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Abstract A mathematical model based on the one-
dimensional Navier—Stokes equation is described. The
current model is capable of predicting the transient and
steady-state transport in a desiccant wheel. It reveals the
moisture and temperature in both the airflow channels
and the sorbent felt, in detail, as a function of time. The
predicted results are validated against the data taken
from experimental results, with reasonable accuracy.
Therefore, the numerical model is a practical tool for
understanding and accounting for the complicated
coupled operational process inside the wheel. Conse-
quently, it is useful for parameter studies. As a demon-
stration of its utility, the model is employed to study the
effect of felt thickness and passage shape on the per-
formance of a desiccant wheel.

Keywords Desiccant wheel - Dehumidification -
Transport process - Numerical simulation

Nomenclature

C, Specific heat (kJ/kgK)

D Characteristic length (m)

D, Constant for surface diffusion
DA Dry air

DD Dry desiccant

D, Effective diffusitivity (m?/s)

filfs Ratio of volume to surface area (m’/m?)
hy Heat transfer coefficient (w/m,K)
I Mass transfer coefficient (w/m,K)
k Thermal conducitivity (w/mK)
Le Lewis number

Nup Nusselt number

Pr Prandtl number

q Adsorption heat (kJ/kgwater)

Rep Reynolds number
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t Time (s)

T Temperature (K)

Yg Humldlty ratio (kgmoisture/kgdry air)

Yy Equilibrium sorption isotherm (kg oisture/
kgdcsiccam)

Yr Moisture content of desiccant (kgmoisture/
kgdesiccant)

Ug Velocity (m/s)

z Z coordinate (m)

Greek symbols

o Adsorption section angle fraction
T Tortuosity factor
) Angle coordinate
0, Initial angle coordinate
) Felt thickness (m)
p Density (kJ/m?)
® Rotational speed (rph)
[0} Rotational speed (Rad/s) (¢ =2nw/3600)
Subscripts
a Adsorption or air
d Dessicant
f Felt
g Wet air
in Inlet
m Mass transfer
out Outlet
Regeneration
t Heat Transfer
v Water vapour

1 Introduction

In a conventional air-conditioning unit, air cooling and
dehumidification are achieved simultaneously through
heat transfer between supply air and the cool surface of
the evaporator. The dehumidification process, however,
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can result in poor space comfort control under same
conditions. Fortunately, the technology of desiccant-
based dehumidification offers an effective way to
enhance dehumidification control and space comfort
conditions through utilizing waste heat or solar energy
in summer. In an open cycle of an air-conditioning
system with a desiccant wheel, a desiccant medium is
employed to remove moisture from humid air, and the
resulting dry air is then cooled by indirect evaporative
cooling. The sensible and latent loads are reduced, and
as a result, both the thermal comfort of the supply air
and the system efficiency are greatly improved. A well-
designed desiccant wheel can recover 60-80% of the
energy used in dehumidification. It lowers building
operating costs and reduces equipment costs because
more compact and efficient devices can be installed.
Therefore, desiccant wheels are extensively used in the
heating, ventilating and air-conditioning (HVAC)
industry, especially in air dehumidification and energy
recovery [1].

The design and optimization of these system, how-
ever, require a quantitative knowledge of momentum
and energy and mass transfer between the airflow and
the sorbent medium in both the adsorption and
regeneration sections. Assessing the great number of
available options and their optimum combinations is a
time-intensive task that needs to be addressed through
a combination of experimentation and analysis.
Undoubtedly, carefully conducted experiments can
provide relatively precise results for a specific test;
therefore, testing is needed for ultimate product certifi-
cation. However, the cause-and-effect relationships
implicit in the test results are often hard to interpret,
making it difficult to establish strategies that carry over
from one design iteration to the next through experi-
mentation alone. On the other hand, modeling and
simulation approaches, although less precise in predict-
ing the outcome of a specific test, can effectively isolate
one variable at a time and point out trends and causes.
Therefore, mathematical modeling and numerical
analysis become highly effective tools in designing a
desiccant wheel.

Much work on mathematical modeling and simula-
tion has been conducted to assess the performance of
desiccant wheels for given operating conditions. The
simultaneous heat and mass transfer in a rotary dehu-
midifier was computed by both finite difference tech-
niques and approximate analytic solutions in those early
models [2, 3]. In all of these studies, the dehumidifier was
modeled using particular sets of matrix properties.
Therefore, Mitchell and co-authors [4, 5] presented
several models that considered the effects of matrix
properties on the performance of a rotary dehumidifier.
The periodic steady-state performance of the desiccant
wheel was considered, as the real transient process of
heat and mass transfer still could not be reflected in the
matrix channels. Later, Pesaran and Mills [6] presented a
model that accounts for detailed diffusion of moisture
within a particle and combined it with a model for

thin-bed performance as a whole, incorporating gas-
phase mass and heat transfer resistances. However, like
other early models, Pesaran and Mills’ model [6] did not
fully consider the effects of both fluid flow and the
geometrical size of matrix channels on the performance
of a desiccant wheel.

Recently, several models further considered the effect
of fluid flow and operating parameters on predicting the
performance of a desiccant wheel [7-10]. Compared with
earlier models, these mathematical models were based
on one-dimensional transient heat and mass conserva-
tion. The models can be modified to support the para-
metric study of a desiccant wheel. Unfortunately, these
models still didn’t fully consider the effect of geometry
and ignored the effect of the shapes of element channels
on their heat transfer performance [7, 8]. These gaps
affect the validation of the model as a general design tool
for desiccant wheels.

Actually, the geometry and shape of element channels
are important in improving the transport process in a
desiccant wheel [10]. More research is needed to obtain
detailed information on heat and mass transfer in ducts
with different cross-sectional geometries. The present
work is an attempt to develop a mathematical model
that can be used to predict the effect of passage shape
and the geometrical size of the matrix on the perfor-
mance of a desiccant wheel. The mathematical model is
presented to simulate the heat and mass transfer process
in a porous composite structure and conventional heat
exchanger. The study is conducted on the basis of the-
oretical simulation. A computer code has been devel-
oped as a design tool for a desiccant wheel.

2 Mathematical formulation

A desiccant wheel is mathematically described as a
rotating cylindrical porous-medium wheel of length L,
and diameter D,,, which is divided into two sections: an
adsorption section (angle fraction: o) and a regeneration
section (angle fraction: 1—a). The rotary wheel revolves
at a constant velocity ® and is cyclically exposed to two
physically separated air streams. The two air streams are
in a counterflow arrangement through the adsorption
and regeneration sections. A schematic of the desiccant
wheel is shown in Fig. la. Each section is a matrix
composed of numerous elementary channels, parallel to
the rotation axis, with relatively small cross-section
areas. Each elementary structure includes flow passages
and sorbent felt, as is illustrated in Fig. 1b. The sorbent
felt consists of a mixture of commercially available silica
gels with compatible inert material particles that have
high thermal capacitance. For convenience of analysis,
the matrerial is modeled as a homogeneous porous
medium in which both gas and adsorbed liquid phases
coexist.

The transport phenomena occurring in a desiccant
wheel are usually simplified by considering a single
channel structure, ignoring radial and angular heat



conduction between adjacent channels. An exact repre-
sentation of the system can be exceedingly complex,
requiring a prohibitive computational effect to obtain
excessively detailed information. In fact, the cross-sec-
tional area of an elementary channel is relatively small,
and the sorbent materilal is very thin. The Bi numbers
(h, d/k) or Bi,, number (h,, d/k) for both airflow channel
and sorbent felt are less than or close to 0.1. Therefore,
the temperature and the mass gradient across the cross-
section of desiccant and airflow channel are small. The
numerical results predicted by Sphaier and Worek [11],
using a two-dimensional model, support this assump-
tion. To avoid prohibitive costs for computation, it is
reasonable to ignore the effect of heat and mass transfer
across the thickness of desiccant and airflow channel.
Consequently, a one-dimensional model is considered an
accurate method to describe the thermal conduction and
diffusion that occur within the porous desiccant.

For convenience, the following simplifications are
assumed for the next analysis and calculation: (1) the
variables, i.e., temperature and moisture, are considered
as a function of 6(¢), ¢ and z; (2) one-dimensional airflow
in each channel is assumed at constant pressure and
velocity; (3) there exists no heat and mass transfer
between adjacent flow channels; (4) the sorbent is
composed of a homogeneous material with a constant
porosity; (5) heat and mass transfer caused by conduc-
tion and diffusion within the sorbent is negligible in the
radial direction; (7) heat transfer between the wheel and
atmosphere is also ignored; (8) the effect of gravity on
the fluid mixture is negligible; (9) no chemical reaction
takes place, nor are there any energy sources within the
system.

2.1 Governing equations for transport phenomena
Based on these assumptions, the relocation, energy, and

mass balances for each elementary volume are expressed
individually.
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Fig. 1 Schematic of the desiccant wheel
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As mentioned earlier, a desiccant wheel is a rotating
cylindrical porous-medium wheel. Each elementary
channel in the desiccant wheel alternates periodically
between adsorption and regeneration processes. The
transient angle location of each elementary volume is the
function of time, rotating speed, and its initial location,
as follows:

2wt
6:mod<90+m72n> (1)

where mod is modulus, a symbol of the mathematical
calculation for remainder after division. Herein, the
elementary volume is located within the adsorption
section if 0 is less than 2aum; otherwise, it is located within
the regeneration section.

Heat and mass conservation equations for an
unsteady-state wet air stream in a narrow duct are
mathematically described in the following:

pgepely | OpycpeTy IpgCpeTy
o TP g T —Prtdm (2
Yy | OpyYy OpyYe
—®
o TP g Ty, —PM (3)

where ® 1, Oy, and @ ; are source terms caused by
heat and mass transfer between wet airflow and sorbent
felt, respectively. They are given as follows:

hy

O :m(Tf* Tg) (4a)
Ory = 2™ T (- Y (T, 7)) (4b)
fv/f‘s pgtg f\"g g
I .
Oy = 0 (1= 7 (T ) (40)

In the above equations, f, /f; is the ratio of volume to
surface area and is equal to D/4. The ratio of £,/f; reflects
the basic characteristics of flow passage shape. h,,=h,/
pscyrLe, and h, is determined by the Nusselt number
(Nup=h,DJkg). The Le is the Lewis number. For air and
water vapor mixtures, Le is 0.894 [1]. An air stream
inside the small channels of the desiccant wheel is con-
sidered a fully turbulent flow (i.e., Rep > 2300). A
classical expression for computing the local Nusselt
number for fully developed turbulence in an internal
flow may be obtained from the Dittus—Boelter equation.
The equation is of the form found in Incropera and
DeWitt [12]:Nup=0.023Re* ¥ Pr", where n = 0.4 for
adsorption (T > T,) and 0.3 for regeneration (7¢ < Ty).

Unlike in the air channels, heat and mass transfer in
the desiccant is dominated by both thermal conductivity
and diffusivity. Thus, the equations of energy and mass
conservation for the desiccant are described as follows:
OpeepeTy 0

8prprf an
ot + @ o0 & <kf5> + %Y1+ ¥Y1m (5)
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OpeYi opeYy 0 OpeYs
Prlf @ pff:_<DS Pt f)—i—‘PM (6)

ot 00 0z 0z

where ¥ 1w M, and ¥ are source terms caused by
heat and mass transfer between air flow and desiccant
felt, respectively. They are given as follows:

hy

Yr = 3/ (T, — Tv) (7a)
Wi = 2050 (07 (73, %) ) (7b)
Yy = % (Y (T, Yy) — X) (7c)

In the above equations, all the thermal properties are
described in the next section.

2.2 Thermoproperties model and equilibrium isotherm
The density, thermal conductivity, and specific heat of

the fluid mixture in the process stream are given by the
following equations:

pg = (1 + Yg)pa (83)
kg = (paka + ngakv) /pg <8b)
cpe = (PaCpa + YepaCpv) /Py (8¢)

The properties of sorbent can be described as a
function of desiccant porosity. Therefore, the density,
specific heat, and thermal conductivity are given as fol-
lows:

pr = (1 = &r)pg + &rpy (92)
ke = ((1 — &) pgka + gfpgkg)/pf (9b)
Cpf = ((1 - 'Sf)pdcpd + Sfngpg)/pf <9C)

Since most heat and mass transfer between airflow
and desiccant occur only on the solid surface of a des-
iccant particle, the effect of the diffusivities of combined
ordinary and Knudsen diffusion is small compared with
the surface mass diffusion. Therefore, in Eq. 6, only the
surface mass diffusion is considered. The diffusion
coefficient, D, can be evaluated using the following
expression [7, 13].

Dy

Ds = — ©Xp (—0.974e — 3¢/ Tr) (10)

The adsorption heat of silica gel of regular density is
given by Pesaran and Mills [6], as follows:

[ 3500 — 13,400Y;,
97\ 2950 — 1400¥;,

¥:<0.05

¥; > 0..05 (11)

The system equation governing the dynamics of
sorption has to be solved along with the equilibrium
sorption isotherm of the desiccant, which is given by
Majumdar [13] and is simplified as follows:

Y = aj + a;T* + a3RH? + a4RH? + asT°RH?

+ agT°RH? (12)

where a; = 0.0329, a, = —4.113e—6, a3 = 1.05¢—5, ay4
= 6.586e—7, as = 7.894e—11, and ag = 6.747e—13. In
Eq. 12, the relative humidity ratio is given by
H— 264.0727Y,
~exp (17.2694(T — 273.15) /(T — 34.85))

(13)

2.3 Boundary conditions and gross-parameters process

As discussed earlier, a desiccant wheel is a rotating
cylindrical porous-medium wheel, where two air streams
are blown in counterflow through an adsorption section
and a regeneration section. Each elementary volume in
the desiccant wheel alternates periodically between the
adsorption and regeneration processes. The transient
angle location of each elementary volume is described by
Eq. 1.

Therefore, boundary conditions for airflows are given
by

If 0<0<2na then Ty:—0 = Tajn, Yyz—0 = Yan (14)
If 2no<<0<2n then Ty .- = Trin, Yy—1 = Yiin

For boundary conditions for the desiccant felts,
assume the surface of the desiccant is coated with a layer
of insulating material. Hence, the boundary conditions
are given by

o= T = 2y = s = 0
9z =0T oz T o 0 T g R T

In addition, the overall values of the temperature and
moisture content of supply air are evaluated, after the
outlet of each section in the desiccant wheel, using the
following expressions:

_o% (15)

If 0<0<2nathen
| 2mo | 2mo
Ta,out:%/ Tg(B,L) dfand Ya,Out:E/ Y(/(Q,L) do
0 0
(16a)
If 2no<0<2n then
| 2n
Tr,out = 7271(1 — OC) / Tg(@, O)dg and
270
| 2n
rout — —~ s 1
o = 321 <3 / Y, (0,0)d0 (16a)
2mo



These boundary conditions are based on the imper-
meable surface of the desiccant wheel. The gross process
ignores the effect of the profile of moisture and density
along the wheel. These simplifications are considered in
order to avoid the complexity of the system, and the
result is reasonably accurate.

3 Numerical solution

The conservation equations described by Egs. 2, 3 and
5, 6 can be cast into the common form:

B
8(5?) . (/ggfb) a(g:mﬁ) _ % (r ¢@) +S,  (17a)

0z

Integrating the differential Eq. 17a over a control
volume gives

(pd)p — (pP)p (pwe)p — (pw)p
Ay 0 Edv
+ ((puep)E — (pug)yy,)d4
_ <<r¢ dg — ¢p) B <r¢ dp — ¢w> )dA T soar

ZE — Zp Zp —ZW
(17b)

where n and o represent new and old time levels; P is the
CV center, E the east CV neighbor, and W is the west
CV neighbor. In the foregoing formula, a fully implicit
form is chosen in order to achieve the stability to eval-
uate all terms in connection with large time steps.

After gathering all coefficients of ®@p, g, Dy, and Sy,
we obtain the following formation:

apdp — ap Py — aw Py = apdp + sgdV

After accounting for all grid points in the domain, a
matrix equation is available: [4]- ® = B.. In order to
solve the matrix equation, a fast solver is adopted: line-
by-line TDMA along Z-direction. The grid in Z-direc-
tion is considered to be uniform.

The corresponding program is written in the Visual
Fortran 6.1 language and executed on a Pentium-1V
desktop computer. In brief, the numerical solution
stages consist of (1) assignment of initial and inlet con-
dition for both the adsorption and regeneration section;
(2) computation of heat and mass transfer for both flow
channel and sorbent in each section; (3) calculation of
gross parameters in the exit of the two sections; (4) re-
zoning of the adsorption and regeneration section and
reassignment of their inlet condition.

The sensitivity of mesh generation was thoroughly
analyzed before the numerical simulation was con-
ducted. The initial calculation found that the numeri-
cal result approaches constant if the mesh numbers on
the cross-sectional area of the wheel and the Z-direc-
tion are beyond 2000 and 25, respectively. Conse-
quently, the authors conclude that the result is
independent of mesh generation. When mesh numbers

(18)
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across the wheel surface are less than 1000, the
numerical calculation breaks down because the geom-
etry of each air channel is quite small. Therefore, in
the next analysis, the mesh generation adopted is 2000
units for the cross-sectional area of the wheel and 25
units for the Z-direction.

4 Results and discussion
4.1 Model validation

In order to validate the current model, several compar-
isons are conducted in this section between measured
results derived from experimental investigation [14] and
the ones predicted by the current model. The wheel used
in the comparison is a commercially available desiccant
dehumidification wheel. The dimensions of the wheel are
listed in Table 1. The cross-area of each elementary
channel is assumed to be 0.81 mm?>, and the number of
gross elements is assumed as 14,642. In addition, the
thickness of the adsorption is 0.1 mm. The initial con-
ditions in the cases are 20°C temperature and 25% rel-
ative humidity (or 3.69 g/kg-DA). The moisture content
in the dessicant is in equilibrium with the ambient con-
dition and is determined by Eq. 12 on the basis of inlet
air temperature and humidity. The inlet parameters,
including temperature and humidity ratio, are consid-
ered as a function of time and gradually increased from
the ambient condition to the set points. The delay timing
is around 4 min in accordance with the experimental
data. Wheel rotational speed is 18 rph, and airflow rates
for both the adsorption and regeneration sections are
0.897 m?/s.

Figure 2 plots the comparison of predicted and
measured parameters, such as adsorption outlet air
temperature and moisture removal capacity (MRC), in a
transient process. In this case, adsorption inlet temper-
ature is 31°C and regeneration inlet temperature is 88°C.
Both inlet air humidity ratios are 12.5 g/kg-DA, which
represents 45.1 and 3.1% RM, respectively. From
Fig. 2a and b, the prediction approaches the steady state
a little more quickly than in the actual experiment. This
is because the prediction is conducted under ideal
operating conditions, while the actual system is affected
by many uncertain factors, e.g. unstable heating and
flow leakage.

Figure 3 shows the comparison of predicted and
measured gross outlet parameters in a steady state. In
this case, regeneration inlet temperature is still 8§°C, but

Table 1 Specific parameters of desiccant wheel

Wheel dimensions Unit Value
Wheel depth m 0.146
Wheel diameter m 1.25

Wheel volume m? 0.178
Adsorption face area m> 0.593
Regeneration face area m? 0.593
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Fig. 2 Comparison of predicted and measured transient gross
outlet parameters in an unsteady state. a Adsorption outlet air
temperature. b The MRC. The broken line shows experimental data
[14]; the solid line shows predicted results; the adsorption inlet
temperature is 31°C

adsorption inlet temperature is 35°C. The result illus-
trates that the predicted adsorption outlet temperature is
slightly less than the temperature in the experimental
data. The difference is between 2 and 3°C. The MRC is
close to that of the experimental result. The regeneration
outlet temperature is not compared because data were
unavailable.

The model can reveal the moisture and temperature
morphology in both the airflow channel and the sorbent
in detail. A typical periodic profile of the thermal
parameters of an element in a steady state, including
temperature and moisture content, is shown in Fig. 4.
The adsorption inlet humidity ratio is 75% in the case
shown. The periodic profile is formed as a result of the
periodic alternation between adsorption and regenera-
tion. The numerical model provides a strong tool for
understanding and accounting for the complicated
coupled processes inside the wheel.

Based on the analyses of Figs. 2, 3, and 4, the authors
conclude that although there exists a slight difference
between the experimental data and the results simulated
by the current model, the model can generally predict
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Fig. 3 Comparison of predicted and measured gross outlet
parameters in a steady state. The solid line is MRC; the broken
line is air temperature at the exist; the diamond shape denotes
experimental data [14]; the square denotes predicted data

the transient and steady-state performance of a desic-
cant wheel with reasonable accuracy.

4.2 Sensitivity analyses of Desiccant geometry

After obtaining confidence in the predictive capabilities
of the model, this section aims at investigating the sen-
sitivity of the performance of the desiccant wheel to the
desiccabt thickness. The desiccant wheel previously
analyzed is used for this analysis. The flow passage
shape of each element is assumed to be square. For the
convenience of analysis, no time delay in inlet setting is
considered. The moisture content in the sorbent is con-
sidered to be immediately at equilibrium with the local
ambient condition. Airflow rates in both adsorption and
regeneration are still 0.897 m?/s.

Figure 5 reflects the effect of the thickness of sorbent
on MRC, which is calculated for the adsorption section.
The result illustrates that a thicker sorbent requires
much more time to reach a steady state and has a higher
MRC. The difference in MRC resulting from sorbent
thickness could be 25% or more. From the view of both
energy savings and dehumidification, a lower rotational
speed is better when a thicker sorbent is employed in a
desiccant wheel.

Figure 6 plots the effect of the thickness of the sor-
bent on the air temperature and humidity ratio at the
exit of each section in a rotational wheel. Apparently,
the thickness of the sorbent influences both the transient
and steady-state performance of a desiccant wheel. In
the case of a thicker sorbent felt, a longer time is
required to approach the steady state. Once in the steady
state, there is a difference in air temperature at the exit of
each section. Fig. 6a and b show the detailed informa-
tion. A similar situation appears in humidity ratio, as
seen in Fig. 6c and d. The reason for these phenomena is
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of an element in a steady state:
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temperature, d moisture content
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that a thicker sorbent possesses a stronger capacity for
heat and mass transfer. Therefore, increasing the sor-
bent’s thickness has a positive effect on MRC in a des-
iccant wheel.

In Fig. 6¢ and d, there is a significant change in the
humidity ratio at the exits of the adsorption and
regeneration sections when the working time is less than
300 s. During the period of transient process, airflow
with enriched moisture enters the flow channel of the
adsorption section while high-temperature airflow goes
through the flow passage of the regeneration section.
The transport phenomenon in both the adsorption and
regeneration processes becomes quite strong as a result
of the significant difference in temperature and moisture.
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Fig. 5 Effect of sorbent thickness on MRC
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Then each element, including flow channel and desic-
cant, undergoes the periodic alternation between
adsorption and regeneration and slowly leads these gross
processing parameters to regain a stable state. The
phenomenon is also reflected in Fig. 5.

In general, the performance of a desiccant wheel is
closely related to geometry, in addition to the properties
of the desiccant material and motor rotational speed.
The optimization of motor rotational speed in a desic-
cant wheel is also determined by the thickness of the
sorbent. Usually, thicker sorbents require a lower rota-
tional speed.

4.3 Effect of flow channel shapes on the performance
of the desiccant wheel

To design a desiccant wheel with better performance for
a desiccant wheel, another important factor to consider
is the shape of the flow channel. It is of interest to
determine, which shape offers better performance under
a given set of conditions. The f, /f; is considered here as
shape factor to evaluate the effect of flow passage shapes
on the performance of desiccant wheels. This is because
f+/fs 1s the ratio of volume to surface area and reflects the
basic characteristics of flow passage shape.Currently
available commercial desiccant wheels, the typical flow
channel shapes include triangular, square, quadrilateral,
sinusoidal, and hexagonal (Fig. 7). To ensure a relevant
comparison, the cross-sectional area of the flow channel
in each case is assumed to be the same. Based on this
assumption, shape factors can be derived from the cross-
sectional area of the flow channel and the ratio of @ and
b, respectively, for variable flow passage shapes. The
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cross-sectional area of each elementary channel is con-
sidered here to be 0.81 mm? and the thickness of the
adsorption matrerialto be 0.1 mm.

To determine accurately the effect of each channel
shape on the performance of a desiccant wheel, the
performance parameters at steady state are compared
first. Figure 8 plots the effect of passage shape on MRC
as a function of adsorption inlet humidity ratio. Based
on the data in Fig. 8, the influence of airflow passage
shape on MRC is significant, especially in the case of a
high humidity ratio. The difference could approach up
to 20%. The result points out that a sinusoidal airflow
passage possesses the best potential for MRC; the tri-
angular shape is second-best; and the hexagonal shape is
the worst. This is due to the fact that the hydraulic
diameter in the sinusoidal channel is relatively small at
the same cross-area of the airflow channel. As a result,
the airflow in the sinusoidal channel has a higher flow
velocity and a better heat transfer coefficient. Further
analysis also shows that the small ratio of ¢ and b could

a a a a
¥, ¥ k. b
| b [t b | b
(D ab=y..5 (2)ab=1:1 3)ab=1:1 @A ab=12 (5)ab=y5.,

Fig. 7 Schematic of flow channel shapes

Time (Second)

lead to the higher MRC, as is proved by the comparison
between cases 3 and 4.

Figure 9 plots the comparison of predicted gross
outlet parameters at the exit of each channel shape in a
steady state. With the increase of adsorption inlet rela-
tive humidity, the air temperature at the adsorption exit
rises, while that at the regeneration exit is reduced. This
is mainly because of the heat transfer of counter airflows
and heat generated in the process of moisture transport

40.0
1 S S, S S—

30.0

Moisture Removal Capacity (kg/hr)

D1 1
20.0 1---- : _|—o— Triangle
. ; i |—8—Square
: 5 i |—&— Sinusoidal (1:1
15.0 4---memmmedemmemeceeecbee oot —O— Sinusoidal (1:2).....
' i i |—o—Hexagon
10.0 5 i ; ; 5
20% 30% 40% 50% 60% 70% 80%
Adsorption Inlet Air Relative Humidity (%)
Fig. 8 Comparison of predicted MRC for variable passage shape

in a steady state
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between adsorption and regeneration. The air humidity
ratio at both the adsorption and regeneration exits
seems to rise with the increase in adsorption inlet relative
humidity. The air humidity ratio at the adsorption exit,
however, increases faster than that at the regeneration
exit.

Figure 10 shows a comparison of predicted MRC at
the exit of each passage shape in a transient process.
There is a similar transient process for all cases, espe-
cially during the earlier period. Once the system enters
and operates at steady state, the performance is quite
different. A situation occurs that is similar to the air
temperature and humidity ratio at the exit of each sec-
tion (To avoid unnecessary repetition, their curves are
not plotted here.)

The foregoing results illustrate that the flow channel
shape is important in efforts to improve the performance
of a dehumidification process. Understanding this point
is very useful in the future design of desiccant wheels.

5 Conclusion

A mathematical model based on the one-dimensional
Navier—Stokes equation was developed in an effort to
investigate the transport phenomena occurring within
the porous sorbent and the airflow channels in a desic-
cant wheel. These governing equations include those
terms due to heat and mass transfer within the sorbent

Adsorption Inlet Air Relative Humidity (%)

50.0 -
i
£ 400/
) ]
=
=
g 300]
= b === —r
[ e — e r e s e = -
.
g 90,0 Mmoo T Trianglar Ml
5 1 — - — - —Square
o % L
o — — — — Sinusoidal(1:1)
= 1 . . :
Z 100 Sinusoidal(1:2)| |
=] — - - — - Hexagon
=
0+ _—
0 300 600 900 1200 1500 1800

Time (Second)

Fig. 10 Effect of passage shape on MRC in a transient process

and between the sorbent and the flow channel. The
model can reveal the moisture and temperature in both
the airflow channel and the sorbent in detail as a func-
tion of time. The results predicted by the current model
are further validated with reasonable accuracy against
data taken from experimental results. Therefore, the
numerical model is assumed to be a positive tool that
accounts for the transport phenomena within the wheel
and, consequently, is ideal for parameter studies that can
lead to design optimization.
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As a demonstration of its utility, the model is em-
ployed to study the effect of desiccant thickness. The
results illustrate that the thickness of the sorbent influ-
ences both the transient and the steady-state perfor-
mance of a desiccant wheel. As the thickness of the
sorbent increases, a longer time is required to approach
a steady state, and the MRC of the desiccant wheel
improves. A further parametric study focuses on the
effect of passage shape on the performance of a desic-
cant wheel. The influence of airflow passage shape on
MRC is significant, approaching up to 20%. The pre-
dicted result points out that a sinusoidal airflow passage
employed in a desiccant wheel possesses more potential
for MRC. The triangular shape is second-best, and the
hexagon shape is worst. The further analysis shows that
a small ratio between a and b could achieve a higher
MRC.
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