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Abstract—An analysis of a two-dimensional cross-flow heat and mass regenerator with conductive heat
transfer is presented. The adsorbent is a regular density silica gel. Non-switched and switched operations
are considered. An enthalpy effectiveness factor is used to specify the regenerator performance. Eight
coupled non-linear partial differential equations specify the process of heat and mass transfer. The equations
are solved using a finite difference method. The average Lewis number and C,,/Cumax are assumed to be
unity. The effects of N, C,/C,,,, desiccant content, Biot number and outdoor climate condition on the
regenerator performance are analyzed. Both parallel-cross-flow and counter-cross-flow arrangements for
sorption are considered. The performance of an ideal regenerator with infinite Niu and an isothermal wall
is analyzed.

1. INTRODUCTION

MucCH RESEARCH on the analysis of solid desiccant
dehumidifiers has been performed in recent years
[1-15]. However, most of these works are concerned
with the adiabatic dehumidification process in rotary
dehumidifiers. In this paper a two-dimensional cross-
flow heat and mass regenerator is introduced (Fig. 1).
Both sides of the regenerator contain silica gel as the
adsorbent. The effect of Jongitudinal heat conduction
due to the solid partitions in the regenerator is inves-
tigated. The main purpose of this work attempts to
determine the best base material for the regenerator.

The idea of using solid desiccant for dehu-
midification and cooling was originally proposed by
Dunkle [1] in the mid 1960s. A brief review of related
research works is summarized in the following para-
graph.

Maclaine-cross et al. [2-5] developed a linear anal-
ogy method for predicting the exit fluid temperature
and the exit fluid humidity of a desiccant wheel. As
compared with the finite difference method, the linear
analogy method consumes less computational time.
In order to improve the accuracy of the solution,
Banks [6, 7] modified the linear analogy method by
counting the non-linear effect due to temperature.
Comparison with the linear solution showed that his
result provided a better match with the finite difference
solution. Jurinak [8] applied the above methods to
simulate the performance of a desiccant cooling
system. A comparison of several numerical solutions
was presented in his work. Van den Bulck et al. [9]
also performed an analysis for a desiccant cooling
system. For a given cooling load the optimum regen-
erative air mass flow rate and the optimum wheel
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rotational speed were found. The result was plotted
in a map as a function of several operating conditions.
Van den Bulck er al. [10, 11] introduced a theory to
simulate the process of heat and mass transfer in a
rotary desiccant wheel with infinite transfer co-
efficients. Combining this with the solution of finite
transfer coefficients, the analysis establishes the effec-
tiveness correlation of the desiccant wheel. Klein et
al. [12] continued the above works. It was found that
the enthalpy effectiveness remains the same if the value
of C,/C,, reaches a certain limit. Standard techniques
for analyzing the single-blow test of sorption process
were even less developed. Recently a test procedure
for estimating the overall heat and mass transfer
coefficients of compact dehumidifier matrices was pro-
posed by Van den Bulck and Klein [13]. The analy-
sis in the test procedure considers the non-linear char-
acter of the conservation equations. In the work a
comparison between several experimental tests and
theoretical analyses was performed.

Pesaran and Mills [14, 15] studied the moisture
transport in a packed-bed system. The experimental
data have been compared with two analytical results.
One is obtained using a solid-side model and the other
using a pseudo-gas-side controlled model. From the
comparison the former shows a better agreement with
the experimental data.

Besides the packed-bed system and the rotary-
wheel system, a cross-cooled parallel-plate system
was built by Worek and Lavan [16). The system was
tested in a laboratory and a theoretical model for
analyzing the system performance was developed by
Mathiprakasam and Lavan [17].

In this work switched operation and non-switched
operation analyses of the two-dimensional cross-flow
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a. b, c.d, - see Table 1
Bi Biot number, A/ jk,

Chie  minimum flow capacity rate,
['7.7(51',/571)]min
Chax  maximum flow capacity rate, Cpuy = Chin

C, regenerator capacity rate, m, C,./tgy
C specific heat of wet desiccant material
[kJkg K™

C,, reference specific heat, 1.0 kJ kg™ ' K~'
Dy, hydraulic diameter [m]
f desiccant content
[g desiccant (g total weight)™']
h convective heat transfer coefficient
kWm 2K

hy, heat of evaporation [kJ kg~ ']
H height of regenerator [m]

i specific enthalpy of moist air [kJ kg™']

i average specific enthalpy [kJ kg™']

k, overall thermal conductivity of solid
Wm~'K~']

k, convective mass transfer coefficient
[kgm~?s™"]

k, thermal conductivity of air [Wm ™' K]

k, thermal conductivity of plate material
Wm~' K™

ks average thermal conductivity of
desiccant material [Wm™' K™']

I channel spacing [mm]

IS plate thickness [mm)]

1y thickness of desiccant material [mm]

I effective heat transfer length {[mm]

L channel length or width [m]
Le average Lewis number, i/[k,(0i;/0T))]

m total air mass flow rate on one side
[kgs™']

m,, ~ mass of desiccant material on one side

n number of channels on one side

Nty number of transfer unit,

nhx, X6 /m(06;/0T,)
P, vapor pressure on desiccant surface [atm]

NOMENCLATURE

P.. saturation vapor pressure [atm]
1] heat of adsorption [kJ (kg H,0)™']

RH  relative humidity x 100, P,/P,. x 100
t non-dimensional time,
n1(all/a 7‘i)/('nwC‘wr/’B)
N time [s)
I reduced time, 1, —x,/u [s]

1o mode operating period [s]
Ine total reduced time, f4-—.x,/u [s]
T fluid temperature ['C)

T average fluid temperature [*C]

T, desiccant surface temperature [°C]
u fluid velocity [ms™']

Va volume of desiccant material [m?]

w moisture content
[kg H,O (kg desiccant)™ ']
X, X5, X3 coordinate notations
X, non-dimensional x, coordinate, x,/x,:
X, non-dimensional x, coordinate, x,/X,;
channel length [m]
Xy channel width [m]
Y humidity ratio [kg H,O (kg air) ']
1% average humidity ratio [kg H,O (kg air)~']
Yo humidity ratio on desiccant surface
(kg H,O (kg air)~'].

Xy

Greek symbols
7o CullfLe(0i/0T)]

}'Z.i Cw‘i/er

Yai Q:/[Le(0i;/0T))]

£y enthalpy effectiveness

P density of desiccant material [kg m~?].
Subscripts

a adsorption stream

d desorption stream

€ exit state

i inlet state or stream

7 stream.

heat and mass regenerator are performed. In practical
applications the regenerator is designed with the swit-
ched operation. In the switched operation the heat
and mass regenerator can be used as a ventilator in
conventional air conditioning systems. In doing so,
an exchange of enthalpy between the outdoor air and
the exhaust room air results. Thus the air conditioner
can be operated in a complete recirculation mode and
the latent load can be reduced. The present work
deals with the general characteristics of the heat and
mass regenerator. The effects of C,/C,,,., Ntu, desicc-
ant content, Biot number and outdoor climate con-
dition on the performance of the regenerator are indi-
vidually discussed.

2. MATHEMATICAL MODEL

The mathematical model for analyzing the heat and
mass transfer in the two-dimensional cross-flow
regenerator is developed. The geometry of the two-
dimensional channel is shown in Fig. 2, in which the
solid plate serves as a partition for the two neigh-
boring flows. The desiccant material is coated on both
sides of the channel and it is composed of a regular
density silica gel and a substratum. The substratum is
made of glass fiber or mylar tape and the solid plate
can be an aluminum sheet. The isotherms and the heat
of adsorption of the silica gel are listed in Table 1 [8].
The major assumptions in the mathematical model
are summarized as follows:
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FiG. 1. Schematic of a two-dimensional cross-flow heal and mass regenerator.

(i) The axial heat and mass diffusion in the air
streams are neglected.

(ii) The flow capacity rates of the dry stream and
the humid stream are balanced (Cp. = Cuin) and the
convective heat transfer coefficients are the same for
the two streams.

(iii) The flow length and the channel spacing are
the same on both sides of the regenerator.

(iv) The solid element (desiccant material)
treated as a lumped capacitance which exchanges
heat and mass only with its neighboring fluid element.

(v) A pseudo-steady-state operation is assumed for
the heat transfer in the solid plate. The conductive
heat transfer between the adsorption side and the
desorption side is considered to be one-dimensional.
A characteristic length, /., is used to express the overall
conductive heat transfer length.

Based on the above assumptions the eight governing
equations for the heat and mass transfer in the regen-
erator can be expressed as follows:

(i) mass balance for fluid element

; Y, 1Y,
() L) o o
nx . 0x; i, u\0ts )
(ii) mass balance for solid element
SW.
nXpXog / \ Ola Jx,
(iii) energy balance for fluid element
1(0i, /0T, 1 (0T,
MJ[( ) +<R >:|=2I1(Tw_,-—T,~) 3)
nxj: 0X; )i, u\Ota )y,

(iv) energy balance for solid element

Solid plate
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. Schematic of a two-dimensional channel flow.
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Table 1. Silica gel properties

Heat of adsorption
0 = 1 (1.0+0.2843 exp (— 10.28#))
Equilibrium isotherm
RH/100 = (2.112W)2"(29.91 P,,) @~ 1

Saturation pressure (atm)

[ Py z a+bz+cz?
OB 318167  AT+2B3IS\ 1+dz

where

==374.12-T
a = 3.2437814
b= 5.86826 (10)~*
¢ =1.1702379(10)" %
d=2.1878462(10)"°
ASHRAE data
0.622 RH

- 104 21429~ (T5T /(23734 T, ) _ RH

Y.

(M)/BTM") = 2h(T,~T,,)

AN g X k@tA

\

+ 2(%)( T.;=Tw)+20k, (Y=Y, ;) 4
where i, j=1or 2, buti# j.

In equation (4) one-dimensional conductive heat
transfer between the adsorption side and the desorp-
tion side is assumed. The conductive heat transfer rate
is expressed as follows

q” = (Tw.j - Tw:)/([c/ks) (5)

where
Lk, = 2(15/k5) + (1 /ks).

In the above equation (I./k,) is the overall thermal
resistance in the solid. In the case with a metallic plate
as the partition the value of (/,/k,) will be much
smaller than that of (/;/k,). If so, (/,/k,) can be
neglected, thus &, will stand for k, and /. will be 2/,.

For the convenience of analysis a reduced time, t,,
is introduced into equations (1)-(4). The reduced time
is defined as [t, — (x;/u)]. Using the expression of g
the following relationship can be derived

aY,; 1(0Y; daY,
(a?)f p (a_) = (é‘) ©
ow, oW,
(‘a—) = (aza > @
ot | 1(er) _ (om, .
ax, ), " u\din ), = \axi ®
aT..\ _ (oT.,
(52), - (G). ®

Substituting equations (6)~(9) into equations (1)—(4),
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the governing equations for the heat and mass transfer
can be simplified as follows

(‘9 Y”) = 2Nw(1.0/Le)( Y, ,—Y,) (10

ax,
W
<0_) = 2Ntuy,; (Y, = Y.,) - (1)
ot /s,
aT;
(axi>,, = INt(To,—T)) (12)

oT,;

(v:.,-/2Ntu)( > ) = (T,-T..)

+(1.O/Bi) (T, ; — T, )+, (Y= Yo,)

13)

where i, j=1o0r2, buti# j.

The above eight governing equations are solved
using a numerical method. The numerical method is
composed of a forward finite difference scheme and a
higher-order backward finite difference scheme. The
input parameters of the numerical method are
arranged to be N, C,/C.i, f, Bi and indoor and
outdoor air temperatures and humidity ratios.

Equations (10)—(13) represent a general form of the
governing equations for the heat and mass transfer
process in desiccant dehumidification. In the case that
Bi is zero, T, , will be equal to T, ,. There will be
seven unknowns remaining in the problem. In this
case the two equations represented by equation (13)
should be added together and the term relating to the
conductive heat transfer effect dropped. For the cross-
cooled dehumidifier introduced in ref. [17], one side
of the dehumidifier is for sorption (i=1) and the
other side is for cooling (i = 2). In this case there will
be no mass diffusion in the cooling channel and thus
equations (10) and (11) will only hold for the case
withi=1.

In the case that the value of Bi is infinite and sub-
scripts i and j are dropped, the set of equations (10)-
(13) represents the four governing equations for the
heat and mass transfer process in an adiabatic de-
humidifier. A comparison for the case with an infinite
Bi between the present approach and those in refs. [4,
S, 8] will be shown later in this work.

2.1. Limiting operation

As the value of Nru is infinitely large, the cross-flow
heat and mass regenerator is termed to be operated at
its limit. There are two special cases corresponding to
the limiting operation. One of the cases is with an
adiabatic wall (Bi = o) and the other is with an iso-
thermal wall (Bi = 0). When the wall is adiabatic, the
process in the cross-flow regenerator will be the same
as that in a rotary-type heat and mass regenerator.
The limiting operation of a rotary-type heat and mass
regenerator has been analyzed by Van den Bulck er
al. [10] and Klein et al. [12]. Their solutions can be
applied to the present case, providing that some
proper conversions of the non-dimensional parameters
are performed.
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For the case with an isothermal wall the governing
equations will be as follows

oYy, 1 (oW,
Le(a/‘/l)r+)’l.l<a’ )\': °
aY, , L fow,) _
Le(@X2>,+)’|,z(——at_>x:—o
() - - (5)- (G )
Ya1T7P22 - aXll 6X71

oY,

—7saLe 6X y”Le X, (16)

W,

(14

s

where

WI(TW’ Yw,l)
W, = Wy(T,, Yw.‘l)'

For the limiting operation the transfer equations
of the heat and mass are eliminated {10, 12]. The
governing equations thus are reduced from the orig-
inal eight equations to the above three equations. The
set of equations is in a wave form. Since it is two-
dimensional the traditional method of characteristics
is hard to apply to solve for the solution. In this work
a forward finite difference scheme is developed. The
result of the numerical analysis will be shown later in
this paper.

3. EFFECTIVENESS FACTOR

An effectiveness factor, &y, is used to specify the
periodic steady-state performance of the heat and
mass regenerator. This factor is defined as follows

Ly —lae
&y = ¥ .
Ly i—lay

17

On the right-hand side of the above equation, the
numerator is the actual amount of energy transfer in
the regenerator and the denominator is the maximum
amount possible energy transfer for the two inlet con-
ditions. In equation (17) i is the average enthalpy of
the moist air. It is evaluated as follows:

= 1.0046465T+ ¥(2467.4203 +1.8837122T)  (18)

where T and ¥ are, respectively, the time and spatial-
averaged temperature and humidity ratios.

4, NON-SWITCHED OPERATION

An analysis for the non-switched operation of the
heat and mass regenerator is performed. The nominal
outdoor air temperature and humidity ratio (stream
1) are, respectively, 35°C and 0.0142 kg H,O (kg
air)~'. The indoor air temperature and humidity ratio
(stream 2) are, respectively, 26°C and 0.0112 kg H,0
(kg air)~'. The initial temperature of the regenerator
is 40 C and the initial water content of the desiccant
material is 0.01 kg H,O (kg silica gel)™'. In the analy-
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sis the desiccant content is 0.3 and the Ntu is 2.5.
Three different values of Biot number are considered.
The case with a Biot number of infinity indicates an
insulated condition between the adsorption stream
and the desorption stream ; the case with a Biot num-
ber of 0.1 represents a high conductive heat transfer
rate between the two sides ; the case with a Biot num-
ber of unity stands for a normal conductive heat trans-
fer rate.

Figure 3 shows the exit air temperature and
humidity ratio for stream 1. For the case with a Biot
number of infinity, there is no conductive heat trans-
fer between the two streams. After a long operating
period the desiccant material will be thermally and
dynamically saturated. At this moment, the exit air
temperature and humidity ratio will equal the inlet air
temperature and humidity ratio. For the case with a
Biot number of 0.1, the conductive thermal resistance
is almost negligible. After a long operating period the
desiccant material will be dynamically saturated and
from then onwards the heat and mass regenerator
will act as a recuperator. In the considered case the
temperature effectiveness approaches 0.65 which is the
value normally found in heat exchanger design texts
{18]. The case with a Biot number of unity shows an
exit air temperature somewhere in between the exit air
temperatures for the above two cases. Similarly, after
a long operating period the exit air temperature and
humidity ratio will individually approach a certain
value.

Figure 4 shows the exit air temperature and
humidity ratio for stream 2. Similar to the result
shown in Fig. 3, after a long operating period the
humidity ratio for the three cases approaches the inlet
air humidity ratio. As far as the exit air temperature
is concerned, it increases as the value of the Biot
number decreases. For the case with a Biot number
of infinity, there is no conductive heat transfer
between the two streams and eventually the exit air
temperature equals the inlet air temperature, 26°C.

5. SWITCHED OPERATION

A periodic steady-state analysis for the switched
operation is performed in this work. The convergence
of the periodic steady-state operation is very slow.
From the analysis the larger the Nrw, the longer the
computational time. Two different flow arrangements
are considered in this work. One is termed as a coun-
ter-cross-flow arrangement which has a counter-flow
arrangement for sorption. The other is termed as a
parallel-cross-flow arrangement which has a parallel-
flow arrangement for sorption.

S.1. Effect of Biot number and operating period

The major difference between the analysis of the
cross-flow heat and mass regenerator and the analysis
of an adiabatic rotary heat and mass regenerator [8]
is due to the direct conductive heat transfer between
the two streams. The rate of the conductive heat trans-
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45 T,,=35°C

Temperature (°C)

30 —

Initial conditions:

Y, =0.0142
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f=03
Ntu=12.5

16

Humidity ratio x 1000 (g H,0/g dry air)

. 8
T, = 40°C
W =0.01 g H,0/g silica gel
25 | ] L | 6
0 50 100 150 200 250

t

F1G. 3. Exit air temperature and humidity (X ,-direction).

fer mainly depends on the thermal conductivity of the
solid. In the case with a large thermal conductivity,
heat can be transferred easily from the high tem-
perature side to the low temperature side. In the case
with a small thermal conductivity, the heat transfer
rate will be very little and thus the process in the cross-
flow heat and mass regenerator will be similar to that
in an adiabatic rotary heat and mass regenerator. In
this section the effect of the conductive heat transfer
on the performance of the cross-flow heat and mass
regenerator is analyzed.

Figures 5 and 6 show the effect of the Biot number
on the effectiveness factor. The nominal indoor tem-
perature and humidity ratio are, respectively, 26°C

45

and 0.0112 kg H,O (kg air)~'. The outdoor tempera-
ture and humidity ratio are, respectively, 28°C and
0.0185 kg H,O (kg air)~".

Figure 5 shows the results for the counter-cross-
flow arrangement and Fig. 6 the paraliel-cross-flow
arrangement. Both Figs. 5 and 6 show that the Biot
number significantly affects the enthalpy effectiveness
of the regenerator. In the low value range of C,/C,,
the lower the value of Biot number, the higher the
enthalpy effectiveness of the regenerator. For the
parallel-cross-flow arrangement an optimum value of
C./C i exists. The optimum C,/C,;, corresponds to
the maximum enthalpy effectiveness for a set of Ntu,
Biand /. From the analysis it shows that the maximum

. 16

T, T, = 26°C -
—-—1, Y, =0.0112 3
Initial conditions: 1:B;=0 |, &
40 T, = 40°C 2:B,=1.0 %o
? W =0.01 g H,0/g silica gel 3:B;=0.1 :I?

~ —
® 12 )
2 35 L S . 3
[~ (=]
g‘ —
—10 *
30 -
oy
—8 :6

25 ! | ! I
0 50 100 150 200 250

t

F1G. 4. Exit air temperature and humidity (XX ,-direction).
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Crossflow regenerator with counterflow arrangement for sorption

1.0 —

0.8 —

0.6

EH

0.4

0.2

Ntu=2.5
=05

0
10-2

F1G. 5. Effect of operating period and Biot number with counter-cross-flow arrangement.

enthalpy effectiveness reaches a minimum for a value
of the Biot number near 2.0.

By varying the value of C,/C,,, the enthalpy effec-
tiveness will be altered. Figures 5 and 6 also show the
effect of C,/C,,, on the effectiveness factor. Figure 5
reveals that the enthalpy effectiveness approaches 0.71
for the value of C,/C,;, approaching infinity. Figure
6 shows that the enthalpy effectiveness approaches
0.49 as the value of C,/C,,, approaches infinity. This
tendency is similar to that for a rotary-heat regen-
erator. Also it indicates that the performance of a
regenerator with the counter-cross-flow arrangement
is much better than that of the parallel-cross-flow
arrangement.

5.2. Effect of outdoor climate condition

Figures 7 and 8 show the effect of the outdoor
climate condition on the performance of the regen-
erator. For convenience of analysis three outdoor con-
ditions are nominated. There are 28°C and 0.0185 kg
H,0 (kg air)~"' (pt. 2), 30°C and 0.0185 kg H,O (kg
air)~' (pt. 2), 30°C and 0.015 kg H,O (kg air)~' (pt.
2"). The result reveals that the enthalpy effectiveness
barely depends on the three outdoor climate
conditions. Figure 7 also shows an interesting result.
For the counter-cross-flow arrangement a point exists
which provides the minimum amount of sensible
cooling. However it does not represent the point with
the minimum enthalpy effectiveness.

Crossflow regenerator with parallel-flow arrangement for sorption

1.0 —

0.8 |—

0.6

24

0.4

0.2

z
B
11l

0
102

1 10 20
Crl Cmin

F1G. 6. Effect of operating period and Biot number with parallel-cross-flow arrangement.
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F1G. 7. Outlet states of streams 2, 2" and 2" for counter-cross-
flow arrangement.

5.3. Effects of f and Ntu

Figure 9 shows the enthalpy effectiveness of three
heat and mass regenerators for operation with various
values of C,/C,;, and a parallel-flow arrangement. The
three heat and mass regenerators individually have

Max, !
enthopy, PO tible

Humidity ratio x 1000 (g H,0/g air)

\lo_ Py recOVery i
crc 10
(Outlet) ACmia
2 (intler) 2 0.1
. = . 2' (intlet) A0S —5
= = = = 2" (intlet) = 1.0
o 20
' 0
25 30 s

Temperature (°C)

F1G. 8. Outlet states of streams 2, 2’ and 2” for parallel-cross-
flow arrangement.

1.0
F Parallel-flow arrangement

0.8 —

02— Nru=25
Bi = 1.0
0 11 11 I 1 i 1 11 1 1.1 l
0.05 0.1 1.0
Crlcmin

Fi16. 9. Effect of desiccant content.

a desiccant content of 0.3, 0.5 and 0.7, but they all
have the same Biot number of 1.0. The nominal Ntu
is 2.5. The result shows that the values of the enthalpy
effectiveness for the three cases, at a large value of
C,/Cpnin are very close. Thus the desiccant content has
very little influence on the enthalpy effectiveness. The
result also shows that, for the same value of C,/C.;,,
the enthalpy effectiveness increases as the desiccant
content increases. Therefore the operating period of
a regenerator with a high desiccant content can be
longer than that of another regenerator with a low
desiccant content.

Figure 10 represents the enthalpy effectiveness for
the N of 2.5, 3.5, 4.5 and infinity. The result shows
that the enthalpy effectiveness increases as the Ntu
increases. Besides that, the increase of the enthalpy
effectiveness tends to be proportional to the increase
of Ntu for the value of Nru in the range between 2.5
and 4.5. Although the result in Fig. 10 is based on a
Biot number of 1.0 and a desiccant content of 0.5, the
trend should be valid for various Biot numbers and
desiccant contents. For a regenerator with a Ntu of
infinity and Biot number of zero, the enthalpy effec-
tiveness will approach 1.0 for high C,/C..;, operations.
A regenerator of this type thus can be considered to
be an ideal regenerator.

6. NUMERICAL EXAMPLE

A numerical example illustrating the design of the
size and the operating time period of a two-dimen-
sional cross-flow heat and mass regenerator is
presented. It is assumed that each side of the regen-
erator is individually arranged to be a parallel-flow
operation during the switch of adsorption and desorp-
tion. The heat and mass regenerator is composed of
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f=05
0.2 F = Counter-crossflow 3:45
= — Parallel-crossflow 4:w
o llJII 1 1 ]llll_lL 1 1 llLI_JlI J
0.05 107! 1 10 20
Cr/Cmin
Fi1G. 10. Effect of Niu.
aluminum sheets and a desiccant material. The alumi- m,, = paVy

num sheet acts as a partition between the two neigh-
boring desiccant materials. The desiccant material
contains the same silica gel as considered before and
has glass fiber as the substratum. The specifications
of the heat and mass regenerator are summarized as
follows: f=0.3, p,=710 kg m™3, [/, =2 mm,
[, = 0.2 mm. The Nusselt number and the thermal
conductivity of the air are considered to be constant,
respectively, 8.23 and 0.027 W m~' K~ '. The con-
vective heat transfer coefficient, A, is calculated using
Nu, k,and D, to be 0.0556 kW m~* K ~'. The selected
Ntu and C,/C,, are, respectively, 4.5 and 0.3. The
value of k,/I. for this example is evaluated to be 0.022
W m~? K™, thus the Biot number is 1.0. From the
analysis of the switched operation the corresponding
enthalpy effectiveness is 0.590.

From the definition of Nru and C,/C,,, the air mass
flow rate and the total reduced time, respectively, can
be expressed as follows

(19)
(20)

m,, = 0.012nx,gx5
tor = 3.23m, .

If there are 40 channels on one side, the height of the
regenerator, H, will be 0.192 m. Furthermore, if the
air mass flow rate is specified as 0.043 kg s~', using
equation (19) the product of x,r and x,¢ can be cal-
culated to be 0.09 m?. In this example x,r is considered
to be the same as x,. Taking the square root of 0.09,
both x ¢ and x,¢ will equal 0.3 m. Since the values of
x,¢ and x, are much greater than the channel
spacing, the assumption of two-dimensional fully
developed flow is valid.

In equation (20) m, is a half weight of the desiccant
material in the heat and mass regenerator and it can
be related to x,g, x,5, # and /5 in the following form

= 2 3NX X ap Py (21)

Substituting the values of py, /3, n, x, and X, into
equation (21), m, is evaluated to be 1.02 kg. Mul-
tiplying m, by a factor of 2.0, the total weight of
the desiccant material, 2.04 kg, is obtained. Since the
desiccant content is 0.3, the total weight of the silica
gelis 0.612 kg. Once m,, is known, using equation (20)
tgr will be 76.8 s. The value of g usually is very
close to the value of the mode operating period. In
engineering applications ¢z can be considered to be
the real mode operating period.

7. ACCURACY OF THE COMPUTER MODEL

If the value of Bi is infinite and subscript i is
dropped, equations (10)—(13) become the same as the
governing equations for the heat and mass transfer
process in an adiabatic rotary dehumidifier. The equa-
tions for adiabatic rotary dehumidifier had been
solved thoroughly by many other scholars [8], thus
the accuracy of the present model can be found by
conducting a direct comparison between the solution
for a rotary dehumidifier and the solution for a cross-
flow heat and mass regenerator with a Bi of infinity.
The rotary dehumidifier usually is operated with a
counter-flow arrangement, the same flow arrange-
ment for adsorption and desorption during the
switched operation thus is considered for the cross-
flow regenerator.

Based on the same operating conditions as the three
cases in Jurinak’s work [8], several computer runs are
performed in order to compare the present model with
Maclaine-cross and non-linear analogy methods. The
results of the comparison are listed in Table 2. Gen-
erally speaking, a good agreement between the present
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Table 2. Outlet temperature and humidity ratio of the adsorption stream

Maclaine-cross

Non-linear analogy

Present model method method
Operating ,
condition T(QC) Y(gkg™") T(CO) Y(gkg™ ") T(0O) Yigkg™")
(1)
Niu =125 57.55 9.66 57.31 9.76 57.97 9.08
Cr/Cmin = 05
(2)
N =1.25 55.88 9.04 55.78 8.86 56.50 8.05
C./Cpin = 0.25
(3)
Niu=50 67.54 6.86 66.73 6.75 67.06 6.36
C/Cmn =05

Inlet state of the adsorption stream: 35°C, 14.2 g kg

Inlet state of the desorption siream: 85°C, 14.2gkg ',/ = 0.5.

model and the Maclaine-cross finite difference scheme
is observed. As far as the non-linear analogy method
is concerned [6, 7], it is a simplified approach for
solving hyperbolic-type equations. This method con-
sumes much less computational time than that of the
finite difference methods, but it also provides less
accuracy.

8. CONCLUSIONS

In the non-switched operation, as the operating
time period increases, eventually the process in the
heat and mass regenerator will be similar to that in a
cross-flow heat recuperator. For the case with a Biot
number of 0.1 or less the effectiveness of the heat and
mass regenerator approaches that of a conventional
recuperator with an infinite solid thermal con-
ductivity.

The periodic steady-state performance of a cross-
flow regenerator with a counter-flow arrangement for
sorption is much better than that of the same regen-
erator with a parallel-flow arrangement. The Biot
number affects the enthalpy effectiveness of a cross-
flow heat and mass regenerator. For operation in the
lower range of C,/C., the lower the value of the
Biot number, the higher the value of the enthalpy
effectiveness. A lower value of C,/C,,., practically indi-
cates a longer operating period for the switch of the
adsorption and desorption modes. The value of the
enthalpy effectiveness for the counterflow arrange-
ment tends to increase as the value of C./C.,,
increases. Eventually it will approach to a limit and
this limit is independent of the Biot number. For
the parallel-flow arrangement an optimum value of
C./Cuia exists. The optimum C,/C,;, corresponds to
the maximum enthalpy effectiveness for a set of Nru,
Biand f. The maximum enthalpy effectiveness reaches
a minimum for a value of Biot number near 2.0.

The value of f does not affect the value of the
maximum enthalpy effectiveness. A regenerator with
a higher value of f tends to require a lower value of
C/Cin for its best operation. The enthalpy effec-

tiveness increases significantly as Nru increases. For
the ideal isothermal regenerator with an infinite Nru
the enthalpy effectiveness will approach 1.0. For
different outdoor air temperatures and humidity
ratios the enthalpy effectiveness varies slightly. Thus,
from the engineering viewpoint the enthalpy effec-
tiveness can be considered to be independent of the
outdoor climate condition.

The cross-flow heat and mass regenerator with a
two-dimensional channel geometry may provide the
same area density as that of a common rotary honey-
comb-type heat and mass regenerator. Furthermore,
the former is able to be disassembled if the structure
is carefully designed. This provides an easy way to
clean up the dirt trapped in the regenerator during
operation. This is one of the reasons that makes the
cross-flow type heat and mass regenerator an attract-
ive device for energy recovery.
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