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Abstract Desiccant wheels are widely used in buildings to control humidity and reduce energy
consumption. A model is presented based on transient coupled heat and mass transfer, to model,
design and analyze the effects of geometrical characteristics of a honeycombed rotary desiccant
wheel and its performance. Governing equations are solved numerically using finite volume
method and the model is validated using experimental measurements. It is shown that increasing
desiccant wheel length will increase the latent and sensible effectiveness. Also, there is an
optimum value for the ratio of dehumidification to regeneration area, which maximizes the latent
heat effectiveness. Also the optimum hydraulic diameters of desiccant wheel channels depend on
air mass flow rate.

Keywords Desiccant Wheel, Latent Effectiveness, Sensible Effectiveness, Numerical Simulation,
Heat and Mass Transfer
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1. INTRODUCTION

In many buildings for air-conditioning processes,
low humidity air is needed. In traditional methods to
dehumidify air, the air is cooled to lower than its
dew point, and it condenses part of its moisture
which needs a lot of mechanical work. Also, more
energy is required to heat the condensed air to
obtain a suitable temperature. Another method to
dehumidify air is the use of desiccant material
which has high capacity to absorb moisture. All
desiccants function by the same mechanism of
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transferring moisture because of the difference
between water vapor pressure on the surface, and
the surrounding air. When the vapor pressure at
desiccant surface is lower than air, the desiccant
absorbs moisture. When the surface vapor pressure
is higher than that of the surrounding air, desiccant
releases moisture [1]. This process occurs in a
desiccant wheel alternatively. Therefore, desiccant
wheels are frequently used to control humidity,
create comfort conditions in air-conditioning
systems and improves buildings indoor air quality
(IAQ). Desiccant wheels are the heart of these
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systems and have been widely used for air
dehumidification and enthalpy recovery [2]. The
humid air is dried after it flows through the wheel,
which rotates continuously between the processed
air and regenerative air stream.

Pesaran and Mills investigated the diffusion
mechanism of moisture within silica-gel particle
[3,4]. Their studies led to a model consisted of
solid side resistance to fit the experimental data
much better than pseudo-gas-side model. Van Den
Bulck, et al introduced a cyclic analysis to
establish a one-dimensional transient model of
rotary heat and mass exchanger with infinite
transfer coefficient employing e-NTU method [5].
Zheng, et al used finite difference method to
discuss the effect of rotational speed on the
performance of desiccant wheel [6]. Majumdar
investigated a composite desiccant dehumidifier
made of mixed inert and desiccant materials [7].
His study revealed that the rate of desorption
increases with the increase in fraction of inert
material up to specific value. Simonson, et al
developed dimensionless group and correlations to
predict energy effectiveness of wheel [8,9].
Kodama, et al investigated desiccant wheel
performance experimentally and developed
functions to calculate optimum wheel rotational
speed for two desiccant wheels with different
dehumidification to regeneration surface area [10].
Niu, et al presented a two-dimensional coupled
heat and mass transfer model which include both
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heat conduction, surface and gas diffusion in axial
and thickness of wheel channels to predict and
compare desiccant and enthalpy wheel [11,12].
Sphaier, et al developed and normalized a new
dimensionless formulation to simulate both
enthalpy exchangers and desiccant wheels [13].
Their studies show that within the range of real
configurations for heat and mass Biot number, the
temperature and mass gradient through the cross
section (or thickness) of desiccant are small [14].

The aim of this paper is to develop a new
transient model to study and analyze the effect of
design parameters on the latent and sensible
effectiveness of desiccant wheel. Practical
approach led to variety of graphical presentation of
the desiccant wheel performance in different
geometrical design.

2. GOVERNING EQUATIONS

A rotary desiccant wheel is shown in Figure 1. It is
a cylindrical rotating wheel of length L and radius
R which is divided into adsorption section (Angle
fraction a) and regeneration section (Angle
fraction 27m-ay). The regeneration and adsorption
section are in the counter flow arrangement.
Generally, the wheel contains parallel small
channels and desiccant material typically
constructed in its wall of usually sinusoidal or

Regeneration Air

Thi > @

(b)

Figure 1. (a) Sinusoidal cross-sectional area and (b) schematic of desiccant wheel.
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hexagonal cross-section. The desiccant percentage
content f in thickness is usually about 70-80 (%).
To simulate a desiccant wheel, assume a single
channel as shown in Figure 2 which rotates
continuously with speed of N(rpm) between
adsorption and regeneration section. The channel
cross-section and perimeter are Aguct, Pduct
respectively.
The following assumptions are considered:

. No chemical reaction takes place in
channels.

. The air flow in channels is incompressible.

. Heat and mass transfer along desiccant
wheel and surrounding are negligible.

J The channel flow is laminar and fully
developed.

. The specific heat and thermal conductivity
of dry desiccant material are assumed
constant.

. The concentration and porosity of sorption
through channels are homogeneous.

. Heat and mass diffusion in radial direction
are negligible.

o The rotary speed is uniform and low enough

to neglect the effect of centrifugal force.

Based on the above mentioned assumptions a
transient model is developed. The energy and mass
conservation of air written as follow.

oT oT
g g 4h
£ — & (T, -T 1
PeCpg o T UePeCpe o Dh( a"Ty D
80)g 6o)g 4hm
_& _ &5 __ m _ 2
Py Py~ e ) @
Desiccant o

Figure 2. Single flow channel structure.

1JE Transactions B: Applications

Also the energy and mass conservation of
desiccant wheel can be written.

C 9k Mgy, b T -T
PECpt 5~ ax et 5y ) T 5 (T 1)
o G)
sor m _
+ 5 (cog coeq)
oW 5 _ OW, h
_d_, 9 dy, m. . _ 4
P P Ps 3 )75 g %) @

In the above four equations Dy is hydraulic
diameter, h and h,, are convection heat transfer and
mass transfer coefficients respectively. The system
of equations can be completed by using sorption
isotherm which depends on desiccant material. In
this study the general sorption isotherm is used as
defined below.

W
Wd: max (5)
1-C+C/¢

In Equation 5, ¢ is relative humidity near the

surface of desiccant, C is the constant of isotherm
which specify isotherm shape and Wy, is
maximum desiccant water content.

To compute the relative humidity and humidity
ratio Equations 6, 7 and 8 are used [15].

P
—vs |00l 456 1
22087.87 T+273.15
8 i-1
> Fi(0.65—0.01T)
i=1 (©6)
F1 =-741.9242; F2 =-29.7210
F3 =-11.55286; F4 =—-0.8685635
F5 =0.1094098; F6 =0.49993
F7 =0.2520658; F8 =0.05218684
1:)V
__V 7
o= %
VS
P
®=0.622 —Y (8)
P —PV

In above mentioned equations P is saturation
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vapor pressure which also depending on air and
desiccant surface temperature respectively.

For regular density silica gel, heat of sorption is
given by Pesaran, et al [3].

{Qsor =3500-13400W,; W, <0.05 W

[
QSor = 2950—1400Wd Wd >0.05 kgwater

©)

3. THERMODYNAMIC PROPERTIES

Depend on air temperature, dry air density
measured by Equation 10 [16].

1
~0.00283(T +273.15)

b, (10)

The density, thermal conductivity and specific heat
of humid air and desiccant are given by the
following equations:

Py =Py (1+0,) (11)
Cpe :(pacpa TP anVj/pg (12)
kg :(paka +(x)gpakv)/pg (13)
Pq :pd,dry(HfW) (14)
pp=0-epdpg +epp, (15)
Cpf = Cpa + WCp (16)
Kefr = ((1 “&p)Pgky * Sfpgkg,poresj/pf (17)

The surface diffusion coefficient can be calculated
using the following equation [3]:

QSOI‘

Dy -3
D =—Q exp(-0.974x10 3 —sor__
T T+273.15 (18)

S

D, =1.6x10" ®m%s~ 1
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Where, 1 is tortuosity factor which is accounted for
modifying surface diffusivity in rough walls of
porous media.

To calculate heat and mass transfer
coefficient, a laminar flow in channels is
assumed. So Nusselt number and heat transfer
coefficient can be calculated using the following
equation [17].

4367D}
Nu=—— B (19)
4Aduct
Nuk
h=—28 (20)
Dy

The relation between h and h,, can be expressed by
Lewis number.

h
= 21
LeCpg

In the above equation, Le=1 [11,12].

4. BOUNDARY CONDITIONS

The single simulated channel rotates between two
air streams, so the boundary condition for gas side

depends on  channel  position. During
dehumidification, boundary conditions are:
T (0,)=T..
{g © 0s<a<o 22)
o 0,t)=o .
g ci

During regeneration, boundary conditions are:

{Tg (L) =Ty,

o, <a<2n (23)
- 0
@y (L,t)= O

At x=0 and x =L the transfer areas correspond
to less than 0.1 % of total. Thus, one may
assume insulated and impermeable boundaries at
these two ends with negligible errors [13],
therefore:
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oy,
ox x=0 ox x=L (24)
awd| :awd| 0

Ox |X=O Ox |X=L

The output air temperature and humidity ratio are
obtained after quasi steady time is reached.
Therefore, the average exit temperature and
humidity ratio during dehumidification are
calculated as the following:

o
|T (o, L)do
0 g
Tg, ou=" g (25)
0
o
Jo_(a,L)da
0 g
®g out =a—0 (26)

The latent effectiveness is defined as

O -0
e - ci ~gout 7)

Oci

Sensible effectiveness is also defined as

Ihp Tei— Tg out
£, = : (28)
S m . T.-T,.
min ci “hi
Where, i, is the process mass flow and m_. Is

the least value of adsorption and regenerative mass
flows. It must be mentioned that, for desiccant
wheels which is used in desiccant cooling cycles,
lower ¢ and higher ¢; results in better cycle

performance. So, in this study, the effect of
parameters on the sensible effectiveness also
measured. Also, 8 as dimensionless angle is
defined as:

o
0=— 29
. (29)

Where, a shows the angle of single channel from
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the start point of dehumidification part.

5. NUMERICAL METHOD

The system of conservation Equations 1-4 in
which time and space variation are included can
be integrated using finite volume method. For
Equations 1 and 2 upwind methods and for
diffusion term in Equations 3 and 4 central
differences are used. To compute quasi steady
state, fully implicit scheme is invoked because
of its reliability and convergence. Finally, a
TDMA solver is adopted to solve the set of
linear algebraic equations for a uniform grid in
x-direction. Necessary mesh independency and
selection of time step were conducted before the
final simulation to be done.

6. VALIDATION

To validate the model, several comparisons
between experimental measurements by Kodama,
et al [10] and numerical simulation was conducted.
In experimental study, a honeycomb adsorbent
rotor consisting of silica gel is used. Its width is20
cm, the silica gel wall thickness is 0.2 mm and
contains 70-80 (%) of silica gel with sufficient
rigidity. The equilibrium amount adsorbed for this

wheel is W = O.24¢1/ L5 Input air temperature and
humidity ratio are 30°C and 0.008 kg, /kgp -

Also, regeneration air temperature in experiment is
80°C. Figure 3 shows the comparison between
numerical results and experimental data. Despite
the lack of experimental data, there is a good
agreement between numerical results values and
experimental data. The result shows that the
prediction adsorption outlet air humidity ratio is
less than the humidity ratio in experimental results.
It is due to delay time between process and
regeneration which decreases the time of
dehumidification and regeneration. Also it is found
that the prediction for output air temperature match
with experimental data with errors less than 2 %.
This error is due to humidity ratio results because
the humidity ratio is predicted less than its actual
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Figure 3. Comparison between predicted results and experimental data.

value and results in lower heat sorption and output
air temperature.

7. RESULTS AND DISCUSSION

Air and water properties and data geometry are
listed in Table 1. The cross sectional shape of
desiccant wheel is sinusoidal with 2.5 mm height
and4.2 mm base width. The perimeter and surface
of channel is shown in Table 1.

Figure 4 shows the variation on outlet air
humidity ratio from channels during
dehumidification and regeneration in quasi-steady
state. It can be seen that, at the beginning of
dehumidification, the outlet air humidity ratio
decreases down to ©=0.1. As channels rotate, in
dehumidification section the rate of water
adsorption reduces. It is due to drop in potential of
desiccant material by adsorbing moisture. During
regeneration process, air humidity ratio increase
because of mass transfer between desiccant surface
and regeneration air stream. Also Figure 4 shows
the rate of desiccant regeneration decrease.
Because of the surface vapor pressure drops with
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loss of moisture and reduction difference between
vapor pressure of air stream and desiccant surface,
the rate of mass transfer decreases. Therefore, the
outlet air humidity ratio from wheel and latent
effectiveness becomes ® o out = 6.48gr  /kgp

and ep =056 respectively.

The effects of desiccant wheel length on the
latent and sensible effectiveness are shown in
Figures 5 and 6. The rate of the heat and mass
transfer increases with length because it results in
more area for heat and mass transfer so the latent
and sensible effectiveness rises. For instance, by
increasing the wheel length from 0.Im to 0.12m,
the latent effectiveness rises approximately 8 %,
while, increasing the channel length from 0.22 m
to 0.24 m, the latent effectiveness increases close
to % 1. This value can be checked by Figure 5. For
instance, by 70 % outdoor relative humidity, the
effectiveness increases from 0.46 to 0.47. It must
be considered that desiccant wheel length can be
extended up to an optimum value because more
wheel length causes more pressure drops.

Desiccant wheel can be used with different ratio
of dehumidification to regenerate surface area.
This ratio has direct effects on the mass flow rate

1JE Transactions B: Applications



TABLE 1. Common Input Data use in Simulation.

Symbol Unit Value Symbol Unit Value
Cpa [J/kg°C] 1007 Ts [1] 3.0
Cov [J/kg'C] 1870 &f [1] 0.3
Cow [J/kg"C] 4179 8 [m] 0.1 x 107
Cpa [J/kg"C] 920 Wnax [key /kegpp ] 0.25

k, [W/m°C] 0.0263 f [1] 0.75
k, [W/m°C] 0.0196 O [rad ] o
kg [W/m°C] 0.11417 Pyyet [m] 0.01137
Pa [kg/m’] 1129 A guer [m?] 5.250x10™°
p [m/s] 2 Ureg [m/s] 2
i [C] 30 Thi [C] 80
i [gra/kgpal 12.5 O [ery /kgpa ] 12.5
26 26
x=L
24f  _____ %=0 24
2 Dehumidification Section , Regeneration Section 22
20F : Tl 120
1 ! T~
18| . BRE ET:
"5 aef Ly 16§
£ 1} : ! 14 2
S 12 L 12 ¢
2 iV 2
< 10} ] 0 p
8} i E
!
6 ! 16
!
af : 14
2 : 12
%001 o0z 03 o2 oés 06 07 08 08 1°

Figure 4. Output air humidity ratio during dehumidification and regeneration section.

which is used in both sections. The effects of the
ratio of dehumidification to the whole wheel
surface area on the latent and sensible
effectiveness of desiccant wheel for Ty,; = 80°C are
shown in Figures 7 and 8 respectively. Both
regeneration and dehumidification air speed are
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assumed to have equal values. It can be seen that
there is an optimum value for which the maximum
value of latent effectiveness can be obtained. These
optimum values also depend on wheels’ rotational
speed.

Actually in optimum values, dehumidification
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Figure 5. Latent effectiveness under various desiccant wheel lengths.
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0.26

Figure 6. Sensible effectiveness under various desiccant wheel lengths.

of air and regeneration

of desiccant in channels

occurs on its best form because the times of both
processes are sufficient. On the other hand, when
the rotational speed rises, more time is needed for

70 - Vol. 22, No. 1, April 2009

regeneration so the ratio is increased.

Figure 8 shows that in all rotational speed,

when the ratio of dehumidification to regeneration
i1s increased, sensible and latent effectiveness
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Figure 7. The effect of ratio of dehumidification to whole surface area on latent effectiveness.
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035F
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(4}

Figure 8. The effect of ratio of dehumidification to whole surface area on sensible effectiveness.

drops. Depending on the initial assumptions, the the more oy/2m results in more process air mass
air velocity in channels in both regeneration and flow rate and reduce the outlet air temperature.
dehumidification sections are the same. Therefore, The comparison between outlet air humidity
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ratio (wg(e,L)) from one channel during

o
for —9 0.4

dehumidification section and
g,out o

(04
and 2—0:0.65 with N = 0.5 rpm are shown in
T

Figure 9. The maximum value of latent
o
effectiveness can be obtained in 2—0 =0.4. Figure 9
T

shows that at the end of dehumidification section

o
with 2—020.4, the value of outlet air humidity
Y

ratio becomes o . This shows that air
g,out

dehumidifying in this case is optimum but in

(04
2—0 =0.65 the outlet air humidity ratio at the end
T

of dehumidification process is more than D out -

This shows the ability of desiccant material at the
end of dehumidification to adsorb water is
reduced.

It is worth mentioning that desiccant wheel
channels cross-sectional can be designed with
different shapes. Depending on the governing
equations for desiccant wheel simulation, it can be
seen that channel perimeter, surface area and
hydraulic diameter play important roles on the

performance of desiccant wheel. To investigate
desiccant channel cross-sectional shapes, it is
assumed that perimeters of channels are constant.
This assumption means that the mass of desiccant
in the channel walls are constant. The value of
hydraulic diameter is different and depends on the
channel cross-sectional area. The effect of
hydraulic diameter on the latent and sensible
effectiveness of wheels is illustrated in Figures 10
and 11. Depending on the velocity, there is an
optimum hydraulic diameter from which maximum
value of latent effectiveness can be obtained. Also
sensible effectiveness is reduced by increasing
hydraulic diameter.

8. CONCLUSION

A mathematical model based on the transient
coupling of heat and mass transfer for desiccant
wheel is presented. The governing equations are
numerically solved to estimate its performance in
different geometrical conditions. The numerical
results fall well within the range of experimental
measurements. Effect of length, ratio of
dehumidification to regeneration and channels
hydraulic diameter on the performance of

=
=

L) [g rWa\ter/kgdry air]

o, (X=
©

o,/2n=0.4
0,/27=0.65

- Oy o0/ 21=0.4
- = = = 0y, %/21=0.65

g,0ut

L L L L L L L L L L
40 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 045 05 055 0.6 0.65
6

Figure 9. Output air humidity ratio during dehumidification.
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Figure 10. Latent effectiveness under various hydraulic diameter of desiccant wheel.
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Figure 11. Sensible effectiveness under various hydraulic diameter of desiccant wheel.

desiccant wheel are investigated. There is an
optimum value for the ratio of dehumidification
to regeneration area which depends on rotational
speed. As an example for N = 0.6 rpm the
optimum value of ay is equal to 0.87 & (see Figure

1JE Transactions B: Applications

7). This value is decreased by reducing rotational
speed. Also the optimum value of hydraulic
diameter depends on air velocity. For u = 1.5 m/s,
the optimum hydraulic diameter is equal to 1.5
mm.
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9. NOMENCLATURE

Cross-sectional area of desiccant wheel
element (m?)

Constant in sorption curve

Specific heat (kJ kg'K™)

Hydrodynamic diameter of a duct (m)
Surface diffusivity (m?s™)

Fraction of desiccant in the wheel
material

Convective heat transfer coefficient (W
m>K")

Convective mass transfer coefficient (kg
m?s™?)

Thermal conductivity (W m™ K™)
Length of duct (m)

Lewis number

Mass flow rate of air stream (kg s™)
Rotational speed (rpm)

Pressure (Pa)

Duct perimeter (m)

Adsorption heat (kJ kg™

Wheel radius (m)

Temperature (°C)

Velocity of air stream (m s™)

Water uptake in desiccant (kg water/kg
dry desiccant)

Greek Letters

o Angle (rad)

0o  Dehumidification angle (rad)
T Tortuosity factor
0 Dimensionless angle (rad/2m)
g Dehumidification effectiveness
£ Sensible effectiveness
& Total porosity
¢ Relative humidity
) Half thickness of duct (m)
®  Humidity ratio (kg moisture/kg dry air)
p Density (kg m™)

Subscript

o Dry air

ci  Cool Inlet (process) air stream
d Desiccant

DA Dry Air

DD  Dry Desiccant

eff  Effective

74 - Vol. 22, No. 1, April 2009

eq  Equilibrium content

Gas
Hot Inlet (regeneration) air stream

max Maximum value
min Minimum value

10.

11.

g <o

out  Outlet

Process
Vapor
water
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