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Abstract

In the last few decades, European countries have been fac-
ing an increasing demand for active air-conditioning
(cooling and dehumidification) in the summer period. As
a good alternative to energy demanding vapor compres-
sion cooling-based air dehumidification, building HVAC
systems integrating desiccant-based dehumidification has
drawn increasing attention. These technologies offer the
possibility to significantly reduce the energy requirement
for air dehumidification and post-heating due to excessive
cooling. In fact, air-conditioning systems that use solid or
liquid desiccant offer the interesting capacity of separating
dehumidification and sensible cooling of air and realizing
high-energy-efficiency systems. However, the complexity
perceived by technicians towards the design of air-condi-
tioning systems based on these technologies actually lim-
its their adoption in HVAC systems, mainly due to the dif-
ficulties in predicting the performance of the desiccant de-
vices, which is the crucial component of the system. On the
one hand, many simplified approaches commonly adopt-
ed to simulate and optimize the dehumidification perfor-
mance are based on steady-state models and their reliabili-
ty under unsteady conditions is questionable; on the other
hand, accurate detailed models available for the design
and development of components do not turn out to be
particularly suitable for simulation of energy systems, due
to their high computational cost. The present work focuses
on desiccant wheels, whose performance is not only di-
rectly related to the properties of the sorption material, but
also depends strongly on operating conditions, such as
rotational speed, regeneration temperature and inlet air
conditions, which are typically non-stationary in real
application. In this context, the purpose of this paper is to
assess the reliability of a simplified model to predict the
behavior of a desiccant wheel under dynamic conditions.
To do so, a detailed model of a desiccant wheel is deve-
loped and validated against experimental data available in

the literature. Finally, a comparison between the devel-

Part of

oped detailed model and the simplified model under dy-

namic conditions is carried out.

1. Introduction

The adoption of new and efficient dehumidification
technologies as an alternative to condensation is at-
tracting increasing interest, both in civil application
and industrial production. Compared with the tra-
ditional vapor compression dehumidification me-
thod, the absorption dehumidification method can
save up to 40 % energy (Du & Lin, 2020) and make
full use of renewable energy sources. Moreover,

adsorption dehumidification systems allow im-

proved control of systems with advantages for oc-

cupants' thermohygrometric comfort. As clearly

discussed in many review papers (Ge et al., 2014;

Daou et al., 2006; Sultan et al., 2015), desiccant wheel

systems are attracting increasing interest because

they offer advantages over other air conditioning
systems, such as the possibility of:

i) using water as a natural refrigerant and other
environmentally-friendly desiccant materials
(such as silica gel and zeolites);

ii) making energy-efficient cooling systems that
work with the sensitive and latent loads, the ap-
plication of which is possible under different
environmental conditions;

iii) meeting the requirements of miniaturization
and being less subject to corrosion compared
with the liquid desiccant system (in which the
liquid and air directly interact);

iv) integrating low-grade heat sources (such as
solar energy, geothermic energy and waste
heat), hence significantly reducing the

operating costs;
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v) overcoming the discontinuous problem of the
fixed-bed desiccant cooling system.
The rotary desiccant wheel is a relatively mature
technology, yet its wide application is still limited
due to the complexity perceived by technicians to-
wards the design of air-conditioning systems based
on this technology. The design of HVAC systems
based on this technology is quite complex because
of the difficulties in predicting the performance of
the desiccant wheel, which is the crucial component
of the system. In fact, the performance of the desic-
cant wheel is critical to the capability, size and cost
of the whole system (De Antonellis et al., 2010). Des-
iccant wheel performance strongly depends on re-
generation temperature on the revolution speed, in-
let airflow conditions (temperature, humidity and
flow rate) and on the coupled heat and mass transfer
within the desiccant. These aspects greatly compli-
cate the development of models which can accu-
rately predict the performance of a desiccant wheel
under non-stationary conditions without incurring
in high computational load and complexity. On the
one hand, many detailed desiccant wheels models
have been based on a detailed physical approach
and they are particularly suitable for the develop-
ment and design of components (Ge et al., 2008); on
the other hand, simplified approaches based on
practical correlations (Angrisani et al.,, 2012; De
Antonellis et al., 2015; Jurinak, 1982; Panaras et al.,
2010) are commonly used to simulate and optimize
the dehumidification performance, but their relia-
bility under unsteady conditions is questionable.
The purpose of this work is to assess the reliability
of simplified models to predict the behavior of a
desiccant wheel under dynamic conditions. The ro-
tary desiccant dehumidifier model contained in the
TESS Component Libraries for Trnsys18™ was cho-
sen to represent the simplified models based on the
correlations. A detailed model of a desiccant wheel
was developed and validated against experimental
data available in the literature and, finally, a com-
parison between these two models was carried out.
A desiccant wheel is a cylindrical rotating device
generally consisting of a structure of several chan-
nels. The channels run in the axial direction of the
wheel and are parallel to each other. Depending on
the manufacturing process, they can have usually a

rectangular, triangular or sinusoidal shape. The
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structure is made by supporting material impreg-
nated with an adsorbent substance (desiccant) in a
typical content f of 70-80 %. The most widespread
support materials are paper, aluminium, synthetic
fibers or plastic, while common adsorbents are silica
gel, zeolite and activated alumina (De Antonellis et
al., 2015).

In its basic configuration, the wheel is divided into
two sections, where the air streams are arranged in
counter-flow. In the process section, the air stream
is dehumidified and undergoes heating. In the re-
generation section, an air stream is heated before
passing through the wheel to increase its moisture-
holding capacity; the regeneration air stream pass-
ing through the wheel removes vapor from the des-
iccant material and exits cooled and humidified. A

diagram of a desiccant wheel is shown in Fig. 1.

Dried (and warmer)
Process Air

Humid /

Process Air

Hot
Regeration

Wet
Regeneration Air

Fig. 1 — Diagram of a desiccant wheel

2. Model Description

Two models were considered in this paper to simu-
late the performance of a desiccant wheel such as
the one shown in Fig. 1. In the first defined detailed
model, the coupled heat and mass transfer within
the wheel is modeled in detail. The simplified model
is a correlation-based model that can immediately
provide output conditions without the need to spec-
ify detailed parameters of the desiccant wheel.

In the detailed model, to reflect the actual transfer
processes occurring in the desiccant wheel, a gas
and solid side resistance was applied, where also

the solid side heat conduction and mass diffusion
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resistances were considered. Compared with only
gas-side resistance models, gas and solid side re-
sistance models are more related to the actual pro-
cess in the desiccant wheel (Ge et al., 2008). How-
ever, the diffusion and adsorption processes inside
the desiccant are lumped into the mass and heat
transfer coefficients. The precision of these models
is considered satisfactory because the desiccant
layer is rather thin (Ge et al., 2008). The model also
takes also into account heat and mass transfer from
the desiccant to the air stream and the developing
temperature and velocity profiles along the desic-
cant wheel channels.

The numerical analysis is based on the following as-

sumptions:

a) Heat and mass transfer from the wheel to the
surroundings are negligible;

b) The channels are considered identical and uni-
formly distributed throughout the wheel;

c¢) Supporting and desiccant materials are evenly
distributed in the layer.

d) The properties of the dry desiccant material, as
well as of the supporting material are constant;

e) Heat and mass transfer between adjacent
channel are negligible: temperature and mois-
ture content gradients in circumferential and
radial directions are not considered;

f) The hygroscopic capacity of supporting mate-
rial is negligible compared with the adsorbent;

g) The inlet air conditions are uniform and the air
flow is one-dimensional;

h) Airleakages between the two streams are negli-
gible;

i) Heat conduction in humid air is negligible;

j)  Pressure loss of the air stream is negligible for
heat and mass transfer processes (the thermo-
dynamic properties are unaffected)

k) Axial heat conduction and mass diffusion in the
air are small compared with convective pro-
cesses;

1) The vapor enters the pores, diffuses in the
pores, and, meanwhile, is adsorbed.

m) The influence of the pressure drop in axial
direction on heat and mass transfer is ne-
glected;

n) The heat of adsorption is set free in the layer
immediately when the vapor enters the porous

layer and is partially convected into air stream.

Comparison Between Detailed and Simplified Models

The schematics of a channel segment in the desic-

cant wheel is shown in Fig. 2.
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—

Fig. 2 — Schematic of the control volume in a channel
segment (right) and mass and energy transfers in a control
volume (left)

In the detailed model, one channel segment with an
infinitesimal length dx is selected as the control vol-
ume (Fig. 2 - left). The control volume is separated
into two nodes, one is the humid air in the channel
and the other is the layer composed of supporting
and desiccant materials (Fig. 2 - right). The layer of
supporting and desiccant material is shared by two
channels: therefore, the thickness of the layer in one
control volume is half of its actual value and the
middle of this layer is considered to be adiabatic.
Referring to Fig. 2, the following laws were applied
to the infinitesimal control volume.

Mass balance of water in the desiccant material and

adsorbed water:

ow ow
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Energy balance for the desiccant material, support-

ing material and adsorbed water:

oT,
ps(1 = D Acn(1 = eps(1 = @) 52
+ pa(1 — A (1
- f)cp,d(p <

= hinPen(Tq — Tg)
+ hpPep(wq — wd)cp,v(Ta —Ta)
= hpPep(wq — wg) (1 —1)igq

at PaCpa 0x?

501

(1)

T,  Ag 0°T,
()



Simone Dugaria, Andrea Gasparella

Mass balance of water in the air stream:

dw, dw,
pafAch (F +u W) = hmPch(wd - wa) (3)

Energy balance in the air stream:

aT, aT,
pafAch (Cp,a + wacp,v) (a_; +u a_;)
= hinPen(Tqg — To) 4)
+ hmPch(wd - wa)cp,v(Td - Ta)

- hmPch(wd - wa)niad

To solve the system of partial differential equations,
a set of boundary and initial conditions is needed.
Assuming adiabatic and impermeable boundaries at
the entrance and exit flow channel leads to a negli-
gible error: according to Simonson and Besant
(1997), the transfer area at the inlet and outlet of the
wheel correspond to less than 0.1 %. Therefore, the
following relationships apply for the support and

desiccant layer:

aT, _ aT, _
0x lyo  0x ey
a(le * _ a(l)dx _ (5)
0x ly=o © ox x=L B

The temperature, humidity ratio and velocity
boundary conditions for the air are given by
Dirichlet boundary conditions periodically switch-

ing between process and regeneration air stream:

T, -
Ta(O, t) — { p.inlet

Tr.inlet
Wy
p,inlet
0 (0,8) = {wr inlet ©)
u .
p,inlet
ua(0,6) = {ur inlet

Assuming uniform initial temperature and humid-

ity ratio of the air and of the support and desiccant,

we have:
Ta(xr 0)= Tao
wa(x,0) = wgo
Ty(x,0) = Ty 7)
wq(x,0) = wgg
w0 = w,

Additional equations are needed to solve the initial-
boundary-value problem.
The equilibrium water uptake in the desiccant ma-

terial can be expressed by a general sorption curve
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that directly links the water uptake W to the relative
humidity.

The isosteric heat of adsorption i of silica gel calcu-
late using the equation recommended by San (1993).
The effective diffusion coefficient Ds accounts for
both molecular diffusion and Knudsen diffusion.
However, as reported by Pesaran and Mills (1987),
since most of the pores of silica gel are less than 100
10-°m, ordinary diffusion can be ignored in usual
silica gel applications. The surface diffusion Ds is
evaluated with the relationship proposed by
Pesaran and Mills (1987).

The heat transfer coefficient /i is derived from the
local Nusselt, calculated following equation of Niu
and Zhang (2002). Assuming a sinusoidal geometry
for the channel, the Nusselt number for the fully de-
veloped flow and the equivalent diameter were cal-
culated through the correlations proposed by Kakag
et al. (1987). The mass transfer coefficient h» was de-
rived from the Sherwood number.

Given the initial and boundary condition, the partial
differential equations system of the four non-linear
and coupled heat and mass transfer equations is im-
plemented and solved in Matlab™ environment.

In the simplified model developed by Howe (1983)
and based on the original work of Jurinak (1982), the
outlet air conditions (humidity ratio and tempera-
ture) are provided through two combined potentials
F1 and F2 for a silica gel desiccant defined in the fol-

lowing way:

—2865

FL = g + 4344 0052 (®)
T1.4—90

F2 = 4 1127007969 9
6360 @ ©)

In order to obtain the process air outlet condition,
Egs. (8) and (9) should be numerically solved to get
the corresponding values of temperature and hu-
midity ratio. The model computes the values of F1
and F2 for a given set of design conditions of both
the process and regeneration streams, then uses an
iterative process to guess and then converge to the
values of the outlet conditions.
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3. Validation and Model Comparison

To validate the models, the model results were com-
pared with the experimental data of a commercial
desiccant wheel produced by the Japanese manufac-
turer Seibu Giken Co. Ltd. (Kodama et al., 1993)
available in the literature. The supporting layer of
the wheel in consideration is made of ceramic po-
rous fiber paper, impregnated with silica gel. The
constant thermophysical properties and geometrical

parameters of the wheel are listed in Table 1.

Table 1 — Thermophysical and geometrical parameters assumed
for the simulation

Angle of regeneration 90°
Desiccant material Silica gel
type A
Porosity 0.4
Volume ratio of desiccant in the layer 0.7
Supporting material Ceramic

fiber sheets

Channel pitch (w x h) 3.2x1.8 mm
Wheel diameter 320 mm
Wheel length 200 mm
Rotation speed 6 rph

The structure contains between 70 % and 80 % type
A silica gel. The regeneration zone occupies a quar-
ter of the frontal area of the wheel, while the remain-
ing area is dedicated to process air dehumidifica-
tion. There is 20 mm of brass between the two zone
with no air flow. However, the presence of these
two separators was not considered in the detailed
model. All three experimental series were obtained
at the optimum wheel speed, equal to 6 rph.

Table 2 reports the experimental data used in the
comparison for the inlet process air conditions. For
the inlet regeneration conditions, the same humid-
ity ratio of the process air and a constant regenera-

tion temperature of 140°C is assumed.

Table 2 — Experimental inlet conditions for the process air (Kodama
et al., 1993)

Series 1 Series 2 Series 3

Temperature 244 °C 23.7 °C 23.3°C
Humidity ratio 14.2 g/kg 8.9 g/kg 7.3 g/kg

Comparison Between Detailed and Simplified Models

The F1 and F2 potentials of the simplified model
were calculated by taking as reference the outlet
conditions for process and regeneration air from an-
other series of data of the same experiments taken
under similar conditions (Kodama et al.,, 1993).
Then, these potentials were used to evaluate the out-
put conditions for the three series considered here.

The two models were compared under dynamic
conditions with varying inlet air temperature and
humidity. The other model inputs (regeneration
temperature, rotation speed, air flow rate) were kept
constant, as were the characteristics of the desiccant
wheel. In order to provide a representative input for
a real application, inlet temperature and humidity
ratio are generated from a monitoring data set ob-
tained from a weather station installed at the Free
University of Bozen-Bolzano. The sampling time is

1 minute.

4. Results and Discussion

Fig. 3 and Fig. 4 show the outlet process air humid-
ity ratio and temperature as a function of the angu-
lar position. These figures provide a graphical com-
parison of the experimental and simulated outlet
conditions as function of the angle. The data de-
picted in these figures refer to Series 1 (in blue) Se-
ries 2 (in red) and Series 3 (in green). The experi-
mental angular values are plotted with markers, the
dashed line is the angular distributions obtained
from the detailed model, while the dotted lines refer
to the outputs of the simplified model. It has to be
mentioned that the plotted angular distributions of
the detailed model are those obtained once the tran-
sient period has ended and the outlet conditions

have reached stable values.
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Fig. 3 — Angular distribution of the humidity ratio of processed
air at the outlet

160 T o Exp. Series 1 |
[u] Exp. Series 2
140 | ~ A Exp. Series 3 |
*» | = Det. sim. Series 1
120 O “ =====-Det. s?m. Ser?es 2 ]
| eee-- Det. sim. Series 3
O ‘:\ --------- Sim. sim. Series 1
s~ 100 : : ]
9] e o ‘:\ seeeccces Sim. sim. Series 2
E W e Sim. sim. Series 3
© 80 ]
5 8 Q
Q.
E 60
40 i
20 F ]
0 L L
0 90 180 27(

Angle, °

Fig. 4 — Angular distribution of the temperature of process air
at the outlet

The detailed model is able to capture the physics of
the problem and reproduce with fidelity the angular
distribution of the outlet humidity ratio; however,
the errors obtained for the single angular values of
the humidity ratio may be significant (up to 47 %).
The angular distribution of the outlet temperature
differs more from the experimental data than does
the humidity ratio. The largest differences between
simulated and experimental values occur at the first
angular positions where the transition between re-
generation and process has just occurred. For all the
experimental series, the detailed model underesti-
mates the average temperature and humidity ratio

of the outlet process air (calculated as the average of
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the angular values). The difference in the process air
average outlet conditions between simulated and
the experimental values is always below 12 % (larg-
est error for Series 1) for the humidity ratio and 10
% for the temperature (largest error for Series 2).
Regarding the simplified model, as shown in Fig. 3
and Fig. 4, this cannot provide the angular distribu-
tion of temperature and humidity ratio, but only a
constant value corresponding to the average outlet
conditions of the process air leaving the desiccant
wheel. Comparing the values provided by the sim-
plified model against the experimental data for Se-
ries 1 and Series 3, we have an overestimation of the
output humidity ratio, with an error of 5 % and 21
%, respectively, while for Series 2, the model over-
estimates the dehumidification capacity of the
wheel (difference in the outlet humidity ratio equal
to 4 %). The temperature in the outlet process air is
always underestimated by the simplified model
with an error ranging between 31 % and 36 %.

The two models were compared under dynamic
conditions with varying inlet air temperature and
humidity. The other model inputs (regeneration
temperature, rotation speed, air flow rate) were kept
constant, as were the characteristics of the desiccant
wheel. The humidity ratio profile obtained from the

two models of the are shown in Fig. 5.
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Fig. 5 — Inlet and outlet humidity ratio under dynamic
conditions
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Although involving a significant difference in terms
of absolute values, simplified and detailed model
(warm start) return similar trends for outlet air con-
ditions. This is true when the initial wheel state in
the detailed model is derived from an earlier opera-
tion state (warm start). On the other hand, if a cold
start is considered (the initial state of the wheel is
assumed to be in equilibrium with the environ-
ment), the detailed model reproduces typical transi-
ent trends and, once exhausted (after about 400 s), it
leads to the reconciliation of the profiles with those

obtained with the warm start.

5. Conclusion

A detailed and a simplified model of a desiccant
wheel were implemented. The performance of the
desiccant wheel simulated by the two models was
compared against experimental data. Both models
are able to provide the humidity of the air leaving
the wheel with small errors. Within the limits of the
conditions considered in this study, the simplified
model presents larger errors in simulating the outlet
temperature in comparison with the detailed model.
Comparison under dynamic conditions shows that
the simplified model cannot reproduce any transi-
ent regime of the desiccant wheel. This limitation
may lead to errors in the prediction of output con-
ditions, especially in the cold start case, as evi-
denced by the simulations conducted. However,
once the steady state condition is reached, the sim-
plified model returns results with trends similar to
the detailed model with significant computational
cost savings.

The main limitations of the simplified model con-
sidered in this study are related to the fact that it
must be initialized with reference conditions that
are bound to rotational speed of the wheel, regener-
ation conditions and air flow rate. This implies that
the simplified model can return reliable results only
when the simulated conditions are similar to the ref-

erence conditions under consideration.

Comparison Between Detailed and Simplified Models
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Nomenclature

Symbols
Ach Cross sectional area of the channel (m?)
Cp Isobaric specific heat (J kg K1)
Defs Effective diffusivity (m?2 s7)
Ds Surface diffusivity (m?2 s)
f Area ratio of flow passage in the channel
him Mass convection coefficient (kg m2 s1)
hin Heat convection coefficient (W m=2 K1)
fad Isosteric heat of adsorption (J kg)
Pen Perimeter of the flow passage (m)
t Time (s)
T Temperature (K)
u Air velocity in the flow passage (m s)
w Water uptake in the desiccant (kgwkga?)
x Axial coordinate
€ Porosity
1 Fraction of ads. heat convected to air
A Thermal conductivity (W m! K1)
P Mass density (kg m)
w Humidity ratio (kgvkgda™)

Subscripts/Superscripts
Air
Desiccant material

Supporting material

< v o o

Water vapor
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