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A desiccant dehumidifier regenerated by direct absorption of solar radiation was in-

vestigated using a simplified numerical model (DESSIM) of the adsorpotion and
desorption processes. This paper presents estimates of the performance of an air
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conditioning system in the ventilation mode using direct solar radiation regenera-

tion. The effects of dehumidifier NTUs, heat exchanger performance, and insola-
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1 Introduction

Desiccants such as silica gel have been used in air condition-
ing dehumidification processes for some time. Desiccant
systems require periodic regeneration of the desiccant bed,
which is normally achieved by passing hot air through the bed
and drying it. This paper describes and analyzes a method for
regenerating the desiccant bed using direct solar radiation.

The system analyzed in this paper is shown schematically in
Fig. 1. It consists essentially of a rotating belt coated on the
outer side with a desiccant material. The belt is installed in an
enclosure into which solar radiation can pass through a
transparent cover on the top side. The enclosure is divided into
two compartments by the belt. In the upper compartment
regenerated air enters perpendicular to the direction of the
moving belt, flows through the space defined between the
cover and the belt, and then exits through the front. This
orientation of air flow and belt motion was chosen because it
is similar to the configuration of a counterflow rotary
dehumidifier for which numerical models exist. The desiccant
is exposed to solar radiation, which provides the heat for
regeneration directly. Desorption, which occurs in the upper
half of the compartment, dries the desiccant. In the lower half
of the compartment, wet process air enters through the front
and interacts with the desiccant material on the belt for ad-
sorption of water; the dry air then exits in the back.

The desorption-adsorption problem has been treated
mathematically by several researchers [1,2,3,4]. The conven-
tional approach has been to derive a set of differential equa-
tions describing conservation of mass and energy in the desic-
cant bed and to solve these coupled equations using finite dif-
ference techniques. The model used in this paper has been
developed by Barlow [5]. It also uses a finite difference
method in that the solution moves through discrete time and
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tion levels were also analyzed. The direct radiation regeneration system was found to
have a COP less than that of other types of regeneration schemes.

space steps. However, rather than directly solving differential
equations, the model determines the amount of water vapor
and thermal energy transferred between the airstream and the
desiccant by using simple effectiveness equations from the
theory of steady-state, mass and heat exchangers. This ap-
proach simplifies the mathematics by eliminating the need for
a transformation of variables or sophisticated numerical
techniques and makes the model easy to adapt to investigate a
variety of adsorption problems, such as the rotating belt
treated here.

2 Analysis and Computer Model

When humid air contacts desiccant particles, water
molecules in the air at the surface of the particles are adsorbed
by the desiccant. This creates a humidity gradient in the
airstream and causes other water molecules to diffuse toward
the surface where they, in turn, are adsorbed. The adsorption
process releases an amount of energy, which for silica gel, a
common adsorbent, is about 5 percent to 15 percent greater
than the heat of condensation of water. The heat of adsorp-
tion elevates the temperature of the desiccant particles. Some
of the heat is transferred to the airstream, and some is retained
in the bed. Thus, the absorption process comprises simulta-
neous heat and mass transfer with thermal energy being
generated in the desiccant.

The numerical model used in this analysis was originally
developed to provide a simple means of studying the
qualitative behavior of silica gel in packed beds. Primary
variables were used to facilitate a physical understanding of
the adsorption process. Initially, a simple, conventional finite
difference scheme was used; however, the very small times
steps dictated by stability requirements resulted in very long
computation times. The technique to be described here was
developed as an easily implemented alternative to available
finite difference models for coupled heat and mass transfer in
porous media, The technique is not based on deriving a
mathematical solution to the equations for conservation of
mass and energy in the transient adsorption process, but on
solving equations for a discretized conceptual analog to the
adsorption process. This approach has been validated by com-
parison with experimental data for a packed bed [5].
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The computer model for this simplified approach, called
DESSIM, considers differential widths of the desiccant belt.
The length in the flow direction is divided into N sections
(typically 10 to 20). As illustrated in Fig. 2, the computer pro-
gram can be thought of as carrying one parcel of air at a time
through the system. Each increment in time corresponds to a
certain mass of air passing any point on the belt. As each
parcel of air is successively exposed to each desiccant section,
mass transfer and heat transfer calculations are performed.
One begins with initial conditions of temperature and water
content along the belt inlet or boundary conditions of fixed air
temperature and humidity ratio. The calculation procedure
moves in space along the belt in the air flow direction, then ad-
vances in time, following the element as it rotates, and repeats
the process.

The simplicity and flexibility of the model are a resuit of the
mass and heat transfer calculations being performed at each
node. Although the sorption process is transient, the transfer

Ambient air

Desiccant belt dehumidifler collector
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Fig. 2 Discretization of desiccant bed used in DESSIM calculations

Nomenclature
A, = collector area (m?)
A, = transfer surface area in bed node (m?)
c, = specific heat of air (J/kg°C)
¢, = specific beat of desiccant belt (J/kg°C)
¢, = specific heat of water (J/kg°C)
C, = thermal capacity rate of air (W/°C)
Cpeq = thermal capacity rate of desiccant belt (W/°Q)
CC = Cun/Crax
Cnex = larger capacity rate (W/°C)
Cnn = minimum capacity rate (W/°C)
COP = thermal coefficient of performance, cooling ef-
fect/net solar energy input
D,, = capacity rate of air (kg/s)
D4 = capacity rate of desiccant belt (kg/s)
D,;,, = minimum capacity rate (kg/s)
g = mass transfer coefficient (kg/m?s)
h = enthalpy of moist air (J/kg)
h, = enthalpy of moist desiccant (J/kg)
h. = heat transfer of coefficient (W/m?°C)
H, = heat of adsorption of water (J/kg)
H,, = heat of vaporization of water (J/kg)
I, = incident solar radiation (W/m?)
Le = effective Lewis number
m = mass fraction of water vapor in air
m, = mass fraction of water vapor in air at equilibrium
with the desiccant surface (function of 7,X)
M, = mass of dry air parcel (kg)
M, = mass of dry bed node (kg)
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M, = mass of desiccant in belt node (kg)
Muzo = mass of water adsorbed (kg)
N = number of bed nodes
NTU = number of transfer units
Q, = net energy gain from incident solar radiation
(W/m?)
T = temperature (°C)
T, = temperature of belt node (°C)
Ty = intermediate temperature of belt node O
w = humidity ratio (kg/kg dry air)
X = desiccant water content (kg water/kg dry desiccant)
Y = kg water/(kg water + kg desiccant)=X/(1+X)
U = heat loss coefficient (W/m?°C)
a = absorptance of the belt
At = time step (s)
e = effectiveness of exchange process
eqx = effectiveness of system heat exchanger
r = transmittance of the cover of the collector
Subscripts
a = air state g
b = bed state (
f = final state
g = mass transfer
h = heat transfer
i = initial state
o = ambient
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calculations can be performed in steps with effectiveness equa-
tions for steady-state mass and heat exchangers. Final
moisture contents and temperatures for the air parcel and the
bed section at the end of each time step are taken to be the
same as the outlet moisture contents and temperatures from
exchangers that have steady flows of air and desiccant
material with inlet conditions equal to the initial conditions of
the air parcel and the bed section. Applying these exchanger
equations over time steps and bed sections that are small com-
pared to the scale of the overall process preserves the basic
physics of the transient problem.

DESSIM was originally formulated to model adsorptlon in
fixed beds of silica gel particles. Consider a discrete heat or
moisture exchange process in which the mass of air corre-
sponding to the flow during a single time step passes through
.the mass of silica gel contained in one node of the desiccant
bed. An approximate physical analog to this process is the
flow of air and silica gel through a counterflow heat or mass
exchanger. The effectiveness of a heat or mass exchange
process is defined as the actual heat or mass transfer divided
by the maximum possible. The analytical expression for the
effectiveness of a simple, steady-state counter-flow exchanger
is [6]

_1—exp[-NTU(1 -CC)] a

¢=1-CC exp[-NTU(1-CO)]’ )
where NTU is the number of transfer units per node [6] and
CC is the ratio of the minimum capacity rate Cy;, to the max-
imum capacity rate Cp,, on the two sides of the exchanger.
Even though the flow configuration suggests a crossflow pat-
tern, the relation for counterflow effectiveness was used. This
simplification is justified because Kays and London [7] have
shown that for NTUs smaller than one for a particular node,
the difference between crossflow and counterflow effec-
tivenesses is negligible. In this study, the typical NTU per node
was between 0.1 to 0.25.

For the heat exchange process we can obtain NTU from the

equation
NTU,=hA/Cpy. 2)
The appropriate capacity rates are ‘
Co =M,c, /AL, 3)

where M, is the mass of dry air that passes through the bed
during time step At and

Chea = (Myc, + My Xc,)/ AL @)
For the mass exchange process we have
NTUE = gAS/Dmin ’ (5)

where g is an effective gas-side mass transfer coefficient
modified to account for a resistance-to-moisture diffusion
within the solid particles as shown in Barlow [5]. Dy, is the
smaller of the following two capacity rates:

Dair =Ma(1 -+ W,)/At (6)
and 2y
Dyeg =M, (1 +X)[

The partial derivative of Y with respect to m,, 9Y/dmy,
replaces the inverse of the Henry Number used in gas/liquid
mass exchanger analysis [8] and is analogous to the specific
heat used in the expressions for capacity rates in heat
exchangers.

The computation procedure of air parcels being exposed
sucessively to new sections of the belt is presented next. First,

the equilibrium properties m;, 8Y/dmy, and H,q;/ H., for the-

desiccant are calculated, based on the initial temperature and
water content of the belt section. The equations for these
properties for silica gel are presented in Barlow [5].
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The maximum possible mass transfer is defined by the dif-
ference between the initial vapor mass fraction in the air parcel
and the vapor mass fraction of air at equilibrium with the bed
at its initial loading and temperature. Thus, the final vapor
mass fraction of the air parcel is

mf=m,--—eg(m,-~—ms), (8)
and the final humidity ratio is
wp=my/(1—my). (&)

The mass of water transferred between the air parcel and the
belt section is

My,o =M, (W;— W), (10
and the final loading of the desiccant is, therefore,
Xf='-(X,-Md+MH20)/Md. (11)

Second, an energy balance is performed to account for the '
effect of the heat of adsorption and the net energy gain by
direct solar radiation. Here, the air temperature is assumed to
remain the same, and an intermediate temperature for the belt
section T i, is calculated

Tb,im = [ TbiMbcbi +Mu [h(Taiswi) - h(Tai’Wf)]
+MH20(Hads - vap) + QsAtA ]/Mbcbf, (12)

where c;; and ¢, are specific heats for the belt based on the in-
itial and final water contents, and Q, is the net energy gain
from the incident solar radiation to the belt {9]

Qs =sor = U(Tp,jn = Tl (13)

The ease with which the solar energy gain has been included in
the calculations is an example of DESSIM’s versatility, which
has greatly simplified the modeling of the direct radiation
dehumidifier.

Third, the heat transfer between the air parcel and the belt
section is calculated

Qr =¢€ux Cmin(Tb,im - Tg). (14)

The final temperatures are given by an energy balance be-
tween the dessicant node and the air parcel as
Taf= Ta" + QhAt/Macaf (15)
Ty = Tpine — QulAt/ MyCpy. (16)
The belt section temperature and loading are stored, and the
air temperature and humidity ratio are passed to the next belt
section and used as initial values for the next mass and heat
transfer calculations. Final air conditions leaving the last belt
section are averaged over all time steps to give the average
outlet state of the airstream for one side of the belt.

The temperature and loading profiles along the belt are
preserved and used as the initial conditions of the
dehumidifier as it rotates into the other airstream. This com-
pletes a single cycle of the belt. To predict the steady-state per-
formance of the dehumidifier, the above calculations are car-
ried through several cycles until the solution converges. The
amount of water adsorbed by the desiccant belt as it rotates
through the dehumidification period is used as the con-
vergence criterion. Although the mass and heat transfer
calculations are performed uncoupled, the iterative nature of
the solution, together with the small time and spacial steps
used, cause the mass and heat transfer calculations to be
coupled.

A version of DESSIM for analyzing adsorption in packed
beds was validated by comparing experimental data from the
literature with data from SERI’s desiccant test laboratory [5].
Figures 3 and 4 show typical results from these comparisons
and demonstrate that the model captures the physics of the ad-
sorption process, producing good predictions in spite of its
somewhat ad hoc nature. Measured and predicted results for
adsorption in a fixed, laminar-flow-channel dehumidifier have
also shown good agreement [10]. Another version of DESSIM

FEBRUARY 1987, Vol. 109/ 17



w
S
= .
— Predicted
o Measured
«
~ g
e
Wl
o
e}
[
(e
14
[1%}
[+ 5N
=
)
=~ €
Q
=1
N U ¥ 7 T L L)
0 10 20 30 40 50 60 70
TIME (MINUTES)
M
[~1
a .
- Predicted
o Measured
®
4
8 Q. 0000
hv 0000 [EYsXoA ARAunRas s s
bl
=~
—
[ ]
=
=
o}
I
=]
9
e 1 L .
0 10 20 30 50 60 70

TIME (MINUTES)

Fig. 3 Measured and DESSIM predlcted outlet air temperature and
humidity (data from [S])

that models the steady-state operation of an adiabatic rotary
dehumidifier has been compared with a direct finite difference

solution of the governing equations (MOSHMX [11]). Typical -

errors resulting from using DESSIM instead of MOSHMX are
shown in Fig. 5. For a ventilation cycle with heat exchanger ef-
fectiveness of 95 percent and a thermal COP near 1.0, an error
in dehumidifier outlet temperature of +0.5°C results in an er-
ror in COP of approximately +3 percent; an error in the
humidity ratio of +0.3 g/kg gives an error of —4 percent.
‘When these errors are combined, the error in COP is approx-
imately 1 percent because the temperature and humidity errors
offset each other. The DESSIM concept is being thoroughly
analyzed and compared with MOSHMX [12] to determine
DESSIM’s accuracy and limitations over a wide range of
operating conditions. Current indications suggest that
DESSIM is sufficiently accurate for predicting gross desiccant
cooling cycle performance.

3 Results and Discussion

To determine the performance of the direct radiation con-
" cept, the rotating belt system shown in Fig. 1 was incorporated
into a desiccant cooling system operating in the ventilation
mode as shown in Fig. 6(a). In this system, room air enters at
point 1, passes through the evaporative cooler EC-1, and
enters the rotary heat exchanger HX at point 2 where it
reclaims energy from the hot adsorption airstream. The
desorption process, driven by solar radiation, takes place in
the belt between state points 3 and 4. The heated airstream and
the heated air leaving the belt passage at state pomt 4 is
discharged into the atmosphere.
Ambient air enters the lower part of the belt system at state
point 5, exits at 6, and then is cooled as it passes through the
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Fig. 5 Errors in adiabatic rotary dehumidifier outlet states betw ’
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heat exchanger. After passing through the evaporative cooler

EC-2, it enters the room at state point 8. The psychometric

chart in Fig. 6(b) illustrates the operation of the system.
Table 1 presents the nominal operating parameters for
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which performance calculations were made. The air states”
represent the American Refrigeration Institute (ARI) design
points. The desiccant belt properties are similar to those con-
sidered by Barlow [5] in the analysis of a parallel-plate
dehumidifier. Note the very low NTUs (approximately 2) of
the belt collector design. This is due to the need to expose all
of the surface area of the belt to the incident solar radiation.

During the initial calculation, the effect of belt speed on
COP was investigated. The COP is defined as the ratio of the
cooling effect produced by the system [D,, (#; —hg) in Fig.
6(b)] to the net solar energy input (Q,A4., equation (13)). An
optimum belt speed yields a maximum COP, as shown in Fig.
7; however, this maximum condition is relatively insensitive to
the belt speed over a wide range because of the low NTUs of
the dehumidifier in this system. Note that evaporative coolers.
have an effectiveness of 0.9 in this study.

In a second series of runs the significance of the heat ex-
changer effectiveness on the COP, specific cooling capacity,
and maximum latent capacity was investigated. Figure 8 shows
the relationship between COP and heat exchanger effec-
tiveness for a belt speed corresponding approximately to the
optimum. The COP and the cooling capacity of the system are
sensitive to the heat exchanger effectiveness; however, the
maximum latent capacity is not. The maximum latent capacity

®
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Room EC s ’
ar ! ! 1 | ‘ 4
‘e___H_X Desorption {
wnfmemes ExDEUST
! ! ) SO
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ar é ; é Adsorption é ar

Fig. 6(a) Direct radiation dehumidifler in ventilation mode

is determined by the dryness of the dehumidifier process
outlet, which is mainly a function of the effective regeneration
temperature. This indicates that the solar gain is creating a
very high effective regeneration temperature, so the
temperature at the collector inlet (state 3) is not important.
Therefore, the main function of the heat exchanger is to cool
the adsorption airstream from state 6 toward state 2. This con-
trasts with the conventional rotary dehumidifier system where
the energy reclamation of the heat exchanger between states 2
and 3 is very important.

COPs of conventional rotary dehumidifier systems are now
in the vicinity of 1.0 [10]. Direct radiation system COPs are
much less than this. One reason for this difference is that in
the direct radiation system the air used for regeneration leaves
the system at a much higher temperature than in a comparable
parallel-passage system. Since the heat used to increase the air
temperature is not used for any useful purpose, it is lost and
reduces the COP. This indicates that the solar gain present
may be excessive compared with the requirements for desic-
cant regeneration and air flow rates. Another reason for the
lower COP is that the NTU for the direct radiation system is
only on the order of 2, whereas with the parallel passage
design NTUs on the order of 20 are possible. The reason for
this is that in the parallel-passage design, many flow passages
per unit frontal area can be incorporated within the system,
whereas in the direct radiation design only one passage can be
used. Since NTU is proportional to transfer area the parallel
passage design is more favorable from this perspective.

Figure 9 shows the effect of insolation levels. While cooling
capacity appears to drop sharply below insolation levels of 350
W/m?, COP increases for NTUs greater than 1 as insolation
levels decrease. The small gain in cooling capacity and drop in
COP above 350 W/m? indicates again that excessive solar gain
may be present. The direct radiation system operates quite ef-
fectively at low insolation levels and thus may have advantages
in some geographic regions.

Figures 8 and 9 both indicate that significant potential im-
provements in performance of the dehumidifier can be
= Table1l Nominal operating parameters
2 Ambient state: 35°C, 0.014 kg/kg
£ Room state: 27°C, 0.011 kg/kg
Belt: total mass, 0.35 kg/m?
desiccant mass fraction, 62 percent —silica gel
period, 600 s
Collector: width, 1 m
length, 3m
air flow rate, 3.33x 1073 m?/m? s
Temperature NTU, 1.78
i flow passage spacing, 1.5 cm R
Fig. 6(b) State points on psychometric chart heat loss coefficient U, 5.0 W/m?°C
(a) (b)
0.4 T T T T 20 T T Y T
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Fig. 7" Effect of beit rotation period on system performance
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Fig. 9 Effect of insolation level on system performance

achieved if NTUs can be increased. These improvements could
be accomplished by reducing the size of the flow passage or by
using heat transfer promoters. The improvements possible
with this approach are limited by the increase in pumping
power accompanying such enhancement measures. Even if
NTUs on the order of 20 could be reached, the COP of the
direct radiation system is much less than that possible from
conventional dehumidifier systems, although the ‘‘fuel’’ is
free.

The above analysis is limited to an effective Lewis number
of unity. It is expected that effective Lewis numbers greater
than unity (i.e., significant diffusional resistance in the desic-
cant) would reduce performance, both specific capacity and
COP. This was not quantified because of the already low per-
formance of the above system.

20/ Vol. 109, FEBRUARY 1987

A somewhat similar system to the one treated in this paper
has been tested by Ohigoshi et al. [13], who used a porous belt
made of fibrous activated carbon as the desiccant. In this
Japanese design the air passed through the porous belt, which
was exposed to direct radiation from above for regeneration.
The COPs achieved by this approach were of the same order
of magnitude as those obtained for the system presented in
this paper. Furthermore, Ohigoshi et al. observed that little or
no reduction in performance occurred with lower solar radi
tion input, and the authors claimed great advantages for the
direct radiation dehumidification process because it can main-
tain a high COP throughout the day. The results presented
here do not substantiate their claim, but if the endless belt
dehumidification system described here were used during the
winter as a solar collector for heating by simply turning off the
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moving belt, a relatively compact, combined heating and cool-
ing system could be constructed. In the final analysis, of
course, economic considerations will decide if such a com-
bined system is viable. '

4 Conclusions

A method for regenerating a desiccant bed used for
dehumidifying air using direct solar radiation was described
and analyzed. A simplified numerical model (DESSIM) incor-
porating steady-state equations of heat and mass exchangers
was used in the analysis. The performance of a desiccant cool-
ing system operating in a ventilation mode using this direct
radiation concept was evaluated and the optimum belt speed
that gives maximum COP. was determined. It was found that
the COP and the cooling capacity of the system increase when
the heat exchanger effectiveness increases. The COP of the
system is from 0.1 to 0.3, which is considerably less than that
of a cooling system using a parallel-passage rotary
dehumidifier regenerated indirectly with solar heat. From the
effect of the solar radiation level on COP and c¢ooling capacity
of the system, it was concluded that the direct radiation system
operates quite effectively at low insolation levels and may have
potential in some geographic regions.
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