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Abstract

A comparison between mathematical formulations for describing the transport phenomena occurring within desiccant and enthalpy
wheels including axial heat and mass diffusion and a simplified version without these effects has been performed. Simulation results using
a two-dimensional formulation were compared to determine under which conditions should these terms in fact be considered. The results
include the variation of rotational speed, sorbent mass fraction, Biot numbers, and the aspect ratio of the porous desiccant substrate. The
results show that the aspect ratio, together with the Biot numbers, are relevant parameters in determining whether axial diffusion should
be included.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The mathematical modeling of the transfer processes
occurring within rotary dehumidifiers and enthalpy
exchangers has been demonstrated to play an important
role in enhancing the design and operation of these devices.
The physical phenomena occurring in these devices involve
coupled heat and mass transfer in the presence of physical
adsorption. In order to better describe these processes in
mathematical terms, different formulations have been
adopted over the past years. Most formulations are com-
posed of simple one-dimensional equations [1–6], in which
the diffusional phenomena within the porous desiccant sub-
strate are not locally considered. Some investigations adopt
two-dimensional formulations, actually considering the
thermal and mass diffusion in the desiccant substrate as
local phenomena [7–12].

Some studies have included axial diffusion effects in their
models [6,4,10–12], but most formulations apparently do
not consider these terms. In some one-dimensional formu-
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lations [6,4] axial heat conduction is included due to the
presence of a high conductivity supporting structure, which
is considered lumped with the desiccant substrate. Other
studies, using one-dimensional models, also consider [1,2]
the supporting structure lumped with the sorbent material,
but axial diffusion effects are not included. The model pro-
posed in [11] includes axial heat and mass diffusion within
the porous desiccant substrate; however equations for con-
stant heat conductivity are employed. These terms may be
necessary; nevertheless, their presence imply higher com-
plexity in the equations and increased computational solu-
tion time. Although some of these studies consider axial
diffusion and others do not, no comparison analyzing the
effects of including or omitting these terms has been
presented.

The purpose of this study is to investigate the effects of
axial diffusion terms within the desiccant substrate and
determine under which conditions could these terms be
removed from the equations. The axial diffusion phenom-
ena are studied isolated from parallel axial diffusion in a
metallic supporting structure, by considering cases in which
such a structure is omitted—such as in paper coated regen-
erators. In addition, this investigation also provides insight
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Nomenclature

c, cp specific heats
C�

r;f , C
* sensible heat capacity ratios

Bi Biot number
DH reference mass-diffusivity
fs mass fraction of sorbent in felt
FiT, FoT Fick and Fourier numbers
i specific enthalpy
isor heat of sorption
ivap latent heat of vaporization
iv,DT interface heat of sorbate transfer
k thermal conductivity
Kf felt aspect ratio (thickness/length)
Le Lewis number
Ntu,o overall number of transfer units
r, x, t independent variables
T temperature
V �

r;f , V
* volumetric capacity ratios

W sorbate uptake
Y sorbate content in gas mixture

Greek symbols

�f felt porosity
Xmax dimensionless W max

fm

H dimensionless temperature

q density or specific mass
sT period of one full revolution
s�dw dimensionless dwell time
/ molar fraction of sorbate in gas mixture
U dimensionless sorbate concentration

Subscripts and superscripts

a dry air
f entire felt (matrix and pores)
fp pores (inter-particle voids)
fm matrix part of felt
p process stream
fs dry solid felt material
ls saturated liquid sorbate
v saturated sorbate vapor

* dimensionless quantity
in, out inlet and outlet
~ dry basis
I, II processes streams I and II
h related to sensible heat transfer
m related to mass transfer
i related to enthalpy transfer
p.s. process stream/felt interface
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on the amount of savings in computational time associated
with using the simplified formulation.

2. Mathematical formulations

The heat and mass transfer processes occurring within
rotary regenerators employing sorbent materials [12], in
the absence of a supporting structure, can be described
by the following governing equations:

1

FiT
ð1� �fÞfsXmax

oUfm

ot�
þ �f

oUfp

ot�

� �
¼ fsXmaxr� � ðdsr�UfmÞ þ r� � ðdgr�UfpÞ; ð1Þ

vf
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oHf

ot�
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Lef
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at the remaining boundaries. The dimensionless Del oper-
ator ($*), present in the previous equations, is used in its
two-dimensional form with Cartesian coordinates:

r� ¼ K f

o

ox�
;
o

or�
; 0

� �
; ð10Þ

Also, the material derivative is given by

D
Dt�

¼ o

ot�
þ 1

s�dw

o

ox�
; ð11Þ

and the local equilibrium relation is written as

Ufm ¼ UfmðHf ;UfpÞ. ð12Þ
Furthermore, the normalized periodic inlet conditions

are given by

Upð0; t�Þ ¼ UI
inðt�Þ; Hpð0; t�Þ ¼ HI

inðt�Þ; for 0 6 t� 6 sI
sT

Upð0; t�Þ ¼ UII
inðt�Þ; Hpð0; t�Þ ¼ HII

inðt�Þ; for sI
sT
6 t� 6 1

)

for N ¼ 1; 2; . . . ð13–16Þ



Table 1
Input data used in simulations

cpa ¼ 1007 J=kg �C ka = 0.0263 W/m �C
cpv ¼ 1872 J=kg �C kv = 0.0196 W/m �C
cls = 4180 J/kg �C kl = 0.613 W/m �C
cfs = 920 J/kg �C kfs = 0.24 W/m �C
DH

p ¼ 2:94� 10�5 m2=s DH

f ¼ 3:43� 10�6 m2=s
qa = 1.1614 kg/m3 qfs = 800 kg/m3

�f = 0.40 W max
fm ¼ 0:40 kg=kg

C�
r;f ¼ 20=sT s�dw ¼ 0:08=sT

C* = 1.0 isor = 1.2 · ivap

T I
in ¼ 15 �C T II

in ¼ 30 �C

/I
in ¼ 40% /II

in ¼ 40%
Tref = 15 �C DTref = 15 �C
Yref = 4.2625 g/kg DYref = 6.4654 g/kg
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where N corresponds to the number of revolutions, and—
in each of these—the dimensionless process time t* varies
from 0 to 1. In addition, the change of variable

x�next ¼ 1� x�current; ð17Þ
is applied at the end of each process for a counterflow
configuration.

The previous formulation can be significantly simplified
if the effects of axial diffusion, comprising heat conduc-
tion, gas-phase diffusion and surface diffusion terms in
the x-direction, are considered negligible and removed
from the governing equations. This simplification is usu-
ally justified by the fact that the aspect ratio Kf is suffi-
ciently small and that there is no flux at the boundaries
x* = 0 and x* = 1, resulting in the following modification
to the $* operator

r� ¼ 0;
o

or�
; 0

� �
; ð18Þ

which reduces Eqs. (1) and (2) to:
τ

 ,
ε

ε

0 10 20 30 40 50 60
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

m - fs=1%

i - fs=1%

m - fs=10%

i - fs=10%

m - fs=1%

i - fs=1%

m - fs=10%

i - fs=10%

m - fs=1%

i - fs=1%

m - fs=10%

i - fs=10%

Bim = 0.1, Bih = 0.1 , Nm
tu ,o =3, Nh

tu,o = 3

Bim = 0.1, Bih = 1.0, Nm
tu ,o = 3, Nh

tu,o = 3

Kf =10-1

Kf = 0

Kf =10-2

t

 m
i

 ,
ε

ε  m
i

ε

ε
ε
ε
ε
ε
ε
ε
ε
ε
ε
ε

(a)

τ
0 10 20 30 40 50 60

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

m - fs=1%

i - fs=1%

m - fs=10%

i - fs=10%

m - fs=1%

i - fs=1%

m - fs=10%

i - fs=10%

Kf = 0

Kf = 10
-1

t

ε
ε
ε
ε
ε
ε
ε
ε

(c)

Fig. 1. Influence of Kf on the performance results for different
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cases, with Nh
tu;o ¼ 3 and Nm

tu;o ¼ 3—smaller Biot numbers.
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vf
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However, the required magnitude of Kf to validate this
simplification should be determined. The dimension-
less parameters in the presented equations are related
through

FiT ¼ ð1þ V �Þ2

V �
Nm

tu;o

BimV �
r;f

; ð21Þ

FoT ¼ ð1þ C�Þ2

C�
Nh

tu;o

BihC
�
r;f

; ð22Þ

Lef ¼
FoT
FiT

; ð23Þ

C� ¼ V �. ð24Þ
The expressions for calculating the coefficients i�sor, i

�
v;DT , vp,

vf, ds, dg, and jf, as well as a detailed explanation of the
dimensionless parameters, are provided in [12].
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Fig. 2. Influence of Kf on the performance results for different
3. Results and discussion

The equations herein presented were computationally
solved using a combination of two numerical methods:
finite volumes and the numerical method of lines. All grids
were sufficiently refined to ensure acceptable levels of pre-
cision, and the magnitude of the relative error in the mass
and energy balances between both inlet and outlet streams
was less than 10�3.

To assess the overall performance of the regenerator,
three types of effectiveness—temperature, mass and
enthalpy—are employed. These are respectively defined as
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cases, with Nh
tu;o ¼ 3 and Nm

tu;o ¼ 3—larger Biot numbers.
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where,

H
out

p;I ¼ 1

sI

Z sI

0
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p;I dt

�; ð28Þ

U
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�; ð30Þ

The calculation of the above enthalpies will depend on ref-
erence values of physical properties, and detailed informa-
tion on calculating these enthalpies can be found in [12].

In order to investigate the effects of omitting the axial
diffusion terms, the results obtained with Kf = 0, i.e. Eqs.
(19) and (20), were compared with the ones calculated with
Eqs. (1) and (2) for different values of Kf. Different values
for the sorbent concentration in the porous felt fs were
used, and the dimensional process time sT, which directly
affects the dimensionless parameters C�

r;f and s�dw was varied
from 1 to 60 s. Table 1 shows this dependence and also pro-
vides the reference values for physical properties and the
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Fig. 3. Influence of Kf on the performance results f
dimensionless parameters that were held fixed. The refer-
ence physical properties of the desiccant substrate
employed are typical to a silica-gel desiccant. In addition,
the overall numbers of transfer units (N h

tu;o and Nm
tu;o) were

varied from 1 to 3, and different Biot numbers Bim and Bih
were employed: 0.1, 1.0, and 10.0.

Figs. 1 and 2 compare the solutions with Kf = 0 (no
axial diffusion) with Kf = 10�1 and Kf = 10�2, for a varying
sT and different values of fs. Different configurations of
Biot numbers are presented and the numbers of transfer
units are held constant at Nh

tu;o ¼ Nm
tu;o ¼ 3. The curves

for Kf = 10�2, in all cases but the one with Bim = Bih = 1.0,
perfectly coincide with the curves for Kf = 0, and they are
only displayed for this case. Fig. 1b shows the same curves
presented in Fig. 1a within a smaller scale for better visual-
izing the Kf = 10�2 curves. The results clearly indicate that
the difference between the different Kf curves increases with
decreasing Biot numbers. In fact, for Bim = Bih = 10, the
Kf curves nearly overlap each other. In addition, while
the greater discrepancy occurs for Kf = 10�1, the remaining
cases are practically equivalent to the case without axial
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diffusion. Fig. 3 provides an analogous comparison for
Nh

tu;o ¼ Nm
tu;o ¼ 1, illustrating a similar trend. Besides vary-

ing the number of transfer units, the effect of changing the
inlet conditions was also investigated. However, the same
trend was observed.

In order to illustrate the advantage of removing the axial
diffusion terms from the equations, the computational time
of single-blow solutions with different values of Kf (with
Kf = 0 implying no axial diffusion) are compared. These
solutions correspond to solving the proposed problem
from t* = 0 to t* = 1 with the following inlet and initial
conditions:

Upð0; t�Þ ¼ 1; Hpð0; t�Þ ¼ 1; for 0 6 t� 6 1; ð31; 32Þ
Upðx�; 0Þ ¼ 0; Hpðx�; 0Þ ¼ 0; for 0 6 x� 6 1.

ð33; 34Þ

The results of these simulations are shown in Fig. 4, indi-
cating that the removal of the axial diffusion terms from
the equations generally produces a reduction in the compu-
tational time in excess of 20%. In addition, the relative
τ
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error in the integral mass and energy balances between
the porous sorbent and the process stream were calculated
for these cases, always yielding values of magnitude less
than 10�4.

Although the presented results compare the effectiveness
for cases with and without axial diffusion, the question of
whether the potentials in the felt (i.e. sorbate concentration
and temperature) also behave in a similar way needs to be
analyzed. Table 2 displays numerical data for the case with
Bim = Bih = 1, N h

tu;o ¼ N tu;m ¼ 3 and fs = 0.1%, including
the sorbate concentration and temperature in the felt (aver-
aged value, shown at t* = 1), together with the outlet poten-
tials at t* = 1, and the CPU time. As can be seen, the data
indicate that for Kf = 10�2, the solution practically yields
the same numbers as the formulation without axial solution
(Kf = 0). Also, for the case with Kf = 10�1, the solution is
still generally very close to the case with no axial diffusion,
with some noticeable discrepancy; however, as discussed
previously, this case presents an exaggeration of a real con-
figuration. Hence, the effect observed in the effectiveness
results, is again observed for the potentials within the felt.
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Table 2
Tabulated data from solution of case with fs = 0.1%, Bim = Bih = 1 and Nm

tu;o ¼ Nh
tu;o ¼ 3

Kf sT H1
p;out U1

p;out H
1
f U

1
fp em ei CPU

0 1 0.6801 0.1399 0.4724 0.0686 0.5907 0.6580 2.37E+3
10�2 1 0.6795 0.1400 0.4724 0.0689 0.5903 0.6575 2.58E+3
10�1 1 0.6361 0.1463 0.4735 0.0874 0.5613 0.6212 1.97E+3

0 5 0.5916 �0.0100 0.4024 �0.0074 0.1206 0.3898 4.00E+2
10�2 5 0.5911 �0.0100 0.4024 �0.0074 0.1206 0.3895 5.26E+2
10�1 5 0.5553 �0.0093 0.4079 �0.0072 0.1211 0.3708 5.28E+2

0 10 0.5016 �0.0090 0.3239 �0.0063 0.0518 0.3447 2.51E+2
10�2 10 0.5012 �0.0090 0.3240 �0.0063 0.0518 0.3445 3.49E+2
10�1 10 0.4712 �0.0084 0.3340 �0.0063 0.0526 0.3266 3.36E+2

0 15 0.4122 �0.0078 0.2518 �0.0052 0.0294 0.3221 1.81E+2
10�2 15 0.4119 �0.0078 0.2520 �0.0052 0.0295 0.3219 2.52E+2
10�1 15 0.3878 �0.0074 0.2658 �0.0053 0.0303 0.3050 2.63E+2

0 30 0.1781 �0.0040 0.0931 �0.0022 0.0092 0.2632 1.24E+2
10�2 30 0.1780 �0.0040 0.0933 �0.0022 0.0092 0.2630 1.71E+2
10�1 30 0.1766 �0.0040 0.1131 �0.0026 0.0099 0.2505 2.02E+2

0 60 0.0115 �0.0003 0.0048 �0.0001 0.0031 0.1600 8.50E+1
10�2 60 0.0116 �0.0003 0.0049 �0.0001 0.0031 0.1600 1.20E+2
10�1 60 0.0207 �0.0005 0.0127 �0.0003 0.0032 0.1575 1.25E+2
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4. Summary and conclusions

This work investigated the effects of axial heat and mass
diffusion occurring within the porous desiccant substrate
contained in rotary regenerators, such as desiccant and
enthalpy wheels. The effect of this phenomena, isolated
from diffusion in a adjacent highly conductive metallic
layer, was studied by employing a formulation in which
such metallic structure is absent. The equations were com-
putationally solved and the error involved in the numerical
solution process was assessed by evaluating integral mass
and energy balances.

In order to reduce the mathematical complexity and
computational solution time, the original formulation
proposed in [12] was simplified by assuming by assuming
negligible axial heat and mass diffusion. The validity of
the given equations was investigated, showing that for
higher Biot numbers and slower rotational speeds (i.e.
longer sT) this additional approximation can be consid-
ered with minor errors. The discrepancy between the com-
plete and simplified equations was also shown to increase
with increasing Kf—especially for Kf P 0.1. However,
values within this range are an exaggeration of real
configurations, which indicates that, in general, axial dif-
fusion within the sorbent felt could be considered negligi-
ble. The only exception would be in the cases of extremely
low Biot numbers combined with higher values of Kf,
which encompasses rotors having thicker desiccant sub-
strates with elevated thermal conductivity. The presented
results also illustrate that about 20% of solution time
can be spared if axial diffusion is not considered.

Overall, the results provided in this investigation can
be applied for achieving a more effective mathematical
formulation, in which accurate computational simula-
tions can be performed in the minimum amount of time
possible.
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