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Abstract

Heat and mass transfer between air and liquid desiccant in a cross-flow packed bed dehumidifier is investigated. Analytical solutions
of air and desiccant parameters as well as enthalpy and moisture efficiencies are given in the present study, based on the analogy between
the combined heat and mass transfer process in the cross-flow dehumidifier and the heat transfer process in the cross-flow heat exchanger.
The results given by the analytical solution are compared with numerical solutions and experimental findings. Good agreement is shown
between the analytical solutions and the numerical or experimental results. The analytical solutions can be used in the optimization of the
cross-flow dehumidifier.
� 2008 Elsevier Ltd. All rights reserved.

Keywords: Liquid desiccant; Cross-flow dehumidifier; Analytical solution; Optimization
1. Introduction

Temperature and humidity are two essentially important
factors in air-conditioning system. In conventional air-con-
ditioning systems, dehumidification is realized by cooling
down air below its dew point, which would lower the
COP of chillers since relatively lower temperature 7/12 �C
chilled water is required. Sometimes the processed dry air
has to be reheated before being supplied to the occupied
space; therefore more energy is required to reheat the air
to a comfortable temperature. Furthermore, it is easier to
cause health problems, for the condensed water makes
the coil surface as a hot-bed for bacteria. Liquid desiccant
air-conditioning system seems to be a recommended dehu-
midification method to avoid such problems [1–3]. Liquid
desiccant system can be driven by low grade energy, has
the advantages in removing the latent load and possible
bactericidal effect.

The dehumidifier is one of the most important compo-
nents in the liquid desiccant system, whose heat and mass
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transfer performance directly affect the whole system per-
formance. In the dehumidifier, combined heat and mass
transfer processes occur synchronously, and heat transfer
and mass transfer process influence each other. Moisture
is transferred from the humid air to the liquid desiccant
in the dehumidifier due to the vapor pressure difference
between the air and the desiccant, while vaporization latent
heat is released during the mass transfer process. The
increase in air and desiccant temperature results in not only
the changes of heat transfer process, but also the decrease
of the mass transfer driving potential since vapor pressure
of the liquid desiccant increases remarkably with increasing
desiccant temperature.

Many researchers have built up theoretical models for
the combined heat and mass transfer process in the
packed type dehumidifier, such as Factor and Grossman
[4], Gandhidasan et al. [5,6], Stevens et al. [7], Rocha
et al. [8] for counter-flow packed dehumidifiers, Lu
et al. [9], Liu et al. [10] and Dai and Zhang [11] for
cross-flow packed bed dehumidifiers. In packed bed dehu-
midifiers, air and liquid desiccant exchange heat and
moisture adiabatically. The heat released during the dehu-
midification will increase the desiccant temperature, thus
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Nomenclature

a specific area of packing per volume (m2/m3)
A overall heat (and mass) transfer areas (m2)
X concentration of the liquid desiccant (%)
cp specific heat (kJ/kg �C)
de equivalent diameter of the packing (m)
D diffusion coefficient (m2/s)
F sectional mass flow rate (kg/m2 s)
H height of the cross-flow dehumidifier/heat ex-

changer (m)
h enthalpy (kJ/kg)
L thickness of the cross-flow dehumidifier/ heat

exchanger (m)
Le Lewis number (dimensionless)
m* thermal capacity ratio of air to desiccant

(dimensionless)
_m mass flow rate (kg/s)
NTU number of transfer unit (dimensionless)
rt vaporization latent heat at the temperature of t

(kJ/kg)
Re Reynolds number (dimensionless)
Sc Schmidt number (dimensionless)
Sh Sherwood number (dimensionless)
t temperature (�C)
v surface velocity (m/s)
V packing volume (m3)
W width of the cross-flow dehumidifier/ heat

exchanger (m)

Greek symbols

a heat transfer coefficient (kW/m2 �C)
am mass transfer coefficient (kg/m2 s)
c dimensionless humidity ratio defined in Eq. (30)

(dimensionless)
eh enthalpy efficiency (%)
em moisture (or dehumidification) efficiency (%)
f dimensionless enthalpy defined in Eq. (24)

(dimensionless)
j difference of air inlet parameter to inlet desic-

cant isoconcentration line (dimensionless)
x humidity ratio of humid air (kg/kg)
Dp pressure drop (Pa)
Dp* pressure drop per unit thickness (Pa/m)

Subscripts

a air
e equilibrium status of air with liquid desiccant
s liquid desiccant
in inlet
out outlet
0 original condition
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decrease the desiccant absorption ability. While in falling
film type dehumidifier, the released latent heat can be car-
ried over by the extra cooling source, such as in the study
of Ali et al. [12,13], the wall temperature is fixed as 10 �C
during the dehumidification process. The parametric study
is employed to analyze the main controlling parameters
on the dehumidification process. Such as in the cross-flow
falling film type dehumidifier [13], it is found that an
increase in the height and length of the channel and a
decrease in the channel width will enhance the dehumidi-
fication and cooling capabilities. The internally cooled
falling film dehumidifier may have higher effectiveness
than the packed bed adiabatic dehumidifier, yet the man-
ufacture process will be more difficult compared to the
packed type, hence present study still focuses on the
packed bed dehumidifier.

Finite-difference models [4–10] are usually taken in the
analysis of packed bed dehumidifiers, in which the assump-
tion of slug flows of air and desiccant flows separated by
the heat and mass transfer surface is usually adopted. Most
of the theoretical models were solved by numerical simula-
tion, except that Stevens et al. [7] for counter-flow packed
bed dehumidifier and Lu et al. [9] for cross-flow dehumid-
ifier. In the study of Lu et al. [9], the air and desiccant are
assumed mixed breadthwise in cross-flow dehumidifier,
which is simplified as one-dimensional process. However,
air and desiccant parameters change not only in the flow
direction but also the transverse direction in most opera-
tion conditions, the analytical solutions are limited in the
applications. The analytical solutions can be easily used
to analyze the influencing factors of the combined heat
and mass transfer performances in the dehumidifier, and
helpful in the optimization of liquid desiccant air-condi-
tioning systems. Yet, almost no report on analytical solu-
tion for cross-flow dehumidifier, in which air and
desiccant are not mixed breadthwise, can be found in the
available literature, since the complexity of the dehumidi-
fier configuration.

Based on the previous combined heat and mass transfer
theoretical model, some reasonable assumptions are
adopted to simplify the model in the present study. Analyt-
ical solutions of air and desiccant parameters as well as
heat and mass transfer efficiencies in cross-flow packed
bed dehumidifier are derived, according to the analogy
with cross-flow heat exchanger. The numerical results and
experimental findings are used to validate the analytical
solutions. The analytical solutions are then used to opti-
mize the cross-flow dehumidifier.
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2. Theoretical model

2.1. Control equations

The schematic of the cross-flow packed bed dehumidifier
is shown in Fig. 1a, with the height, thickness and width of
H, L and W, respectively. Random or structural packing is
placed inside the dehumidifier to enlarge the heat and mass
transfer area between the air and liquid desiccant. The
liquid desiccant flows from the top and air is introduced
into the dehumidifier from the left. The heat and mass
transfer performances can be simplified as two-dimensional
problem, as shown in Fig. 1b, when the air and liquid des-
iccant coming into the dehumidifier uniformly.

In the finite-difference model, uniform heat and mass
transfer coefficients are assumed. The detailed mathemati-
cal model for cross-flow packed bed dehumidifier is
described in a former paper [10], only the main equations
are listed here. The energy balance and mass balance equa-
tions are shown in Eqs. (1) and (2) respectively for the
cross-flow dehumidifier. Where, _m is mass flow rate, h is
enthalpy, subscripts a and s stands for air and liquid desic-
cant, respectively:

_ma

H
� oha

oz
þ 1

L
� oð _mshsÞ

ox
¼ 0; ð1Þ

_ma

H
� oxa

oz
þ 1

L
� o _ms

ox
¼ 0: ð2Þ

The combined heat and mass transfer and moisture
transfer between the air and desiccant are shown as fol-
lows, where a and am are heat transfer coefficient and mass
transfer coefficient, respectively:

_ma

oha

oz
¼ aA

L
ts � tað Þ þ rts _ma

oxa

oz
; ð3Þ

_ma

oxa

oz
¼ amA

L
ðxe � xaÞ: ð4Þ

Combine Eqs. (3) and (4) to gain:
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Fig. 1. Schematic of cross-flow packed bed dehumidifier: (a) three-
dimensional view; and (b) sectional view.
oha

oz
¼ �NTU � Le

L
� ha � heð Þ þ 1

Le
� 1

� �
� xa � xeð Þ � rts

� �

ð5Þ
oxa

oz
¼ �NTU

L
� ðxa � xeÞ ð6Þ

xe and he is the humidity ratio and enthalpy, respectively,
of air in equilibrium with liquid desiccant. Le and NTU
[7,9,10] in the above equations are defined as, where cp,m

is the specific heat of the humid air:

Le ¼ a
amcp;m

; ð7Þ

NTU ¼ am � A
_ma

: ð8Þ

Eqs. (1), (2), (5) and (6) are the fundamental control
equations for the combined heat and mass transfer perfor-
mances in the cross-flow dehumidifier. Fig. 2 gives the rela-
tionship between the mass transfer process and the heat
transfer process. The left side of the dividing line stands
for the heat transfer process, and the right side stands for
the mass transfer process. There are two lines go through
the dividing line: one line is the impact of desiccant temper-
ature on desiccant vapor pressure or xe, which embodies
the influence of heat transfer performance on the mass
transfer process; and another line is the latent heat released
or absorbed during the mass transfer process, which affects
the influence of mass transfer performance on heat transfer
process.

2.2. Simplification of the control equations

The assumptions used in the following analysis is that
the moisture content absorbed by the liquid desiccant dur-
ing the dehumidification process can be neglected com-
pared with the desiccant mass flow rate, which is verified
by lots of experimental results [14–16]. Therefore, constant
liquid desiccant mass flow rate and constant concentration
within the dehumidifier can be easily gained. Eq. (1) can be
rewritten as
ta ts

Sensible heat transfer due to 

the temperature difference 

e

Moisture transfer due to the 

vapor pressure difference 

X changes 

Latent heat released or 

absorbed during the mass 

transfer process 

Heat transfer process Mass transfer process 

Fig. 2. Relationship between the heat transfer process and the mass
transfer process in liquid desiccant packed bed dehumidifier.
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_ma

H
� oha

oz
þ _ms

L
� ohs

ox
¼ 0: ð9Þ

Desiccant enthalpy hs can be expressed as [6]:

hs ¼ cp;sðts � t0Þ þ Dhs; ð10Þ
where cp,s is the specific heat of liquid desiccant, and Dhs is
the integral heat of solution at reference temperature t0. As
mentioned by Gandhidasan et al. [6], it can be assumed
that the variation of Dhs with desiccant concentration is ne-
glected, when the desiccant concentration is almost unal-
tered. Desiccant enthalpy is almost linear with desiccant
temperature when the desiccant concentration is constant,
as shown in Fig. 3 for lithium bromide (LiBr) aqueous
solution and lithium chloride (LiCl) aqueous solution.
Based on Eq. (10) and Fig. 3, following relation can be
gained: dhs = cp,sdts. Eq. (9) can then be rewritten as

m� � oha

oz
þ H

L
� ohe

ox
¼ 0; ð11Þ

where m* is the thermal capacity ratio of air to desiccant, as
shown by Eq. (12). The equivalent air specific heat cp,e is
defined by Eq. (13):

m� ¼ _ma � cp;e

_ms � cp;s
; ð12Þ

cp;e ¼
dhe

dts

: ð13Þ

As predicted by Chung et al. [17], Le is equal one. Then
Eq. (5) becomes:

oha

oz
¼ �NTU

L
� ðha � heÞ: ð14Þ

The boundary conditions are

ha ¼ ha;in; xa ¼ xa;in; at z ¼ 0; ð15Þ
he ¼ he;in; xe ¼ xe;in; at x ¼ 0: ð16Þ

Combining Eqs. (11) and (14) and the boundary condi-
tions, the analytical solutions of air enthalpy and desiccant
equivalent enthalpy can be derived, which will be given in
the next section.
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3. Similarity between the cross-flow dehumidifier and cross-

flow heat exchanger

The theoretical model of cross-flow heat exchanger is
listed here to be compared with the cross-flow dehumidi-
fier, since the flow pattern is the same. The schematic for
cross-flow heat exchanger is shown in Fig. 4. The energy
balance in the heat exchanger is shown as

cp;a � _ma

H
� ota

oz
þ cp;s � _ms

L
� ots

ox
¼ 0: ð17Þ

The above equation can be rewritten as Eq. (18), with
the newly defined m�t shown in Eq. (19).

m�t �
ota

oz
þ H

L
� ots

ox
¼ 0; ð18Þ

m�t ¼
_ma � cp;a

_ms � cp;s
: ð19Þ

The heat transfer between the two fluids is shown by Eq.
(20), with the newly defined NTUt shown in Eq. (21).

ota

oz
¼ �NTUt

L
� ðta � tsÞ; ð20Þ

NTUt ¼
a � A

_ma

: ð21Þ
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Table 1
Comparison of the control equations for cross-flow dehumidifier and heat
exchanger

Dehumidifier Heat exchanger

Control
equations

Eq. (11):
m� � oha

oz þ H
L �

ohe

ox ¼ 0
Eq. (18):
m�t � ota

oz þ H
L �

ots

ox ¼ 0
Eq. (14):
oha

oz ¼ NTU
L � ðhe � haÞ

Eq. (20):
ota

oz ¼
NTUt

L � ðts � taÞ

Definitions Eq. (12): m� ¼ _ma �cp;e

_ms�cp;s
Eq. (19): m�t ¼

_ma �cp;a

_ms �cp;s

Eq. (8): NTU ¼ am �A
_ma

Eq. (21): NTUt ¼ a�A
_ma

Inlet conditions Eq. (15): ha = ha,in at z = 0 Eq. (22): ta = ta,in at z = 0
Eq. (16): he = he,in at x = 0 Eq. (23): ts = ts,in at x = 0
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The inlet conditions of the two fluids are

ta ¼ ta;in at z ¼ 0; ð22Þ
ts ¼ ts;in at x ¼ 0: ð23Þ

The comparison of the control equations for the com-
bined heat and mass transfer performance in cross-flow
dehumidifier and heat transfer in cross-flow heat exchanger
is shown in Table 1. The table indicates the forms of the
control equations of the two processes are completely the
same. Then, the solutions of Eqs. (11) and (14) for cross-
flow dehumidifier can be derived by analogy with those
of cross-flow heat exchanger.

4. Analytical solutions of the combined heat and mass

transfer performance in cross-flow dehumidifier

4.1. Air enthalpy and desiccant equivalent enthalpy

The analytical solutions of air enthalpy and desiccant
equivalent enthalpy in the cross-flow packed bed dehumid-
ifier can be gained based on the available solutions for
cross-flow heat exchanger. The detailed solving procedures
are shown in reference [18,19], and only the analytical
results for cross-flow dehumidifier are listed in present
study. As suggested by Nusselt [18,19], several dimension-
less parameters are defined as follows for convenience:
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n ¼ z
L
; g ¼ x

H
;

1a ¼
ha � he;in

ha;in � he;in

; 1e ¼
he � he;in

ha;in � he;in

;

p ¼ NTU; q ¼ NTU � m�:

ð24Þ

The analytical solution of air dimensionless enthalpy Ba

(n,g) is shown as follows:

1aðn; gÞ ¼ /0ðn; gÞ þ /1ðn; gÞ þ /2ðn; gÞ þ � � �
þ /nðn; gÞ þ � � � ; ð25Þ

where

/0ðn; gÞ ¼ e�pn;

/1ðn; gÞ ¼ pn � e�pn � ð1� e�qgÞ;
� � �

/nðn; gÞ ¼
1

n!
� pnnn � e�pn � 1� e�qg � qg � e�qg � � � �½

� 1

ðn� 1Þ! qn�1gn�1 � e�qg

�
:

Desiccant dimensionless equivalent enthalpy Be(n, g) is
shown as

1eðn; gÞ ¼ P0ðn; gÞ þP1ðn; gÞ þP2ðn; gÞ þ � � �
þPnðn; gÞ þ � � � ; ð26Þ

where

P0 ¼ e�ðpnþqgÞ � ðeqg � 1Þ;
P1 ¼ pn � e�ðpnþqgÞ � ðeqg � 1� qgÞ;
� � �

Pn ¼
1

n!
pnnn � e�ðpnþqgÞ � eqg � 1� qg� q2g2

2
� qngn

n!

� �
:

4.2. Air humidity ratio and desiccant equivalent humidity
ratio

The relationship of desiccant he and xe at constant con-
centration is shown in Fig. 5, with the desiccant temperature
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Fig. 6. Air and desiccant inlet status shown in psychrometic chart.
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range of 15–40 �C. As indicated by the figure, following
equation can be assumed at desiccant isoconcentration line:

he ¼ c1xe þ c2: ð27Þ

Fig. 6 shows air and desiccant inlet status, denoted as a
and s, respectively, where p is the intersection point of inlet
desiccant isoconcentration line and inlet air isenthalpic
line. The humidity ratio of point p is x*, which equals to
xa,in when inlet air is at inlet desiccant isoconcentration
line. According to Eq. (27), air inlet enthalpy and desiccant
inlet equivalent enthalpy can be expressed as

ha;in ¼ c1x
� þ c2; ð28Þ

he;in ¼ c1xe;in þ c2: ð29Þ

Air and desiccant dimensional humidity ratios are
defined as

ca ¼
xa � xe;in

x� � xe;in

; ce ¼
xe � xe;in

x� � xe;in

: ð30Þ

Substitute Eqs. (27)–(29) into Eq. (24) to gain:

1e ¼
he � he;in

ha;in � he;in

¼ xe � xe;in

x� � xe;in

¼ ce: ð31Þ

Therefore, the analytical solution of desiccant dimen-
sionless equivalent humidity ratio is the same with that of
dimensionless equivalent enthalpy. The solving procedure
of air humidity ratio is similar with that of air enthalpy,
and the final results are

caðn; gÞ ¼ 1aðn; gÞ þ
1

1� j
e�pn; ð32Þ
24

25

26

27

0 0.2 0.4 0.6 0.8 1

z /L

A
ir 

te
m

pe
ra

tu
re

 /o C

x=0

x=0.5H

x=H

Numerical solution
Analytical solution

a b

Fig. 7. Comparison of analytical solutions and numerical
where j is the difference between air inlet parameter and
the desiccant inlet isoconcentraion line, as calculated by

j ¼ xa;in � x�

xa;in � xe;in

: ð33Þ

Air temperature can then be calculated with the known en-
thalpy and humidity ratio.

4.3. Enthalpy efficiency and moisture efficiency

Enthalpy efficiency eh and moisture efficiency em are used
to predict the dehumidifier performance, which are defined
as the variance of air enthalpy or humidity ratio through
the dehumidifier to the maximal variance, as shown by
Eqs. (34) and (35), respectively.

eh ¼
ha;in � ha;out

ha;in � he;in

� 100%; ð34Þ

em ¼
xa;in � xa;out

xa;in � xe;in

� 100%: ð35Þ

Substitute Eq. (25) into Eq. (34) to gain the enthalpy
efficiency:

eh ¼ 1� ðw0 þ w1 þ w2 þ � � � þ wn þ � � �Þ; ð36Þ

where

w0 ¼ e�p;

w1 ¼ pw0 þ
p
q
� e�p � ðe�q � 1Þ;

w2 ¼
p
2
ð2w1 � pw0Þ þ

p2

2
� e�ðpþqÞ;

� � �

wn ¼
p
n

2wn�1 �
p

n� 1
wn�2

� �
þ pn

n!
� qn�2

ðn� 1Þ! � e
�ðpþqÞ:

Combine Eqs. (32), (35) and (36) to yield:

em ¼ eh þ j � ð1� eh � e�NTUÞ: ð37Þ

As predicted by Eqs. (36) and (37), enthalpy efficiency eh

is the function of m* and NTU, and moisture efficiency em

is the function of m*, NTU and j. The value of j is deter-
mined by the air and desiccant inlet parameters, as shown
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by Fig. 6, j = 0 when air inlet parameter is located in des-
iccant inlet isoconcentration line. Moisture efficiency em is
equal to eh when j = 0; and greater than eh when j > 0, that
is air inlet parameter is in the right side of the desiccant
inlet isoconcentration line; and lower than eh when j < 0.
5. Validation of the analytical solutions

5.1. Comparison with numerical results

The distributions of air parameters within the cross-flow
dehumidifier by numerical simulation as well as analytical
results are shown in Fig. 7. LiBr aqueous solution is used
as liquid desiccant, m* and NTU are both equal one. Air
inlet parameters are 30 �C, 18 g/kg, and desiccant inlet
parameters are 25 �C, 45% concentration.

In the numerical simulation [10], the assumption of con-
stant desiccant flow rate is not adopted. Based on the com-
parison results, analytical solutions accord well with the
numerical results, which can be directly used to analyze
the field distributions within the cross-flow dehumidifier.
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Table 2
Parameters of experimental cross-flow packed bed dehumidifiers

Sizes of dehumidifier/m

H L W

Module A 0.55 0.40 0.35
Module B 0.55 0.30 0.35

Table 3
Desiccant and air inlet parameters during the dehumidification experiments

Air inlet parameters

_ma ðkg=sÞ ta (�C) xa (kg/

Module A 0.30–0.47 24.7–33.9 0.010–0
Module B 0.34–0.48 25.4–35.4 0.010–0
5.2. Comparison with experimental results

In the dehumidification experiments, LiBr aqueous solu-
tion is chosen as liquid desiccant, and Celdek 7090 struc-
tured packing is taken as packing material. The detailed
experimental test was described in an earlier paper [16].
Two dehumidification experiments with different dehumid-
ifier sizes are used to validate the analytical solutions, the
dehumidifier sizes and air and desiccant inlet parameters
are shown in Tables 2 and 3, respectively.

Enthalpy and moisture efficiencies comparison results
between the analytical and experimental results are shown
in Fig. 8, almost all the discrepancies are within ±20%.
For experiment A (sizes of 0.55 � 0.4 � 0.35 m3), the aver-
age absolute differences are 6.3% and 5.6% for enthalpy effi-
ciency and moisture efficiency respectively. For experiment
B (sizes of 0.55 � 0.3 � 0.35 m3), the average absolute differ-
ence are 8.0% and 2.1% for enthalpy efficiency and moisture
efficiency respectively. Thus, the analytical solutions of the
heat and mass transfer efficiencies accord well with the exper-
imental findings, which can be used to predict the combined
heat and mass transfer performance in the dehumidifier.
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Fig. 10. Pressure drop of the experimental cross-flow packed bed
dehumidifier.
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6. Utilization of the analytical solutions

6.1. Main performance factors

The dimensionless parameter j is constant, once the
processed parameters are determined. The main variables
that influences the dehumidifier effectiveness are m* and
NTU. Fig. 9 shows the effect of m* and NTU on the
enthalpy and moisture efficiencies of the cross-flow dehu-
midifier. When the heat capacity ratio m* is constant, the
dehumidifier efficiencies increase with the increase of
NTU. However, continuing increase NTU will contribute
little on the dehumidifier efficiencies, when NTU arrives
at a large value.

As indicated by Eq. (8), NTU is the function of mass
transfer coefficient am, total mass transfer area A and air
flow rate _ma. The overall mass transfer area A can be
expressed as Eq. (38) when the packing is fully wet:

A ¼ a � V ; ð38Þ

where, a is the specific area of packing material, and V is
the volume of the packing material in the dehumidifier.
Choosing the packing material with large specific area or
increasing the packing volume can benefit on increasing
NTU, yet they will increase the initial cost of the
dehumidifier.

The relation of NTU and dimensionless mass transfer
coefficient Sh is given by Eq. (39), where de is the equivalent
size of the packing, qa and Da is the density and diffusion
coefficient of air.

Sh ¼ NTU � _ma � de

qa � Da � a � V
: ð39Þ

For the liquid desiccant dehumidification process, Sh
correlation [20] can be correlated by Eq. (40). In the exper-
iments of present cross-flow dehumidification, c1–c4 are
1.363, 0.333, 0.396 and 1.913, respectively:

Sha ¼ c0ðReaÞc1ðScaÞc2
F s

F a

� �c3

1� X
100

� �c4

: ð40Þ
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Fig. 9. Effect of m* and NTU on the dehumidifier effectiven
Both heat and mass transfer performance and pressure
drop should be considered in the optimization of the dehu-
midifier, the former performance affects the overall effi-
ciency of the entire liquid desiccant system, and the latter
one is the key factor on the energy consumption of the
blower.

The changes of pressure drop per unit thickness Dp*

with air and desiccant flow rate is shown in Fig. 10. As
indicated by the figure, air flow rate Fa (or air surface veloc-
ity va) has strong effect on Dp*, while desiccant flow rate Fs

provides little influence. In simplification, Dp* is expressed
as

Dp� ¼ �35:7þ 58:4 � va þ 41:5 � v2
a: ð41Þ

Therefore, the pressure drop Dp can be calculated by
Dp = Dp* � L.
6.2. Optimization of the cross-flow dehumidifier

The optimization analysis is to decrease the pressure
drop and improve the heat and mass transfer perfor-
mances by minimize initial cost (packing volume). In other
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words, to realize the same heat and mass transfer perfor-
mance and pressure drop, with as less as possible packing
volume.

For the designed processed air flow rate, the values of
m* and NTU can be expressed by Eqs. (42) and (43),
respectively, if the desiccant flow rate, packing volume or
its distribution in different dimensions are changed. Where
the subscript 0 stands for the original status, and _ma ¼
_ma;0:

m�

m�0
¼ _ms

_ms;0

� ��1

; ð42Þ

NTU

NTU0

¼ _ms

_ms;0

� �c3

� V
V 0

� �1�c1 L
L0

� �c1�c3 H
H 0

� �c3

: ð43Þ

As seen from Fig. 9, enthalpy and moisture efficiencies
increase with increasing NTU and decreasing m*. The heat
and mass transfer performances of the dehumidifier can be
predicted when the desiccant flow rate or the packing vol-
ume changes, through Eqs. (42) and (43) and the derived
analytical solutions.

The sizes of a cross-flow dehumidification module
applied in a liquid desiccant based outdoor air processor
[21] are 0.5 � 0.5 � 1.2 m3 for the designed air flow rate
of 3600 m3/h. The performance of the module is shown
in Table 4, which is denoted as ‘‘original module”. The typ-
ical air inlet parameters are 30 �C and 15 g/kg, and desic-
cant inlet parameters are 25 �C, 48% concentration and
flow rate of 4.5 t/h. The packing and liquid desiccant used
in the module is the same with the experimental test.
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Fig. 11. Effect of dehumidifier sizes on the heat and mass transfer performance
and (b) _ms ¼ 1:1� _ms;0.

Table 4
Performance of the cross-flow packed bed dehumidifiers with different
sizes

H � L �W (m3) V
V 0

_ms

_ms;0
eh

(%)
em

(%)
Dp

(Pa)

Original module 0.5 � 0.5 � 1.2 1 1 49.3 54.0 88.5
Optimized

module
0.6 � 0.4 � 0.83 0.67 1 49.3 54.1 98.8
0.6 � 0.35 � 0.83 0.58 1.1 49.7 53.9 86.5
In the optimization of the dehumidification module, air
surface velocity is chosen as 2 m/s in consideration of
decreasing packing volume, pressure drop and avoid of
desiccant carry-over by the air stream, and hence
H �W = 0.5 m2 according to the designed air flow rate.
Fig. 11 shows the effect of dehumidifier height (H), thick-
ness (L) and desiccant flow rate on the dehumidifier perfor-
mance. Increasing dehumidifier height or thickness, or
desiccant flow rate can improve the heat and mass transfer
performance. The effects of dehumidifier sizes on pressure
drop and packing volume are shown in Fig. 12. The smaller
the thickness L is, the smaller pressure drop and smaller
packing volume are. Hence, smaller dehumidifier thickness
is recommended in considering the pressure drop and
packing volume. Table 4 gives the possible optimized dehu-
midifier sizes, considering the height restrict in some appli-
cations. In the end, the optimized sizes of 0.6 � 0.35 �
0.83 m3 are selected, with the desiccant flow rate of 10%
higher than the original module. The heat and mass trans-
fer performances and the pressure drop of the optimized
module are about the same with the original module, yet
the volume is only 58% compared with the original module.
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7. Conclusions

The analytical solutions of the combined heat and mass
transfer performance in the cross-flow packed bed dehu-
midifier are given in the present study, based on the similar-
ity between the combined heat and mass transfer processes
in cross-flow dehumidifier and the heat transfer process in
cross-flow heat exchanger.

The distributions of air and desiccant parameters within
the cross-flow dehumidifier by analytical solutions, accord
well with the numerical simulations results. And the analyt-
ical solutions of enthalpy and moisture efficiencies, accord
well with the corresponding experimental findings, and the
average absolute differences are both within 8%.

The analytical solutions can be used to predict the com-
bined heat and mass transfer performance of cross-flow
dehumidifier under different operating conditions, and
instruct the optimization of the dehumidifier. For the
design air flow rate of 3600 m3/h, the dehumidifier sizes
before and after optimization are 0.5 � 0.5 � 1.2 m3 and
0.6 � 0.35 � 0.83 m3, respectively. Compared to the origi-
nal module sizes, the optimized packing volume decreases
to 58%, the enthalpy and moisture efficiencies and the
packing pressure drop are almost the same.
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