 12. Outlet temperatures in the adsorption and desorption zones of
the hygroscopic rotor with cell B4, considering F m;ads ¼ F m;des and equal
to: (a) 1 kg s�1 m�2, (b) 2 kg s�1 m�2 and (c) 3 kg s�1 m�2; (—:
T out;ads;��� : T out;des).
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Fig. 13. Outlet water vapour content in the adsorption and desorption
zones of the hygroscopic rotor with cell B4, considering F m;ads ¼ F m;des and
equal to: (a) 1 kg s�1 m�2, (b) 2 kg s�1 m�2 and (c) 3 kg s�1 m�2;
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Fig. 13, particularly, allow to conclude that, even for rela-
tively low values of the regeneration air temperature (say,
T in;des � 80 �C ) and high values of wv;in;ads, a good dehu-
midification effect can be achieved. This conclusion is par-
ticularly relevant for practical purposes, since it illustrates
the possibility of using desiccant wheels in solar-powered
desiccant evaporative cooling systems.
5. Conclusions

The simplified model MS presented in Part I was
adapted to simulate the transient cyclic behaviour of
hygroscopic rotors with real shape channels under uniform
inlet flow conditions. The real channel is supposed to
belong to a sinusoidal-type corrugated matrix and it is
approached by an equivalent parallel plate configuration
with the same wall thickness and the real ratio of air-
flow rate to wetted perimeter. The interaction between
the bulk airflow and the interface is treated through con-
vective transfer coefficients estimated from values of Nu

and Sh numbers for laminar developed flow in real
configurations.

Two parametric studies were performed for an equally
partitioned desiccant wheel with a fixed, moderate channel
length. The first one was focussed mainly on the influence
of the cycle duration on the wheel performance, consider-
ing different cell dimensions and channel wall thicknesses,
and it led to the conclusion that the maximum mass
transfer rate per unit of frontal area is practically indepen-
dent of the channel wall thickness. However, higher rota-
tion speeds should be adopted for thinner channel walls.
The second study was conducted to analyse the influence
of the regeneration air temperature and of the vapour con-
tent in the incoming air for the adsorption zone, consider-
ing two wall constitutions and different airflow rates. The
results illustrate the potentialities of the model in mapping
the global heat and mass transfer performance of hygro-
scopic rotors, which is a relevant information for design
purposes, namely in industrial dehumidification applica-
tions and for desiccant evaporative cooling systems.

A lack of information for the complete characterization
of the desiccant media, as required for the validation of
detailed numerical models, deserves an additional exhaus-
tive experimental research to determine the properties of
different desiccant media. Moreover, some preliminary
work must be done coupling specific experiments and
numerical simulation to derive the needed correlations,
particularly for the surface diffusion coefficient.
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