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Abstract Recently, interest in hygroscopic dehumidifiers
has rapidly increased in the indoor environment industry
because of their potential contribution to the development
of hybrid (refrigerating + hygroscopic) dehumidifiers.
Heat and mass transport phenomena such as adsorption and
desorption, and their complex interactions occur in a desic-
cant rotor, which comprises many small hygroscopic chan-
nels. This study numerically investigated the conjugated
heat and mass transfers in a channel modeled with the flow
and porous desiccant regions, where only ordinary and
surface diffusions (excluding Knudsen diffusion) during
the sorption processes were considered. The change in the
dehumidification performance depending on operating con-
ditions such as the rotor’s rotating speed, air flow rate, and
adsorption—desorption ratio, was examined under various
working environments. The temporal and spatial variations
in the temperature, vapor mass fraction, and liquid water
mass fraction in the channel were considered in detail. The
closely linked heat and mass transports were clarified for a
better understanding of the sorption processes in the desic-
cant rotor.

List of symbols

Chu Specific heat of desiccant at constant pressure
Cppa  Specific heat of humid air at constant pressure
D, ;.  Ordinary diffusivity of humid air

Dy .5, Effective surface diffusivity

ky Thermal conductivity of desiccant

kpa Thermal conductivity of humid air
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hy i Enthalpy of liquid water at interface bordering
desiccant layer

Rgs Latent heat of water vapor

h, 4 Enthalpy of water vapor at interface bordering
flow layer

1y, f Vapor mass flux at interface bordering flow layer

1y gi Liquid water mass flux at interface bordering des-
iccant layer

p Pressure

Gss Heat flux of heat conduction at desiccant layer

s Heat flux of heat conduction at flow layer

T Temperature

t Time

u Velocity

X,y Coordinate

Greek symbols

0 Apparent density of desiccant

Pha Density of humid air

01 Density of liquid water

®, Vapor mass fraction (ratio of water vapor to humid
air)

o Liquid water mass fraction (ratio of liquid water
to desiccant)

&y Porosity of desiccant layer

E4ary  Porosity of desiccant layer under complete dry
conditions

Subscripts

d Desiccant

dry Dry condition
eff Effective

fg Latent heat from phase change
g Dry air
fi Fluid layer at interface
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i Interface

1 Liquid water

p Constant pressure

S Surface diffusion

di Desiccant layer at interface
v Water vapor

Superscripts

* Apparent

1 Introduction

There are two different dehumidification methods to lower
indoor humidity by eliminating water vapor in the room air.
The first is refrigerating dehumidification, which is based
on the principle that water vapor condenses out of humid
air when the temperature is lower than the dew point. In
general, refrigerating dehumidification requires a vapor
compression refrigerating device; thus, a large energy input
is required to compress and circulate the refrigerant gas.

The other is hygroscopic dehumidification, which
reduces the indoor humidity by adsorbing water vapor with
a hygroscopic material. A general commercial hygroscopic
dehumidifier adopts a hygroscopic rotor comprising many
small channels made of hygroscopic materials. The channel
is divided with two parts: the channel wall, which is called
the desiccant layer, and the channel core region, which is
the flow layer where the humid air passes through. The
channel’s hydraulic diameter is about several millimeters.

The rotor repeatedly takes in and expels water vapor
while rotating. As the air passes through the rotor chan-
nel, the water vapor it contains is transferred to the rotor’s
hygroscopic wall (desiccant layer) and changes to liquid
water in the desiccant layer. This vapor transport process
is called adsorption. On the other hand, when hot or dry
air passes through the channel, the water-holding capacity
of the hygroscopic wall is significantly decreased under
the resulting warm or highly dry conditions. Consequently,
the water contained in the desiccant layer is expelled to the
channel’s flow region. This is the desorption process. The
combined process of adsorption and desorption is called
the sorption process [1-3].

The hygroscopic dehumidifier has very low energy con-
sumption. However, the dehumidification capacity is lower
than that of the refrigerating dehumidifier. To compensate
for the weaknesses of both dehumidification methods and
boost their strengths, studies of hybrid dehumidification
combining refrigerating and hygroscopic dehumidification
have actively been conducted [4, 5].

In the operation of a hygroscopic rotor, the heat and
mass transfers by adsorption and desorption are closely
interconnected. The dehumidification capacity is highly
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sensitive to the working environment, and is dramatically
affected by operating conditions such as the adsorption-
to-desorption ratio, rotor speed, and air mass flow rate.
Therefore, to establish the right operating strategy for vari-
ous working environments, a physical understanding of the
changes in performance that are accompanied by the varia-
tions of the operating conditions and working environments
is first required.

In a previous experimental study on hygroscopic rotors,
Brillhart [6] considered the change in the sorption perfor-
mance for various combinations of a porous desiccant and
coated catalyst. Simonson et al. [7, 8] suggested a model
for heat and mass transfer coefficients based on their exper-
iments and conducted numerical simulations using this
model. They assumed that the vapor adsorbed onto the des-
iccant is completely changed to liquid water at the interface
between the flow and desiccant layers.

Such models for the heat and mass transfer coefficients
have greatly contributed to simplifying numerical studies
on the transport phenomena in the rotor. In other words,
they have allowed the temporal and spatial changes in the
desiccant’s hygrothermal state to be evaluated by consider-
ing only the diffusion in the desiccant layer; the velocity,
temperature, and humidity in the flow layer do not need to
be solved [1, 9-12].

For a more simplified analysis, some numerical stud-
ies have adopted a lumped capacitance assumption in the
direction of the desiccant’s thickness [13, 14]. In these
studies, the changes in the desiccant’s temperature and
humidity in the channel length direction were largely han-
dled. Ruivo et al. [15, 16] proved that the lumped capaci-
tance assumption is only available for a very thin desiccant
layer: for heat transfer, it is applicable when the desiccant
thickness is 5 mm or less; for mass transfer, it is applicable
when the desiccant thickness is 0.1 mm or less. Also, they
suggested that the properties’ hygrothermal dependency
should be reflected in the solution to improve the accuracy.

The mass diffusion in the hygroscopic channel is under-
stood to be a combined process of the ordinary, surface,
and Knudsen diffusions; however, ordinary diffusion can
usually be neglected in porous desiccant structures having
a small porosity. Many studies have been conducted to find
out the dominant diffusion mechanism in various desiccant
materials [1, 2, 9—11, 15, 17]. Pesaran [9] and Ruivo et al.
[15] investigated the dominant diffusion mechanism in the
silica gels RD and ID. They determined that the Knudsen
diffusion is negligible in the silica gel RD, which has a very
small pore size. Majumdar [10] introduced a concept for
the effective diffusion coefficient that can explain the ordi-
nary and Knudsen diffusions at the same time and inves-
tigated the sorption performance along with the composi-
tion ratio of the silica gel and catalyst. Dai et al. [11] solved
the sorption phenomena using a single constant diffusion
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coefficient without distinguishing between the diffusion
mechanisms. Sphaier et al. [1] introduced a solution proce-
dure that includes all three diffusion mechanisms. San et al.
[17] solved the sorption problem by considering only the
surface diffusion. They explained the sorption phenomenon
with the heat transfer rate and heat capacitance rate.

In recent years, some research groups have solved the
transport phenomena in the desiccant and flow layers simul-
taneously [3, 18, 19]. Fujii et al. [18] developed a solution
procedure to conjugate the heat and mass transfers between
the flow and desiccant layers and stressed the importance
of the conjugation for the flow and desiccant layers through
a comparison between the conjugate and non-conjugate
results. In particular, they showed that the conjugate solu-
tion is absolutely necessary for cases with a thick desiccant
layer. Hassan et al. [19] tried to apply turbulence effects
in their conjugate transport problem and showed that the
sorption was enhanced when the turbulence intensity was
increased. Ruivo et al. [3] reported that conjugate analysis
should be conducted for the cases with channel lengths of
10 cm or longer.

The effect of the cross-sectional shape of the channel
composing the hygroscopic rotor has been investigated [14,
20-22]. Zhang et al. [14] and Sherony et al. [20] showed
that a sinusoidal cross-section for the channel is the most
effective for the sorption process in terms of the friction
coefficient and Nusselt number. Gao et al. [21] explained
that cross-sectional shapes such as the sinusoid or triangle,
which have small interior angles, are more advantageous
than other cross-sectional shapes with a larger interior
angle. They also studied the sorption characteristics consid-
ering the rotor’s rotating effect.

As noted earlier, the dehumidification performance of
the hygroscopic rotor completely depends on the working
environment and operating conditions. In hybrid dehu-
midifiers, the performance of the hygroscopic part can be
greatly enhanced by regulating the operating conditions of
the refrigerating part. Also, inversely, the operation results
of the hygroscopic part affect the refrigerating part and
overall dehumidification performance. Therefore, studying
the dehumidifying characteristics under various working
environments and operating conditions is very useful and
essential.

In this study, we solved the two-dimensional and
unsteady heat and mass transfer in a hygroscopic rotor that
has been adopted for a hybrid dehumidifier that combines
refrigerating and hygroscopic dehumidification. The desic-
cant layer is made of the silica gel RD. Thus, the Knud-
sen diffusion in the desiccant layer is negligible. The con-
jugate solutions for heat and mass transfers between the
flow and desiccant layers were investigated. The variation
in the dehumidification performance depending on rotor
operating conditions such as the cycle period (rotor speed),

Dehumidified Air

High Humidity
Indoor Air
Condenser

Hygroscopic

. i /

Fig. 1 Schematic of hybrid dehumidification

desorption—adsorption time ratio, and air flow rate, was
considered for various working environments. The tempo-
ral and spatial changes in the temperature, vapor mass frac-
tion, and liquid water mass fraction in the flow and desic-
cant layers were examined.

2 Mathematical and numerical modeling

A hybrid dehumidification system comprises a compres-
sion refrigerating dehumidification cycle and hygroscopic
rotor. Figure 1 shows a schematic of the system. First,
humid air enters the system. As the air passes through the
condenser of the compression refrigerating part, it is heated
by the heat released from the condenser. The heated humid
air enters the desorption sector of the hygroscopic rotor and
regenerates the rotor by desorbing the water vapor from
the liquid water in the hygroscopic rotor. Thus, the air is
highly humid just after it exits the desorption sector of the
hygroscopic rotor; it then enters the evaporator of the com-
pression refrigerating part. When the air passes through the
evaporator, it cools down, and the water vapor in the air is
condensed. The condensed liquid is drained to the reservoir
tank. The cooled air exiting the evaporator contains a small
amount of water vapor, but its low temperature means that
the relative humidity is not pretty low. Next, the cooled air
containing a small amount of water vapor passes through
the adsorption sector of the hygroscopic rotor. The water
vapor in the air adsorbs onto the rotor, and the dry air is
finally supplied to the room.

2.1 Assumptions

In general, a hygroscopic rotor consists of many small
channels, as shown in Fig. 2. We studied the heat and mass
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Fig. 2 Computational modeling of a single hygroscopic channel

Table 1 Properties of the desiccant layer

Porosity 0.485
Thermal conductivity 0.144 W/mK
Apparent density 1129 kg/m®
Specific heat 921 J/kgK
Tortuosity 2.24

transfer phenomena in a single channel while neglecting
the effect of the rotor’s rotation. The channel was modeled
as an axisymmetric circular tube consisting of a flow layer
and desiccant layer, as shown in Fig. 2b. The desiccant
layer is a thin porous barrier between neighboring chan-
nels. At the outer boundary of the channel on the desiccant
layer, we assumed that there is no heat and mass transfer
with neighboring channels.

The density and thermal conductivity of the desiccant
layer was assumed to be constant. The liquid water and
water vapor existing in the desiccant layer were exactly
at hygrothermal equilibrium. The hygrothermal hysteresis
of the material (i.e., the shift of the hygrothermal balance
between the liquid and vapor phases by repeated sorption
cycles under a given thermal condition) was neglected in
this study. The study considered the silica gel RD as the
hygroscopic material; for this gel, the Knudsen diffusion
is less effective than the surface diffusion and thus can be
neglected. The thermal and mass diffusions in the desiccant
were assumed to be isotropic. Table 1 presents the informa-
tion on the desiccant layer used in this study.

Air is forced into the dehumidifier by a blowing fan, so
the humid air flow approaching the hygroscopic rotor is
likely to be turbulent. However, the channel diameter was
so small that the flow in the channel could be assumed to
be laminar. As noted earlier, we neglected the rotor’s rotat-
ing effect; thus, the incoming air only had an axial velocity
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component. Therefore, the radial and circumferential veloc-
ity components were neglected at the inlet of the channel.

2.2 Governing equations

Equations (1)—(4) are the conservation equations for mass,
momentum, energy, and vapor mass fraction in the flow
layer. Equations (5) and (6) are the conservation equations
for energy and liquid water mass fraction in the desiccant
layer. These conservation equations for the flow and desic-
cant layers were commonly used in previous studies [3, 15,
18, 19], that attempted to obtain conjugated solutions.

% i 0 (phauj>

=0
at 0x; M
(phati) 0 ap 0 ou;
5t + axj (phautu]) = ax; + axj Mha axj 2)
0 (pha Cpha T) 0 (pha Cp,ha”jT) 0 or
+ = T khai (3)
ot 3 dx; \ %
9(ona®v) T a(pha”j(pv) _ i D % )
o1 o ax M0y

eiGoat) 3 (1,07

8 k
- o\ h
ot dx; daxj> + 2. (=Phaa¢vhaas) (5)

Gl (p;a,d(/)v)
dt

a(pj§0l> _8( % 3§01) _ (6)

Y UL s

The subscripts ha and d represent the humid air and des-
iccant, respectively. The superscript * represents the appar-
ent value. The u; is the velocity vector, p is the pressure,
T is the temperature, ¢, is the mass fraction of the water
vapor to the humid air, and ¢, is the mass fraction of the
liquid water to the solid desiccant. The p is the density, ©
is the dynamic viscosity, k is the thermal conductivity, C,, is
the specific heat at constant pressure, and D is the diffusion
coefficient.

The last terms on the right-hand sides of Eqgs. (5) and (6)
show the heat and mass source (or sink) by the sorption pro-
cess. The increase or decrease in the amount of liquid water
in the desiccant layer by the sorption process is reflected as
a mass source in Eq. (6), and the corresponding sorption
heat is applied as a heat source in Eq. (5) for the desiccant
layer. The A, is the sum of the latent heat of vaporization
and heat of wetting; this can be expressed by Eq. (7) [3].
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haas = —0.02T3 + T? — 2386.2T + 2501600

7
+ 1000 x (420¢; — 375.867 — 550 log ;) ™

The ordinary diffusivity of the water vapor to humid air
in the flow layer D, ;, can be presented as a function of the
temperature and pressure, as given in Eq. (8) [9].

4 (T 4 273.15)1:685
P

The effective surface diffusivity of the liquid water in
the desiccant layer D gz, is a function of the temperature
and tortuosity 7, as given in Eq. (9), because the surface
diffusion is relevant to the diffusion path [15].

Dypg = 1.758 x 10~ ®)

hads
T +273.15

€))

1.6 x 107°

Dy offa = exp |—0.974 x 1073 x

The apparent density of humid air in the desiccant layer
P, g s presented in Egs. (5) and (6), can be calculated
with Eq. (10) by using the porosity of the desiccant layer &,
and density of humid air in the flow layer p,,,.

Phad = €dPha (10)

The porosity of the desiccant layer ¢, can be expressed
by Eq. (11):
/0*
€4 = Eddry — Q1 (1D
Pl

where ¢,,, is the porosity of the desiccant layer under
completely’dry conditions and p is the apparent density of
the desiccant layer. This is determined by considering the
original density of the desiccant material and the porosity
of the desiccant layer. The p, is the density of the liquid
water in the desiccant layer.

2.3 Boundary conditions and conjugate method
at interface between flow and desiccant layers

As noted earlier, the channel was assumed to be axisym-
metric with no heat and mass transfer between neighboring
channels. For the momentum, the no-slip boundary condi-
tion is applied at all wall boundaries, including the inter-
face between the flow and desiccant layers.

u = 0 (atall walls) (12)

At the inlet, a uniform normal velocity condition is applied,
while the other components of the velocity are set to zero.
uy = Vi 13
ur = ug = 0 (atinlet) (13)
At the outlet, the normal derivative of the velocity is
Zero.

a .
2 _ 0 (atoutlet) (14)
ox

For the temperature and mass fractions of the water
vapor and liquid water, the conditions of a constant tem-
perature and mass fraction are applied at the inlet.

T=Tip
Oy = Oy, in (at lnlet) (15)
Q1= Plin

The zero normal derivative conditions are applied at the
outlet for the temperature and mass fractions.
T  dpy ¢

—_— = — = 1
™ ™ ™ 0 (at outlet) (16)

In this study, we solved the advection of the water vapor
in the flow layer, whereas we only solved the diffusion
of the liquid water in the desiccant layer. Thus, a slightly
complex conjugating procedure between the flow and des-
iccant layers was applied at the interface. First, we assumed
that the vapor mass flux at the interface bordering the flow
layer m,, fi» which is the mass flux of the water vapor trans-
ported from the flow layer to the desiccant layer, is equal to
the liquid water’s mass flux at the interface bordering the
desiccant layer 71 4;. This is given in Eq. (17) [15].

. ¢

) = Iy g <= —pDs_eff.d o

r=rq r
17

i _ _/OgVDo,ha dey
v -y Or

In reality, the vapor transported from the flow layer
affects changes in both water vapor and liquid water pre-
sent in the desiccant layer. However, the hygroscopic
material used in this study was the silica gel RD, which is
known to have negligible Knudsen diffusion and be very
thermally sensitive to changes in the hygrothermal condi-
tion. We assumed that the vapor transported from the flow
layer first changes in phase to a liquid, and then diffuses
into the desiccant layer by surface diffusion.

The vapor mass fraction in the desiccant layer is calcu-
lated from the liquid water mass fraction and the following
hygrothermal equilibrium condition given in Eq. (18) [3]:

— YPsat
YDsar + (P — ¥Dsar)Ry/Ra

Y = 1.0132 — /1.0265 — 2.632¢, (19)

where R, and R, are the gas constants for the water vapor
and air, respectively, in the desiccant layer and p,, is the
saturated vapor pressure at a given temperature.

The vapor mass fraction ¢, ;; at the interface bordering
the desiccant layer, which is calculated by Eq. (18), should

Py (18)
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be equal to the vapor mass fraction ¢, ; at the interface bor-
dering the flow layer. To conjugate the vapor transport in
both layers, we perform a numerical iteration until the con-
tinuities for the vapor mass fraction and transported mass
flux at the interface are satisfied.

When solving Eq. (4) in the flow layer, we first apply the
Dirichlet boundary condition at the interface by using the
vapor mass fraction that is calculated from the hygrother-
mal equilibrium of Eq. (18) in the desiccant layer. When
solving the liquid water mass fraction of Eq. (6) in the des-
iccant layer, we apply the Neumann boundary condition at
the interface. That is, at the interface, the normal derivative
of the liquid water mass fraction is substituted by using the
vapor mass flux at the interface bordering the flow layer,
which is obtained as a solution to Eq. (4) in the flow layer;
this is described in Eq. (17). Next, both regions are itera-
tively calculated until the vapor mass fractions at the inter-
faces bordering the flow and desiccant layers converge
within a specific error range.

Equation (20) shows the heat balance at the interface
between the flow and desiccant layers. The h,; is the
enthalpy of the transported water vapor at the interface
bordering the flow layer, and 7, ; is the enthalpy of the
liquid water at the interface bordering the desiccant layer.
Equation (20) represents the energy balance between the
enthalpy exchanges of the transported mass and conductive
heat transfer [15]. Figure 2c shows a conceptual sketch of
the energy balance in the infinitesimally small control vol-
ume, which includes the interface.

1y iy fi + G = My aihrai + qai (20)

The qﬁ(= kg dT | dr| ) and Gui(= —kgdT/

at interface
drl g m,e,face) are the conductive heat fluxes calculated at the
interfaces bordering the flow and desiccant layers, respec-
tively. The k&, is the thermal conductivity of the humid air
in the flow layer. The k, is the thermal conductivity of the
solid desiccant.

For the thermal field, the temperature and heat flux at the
interface should be continuous, similar to the mass fraction.
Therefore, to forcibly conjugate the thermal fields in both
the flow and desiccant layers, we first solve Eq. (5) in the
desiccant region by using the Dirichlet boundary condition
at the interface. The interface temperature, which is used as a
boundary condition, is obtained from the solution of Eq. (3).
Next, the interface heat flux ¢4 in the desiccant layer, which
is obtained from the solution of Eq. (5), and the heat bal-
ance constraint at the interface of Eq. (20) are used to set the
diffusive heat flux at the interface bordering the flow layer.
Then, Eq. (3) is solved in the flow layer. The iteration con-
tinues until the interface temperatures calculated in both flow
and desiccant layers converge within a specific error range.

@ Springer

3 Results and discussions
3.1 Validation

Before getting into the heat and mass transfer characteris-
tics inside the hygroscopic rotor under various operating
conditions, the validation procedures for the numerical
modeling employed in this study were preceded. In the
other words, the validity of the present conjugating method
for heat and mass transfers and the selected governing
equation set was investigated. We selected Zhang et al. [2]
and Ruivo et al. [3] works as verification problems.

Zhang et al. [2] validated their simple numerical model
by comparing simulation results with experimental ones.
There are distinct features between their model and ours.
First, their numerical model dealt with the dependent vari-
ables such as temperature and humidity only in desiccant
layer whereas our model is more precise by calculating the
heat and mass transfer not only in solid desiccant but also
in fluid zone. In addition, they neglected heat and mass dif-
fusions along the flow direction. Figure 3 shows the tem-
perature changes at the channel exit at the end of each
consecutive cycle. As shown in the figure, the result of our
model shows better agreement with the experiment than
their numerical model which neglected the heat and mass
transfer in the channel flow region. The details of the calcu-
lating condition were well described in Ref. [2].

The Ruivo’s problem is the transient adsorption process
in a circular hygroscopic channel with a length of 10 cm,
inner radius of 1.5 mm, and desiccant layer thickness of
0.1 mm. The initial temperature of the channel was 100 °C.
The initial liquid water mass fraction (¢,) in the desiccant
layer was 0.012, and its corresponding hygrothermal equi-
librium vapor mass fraction (¢,) was 0.0098. This vapor
mass fraction of 0.0098 was also set as the initial condition

50 £
A 4 &
45 — pram—- o @
o 40F oW
o
g 350 u Experiment by Zhang et al. [2]
= 30F A Simulation by Zhang et al. [2]
g —O—— Present
o 25F
5
= 20
15 F
10 1 1 1 1 1
0 1 2 3 4 5 6

Cycle number

Fig.3 Comparison of vapor temperature with Zhang et al.’s results

(2]
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for the vapor mass fraction in the flow layer. The tempera-
ture and vapor mass fraction (¢,) of the inflowing humid
air were 30 °C and 0.01, respectively. The mass flux of the
inflowing air was 1.5 kg/mzs (i.e., the mass flow rate for a
single channel was 1.06 x 107> kg/s).

Figure 4 shows the profiles of the vapor mass fraction
and temperature in the cross-section at x = 7.6 mm (at
7.6 mm from the channel inlet in the axial direction) at
10 s after the initial state. A grid system of 50 (axial) x 36
(radial) nodes was applied. Ten grid nodes in the radial
direction were allocated to the desiccant layer of 0.1 mm
thickness. To check the time-step dependency, time steps
of 0.1, 0.01, and 0.001 s were tested. However, we could
not obtain a converged solution with the time step of
0.1 s. As shown in the figure, no time-step dependency
was detected for time steps of 0.01 s or less. Thus, we
applied the time step of 0.01 s in all further simulations.

As shown in Fig. 4, although the water vapor was trans-
ported from the flow layer to the desiccant layer by the
difference in the vapor mass fractions between the inflow-
ing air (¢, = 0.01) and initial desiccant (¢, = 0.0098), the
vapor mass fraction in the desiccant (¢, = 0.0015 — 0.006)
was significantly reduced from the initial value of 0.0098.
This is because the vapor remaining in the pore structure of
the desiccant layer was abruptly adsorbed onto the hygro-
scopic material and condensed there because of the low-
ered temperature of the desiccant, which quickly responded
to the cooling effect of the cold inflowing air of 30 °C.
That is, the desiccant first responds to the very low tem-
perature (30 °C) of the incoming air, so its ability to hold
liquid water in its hygroscopic material abruptly increases;
therefore, the water vapor initially presented in the desic-
cant pore is rapidly liquefied into the hygroscopic material.
As a result, in the early stage, the vapor mass fraction in the
desiccant is significantly reduced and the liquid water mass
fraction correspondingly increases.

As shown in Fig. 4, boundary layers for the vapor mass
fraction and temperature were observed in the flow layer.

Temperature [°C]

In the desiccant layer, an almost linear distribution of the
vapor mass fraction was produced, whereas the temperature
was nearly uniform. This is because thermal diffusion is
much faster and stronger than mass diffusion in the present
desiccant material (i.e., silica gel RD). The temperature in
the desiccant was expected to gradually change to the tem-
perature of the inflowing humid air of 30 °C. The present
numerical model with a grid system of 50 (axial) x 36
(radial) and a time step size of 0.01 s reproduced Ruivo
et al.’s results quite well.

3.2 Transient behaviors of heat and mass transfer
in channel

To observe the heat and mass transfer characteristics in the
channel during the repeated adsorption and desorption pro-
cesses, we conducted a transient simulation for 30 cycles
of desorption and adsorption with a cycle period of 60 s
and desorption—adsorption time period ratio (D—A ratio)
of 5-5, i.e., desorption for the first 30 s and adsorption for
the last 30 s. The material and dimensions of the channel
were the same as those used for the verification problem
presented in Fig. 4. Initially, the temperature of the channel
was 10 °C, the liquid water mass fraction in the desiccant
layer (¢;) was 0.185, and the equilibrium vapor mass frac-
tion (¢,) was 0.0021. Table 2 lists the operating conditions
used for the present computation.

First, during the desorption stage of 30 s, hot humid
air flowed into the channel from the left side with a tem-
perature of 40 °C, vapor mass fraction (¢,) of 0.01, and
mass flow rate of 0.02 kg/s (this mass flow rate was cal-
culated based on the entire rotor with a radius of 0.1 m
and D-A ratio of 5-5; the recalculated mass flow rate for
a single channel was 0.9 x 107> kg/s). For the next 30 s of
the adsorption stage, cold dry air flowed into the channel
from the right side with a temperature of 10 °C, a vapor
mass fraction (¢,) of 0.004, and the same mass flow rate
(0.02 kg/s) as that for the desorption process.
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Table 2 Parameters for

. Initial condition
computation

Temperature
Liquid water mass fraction
Inlet condition
Adsorption
Mass flow rate of humid air
Temperature
Vapor mass fraction
Desorption
Mass flow rate of humid air
Temperature
Vapor mass fraction
Channel geometry
Radius for flow layer
Desiccant layer thickness
Channel length
Period of cycle
D-A ratio

10°C
0.185

0.02, 0.03, 0.04 kg/s
10 °C
0.004

0.02, 0.03, 0.04 kg/s
40 °C
0.01 (RH = 20 %), 0.02 (RH = 40 %), 0.03 (RH = 60 %)

1.5 mm

0.1 mm

100 mm

60, 120, 240, 360, 480, 540, 1200, 1800 s
2-8,3-7,5-5,7-3,8-2

Figure 5 shows the changes in the isotherms in the
channel over time. The channel temperature very rap-
idly changed to the temperature of the inflowing humid
air. In the desiccant layer ( > 1.5 mm), the temperature
was nearly uniform in the radial direction because of the
thin thickness of the desiccant region and its strong ther-
mal diffusion characteristics. First, during the desorption
period in the initial 30 s, 40 °C humid air enters from the
left side. The channel and desiccant were initially at 10 °C.
The channel warms rapidly, starting from the channel core
region, and reaches an average temperature of about 35 °C
at 5 s. Next, during the adsorption period in the next 30 s,
air at 10 °C enters from the right side. As shown in Fig. 5,
the temperature of the entire channel is about 40 °C at
the end of desorption period (t = 30 s). Because cold air
at 10 °C enters from the right side, the channel is rapidly
cooled. As shown in the figure, the average temperature of
the channel reaches about 16 °C at 5 s after the beginning
of the adsorption period (¢ = 35 s).

Figure 6 shows the temperature profiles in the chan-
nel at the corresponding times (2, 5, 30, 32, 35, and 60 s).
The temperature data were extracted from the mid-position
in the channel length direction, i.e., x = 5 cm. As shown
in Fig. 5, the temperature in the channel developed very
rapidly and became almost uniform throughout the chan-
nel. The initial channel temperature was 10 °C. Five sec-
onds after the hot air starts to be supplied, the minimum
and maximum temperatures in the channel are about 32
and 38 °C, respectively. That is, the channel is rapidly
heated and has a quite uniform thermal distribution. These
thermal characteristics appear again in the adsorption pro-
cess from 30 to 60 s. In hybrid dehumidifiers, the channel
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is repeatedly heated and cooled down through desorption
and adsorption cycle. However, this is not caused by endo-
thermic or exothermic phenomena during the sorption pro-
cesses but largely by the thermal condition of the inflowing
humid air. That is, the dehumidification performance of the
hygroscopic rotor can be changed by the inflowing air con-
ditions, which are largely determined by the operation of
the refrigerating part. In other words, the hybrid effect can
be maximized by regulating the operating conditions of the
compression refrigerating part, such as the operating tem-
peratures of the condenser and evaporator and the refriger-
ant circulating flow rate.

Figure 7 shows the distribution of the vapor mass frac-
tion (¢,) in the channel over time. Early in the desorption
process (from O to 5 s), the vapor mass fraction in the flow
layer (r < 1.5 mm) was greater than that in the desiccant
layer. However, in the last stage of the desorption period
(from 5 to 30 s), the vapor mass fraction in the desiccant
layer was greater than that in the flow layer. In the early
stage, the incoming humid air (¢, = 0.01) had a larger
vapor mass fraction than the air (¢, = 0.0021) remaining
in the desiccant layer. Therefore, firstly the water vapor in
the inflowing humid air was transported to the desiccant,
so the vapor mass fraction in the desiccant layer started
to increase in the early desorption stage. In actuality, the
amount of the liquid water in the desiccant also slightly
increased during the early desorption stage even as the
desorption process proceeded; this will be presented in
Fig. 11. During this period, the desiccant’s thermal state
rapidly developed under a new thermal condition caused by
the air inflow, as shown in Figs. 5 and 6. Even after this
short rapid transition period (from O to 5 s), the desiccant’s
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Fig. 5 Progression of isotherms
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thermal state was developed continuously by the supplied
air. During this continuous and slow change in the desic-
cant’s thermal state, water vapor was expelled from the
desiccant pore structure to make a hygroscopic balance in
the changed thermal state. Thus, as shown at 30 s in Fig. 7,
the desiccant has a larger vapor mass fraction than the flow
layer after this short transition period (0-5 s).

Similar to the desorption process, in the adsorption pro-
cess (from 30 to 60 s) in Fig. 7, the transient changes of
the vapor mass fraction in the channel were observed. In
the early stage of the adsorption process (from 30 to 35 s),
the vapor in the desiccant is transported to the flow region
even as the adsorption process proceeds, because the cold
and very dry air (10 °C, ¢, = 0.004) enters the channel.
First, the desiccant is quickly cooled by the supplied cold
air. During this early adsorption period (30 to 35 s), owing
to the imbalance of the vapor mass fraction between the
supplied air and the air present in the desiccant layer, vapor
is transferred from the desiccant to the flow layer. There-
fore, the amount of liquid water in desiccant decreases
slightly during this early adsorption stage. After this period
of rapid thermal development (cooling), the desiccant is

0.02 0.04 0.06 0.08 0.1

X[m]

still thermally being developed by the supplied cold air
and adsorbs vapor from the supplied air to reach a new
hygrothermal balance matching the incoming air’s thermo-
psychrometric conditions. Thus, the desiccant has a lower
vapor mass fraction than the flow layer and starts to per-
form its adsorption function.

All of these transient behaviors were caused by the
hygrothermal imbalance between the desiccant and inflow-
ing humid air. In other words, excessively cold and dry (for
desorption period, excessively hot and humid) air entered
the channel compared to the present desiccant’s tempera-
ture and vapor mass fraction. For better understanding,
Fig. 8 shows the vapor mass fraction profiles at the mid-
position in the length direction of x = 5 cm over time. If
the channel’s hygrothermal change becomes stable after
it passes through the quick transient periods in the early
desorption and adsorption processes, only very small dif-
ferences in the vapor mass fraction between the desiccant
and flow layers are formed across the channel as shown at
30 and 60 s in Fig. 8. In addition, the vapor mass fraction
in the desiccant is clearly smaller (larger) than that in the
flow layer in the early desorption (adsorption) period but
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Fig. 6 Progression of temperature profile at x = 5 cm in channel (relative humidity of air = 20 %, D—A ratio = 5-5, air flow rate = 0.02 kg/s,

and cycle period = 60 s)

becomes larger (smaller) than that in the flow layer after
the initial 5 s. Anyway, by the present conjugate heat and
mass transfer analysis, the details of the vapor transport
phenomena could be revealed in both the flow and desic-
cant layers.

Figure 9 shows the changes in the temperature, vapor
mass fraction (¢,), and liquid water mass fraction (¢;) in the
desiccant as the cycle repeated. The values in Fig. 9 were
averaged by volume weight for the entire desiccant layer.
The changes in the temperature and vapor mass fraction
were almost periodic from the initial stage. Their upper
and lower values were approximately those of the inflow-
ing humid air during the desorption and adsorption pro-
cesses, respectively. In contrast, the ranges of the upper
and lower values for the liquid water mass fraction continu-
ously decreased until the seventh or eighth cycle. Then, the
liquid water mass fraction reached a steady-periodic state.
This is evidence that the present initial hygrothermal state
of the desiccant (10 °C, ¢, = 0.0021, and ¢; = 0.185) is
much wetter than the incoming air’s thermo-psychromet-
ric conditions (40 °C, ¢, = 0.01 for desorption and 10 °C,
@, = 0.004 for adsorption). Of course, if the initial hygro-
thermal state of the desiccant is much drier than the present
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case, the liquid water mass fraction in Fig. 9c can show an
increasing pattern. Further, this means that the hygroscopic
development is much slower than the thermal development
in the present hygroscopic material, and the desiccant-type
dehumidifier can show completely different performances
under the different thermal conditions. Also technically it
means that under the various air conditions the hygroscopic
rotor could be operated to maximize its performance by
regulating the thermal conditions of supplied air.

Figure 10 maps the traveling course of the desiccant’s
hygrothermal state. The vertical and horizontal axes rep-
resent the liquid water mass fraction and vapor mass frac-
tion, respectively. For better understanding, the constant
temperature lines are depicted together. The hygrothermal
state in the desiccant started to change from the initial
condition of 10 °C, ¢, of 0.0021 and ¢, of 0.185. In the
first 30 s of the desorption process, the desiccant’s tem-
perature and vapor mass fraction rapidly increased for the
first 5 s because of the entering of the hot and humid air of
40 °C and ¢, = 0.01. As noted earlier in Figs. 7 and 8, the
liquid water mass fraction slightly increased for the first
5 s: as the desiccant was rapidly heated in this early stage
and the vapor in the inflowing air was rapidly transported
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from the flow layer to the desiccant layer, the desiccant
arrived at a new hygrothermal balance corresponding to its
changed temperature and vapor mass fraction by adjusting
its liquid water content. Thus, during this early desorption
period (0-5 s), the temperature and vapor mass fraction in
the desiccant increased rapidly and significantly, and the
liquid water mass fraction increased slowly and slightly.
Because hot air at 40 °C entered, the heated hygroscopic
material originally had a low capacity to contain liquid
water. In the present early desorption period, however, the
abrupt increase in the vapor mass fraction in the desic-
cant is caused not by the desiccant’s vapor discharge but
by vapor mass transfer from the flow layer to the desic-
cant layer due to the introduction of highly humid air. This
vapor mass transfer from the flow layer forces the vapor in
the desiccant pore structure to be liquefied into the desic-
cant. Thus, in this early desorption period, the liquid mass
fraction increases slightly.

From around 5 s, the actual desorption started, and
the liquid water mass fraction started to decrease. Dur-
ing the period of 5-30 s, the changes in the temperature
and vapor mass fraction became very slow, and the liquid

0.02 0.04 0.06 0.08 0.1
X [m]

water mass fraction in the desiccant dropped significantly
because of vapor mass transfer from the desiccant to the
flow layer due to the spatial gradient of the vapor mass
transfer between the flow and desiccant layers, as shown
in Figs. 7 and 8. Because the desiccant arrives at a type
of hygrothermal inflection point at around 5 s, the vapor
mass fraction in the desiccant layer becomes greater than
that in the flow layer, and heating of the desiccant by the
hot inflowing air causes the hygroscopic material to expel
water vapor. Further, the water vapor expelled from the
desiccant’s hygroscopic material is transferred to the flow
layer.

During the adsorption period of 30-60 s, similar pat-
terns of hygrothermal change were repeated. During the
early adsorption process from 30 to 36 s, the desiccant’s
temperature and vapor mass fraction rapidly decreased;
on the other hand, the desiccant’s liquid water mass frac-
tion decreased slightly as the desiccant sought a new
hygrothermal balance. Similarly, the rapid decrease in the
vapor mass fraction in the desiccant is caused not by the
desiccant’s vapor adsorption by cooling due to the cold
inflowing air but by vapor transfer from the desiccant
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Fig. 8 Progression of vapor mass fraction profile at x = 5 cm in channel (relative humidity of air = 20 %, D-A ratio = 5-5, air flow
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layer to the flow layer due to the introduction of highly
dry air.

For the next 24 s (from 36 to 60 s) after a hygrother-
mal inflection point was reached, small drops in the tem-
perature and vapor mass fraction were observed, and the
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Fig. 10 Tracking of desiccant’s hygrothermal state during con-
secutive sorption cycles (relative humidity of air = 20 %, D-A
ratio = 5-5, air flow rate = 0.02 kg/s, and cycle period = 60 s)

Fig. 11 Changes in a water (a)
mass fraction and b temperature 0.166
in desiccant during single steady
cycle (relative humidity of 0.164
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liquid water mass fraction was significantly increased by
vapor mass transfer from the flow to the desiccant layer. Of
course, vapor transfer from the flow to the desiccant layer
occurs because the desiccant’s water holding capacity is
boosted as the desiccant is cooled by the cold inflowing air
after the hygrothermal inflection point.

In the early cycles (0-60 s and 60-120 s), the desic-
cant’s hygrothermal state constantly changed with each cycle
because of a large gap between its initial hygrothermal con-
dition and the inflowing air’s thermo-psychrometric condi-
tion. After several cycles passed, the desiccant’s hygrothermal
cycle exhibited a steady behavior, as shown in Fig. 10. Thus,
the 29th (1680-1740 s) and 30th (1740-1800 s) cycles com-
pletely overlapped. By the transient conjugated heat and mass
transfer analysis in both regions for several consecutive cycles,
the increase or decrease of the vapor and liquid mass fraction
during the cycle could be physically explained in this study.

Figure 11 presents the time variations in the averaged
liquid water mass fraction and averaged temperature in the
desiccant layer during a single steady cycle. Figures 11a, b
show that the hygrothermal surge phenomena in the early
stages of desorption and adsorption were closely connected
with the thermally developing process in the desiccant. The
amount of dehumidified water for one cycle can be esti-
mated from Fig. 11a. The difference in liquid water mass
fractions between the ends of the desorption and adsorp-
tion can be regarded as the amount of dehumidified water
for one cycle. The present case favored a dehumidifying
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Fig. 12 Changes in a water
mass fraction and b tem-
perature in desiccant during
single steady cycle for different
D-A ratios (relative humid-

ity of air = 40 %, air flow
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function because the liquid water mass fraction at the end
of desorption was less than that at the end of adsorption.
The actual dehumidified amount was significantly lower
than the hygrothermal surge. However, the dehumidified
amount and surge can dramatically vary with the operating
conditions. Technically it is important how to increase the
dehumidified amount and at the same time how to decrease
the hygrothermal surge.

3.3 Hygroscopic performance for various operating
conditions

As shown in Fig. 11, we checked that the amount of dehu-
midified water during one cycle was not significant com-
pared to the hygrothermal surge. The time for the desic-
cant’s thermal development seemed slightly long compared
to the time period for a single cycle. Thus, to check if the
dehumidification performance can be effectively enhanced
by regulating the operating conditions, we examined the
effects of the D—A ratio, cycle period (rotor speed), and
mass flow rate of the inflowing air.

3.3.1 Ratio of time periods for desorption and adsorption

First, we adjusted the ratio of the time periods for des-
orption and adsorption (D-A ratio) by adopting a simple
mechanical device to divide the rotor in two segments: for
the hot air from the condenser (for desorption) and for the
cold air from the evaporator (for adsorption). D—A ratios of
2-8, 3-7, and 5-5 were tested for a cycle period of 240 s
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(0.25 rpm). The thermo-psychrometric conditions for the
inflowing air in the desorption and adsorption processes
were equal to those for the case described in Fig. 5. The
flow rates of the humid air for desorption and adsorp-
tion were identical at 0.04 kg/s. As noted earlier, this was
the mass flow rate for the entire rotor; thus, the mass flux
should be recalculated considering the D—A ratio and rotor
diameter of 0.2 m. The mass fluxes for desorption and
adsorption thus had different values, unlike the mass flow
rate. The vapor mass fraction of the inflowing air for des-
orption was 0.02 (relative humidity = 40 %), which was
double the case shown in Fig. 5. The vapor mass fraction of
the inflowing air for adsorption was 0.004.

Figure 12 shows the changes of the liquid water mass
fraction and temperature in the desiccant for one steady
cycle. Regulating the D-A ratio did not significantly
increase the amount of dehumidified water. The amount of
dehumidified water for one cycle still remained very small
compared to the hygrothermal surge. However, we deter-
mined that the time for the rotor’s thermal development is
independent of the D—A ratio and cycle period. The hor-
izontal lines in Fig. 12a are auxiliary lines that allow the
differences between the liquid water mass fractions at the
ends of desorption and adsorption to be easily checked. For
the present case (40 % relative humidity of the air for des-
orption), the increasing the adsorption portion was favora-
ble for dehumidification. The case of a 5-5 D-A ratio
worked adversely, i.e., the rotor adsorbed vapor during the
desorption period and desorbed vapor during the adsorp-
tion period. That is, having the cold air from the evaporator
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pass through the adsorption sector of the hygroscopic rotor
is not helpful at all to achieve a much lower humidity of
the air; having the cold air bypass on its way to the room
or only part of the cold air pass through the rotor is more
effective.

3.3.2 Mass flow rate

To check the effects of the air inflow rate, simulations were
conducted for four different air inflow rates: 0.02, 0.03,
0.04 and 0.1 kg/s. The D-A ratio was fixed to 5-5, the
cycle period was 60 s (1 rpm), and the temperatures and
vapor mass fractions of the inflowing air for desorption and
adsorption were equal to those given in Fig. 12.

As shown in Fig. 13, the dehumidification performance
of the rotor gradually increased with the flow rate. The
case with the largest flow rate of 0.1 kg/s reached a ther-
mally developed state most rapidly because of its high ther-
mal capacity, as shown in Fig. 13b. During the adsorption
period, especially, this rapid thermal development made the
rotor start practical vapor adsorption very early, as shown
in Fig. 13a. In addition, the increased flow rate clearly pro-
duced a larger mass transfer potential between the flow and
desiccant layer; as a result, the liquid water mass fraction
in the desiccant decreased and increased much more dur-
ing desorption and adsorption, respectively, as shown in
Fig. 13a. Because of these effects, a larger amount of water
was dehumidified when the air inflow rate was increased.

Desorption

0 10 20 30 40 50 60
Time [s]
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3.3.3 Cycle period (rotor speed)

The results in Fig. 12 makes us curious how the dehu-
midification performance varies when the absolute time
for adsorption increases, because the figure showed that
the dehumidification performance is apparently enhanced
when the time for the adsorption period is increased. How-
ever, the regulating D—A ratio was limited. Thus, in this
numerical simulation, we varied the cycle period from 60 s
(rotor speed = 1 rpm) to 480 s (rotor speed = 0.125 rpm).
For all cases, the D—A ratio was fixed to 2—8, the humid air
inflow rates for desorption and adsorption were identical at
0.04 kg/s, and the temperatures and vapor mass fractions of
the inflowing air for desorption and adsorption were equal
to those for the cases in Figs. 12 and 13.

As shown in Fig. 14, the short cycle periods of 60 and
120 s had an adverse effect (i.e., the air was not dehumidi-
fied), and the cycle periods of 240 and 480 s produced a
favorable dehumidification function. As expected, the
dehumidification performance was definitely enhanced
when the cycle period was increased. Figure 14 only shows
the dehumidified water amount for a single cycle. How-
ever, although the amount of dehumidified water for a sin-
gle cycle is increased by increasing the cycle period, the
amount of dehumidified water normalized by unit time
could not be increased. Thus, we needed to check whether
increasing the cycle period is really effective by comparing
the time-based dehumidification rate in the unit of [g/min].
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In addition, we needed to determine whether the dehumidi-
fication performance continuously increases with increas-
ing cycle period.

Figure 15 compares the dehumidification rates for
eight different cycle periods: 60, 120, 240, 360, 480, 600,
1200, and 1800 s. The dehumidification rate significantly
increased with the cycle period up to 600 s. For the longer
cycle periods, the dehumidification rate no longer increased
with the cycle period, and the cycle period of 1800 s actu-
ally showed a slightly lower dehumidification rate than the
cycle period of 1200 s.

3.4 Dehumidification performance for various working
environments

We checked that the dehumidification performance of the
hygroscopic rotor dramatically varies with changes in the
operating conditions, such as the D—A ratio, air flow rate,
and cycle period. Until now, we found that increasing the
time for adsorption, the air flow rate, and the cycle period
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all helped with dehumidification. However, we needed to
check if doing so would still apply in other working envi-
ronments with different air humidities and temperatures.
Thus, the simulations were continued for three different
relative humidities of 20, 40, and 60 %. The desiccant’s
initial hygrothermal state and the inflowing air’s thermal-
psychrometric condition were equal to those for the cases
described in Figs. 12, 13, and 14.

First, Fig. 16a shows the dehumidification rate along
with the D-A ratio from 2-8 to 8-2 for the three differ-
ent air humidity conditions. The air flow rate and cycle
period were fixed to 0.04 kg/s and 240 s respectively. The
pre-conclusion about the D—A ratio was only valid for rela-
tively dry cases with a relative humidity of 20 and 40 %.
When the relative humidity was 60 %, the dehumidification
rate increased as the time portion for adsorption decreased.
That is, in highly humid environments, dehumidification
requires more time for desorption to regenerate the rotor. In
any event, the highly humid case of 60 % relative humid-
ity appears to require other remedies for correct function-
ing, such as changing the cycle period or incoming air tem-
perature. As shown in Fig. 16a, adjusting the D—A ratio to
enhance the dehumidification performance is meaningful
only under very low humidity conditions, such as a relative
humidity of 20 %.

Next, Fig. 16b presents the dehumidification rates for
different air flow rates and relative humidities. The D-A
ratio and cycle period were fixed to 2—8 and 240 s, respec-
tively. Increasing the air flow rate was only favorable for
the low humidity cases with relative humidities of 20 and
40 %. Increasing the air flow rate was originally expected
to be favorable for dehumidification in all cases because
of the enhancement in heat and mass transfer caused by its
convection effects. However, in the high-humidity case of
60 %, the dehumidification rate decreased as the air flow
rate increased; further, a negative dehumidification rate
was detected for all the tested air flow rate conditions. This
means that the highly wet (humid) air can negatively affect
dehumidification by boosting the convection effect.

Figure 16¢ shows the changes in the dehumidification
rate depending on the cycle period for the three different
air humidity conditions. The D—A ratio and air flow rate
were fixed to 2—-8 and 0.04 kg/s, respectively. In Fig. 15, the
dehumidification rate became saturated as the cycle period
increased. Here, however, the dehumidification rate was
maximized around the cycle period of 360 s at a low rela-
tive humidity of 20 %; it decreased with larger cycle peri-
ods. On the other hand, at a relative humidity of 60 %, the
dehumidification rate was still increasing with increasing
cycle period by 1800 s.

Based on the above results, the hygroscopic rotor does
not work favorably under very humid conditions, such
as a relative humidity of 60 %. All cases with a relative
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Fig. 17 Dehumidification rate for different air humidities depending
on inflowing air temperature for desorption period

humidity of 60 % showed a negative dehumidification rate
regardless of adjustment to the D—A ratio, air flow rate, and
cycle period. Here, we investigated the effect of the inflow-
ing air temperature. As noted earlier, the temperature of the
air flowing into a hybrid dehumidifier can surely be regu-
lated by adjusting the operation of the refrigerating part.
Figure 17 shows the dehumidification rates for different
inflowing air temperatures during the desorption period.
The D-A ratio, air flow rate, and cycle period were fixed to
2-8, 0.04 kg/s, and 240 s, respectively. The air temperature
for the adsorption period was fixed to 10 °C, just like in
the previous cases. As shown in Fig. 17, regardless of the
relative humidity, the dehumidification rate exponentially
increased as the air temperature was increased for the des-
orption period. The case of a relative humidity of 60 % for
the first time showed a favorable dehumidification function
for the 50 °C incoming air for desorption. Increasing the
inflowing air temperature for desorption is highly effective
for enhancing the dehumidification performance; the case
of 20 % and 50 °C showed a dehumidification rate over
100 g/min. This is a quite meaningful achievement, keep-
ing in mind that all the other operating parameters could
enhance the dehumidification rate to only 60 or 70 g/min.
A greater difference between the inflowing air tempera-
tures for the adsorption and desorption periods allowed for
larger working ranges in the vapor mass fraction and liquid
water mass fraction in the desiccant, as shown in the desic-
cant’s hygrothermal map of Fig. 10. Of course, generating a
larger difference in air temperatures for the adsorption and
desorption periods would require more energy consumption
for the operation of the refrigerating cycle. Thus, shifting the
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working temperature range according to the given air condi-
tions would be favorable for enhancing the hybrid effects.

4 Conclusions

The heat and mass transfers in a hygroscopic rotor were
numerically investigated based on a two-dimensional
model for the conjugate transports between the flow and
desiccant layers. The silica gel RD was used as the desic-
cant material, while the Knudsen diffusion was ignored.
A conjugation procedure that included the heat and mass
sources in both the flow and desiccant layers was set up.
By the developed conjugation procedure, the details of the
minute changes in temperature, vapor mass fraction, and
liquid water mass fraction in the early stages of desorp-
tion and adsorption period during the consecutive cycles,
were physically-well explained. Especially, the hygrother-
mal surging phenomenon in the desiccant was successfully
reproduced in the present unsteady sorption simulation. For
the consecutive sorption cycles, the desiccant’s hygrother-
mal state was tracked on the present desiccant’s hygrother-
mal map. By mapping the rotor’s hygrothermal state, the
complex sorption processes could be more understandable.
The variation in the dehumidification performance was
investigated by regulating the rotor operating conditions for
various working environments with regard to the air humid-
ity and temperature.

It was revealed that the D—A ratio meaningfully influ-
ences the dehumidification performance under only very
low humidity conditions. For highly humid conditions,
increasing the air flow rate can negatively affect dehumidi-
fication. As the air humidity increases, the optimal cycle
period increases. It was found that increasing the air tem-
perature for desorption tremendously enhanced the dehu-
midification. In a hybrid dehumidifier, the regulating the
incoming air temperature through operation of the refrig-
erating part is essential to increasing the contribution of the
hygroscopic part.
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