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Abstract: Internally-cooled dehumidifiers are efficient liquid desiccant dehumidifiers, whose performance is mainly determined
by the device structure and operating conditions. Based on energy and mass conservation in the air, solution, and cooling water in
the device, mathematical models are built and their theoretical performance is simulated and analyzed in this paper. A novel
measure of dehumidification efficiency is introduced to evaluate the performance of internally-cooled dehumidifiers, in which the
equilibrium humidity ratio of the inlet solution is calculated according to the minimum temperature in the inlet solution and the
cooling water. Numerical simulations show that a counter flow between air and solution is always the most efficient, followed by
cross flow, and parallel flow is the least efficient. Cooling water with the same flow direction as the solution performs better than
that with a counter flow, with approximately a 5% improvement in efficiency. Compared with CaCl,, the dehumidification effi-
ciency of a LiCl solution is greater by 60%, while its exergy efficiency is less by 16%. Dehumidification efficiency can be im-
proved with the number of air-solution heat transfer units (NTU, ) increasing, and reduced with the air mass flow rate raised. With
NTU,; increasing, exergy efficiency can be improved, and an increase in mass flow rate of cooling water results in a decrease of
efficiency. Higher solution concentration and lower inlet temperature of solution and air can achieve both higher dehumidification
efficiency and exergy efficiency.

Key words: Liquid desiccant; Internally-cooled dehumidifiers; Performance comparison; Dehumidification efficiency; Exergy
efficiency
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move the sensible heat load and the latent heat load of
a building simultaneously, so as to assure the appro-

1 Introduction

Condensation dehumidification is generally used
in conventional air conditioning systems, which re-
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priate indoor air conditions. However, there are some
disadvantages in the dehumidifying method, such as a
waste of energy, poor indoor thermal comfort, and
molds growing on wet surfaces.

As one of the alternative technologies for con-
ventional air conditioning, liquid desiccant dehumid-
ification air conditioning is increasingly attracting
attention from scholars, because of its environmental
friendliness, low-grade driven energy availability, and
high density energy-stored ability (Jain et al., 2000,
2011; Jain and Bansal, 2007; Lowenstein, 2008; Tu et
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al., 2010; Yin et al., 2014; Fazilati et al., 2017). In a
liquid desiccant air conditioning system, the liquid
desiccant dehumidifier, such as a packed dehumidifier,
is important (Oberg and Goswami, 1998; Longo and
Gasparella, 2005; Bassuoni, 2011). It not only has a
simple structure but can be used for liquid desiccant
dehumidification and low-grade energy driven solu-
tion regeneration.

The packed dehumidifier first appeared as an
adiabatic type (Zhang et al., 2010; Koronaki et al.,
2013), which was divided into parallel flow, counter
flow, and cross flow according to the relative flow
directions between air and the solution. It is
well-known that a counter flow shows the best de-
humidification performance, while, under the same
conditions, a parallel flow performs least well.
However, the expected dehumidification effect failed
to be achieved because of the rise in the solution
temperature in an adiabatic dehumidification process.

Internally-cooled dehumidifiers (Chang et al.,
2007; Yin et al., 2008; Gao et al., 2013; Luo et al.,
2014; Turgut and Coban, 2016) can solve the above
problems and consequently, have good performance
and high dehumidification efficiency. They have thus
received more attention in recent years. Chang et al.
(2009) established a theoretical model to study the
heat and mass exchange performance and the effect of
flow pattern on an internally-cooled dehumidifier.
Zhang et al. (2013) conducted an experimental study
on an internally-cooled dehumidifier using waste heat
and found that the coefficient of performance (COP)
can reach 4.2 to 6.5. Qi et al. (2013) established a
mathematical model to study the enthalpy efficiency,
temperature efficiency, and humidity efficiency of an
internally-heated/cooled liquid desiccant dehumidi-
fication system. Then Qi and Lu (2014) built an
internally-cooled/heated liquid desiccant dehumidi-
fication air conditioning system and found that the
electricity consumed was reduced by 22%-47%. Liu
et al. (2015) designed an internally-heated/cooled
liquid desiccant regenerator/dehumidifier made of
conductive plastics which showed good performance.

The driving force of the dehumidification
process is the humidity ratio of air and the equilibrium
humidity ratio of the solution. As the dehumidifica-
tion progresses, the equilibrium humidity ratio of the
solution increases, and the humidity ratio of the air
continuously decreases. Finally, the humidity ratios of

air and solution reach equilibrium. Dehumidification
efficiency was investigated (Chung et al., 1995; Yang
and Lian, 2014) to evaluate the performance of a
desiccant dehumidifier, and the evaluation indicator
has been widely used. Ding et al. (2010) experi-
mented and calculated the dehumidification effi-
ciency of a cross-flow adiabatic dehumidifier and
obtained a formula for calculating the dehumidifica-
tion efficiency of a mixed salt solution in a solar
dehumidification system. Peng and Zhang (2016)
used dehumidification efficiency and isenthalpic
effectiveness to predict the performance of a solution
dehumidifier.

Exergy, a thermodynamic quantity, represents
useful energy, and exergy analysis as a tool for de-
signing, analyzing, and optimizing thermal systems
can truly describe the loss of energy quality and be a
guide to technical improvement (Wang et al., 2010;
Gongalves et al., 2014). In exergy analysis, exergy
efficiency is usually chosen as an index to reflect the
thermodynamic perfection of a certain process, such
as a dehumidification process. Xiong et al. (2010)
proposed the adjustable liquid desiccant concentra-
tion method and the calcium chloride pre-
dehumidification method to improve the performance
of the system, with an improvement of the system
exergy efficiency of 20%. Hiirdogan et al. (2011)
experimented with a system, and adopted exergy
efficiencies to assess the individual performances
within the improvement. Ugkan et al. (2014) pro-
posed exergy transfer and destruction between the
components of an evaporative air conditioning system,
and obtained a sustainability assessment and relative
irreversibility of components. Zhang et al. (2017)
proposed a detailed exergy analysis and indicated that
the limited transfer capability and the unmatched
properties resulting in exergy destruction occurred
during the heat and mass transfer processes. Thus, in
this paper, exergy analysis is adopted to evaluate the
performance of dehumidifiers.

At present, much research on internally-cooled
liquid desiccant dehumidifiers is based on a specific
device structure and flow pattern and that restricts its
general application. In this paper, dimensionless heat
and mass transfer mathematical models based on the
number of transfer units are proposed to study the
effects of a variety of structural and fluid parameters
by numerical simulation. A novel definition of
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dehumidification efficiency which overcomes the
disadvantages of the old one is introduced in order to
better evaluate the dehumidification performance.
Dehumidification efficiency and exergy efficiency
models are built to analyze the performance of de-
humidifiers under different flow types and inlet
parameters and several universal conclusions, not
limited by specific device and fluid parameters, are
obtained. The results provide suggestions for the
design optimization of internally-cooled dehumidifi-
ers, and show that dehumidification efficiency and
exergy efficiency can be used to predict their dehu-
midification performance.

2 Models of internally-cooled dehumidifiers

In a large number of studies on dehumidifiers
(Ren et al., 2007; Liu et al., 2009), common flow
types of air and solution include parallel, counter, and
cross flow, and, in internally-cooled dehumidifiers,
cooling water usually flows from top to bottom or
from bottom to top without changing the cooling
water pipe. According to the flow directions of the
three fluids, six mathematical models of internally-
cooled dehumidifiers are constructed in this study to
study the effects of different air, solution, and cooling
water flow types according to the schematic diagrams
in Fig. 1. The flow types between air and solution
include parallel (Pa.), counter (Co.), and cross (Cr.)
flow, while the flow types between solution and
cooling water are parallel (I) and counter (II) flow.

In order to build mathematic models success-
fully, some reasonable hypotheses are proposed as
follows:

(1) Assuming the dehumidification process of
the device is a steady state.

(2) Assuming that the entire device is adiabatic
and ignoring heat and mass exchange with the ex-
ternal environment.

(3) Assuming the solution is evenly distributed
in the packed bed with perfect wettability.

(4) Ignoring the heat and mass transfer of solu-
tion along the width direction, so that the parallel and
counter flow dehumidification process can be sim-
plified into a 1D model, while the cross flow dehu-
midification process is simplified into a 2D model.

(5) Assuming cooling water is distributed
uniformly.

(6) Only considering convective heat and mass
transfer and ignoring the thermal conduction and
mass diffusion along the flow direction of the fluid
itself.

According to the above assumptions, the
mathematical models of heat and mass transfer in the
dehumidification process of parallel and counter flow
are expressed as follows (Liu et al., 2016):

The energy conservation equation among air,
solution, and cooling water is given as

d(mshs) =o,mdh, +06.,C, m.dt, (1)
where ms, m,, and m,, are the mass flow rates of so-
lution, air, and cooling water, respectively, kg/s; ks
and £, are the enthalpy of solution and air, respec-
tively, kl/kg; d, is the flow coefficient of air and
solution, with parallel flow as —1 and counter flow as
1; s 1s the flow coefficient between solution and
cooling water, which is —1 in I flow and 1 in II flow;
Cyw 1s the specific heat capacity of cooling water,
kJ/(kg-K); t, is the temperature of cooling water, °C.

The mass conservation equation between air and
solution is written as

msolutcdR = 5a-smadwa ’ (2)

where mgoe 18 the mass flow rate of solute in solu-
tion, kg/s; R is the ratio of water to solute; w, is the
humidity ratio of the air, g/kg.

Energy and mass transfer equations on the air
side are expressed as

dh,
1
=5, {(h,d —he)+r(L—e—1j(a)a —a)e)}xd(NTUa_s),
3)
do, =5a_si(wa -w,)d(NTU,,), 4)
e

where /. is the enthalpy of air in equilibrium with the
solution, kJ/kg; r is the latent heat of water vaporiza-
tion, kJ/kg; w. is the humidity ratio of the air in
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equilibrium with the solution, g/kg; NTU,; is the
number of transfer units between air and solution.

The heat transfer equation between cooling wa-
ter and solution is shown as

dr, =4, (¢, —t,)d(NTU, ), 6)

w

where £ is the temperature of solution, °C; NTUg, is
the number of transfer units between solution and
cooling water.

The dimensionless parameter Lewis number (Le)
is defined as

Le=—% (©)
Kmea
and d(NTU,) and d(NTUs,.,) can be specified as
d(NTUa_S):KA;Idx’ (7)
Hm,C,

K, Adx
d(NTU,, )= —H,:quc ; (®)
W pw

where K is the heat transfer coefficient between air
and solution; K, is the heat transfer coefficient be-
tween solution and water, kW/(mZ-K); K., is the mass
transfer coefficient between air and solution,
kg/(m2~s); A, is the contact area between air and so-
lution; A, is the contact area between solution and
cooling water, m?; Cpa 1s the specific heat capacity of
air, kJ/(kg'K); H is the height of the device, m; x
denotes the solution flow direction.

Egs. (9)—(13) are mathematical models of heat
and mass transfer in cross flow.

The energy conservation equation among air,
solution, and cooling water is given as

8(mshs) _ m,oh, N 3., C,,m0t, ©)
Lox Hoy Lox ’

where L is the length of the device, m; y donates the
air flow direction.

Air Solution Water

Solution

Solution Water

Solution

©

Solution

Fig. 1 Physical models of internally-cooled dehumidifiers
(a) Pa.-I; (b) Co.-I; (¢) Cr.-I; (d) Pa.-II; (e) Co.-II; (f) Cr.-II



48 Peng et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2020 21(1):44-63

The mass conservation equation between solu-
tion and air is written as

OR m o,

solute ___"a a

Lox Hoy

m

(10)

The energy and mass control equations on the air
side are expressed as

oh 1 NTU

L=\(h —h —-1 - —=_ (11

2| - er{ 1 o) TR
ow, NTU
2 e (g, —w,). 12
oy Le><L(a)e ®.) (12)

The heat transfer equation between cooling wa-
ter and solution is shown as

(13)

3 Validation of models

To verify the accuracy of internally-cooled lig-
uid desiccant dehumidification models, the moisture
removal rate, outlet air humidity ratio and tempera-
ture, and outlet solution temperature calculated by
mathematical models are compared with experi-
mental results from the literature. The calculation
methods of the shape parameters of structured and
random packing are given in (Al-Farayedhi et al.,
2002) with the solution physical properties in (Conde,
2004). Heat and mass transfer coefficients are calcu-
lated from the heat and mass transfer quantity and
temperatures. The parameters of dehumidifiers in the
compared references are shown in Table 1 while Ta-
ble 2 presents the initial parameters of air, solution,
and water.

The comparisons of moisture removal rate, out-
let air humidity ratio and temperature, and outlet

solution temperature determined in this study with the
experimental data in (Bansal et al., 2011; Zhang et al.,
2013; Liu et al., 2015) are exhibited in Fig. 2. The
figures show that the range of relative errors between
the analog data and the comparison data is within
10%. In general engineering, an error within 10%,
considering experimental system and measurement
errors, is acceptable and can be taken as verifying the
accuracy of the simulation programs.

4 Mathematical models of efficiency analysis
4.1 Dehumidification efficiency

The dehumidification efficiency is commonly
defined as the ratio between the difference between
the inlet humidity ratio (@, ,) and the outlet humidity
ratio (w,ou) of dehumidified air and the difference
between the inlet air humidity ratio and the inlet so-
lution equilibrium humidity ratio (w.i,) (Gandhida-
san, 2004), expressed by #p:

w, . —,
a,in a,out
My =———— (14)
a)a,in - a)e,in

However, the result for dehumidification effi-
ciency expressed here has three disadvantages be-
cause Eq. (14) fails to consider the cost of cooling
water manufactured in internally-cooled dehumidifi-
ers. Specifically:

Table 1 Experimental parameters of dehumidifiers in the
compared references

Table 2 Experimental inlet parameters of fluids in the compared references

Reference my (kg/s)  thin (°C)  wa,in (g/kg)

Volume Specific
Reference (m3) surface area NTU, NTU,.,
(m*/m?®)
Liu et al., 0.0318 342 1.48-2.48 0.120-
2015 0.258
Zhangetal., 0.0318 790 0.48 0.70—
2013 2.45
Bansal et 0.0270 608 0.138— 0.150—
al.,, 2011 0.200 0.174
ms(kg/s) L (°C) X (%) my (kg/s) £y (°C)

Liuetal., 2015 0.121-0.180 33.5-36.3
Zhang et al., 2013 0.358-0.370 29.6-33.4
Bansal et al., 2011 0.1

15.2-18.9 0.044-0.134 28.6-31.5 38.9-42.1 0.126-0.280 11.9-16.8
154-17.0 0.041-0.178 24.2-28.5 43.0-45.5 0.101-0.359 16.4-25.5
29.9-30.3 20.35-20.70 0.045-0.227 30.3-30.4 37.0

0.083 4.8-8.7

Note: tain, Ls.ins Lwin are the inlet temperatures of air, solution, and cooling water, respectively, °C; X;;, is the inlet solution concentration, %
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Fig. 2 Accuracy verification of internally-cooled dehumidifier models
(a) Moisture removal rate (M); (b) Outlet air humidity ratio (@, 0u); (¢) Outlet air temperature (¢, 4,); (d) Outlet solution temper-

ature (% out)

1. The dehumidification efficiency exceeds the
range of 0 to 1 in some cases. As shown in Fig. 3a,
when an inlet CaCl, solution with a concentration of
36% and cooling water are at temperatures of 36 °C
and 16 °C, respectively, dehumidification efficiencies
of the internally-cooled dehumidifier are all greater
than 1.0 in the parallel, cross, and counter flow types,
reaching about 1.05, 1.12, and 1.17. Figs. 3¢ and 3e
also reveal that the dehumidification efficiencies as
defined above will lie out of that range when, under
certain conditions in internally-cooled dehumidifiers,
the solution temperature increases and the concentra-
tion of the solution decreases to some extent, and they
can even be negative. A dehumidification efficiency
outside the range of 0 to 1 violates the generally un-
derstood definition of efficiency.

2. The dehumidification efficiencies of a CaCl,
solution may be greater than for LiCl when the solu-
tion temperature is higher than 30 °C under the same
concentration, which is reflected in Fig. 3a. Because
LiCl shows a better dehumidification performance
than CaCl, in the same conditions, the calculated
dehumidification efficiency does not reflect actual
dehumidification performance.

3. The dehumidification efficiencies increase with
increasing temperature of solution. In fact, more heat is
carried to an internally-cooled dehumidifier as the
solution temperature increases, resulting in a decrease
in dehumidification performance, so the dehumidifi-
cation efficiencies of solutions can be reduced.

Consequently, a novel dehumidification effi-
ciency o, expressed in Eq. (15), is introduced in this
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study. In it the inlet solution equilibrium humidity
ratio is calculated according to the minimum tem-
perature among the inlet solution and cooling water.

1.2
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Fig. 3 Comparison of the two dehumidification efficiencies
(a) Effect of solution temperature on #p; (b) Effect of solution temperature on #p; (¢) Effect of LiCl solution temperature and
concentration on 7p; (d) Effect of LiCl solution temperature and concentration on nD*; (e) Effect of CaCl, solution temperature
and concentration on #p; (f) Effect of CaCl, solution temperature and concentration on #p

(15)
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@y = [ Xomin(t, 1) ], (16)
where X is the concentration of the liquid desic-
cant, %.

This novel dehumidification efficiency over-
comes previous shortcomings by giving consideration
of the cost of the cooling water. The new dehumidi-
fication efficiency ’7D* will lie within the easily un-
derstood range of 0 to 1. As shown in Fig. 3b, the new
dehumidification efficiencies nD* of CaCl, solution
under parallel, cross, and counter flow types now
become 0.39, 0.42, and 0.44 instead of being above
1.0 in the same simulated conditions. The new de-
humidification efficiencies of LiCl are greater than
those of CaCl, which accurately reflects the dehu-
midification performance of the two solutions, and
the novel dehumidification efficiencies decline with a
rise in solution temperature but increase with in-
creasing concentrations of the solutions. All these are
shown in Figs. 3d and 3f. Therefore, all dehumidifi-
cation efficiencies adopted in the following sections
are defined according to the proposed new formula.

4.2 Exergy efficiency

Exergy, also known as usable energy or useful
energy, refers to the part of energy that can be con-
verted into useful work under certain referenced con-
ditions. It reflects the level of energy grade. Exergy
(E) includes physical exergy (£,) and chemical exergy
(E;). Physical exergy can be further divided into heat
exergy, cooling exergy, and enthalpy exergy.

The exergy of a system is related not only to the
state parameters of the materials in the system, but
also to the selected reference points. The correct
choice of the reference point of exergy is of para-
mount importance for analysis of a system, because
unreasonable choices can result in wrong analyses.
The reference point selected in this study is the ulti-
mate dead state point, the saturated state, which is the
equilibrium state of the heat and mass source. In that
state the material has no useful energy available, and
it can be taken as the environmental reference point in
the exergy analysis of moist air in air conditioning
engineering. It is the point of zero exergy. In this
study, the saturated state parameters of moist air un-
der atmosphere pressure Py=101325 Pa, and envi-
ronmental temperature #=36 °C are selected as the
reference point of zero exergy with a saturated hu-
midity ratio wy=38.8 g/kg.

1. Exergy of moist air

The exergy of moist air is composed of physical
exergy (£,p) and chemical exergy (£,c) (Zhu, 1988),
and can be expressed as follows:

E,=E, +E, =m/(C, +aC,)T, L i _mk
T T, T,

sm RT,| (141.6080)In 109 4y 6084102 |,
+1.608w ,

17)

where C,,, is the specific heat capacity of water vapor,
kJ/(kg-K); T, is the air temperature, K; R, is the gas
constant of air, kJ/(kg-K).

2. Exergy of liquid water

The exergy of liquid water in a closed cycle
under normal pressure consists only of the enthalpy
exergy (Ewp) (Peng et al., 2017), expressed as

E, = m, pwj (——1}

=m,C,, (Tw ~T,+T, ln%],

w

(18)

where T is the temperature, K.

3. Exergy of desiccant solution

The exergy of the desiccant solution consists of
physical exergy (Es,) and chemical exergy (£.). The
physical exergy (Eq. (19)) is related to temperature,
while the chemical exergy (Eq. (20)) is determined by
solution concentration (Zhu, 1988). The specific ex-
pressions of the exergy are:

T, T, T,
Es,p = msts J‘To (1 —F}T = msts [T; — TE) + T;) IHF],

(19)

E, =ms§k:x,(yi,o—ﬂf) (ZxR T, In 20 ] (20)
i=1 x;

1

where G, is the specific heat capacity of solution,
kJ/(kg-K); x; donates the mole fraction of component
iz o is the chemical potential of dead state; £ is the
chemical potential of non-binding dead state, kJ/kg;
R, is the gas constant of water vapor, kJ/(kg-K).

The total exergy of the desiccant solution is
physical exergy plus chemical exergy, and is written as
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E=E_ +E_. 21
4. Exergy conservation equation
The exergy conservation equation of an
internally-cooled dehumidifier is shown as

Ea,in + Es,in + Ew,in = E + E + E + I

— Ma,out s,out w,out s (22)
where E, in, Esin, and Ey, ;, are the inlet exergy of air,
solution, and cooling water, and E, out, Es out, and Ey out
are the outlet exergy of air, solution, and cooling
water, respectively, kJ; 7 is the exergy destruction, kJ.

5. Exergy evaluation index: exergy efficiency

Exergy efficiency, as an index of the thermody-
namic perfection of a process in exergy analysis, refers
to the ratio of exergy as a benefit to exergy as a cost, in
the energy conversion process, which is given by

_ AEa _ Ea,out ~ ajin (23)
TN+ AE,  (Eop—Ey )+ (Eun — Eum)

5 Performance analysis of internally-cooled
liquid desiccant dehumidifiers

The dehumidification performance of internally-
cooled dehumidifiers is affected by various parame-
ters, including the flow types of fluids, the number of
transfer units (NTU) of fluids, the properties of liquid
desiccants, and the inlet parameters of air, solution,
and cooling water. As evaluation indexes, dehumidi-
fication efficiency and exergy efficiency are adopted
to analyze the effects of above parameters on dehu-
midification performance. The LiCl and CaCl,
aqueous solutions are used as the liquid desiccants in
this simulation as they are common dehumidification
solutions (Dai and Zhang, 2004; Mei and Dai, 2008;
Xiao et al., 2011), with their initial parameters shown
in Table 3.

Table 3 Initial parameters of simulation

my myg My
lem  NTUu NTUww  gif0 (0000 ol
Standard 2 0.5 0.3 0.15 0.3
condition
Range 1-3 0.1-09 0.1-0.5 0.05-0.25 0.1-0.5
Item ta,in ts,in tw,in Wain Xs,in
O O (W) (gkg) (%)
Standard 36 30 16 28 36
condition
Range 3240 26-34 12-20 24-32 3240

5.1 Effects of device parameters on the efficiencies
of internally-cooled dehumidifiers

5.1.1 Effects of flow types

The flow types between air and solution are di-
vided into parallel, cross, and counter flow, and their
effects on the two efficiencies are shown in Figs. 4a
and 4b. As shown in Fig. 4a, with the efficiencies of
parallel flow set as abscissa, dehumidification effi-
ciency of cross flow increases by 16% at its maxi-
mum, while in the counter flow it is 22% higher than
in the parallel type. The exergy efficiency of counter
flow increases by 28% at most, while that of cross
flow rises by 16%. Counter flow turns out to be the
highest in both dehumidification and exergy effi-
ciencies, and the efficiencies of cross flow are less,
and parallel flow has the lowest efficiencies. The
exergy efficiency of counter flow improves obviously
at high values, while the exergy efficiency of cross
flow increases evenly in the whole process. As a re-
sult of more even driving potentials of heat and mass
transfer in counter and cross flow than in parallel
flow, better heat and mass transfer performance, as
reflected by dehumidification efficiency and exergy
efficiency, are shown.

The effects of the flow types between solution
and cooling water involving I and II conditions on the
efficiencies are indicated in Figs. 4c and 4d, respec-
tively. Different flow types of solution and cooling
water, have small influences that do not exceed 4%
and 6% respectively of the increases of dehumidifi-
cation and exergy efficiencies. When the solution and
cooling water flows under I condition, the tempera-
ture difference of heat transfer changes a little and
stays stable during the process, so the effect of heat
transfer is more ideal. All the following conditions are
based on I flow, because type I performs a little better
than type II.

5.1.2 Effects of the number of transfer units

The number of heat transfer units has an im-
portant role in dehumidification performance, which
is affected by the heat transfer area of the device and
the heat transfer coefficient between fluids. The
number of heat transfer units between air and solution
(NTU,) is dominated by the heat transfer area of
packing and the heat transfer coefficient between air
and solution, and the number of heat transfer units
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Fig. 4 Effects of flow types on the efficiencies of internally-cooled dehumidifiers
(a) Dehumidification efficiencies in parallel, cross, and counter flow; (b) Exergy efficiencies in parallel, cross, and counter flow;
(c) Dehumidification efficiencies in I and II flow; (d) Exergy efficiencies in I and II flows

between the solution and the cooling water (NTUj_,)
is determined by the heat transfer area of the cooling
water pipe and heat transfer coefficient between the
solution and the cooling water, which are the two
independent key factors in internally-cooled dehu-
midifiers whose effects are shown in Fig. 5.

1. Effect of the number of heat transfer units
between air and solution (NTU,)

With the NTU, varying from 1.0 to 3.0, the
relationship between NTU, and dehumidification
efficiency is shown in Fig. 5a. The dehumidification
efficiency and the difference of the efficiencies grow
with the increase in NTU,, and the rates of increase
in dehumidification efficiencies gradually decline.
The dehumidification efficiency of LiCl solution
increases by 33.9% in Pa., by 42.6% in Cr., and in Co.
by 46.4%, while that of CaCl, solution in those three

flow types shows sequential increases of 26.2%,
36.8%, and 41.1%. That means the increase in NTU,_
enhances the heat and mass transfer performance
between air and solution, which leads to a higher
dehumidification efficiency in the dehumidifiers.

Fig. 5b reveals the relationship between NTU,
and exergy efficiency. Exergy efficiency shows the
same trend as dehumidification efficiency with in-
creases of 28.0%, 37.2%, and 42.2% for LiCl solu-
tions, and 18.2%, 30.5%, and 36.5% for CaCl, solu-
tions under flow types of Pa., Cr., and Co. Although
exergy efficiencies of the three flow types increase
with the growth of NTU,, the rates of their increase
drop. The increase of NTU, increases the moisture
removal rate of the dehumidifier, and the outlet ex-
ergy of the air, which is also the benefit exergy,
increases.
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2. Effect of the number of heat transfer units
between solution and cooling water (NTUj.y,)

The relationship between NTUj_,, and dehumid-
ification efficiency is shown in Fig. 5c. The dehu-
midification efficiencies of the three flow types all
rise with the increase of NTUj, but the rates of rising
gradually decline. When the NTUj, increases from 0.1
to 0.9, the dehumidification efficiency of LiCl solution
improves by 32.1%—42.1%, while CaCl, solution has
67.9%-82.8% of growth in dehumidification effi-
ciency. The LiCl solution performs at a higher de-
humidification efficiency, and a greater improvement
is also shown by the CaCl, solution. The increase in
dehumidification efficiency of the dehumidifier with
the increase of NTUg,, is because the solution tem-
perature decreases followed by enhancement of the
heat transfer performance between the solution and

cooling water, so that the dehumidification capacity
of the solution is improved.

Fig. 5d illustrates the impact of NTUs, on ex-
ergy efficiency. The exergy efficiencies of LiCl and
CacCl, solutions firstly decline sharply and then climb
slowly. With NTUj, increasing from 0.1 to 0.3, LiCl
exergy efficiency only decreases 0.03 while that of
CaCl, decreases 0.07. The exergy efficiencies of
CaCl, have greater variation than those of LiCl,
which leads to the result that the exergy efficiencies
of CaCl, are more susceptible to changes in NTUj.,.
This is due to the change in solution temperature
having a larger effect on the water vapor partial
pressure of the CaCl, solution.

The exergy efficiencies reach a minimum at
NTU+=0.3, and then increase slowly. When the
NTU;,, increases from 0.1-0.3, the outlet temperature
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of the cooling water rises rapidly, and the inlet and
outlet exergy difference of cooling water increases,
which means the cost exergy increases, so the exergy
efficiency decreases. When NTUg,, is above 0.3, the
increase of NTUg, has less influence on outlet cooling
water temperature, but the lower solution temperature
strengthens the dehumidification capacity and as a
result the exergy efficiency tends to grow slowly.

5.2 Effects of the fluids parameters on the effi-
ciencies of internally-cooled dehumidifiers

5.2.1 Effects of liquid desiccant types

A comparison of the efficiencies of internally-
cooled dehumidifiers using LiCIl and CaCl, aqueous
solutions was carried out, with the relevant results
shown in Fig. 6.
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Fig. 6 Effects of liquid desiccant types on the efficiencies
of internally-cooled dehumidifiers

(a) Effect of liquid desiccant types on dehumidification
efficiency; (b) Effect of liquid desiccant types on exergy
efficiency

As shown in Fig. 6a, the dehumidification effi-
ciencies of a LiCl solution are higher than those of a
CaCl, solution under the same conditions, and ap-
parently increase by about 60% at most at low effi-
ciencies. At the same concentration and temperature,
the water vapor partial pressure of a LiCl solution is
lower than that of a CaCl, solution, so the LiCl solu-
tion has a stronger ability to absorb moisture from air,
which leads to higher dehumidification efficiency.
However, the exergy efficiency of the LiCl solution is
about 16% lower than that of a CaCl, solution, and as
shown in Fig. 6b, higher efficiencies show sharper
decreases. The value of exergy efficiency depends on
the degree of imbalance. The water partial vapor
pressure of CaCl, solution is closer to that of moist air
than that of LiCl, leading to a smaller difference of
water vapor partial pressure, which benefits exergy.
Thus, due to its lower exergy loss, the CaCl, solution
presents a better exergy efficiency.

5.2.2 Effects of inlet solution parameters

The effects of inlet solution parameters, includ-
ing solution mass flow rate, inlet temperature, and
concentration, on the dehumidification performance
of the two solutions, are analyzed in this section and
illustrated in Fig. 7.

1. Effect of inlet solution mass flow rate (m)

Fig. 7a shows the change of dehumidification
efficiency as the solution mass flow rate increases
from 0.05 kg/s to 0.25 kg/s. The dehumidification
efficiency of the LiCl solution increases by about
15% and that of the CaCl, solution by 9.5%—14.3%.
The dehumidification efficiency differences of LiCl
and CaCl, solutions in three flow types increase with
the increase in mass flow rates and grow in basically
the same ratio. Taking the Co.-I flow, which pos-
sesses the highest dehumidification efficiency, as an
example, when the solution mass flow rate is
0.05 kg/s, the dehumidification efficiency of the LiCl
solution is 0.127 higher than that of the CaCl, one
which increases by 27.2%. The dehumidification
efficiency of a LiCl solution is higher than that of a
CaCl, solution by 0.148 at a mass flow rate of
0.25 kg/s, the rising rate of that is 27.7%, which is
similar to that with a low mass flow rate. In addition,
the increasing trends of dehumidification efficiencies
gradually slow down. These changes are due to
smaller decreases in solution concentration and
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smaller increases in solution temperature in the de-
humidification processes as the mass flow rate of the
solutions increase and promote increases in dehu-
midification efficiency.
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Fig. 7b is a graph of the change in exergy effi-
ciency as the solution mass flow rate increases. It
shows that a larger solution mass flow rate conduces
to a higher exergy efficiency. In the process of
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Fig. 7 Effects of inlet solution parameters on the efficiencies of internally-cooled dehumidifiers
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ciency; (d) Effect of ¢, on exergy efficiency; (e) Effect of X; on dehumidification efficiency; (f) Effect of X; on exergy efficiency
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increasing solution mass flow rate, the exergy effi-
ciency of LiCl solution in each flow type only in-
creases in the range of 12.9%—-18.7%, while the in-
creasing ratio of different flow patterns in the CaCl,
solution are distinct from each other. The exergy effi-
ciency increases by 9.8% in Pa., by 17.0% in Cr., and
by 22.4% in Co. Moreover, the exergy efficiency dif-
ference between the LiCl and CaCl, solutions in Pa.
becomes smaller as the solution mass flow rate in-
creases, but the difference in Cr. and Co. gets larger.
The increase in the solution mass flow rate reduces the
temperature difference between solution and cooling
water, and the irreversible exergy loss decreases,
leading to an increase in the exergy efficiency.

In addition, the graph shows that the exergy ef-
ficiency of the CaCl, solution is significantly higher
than that of the LiCl solution because the surface
water vapor pressure of CaCl, solution is higher than
that of LiCl solution at the same concentration and
temperature, which causes a smaller difference of
water vapor pressure between a CaCl, solution and
dehumidified air, and less irreversible damage during
the dehumidification process.

2. Effect of inlet solution temperature (;)

Fig. 7c presents the relationship between dehu-
midification efficiency and inlet solution temperature.
The dehumidification efficiency of the LiCl solution
reduces by about 10% when the inlet solution tem-
perature increases from 26 to 34 °C, whereas for the
CaCl, solution, it increases by about 20%. The trend
of decreasing efficiency is almost linear. The decrease
in dehumidification efficiency is caused by an in-
crease in the surface water vapor partial pressure of
the solution due to the augmentation of the inlet so-
lution temperature, and the mass transfer driving
force between air and solution decreases, resulting in
a decrease in dehumidification efficiency. Further-
more, the differences in dehumidification efficiency
of different flow types with the same solution get
smaller, thus the differences between the Pa. and Cr.
and the Pa. and Co. of the LiCl solution decline from
0.08, 0.13 to 0.06, 0.11, and the dehumidification
efficiency differences of different solutions in the
same flow type become larger, for instance, the dif-
ference of dehumidification efficiency between LiCl
and CaCl, increases from 0.13 t0 0.18 in Cr.

Fig. 7d is an image of exergy efficiency and inlet
solution temperature which illustrates that the exergy

efficiency decreases as the inlet solution temperature
increases. As the inlet solution temperatures increase
from 26 °C to 34 °C, the exergy efficiency of the LiCl
solution reduces by no more than 18.6%, while the
CaCl, solution exergy efficiency decreases by as
much as 33.2%. In Co.-I flow, the exergy efficiency
of CaCl, drops from 0.46 to 0.34, compared with a
decline from 0.39 to 0.34 for LiCl. The CaCl, solution
is more susceptible to diverse inlet solution temper-
atures than the LiCl one. The exergy efficiency de-
creases as the inlet solution temperature increases,
because of the higher inlet solution temperature
which causes a greater heat transfer temperature dif-
ference between the solution and the cooling water,
and thus the irreversible loss becomes larger.

3. Effect of inlet solution concentration (Xj)

The dehumidification efficiency gets higher with
the increase of inlet solution concentration, as shown
in Fig. 7e. As the inlet solution concentrations in-
crease from 32% to 40%, the dehumidification effi-
ciency of the LiCl solution increases by about 20%,
while that for the CaCl, solution shows a growth of
about 22%. Both solutions show similar linear growth
trends. This is because a higher concentration solution
has a smaller water vapor partial pressure so that the
mass transfer driving force between solution and air
increases, and the moisture transfer rate increases
accordingly. Besides, the trends of dehumidification
efficiency in the different flow types are basically
similar.

Fig. 7f shows the relationship between exergy
efficiency and inlet solution concentration. The ex-
ergy efficiency grows with the increase of inlet solu-
tion concentration, and the exergy efficiency of LiCl
solution has a small increase of only about 5%, while
the exergy efficiency of CaCl, solution, greatly af-
fected by the concentration, increases by about 11%.
This is because the water vapor partial pressure of
CaCl, solution is affected more significantly by the
solution concentration. The water vapor partial pres-
sure of a solution decreases as its concentration rises
and enhances the dehumidification performance and
the exergy difference in dehumidified air. The exergy
benefits increase more than the cost exergy, with a net
growth in exergy efficiency.

5.2.3 Effects of inlet air parameters

It is assumed that the number of heat transfer
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unit NTU between air and solution is constant when
analyzing the influences of inlet air parameters on
dehumidification performance. The analyzed inlet air
parameters include air mass flow rate, air tempera-
ture, and humidity ratio.

1. Effect of inlet air mass flow rate (m,)

Fig. 8a is a graph showing the relationship be-
tween dehumidification efficiency and air mass flow
rate. The dehumidification efficiency of the LiCl
solution decreases by 25.1%—-32.4% and that of the
CaCl, solution by 37.1%-43.5%, as the air mass flow
rate increases from 0.1 kg/s to 0.5 kg/s. The increase
in air mass flow rate increases the heat removed by
the high-temperature air and increases the solution
temperature resulting in a decrease in the solution
dehumidification capacity during the heat transfer
process.

The relationship between air mass flow rate and
exergy efficiency is shown in Fig. 8b. With the air
mass flow rate increasing from 0.1 kg/s to 0.3 kg/s,
the exergy efficiency of the LiCl solution increases by
9.9%—-16.4%, while that of the CaCl, solution in-
creases by 18.4%-24.3%. The exergy efficiency
sharply increases at m,=0.1-0.2 kg/s and reaches its
highest value at m,=0.3 kg/s. After that point, the
efficiency slowly decreases and gradually stabilizes
with no more than a 5% fall. This is because the de-
humidification amount presents a small value in a low
mass flow rate, and the exergy loss of cooling water is
mainly applied to cool the solution and is not con-
verted into a benefit exergy of dehumidified air.

2. Effect of inlet air temperature (z,)

Fig. 8c shows the relationship between dehu-
midification efficiency and inlet air temperature. The
dehumidification efficiency decreases slightly with an
increase of inlet air temperature. When the inlet air
temperature increases from 32 °C to 40 °C, the de-
humidification efficiency reduces by 3.0%—4.6% for
the LiCl solution, and by 5.9%-9.5% for the CaCl,
solution. Generally, the increase of inlet air temper-
ature has only a small influence on the dehumidifica-
tion efficiency. The increase in inlet air temperature
causes the solution temperature to rise during the heat
transfer process, and so the water vapor partial pres-
sure of the solution increases resulting in a decline in
the dehumidification capacity of the solution. The
dehumidification efficiency therefore drops.

The relationship between exergy efficiency and

inlet air temperature is shown in Fig. 8d. It can be
seen from the figure that the exergy efficiency of LiCl
solution slightly reduces by 3.6%—7.4% as the air
inlet temperature increases from 32 °C to 40 °C,
while the CaCl, solution shows a drop of 13.5%—
17.3% in exergy efficiency in the same circumstanc-
es. The exergy efficiencies of the LiCl solution are
less affected by the inlet air temperature than those of
the CaCl, solution, because of the smaller effect of
LiCl solution temperature on the water vapor partial
pressure compared with the CaCl, case. The differ-
ence in the exergy efficiency of the two solutions
becomes smaller in three flow types. For the flow type
Pa., the exergy efficiency of the LiCl solution exceeds
that of the CaCl, solution as the air inlet temperature
is over 38 °C. The increase in inlet air temperature
causes a decline in the dehumidification rate, and a
decrease in the air benefit exergy, while the outlet
cooling water temperature rises, leading to an in-
crease in cooling water exergy loss, and the combi-
nation leads to a slight drop in the exergy efficiency.

3. Effect of inlet air humidity ratio (w,)

Fig. 8e represents the relationship between de-
humidification efficiency and the inlet air humidity
ratio. The graph shows a 1.4%-2.1% increase in the
dehumidification efficiency of the LiCl solution as
the inlet air humidity ratio increases from 24 g/kg to
32 g/kg, while the efficiency of the CaCl, solution
increases by 7.8%—8.6% showing the effect of inlet
air humidity to be weak. The increase in humidity
ratio of inlet air enhances the mass transfer driving
force between the solution and air, thereby the de-
humidification efficiency increases slightly.

As can be seen from Fig. 8f, which shows the re-
lationship between exergy efficiency and humidity
ratio of inlet air, as the inlet air humidity ratio increases
from 24 g/kg to 32 g/kg, the exergy efficiencies of
LiClI and CaClj; solution decline nearly linearly, and
also have a similar rate of reduction of about 25%.

The augmentation of the inlet air humidity ratio
increases the mass transfer driving force between air
and solution, and the irreversible loss of the dehu-
midification process rises with the increased dehu-
midification of the solution, so that the exergy effi-
ciency reduces. Figs. 8¢ and 8f also show that the
effects of inlet air humidity ratio on dehumidification
performance are similar in different flow types.
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5.2.4 Effects of inlet cooling water parameters

The cooling capacity provided by cooling water
has a significant effect on its dehumidification per-
formance in internally-cooled dehumidifiers. The
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dehumidification performance influenced by cooling
water mass flow rate and inlet temperature which are
used for measuring the cooling capacity, are analyzed

in this section.

1. Effect of inlet cooling water mass flow rate ()
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Fig. 8 Effects of inlet air parameters on the efficiencies of internally-cooled dehumidifiers
(a) Effect of m, on dehumidification efficiency; (b) Effect of m, on exergy efficiency; (c) Effect of 7, on dehumidification effi-
ciency; (d) Effect of #, on exergy efficiency; (e) Effect of w, on dehumidification efficiency; (f) Effect of w, on exergy efficiency
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Figs. 9a and 9b show the effect of cooling water
mass flow rate on two efficiencies. Shown in Fig. 9a,
while the mass flow rate of cooling water increases
from 0.1 kg/s to 0.5 kg/s, the dehumidification effi-
ciency of the LiCl solution increases by 27.1%—
37.5%, while that of the CaCl, solution increases by
58.3%—72.9%. The differences in dehumidification
efficiency get smaller, whether it is different solutions
of the same flow type or the same solution under
different flow types. The larger cooling water mass
flow rate behaves with a higher dehumidification
efficiency owing to an increase in the cooling capac-
ity provided into the device leading to a decrease in
the solution temperature which increases the mass
transfer driving force between air and solution.

Fig. 9b shows that exergy efficiency decreases
with the increase of cooling water mass flow rate.
There is a 11.6%—-13.4% decrease in the exergy effi-
ciency of the LiCl solution, while the efficiency of the
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CaCl, solution decreases by 18.4%—-20.7%. Moreo-
ver, in parallel flow, the exergy efficiency of CaCl,
drops significantly by about 13% from 0.398 to 0.344
between 0.1 and 0.2 kg/s of m,; whereas that of LiCl
drops only about 7.6%. The reducing trend of exergy
efficiency becomes less as the mass flow of cooling
water increases. The exergy efficiency decreases as
the cooling water mass flow rate increases, because
the increase in mass flow rate of cooling water re-
stricts the temperature rise of the cooling water. The
heat transfer temperature difference between solution
and cooling water thus increases, resulting in an in-
crease in the exergy loss, thereby reducing the exergy
efficiency.

2. Effect of inlet cooling water temperature (t,,)

Fig. 9c shows dehumidification -efficiency
changes with inlet cooling water temperature. When
the inlet cooling water temperature increases from
12 °C to 20 °C, the dehumidification efficiency of a
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Fig. 9 Effects of inlet cooling water parameters on efficiencies of internally-cooled dehumidifiers
(a) Effect of m,, on dehumidification efficiency; (b) Effect of m,, on exergy efficiency; (c) Effect of #, on dehumidification effi-

ciency; (d) Effect of ¢, on exergy efficiency
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LiCl solution reduces by 2.4% at most, while that of a
CaCl, solution reduces by no more than 3.4%. As the
inlet cooling water temperature increases, the dehu-
midification efficiency decreases slightly, because the
increase of inlet cooling water temperature causes a
reduction of the cooling capacity provided in the
device and a rise in the solution temperature, so the
dehumidification performance deteriorates, and de-
humidification efficiency decreases slightly. The new
definition of dehumidification efficiency takes the
cost of cooling water into account.

Fig. 9d displays the influence of the inlet solu-
tion temperature on exergy efficiency. As the inlet
cooling water temperature increases from 12 °C to
20 °C, the exergy efficiencies of the LiCl and CaCl,
solutions increase by about 22% and 37%, respec-
tively. The difference in exergy efficiency of different
solutions in the same flow type grows with the rise of
inlet cooling water temperature; in particular, the
exergy efficiency difference between CaCl, and LiCl
solution increases from 0.015 to 0.067, that is to say
by 3.5 times in Co. The exergy efficiency gets higher,
as the inlet solution temperature rises, because it leads
to a decrease in the temperature difference between
the solution and air and results in a lower exergy loss
and thus an increase in exergy efficiency.

6 Conclusions

According to the energy and mass conservation
among air, cooling water, and solution, mathematical
models of internally-cooled dehumidifiers based on
the number of transfer units under six flow types are
built, and the influence of different device structures
and operating parameters on dehumidification per-
formance and efficiencies are analyzed. The main
conclusions can be summarized as follows:

1. A novel definition of dehumidification effi-
ciency, taking into account the cost of cooling water,
is defined in this paper to avoid the possibility of the
traditional one in internally-cooled dehumidifiers
exceeding the range of 0 to 1 under certain conditions.
The novel dehumidification efficiency, in which the
inlet solution equilibrium humidity ratio is calculated
according to the minimum temperature among the
inlet solution and cooling water, is a better evaluation
of internally-cooled dehumidifiers.

2. Counter flow between air and solution shows
the highest dehumidification efficiency and exergy
efficiency, followed by cross flow, and parallel flow
shows the lowest. Flow types between solution and
cooling water have little effect on efficiencies, and |
flow (water flow parallel to the solution) shows an
increase of about 5% compared with II flow (water
flow counter to solution).

3. The dehumidification efficiency of the LiCl
solution is higher than that of the CaCl, solution, and
can be increased by 60%, while the exergy efficiency
of the LiCl solution can be reduced by 16% compared
with that of the CaCl, solution.

4. Higher NTU, should be used in the design of
internally-cooled dehumidifiers. Higher solution
concentration and lower inlet temperature of solution
and air are recommended to achieve both superior
dehumidification efficiency and exergy efficiency in
internally-cooled dehumidifiers.
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