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Abstract. This paper presents a study of the regeneration liquid desiccant system. Against the backdrop, many
performance characteristics of an internally heated regenerator studies [1]-[4] are being conducted on various types of
applicable to a liquid desiccant system. The internally heated internally cooled/heated dehumidifiers and regenerators.
regenerator used in this study was designed and manufactured to Recently, Yin et al. [1]-[2] carried out experiments and
provide good regeneration performance. An experimental setup an analysis on the performance of an internally
was established to test the regeneration performance. LiCl cooled/heated dehumidifier/regenerator, and compared

aqueous solution was used as working fluid. Variables to
evaluate regeneration performance characteristics of the
internally heated regenerator were dry bulb temperature, relative
humidity and velocity of regeneration air, mass flow rate,

the results with the performance of a packed bed type
dehumidifier/ regenerator. Zhang et al. [3] presented the
results of the experiments and numerical analysis for

temperature and concentration of the LiCl aqueous solution. The dehumidification characteristics of an internally cooled
experimental conditions were chosen by using a 1/2 fractional dehumidifier. Luo et al. [4] developed a new performance
factorial DOE. Regeneration rate and regeneration effectiveness predication model using CFD, and analyzed heat and
were taken as results. From the results, solution concentration mass transfer characteristics of liquid desiccant
and regeneration air relative humidity have strong effects on the dehumidifier under various simulation conditions. Since
regeneration rate. The regeneration effectiveness was affected differences in heat and mass transfer characteristics exist
gfﬁtga?greregeneranon air velocity and LiCl aqueous solution with regenerator type and the flow directions of the fluids
P ' (liquid desiccant, heating water and regeneration air), it is
essential to study the characteristics of regeneration
Key words performance of the proposed regenerator.
Experiments were conducted to examine regeneration
Internally heated regenerator, LiCl aqueous solution, performance, and the variables were dry bulb temperature,
Fractional factorial DOE, Regeneration rate, Regeneration relative humidity and velocity of regeneration air,
effectiveness. temperature, concentration and mass flow rate of the
solution. LiCl aqueous solution was used as working
1. Introduction fluid. Experimental conditions were chosen using a 1/2
fractional factorial DOE, and the effects of experimental
Liquid desiccant systems can effectively control the latent variables on regeneration performance were analyzed.
heat load in moist air and enable the use of low grade
energy such as solar heat and waste heat to regenerate the 2. Internally heated regenerator
solution. Compared with existing air conditioning systems,
liquid desiccant system can reduce energy consumption Fig. 1 is a schematic diagram of the internally heated
and thus can be described as eco-friendly. It is important to regenerator manufactured in this study. The internally
enhance heat and mass transfer performance in heated regenerator consists of the five plates and an
dehumidifying and regenerating process because upper/lower header for heating water and LiCl aqueous
dehumidifier plays a major role in desiccant system solution. Including the headers, the regenerator measures
performance and regenerator consumes most energy of 88 mm in length, 243 mm in width, and 695 mm in
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height. It was made of an ABS (XR-474) resin in
consideration of the corrosiveness of the LiCl aqueous
solution. The plate got grooved surface to enhance
flowability and was coated with a hydrophilic liquid to
improve wettability on the surface. Regeneration air is in
cross flow with the LiCl aqueous solution at the plate
surface, while the heating water is in counter flow with the
LiCl aqueous solution. The heating water sustains a high
vapor pressure difference between the regeneration air and
the LiCl aqueous solution by maintaining high temperature
of the LiCl aqueous solution during the regeneration
process.

experimental variables were dry bulb temperature,
relative humidity and velocity of regeneration air,
temperature, concentration and mass flow rate of the LiCl
aqueous solution. Table 1 shows the experimental
variables and their values. Experimental conditions were
chosen using a 1/2 fractional factorial DOE, and Table 2
presents the final 32(2%1) sets. The temperature and
volumetric flow rate of the heating water were fixed at
80C and 2.5 €/min, respectively.

Table 1. Experimental variables and values

Experimental variables Values
o \ Dry bulb temperature, Ta,i [C] 30, 35
LICI agueous smunumnlel. o | Regen_
3 t Hgatine eration Relative humidity, RHi [%] 30, 60
LICI a0ueous solution ] air _
> I[I; Velocity, Va,i [m/s] 05,20
tion F
i 2zl oo 0 - . Temperature, Tsi [T 60, 70
Cross section A-A' " s J’“‘I """ 1 : I LICI p > [ ]

L aqueous Concentration, Csi [%] 36, 40

2 | ipumveroromes:gienl 15 solution 3
Homting marse liar o T TR Mass flow rate, msvi [g/S] 3.0,9.0

243 L'T'r\mwer header [unit : mm]

Fig. 1. Internally heated regenerator.

3. Experiment
A. Setup and method

The experimental setup was built to examine the
regeneration performance characteristics of the internally
heated regenerator. As shown in Fig. 2, the experimental
setup consists of a LiCl aqueous solution supply unit, test
section, regeneration air circulation unit and heating water
circulation unit. Concentrations of LiCl aqueous solution
at the inlet and outlet of the test section were calculated by
the temperature (measured by temperature sensor RTD)
and density (measured by sampling) of the LiCl aqueous
solution. Measurements were taken twice, at the beginning
and end of each experiment, in a steady state.

b

[Testsection]; v smmmas =
i i

Honey comb

Supaly
bath

. Tﬂ.l:ﬂ

Honoy.comb ¢ sampier

Alr sampler

Connected with
= the femperature
| "534 1 |chamber by ducts|

Blower

Fig. 2. Schematic diagram of experimental setup.
B. Experimental conditions
For investigating the regeneration performance charac-

teristics of the internally heated regenerator, the selected
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Table 2 Experimental conditions of 1/2 fractional factorial DOE

and results
Experimental conditions Results
No Regeneration air Licl aqueous
: solution Mg £y
Tai RHi Vai Tsi | Csi | Mg [g/min] [%]
(€| [ | sl | [C] | [ | [g]

1 30 30 0.5 60 36 3 16.73 41.7

2 35 30 0.5 60 36 9 21.03 58.6

3 30 60 0.5 60 36 9 17.89 62.7

4 35 60 0.5 60 36 3 15.2 71.9

5 30 30 20 | 60 | 36 9 2744 | 169

6 35 30 2.0 60 36 3 23.81 16.2

7 30 60 2.0 60 36 3 19.86 17.4

8 35 60 2.0 60 36 9 21.63 255

9 30 30 0.5 70 36 9 19.71 26.4
10 | 35 30 05 | 70 | 36 3 1871 | 26.6
11 30 60 0.5 70 36 3 16.58 26.7
12 35 60 0.5 70 36 9 18.2 33.7
13 30 30 2.0 70 36 3 20.87 6.9
14 35 30 2.0 70 36 9 29.71 10.5
15 30 60 2.0 70 36 9 24.38 9.7
16 35 60 2.0 70 36 3 17.42 7.9
17 30 30 0.5 60 40 9 13.69 50.0
18 | 35 30 05 | 60 | 40 3 1673 | 712
19 30 60 0.5 60 40 3 10.08 65.1
20 35 60 0.5 60 40 9 11.7 | 1354
21 30 30 2.0 60 40 3 17.63 15.9
22 | 35 30 20 | 60 | 40 9 26.71 | 28.4
23 | 30 60 20 | 60 | 40 9 1431 | 224
24 35 60 2.0 60 40 3 12.15 35.8
25 30 30 0.5 70 40 3 12.44 231
26 35 30 0.5 70 40 9 19.43 39.3
27 30 60 0.5 70 40 9 12.55 30.5
28 35 60 0.5 70 40 3 11.28 339
29 30 30 2.0 70 40 9 20.33 9.2
30 | 35 30 20 | 70 | 40 3 2416 | 119
31 30 60 2.0 70 40 3 10.43 6.3
32 35 60 2.0 70 40 9 14.61 10.7
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C. Data reduction

Equations (1) ~ (9) are used to analyze the results of the
regeneration performance characteristics in this paper.
Equations (1) ~ (2) are heat and mass balance equations.
The heat transfer rates of heating water, LiCl aqueous
solution, and regeneration air were respectively calculated
from equations (3) ~ (5). Also, equations (6) ~ (7) give the
regeneration rates of LiCl aqueous solution and
regeneration air. Equation (8) provides the regeneration
effectiveness. As shown in equation (9), the equilibrium
humidity ratio (meg,i) can be expressed as a function of the

inlet temperature and concentration of the LiCl aqueous
solution.

- Heat and mass balance
Q=Q+Q, 1)
m. .=r 2

reg,s reg,a

- Heat and mass transfer rate

Qu = MCoul Ty = To/ ©)
Q =m h,;—m h, 4)
Qa = mda(ha,i - ha,o) (5)

Megg s = My; =M, (6)
M0 = My @,, - @,;) (7

- Regeneration effectiveness

wa o a)a i

greg = &0 = al (8)
weq,i - wa,i

weq,i = f(Ts,i’Cs,i) (9)

4. Results and discussion

Fig. 3 shows the graphs for the heat and mass balance.
Most experimental results were situated within £15%. The
heat transfer rate was between about 860 and 1,800 W, and
the regeneration rate was between about 10 and 30 g/min.

Figs. 4 and 5 are pareto charts showing the effects of the
six experimental variables on the regeneration rate and
regeneration effectiveness. The pareto charts graphically
show relative importance of each experimental variables
on the results. As shown in Fig. 4, the regeneration rate is
significantly influenced by the solution concentration,
relative humidity and velocity of regeneration air, and

solution mass flow rate at a 90% confidence level(a=0.1).

According to Fig. 5, the regeneration effectiveness is
highly influenced by the regeneration air velocity, solution
temperature, and dry bulb temperature.

Figs. 6 and 7 are main effects plots showing how the
regeneration rate and regeneration effectiveness are
affected by changes in experimental variables. As shown
in Fig. 6, the regeneration rate was improved as
regeneration air velocity or solution mass flow rate
increases. But the regeneration rate decreases with

increasing the relative humidity and solution concentration.

Fig. 7 shows that the regeneration effectiveness decreases
with higher regeneration air velocity and solution
temperature, and increases with dry bulb temperature.
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Fig. 3. Heat and mass balance.
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Main Effects Plot (data means) for m_reg_a [g/min]
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Fig. 6. Main effects plot for regeneration rate, m_, . [g/min].
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Fig. 7. Main effects plot for regeneration effectiveness, £, [%].

Mass transfer in the regenerator occurs due to vapor
pressure difference between the air and solution. The
vapor pressure of the LiCl aqueous solution increases at
higher temperatures and lower concentrations. Therefore
regeneration rate is expected to increase with the solution
inlet temperature. However, the experimental results
revealed that an increase in solution temperature does not
affect the regeneration rate. This is because the role of the
heating water in maintaining high temperature of the
solution weakens, since the heat transfer rate from the
heating water to the solution decreases as the inlet
temperature of the solution rises. Fig. 8 shows heat transfer
rates of the heating water, regeneration air(sensible heat
and latent heat), and LiCl aqueous solution when the
solution inlet temperature varies from 50 to 70C.

Figs. 9 to 11 are contour plots showing the relationship
between regeneration rate, regeneration effectiveness, and
experimental variables. From Fig. 9, we can see that
regeneration rate increases as the solution concentration
and regeneration air relative humidity decrease. Here, the
dry bulb temperature and velocity are 32.5C and 1.25 m/s,
while the solution temperature and mass flow rate are 65C
and 6.0 g/s respectively.

As shown in Fig. 10, the regeneration rate increases at
higher velocity and lower relative humidity of regeneration
air. At this point, the dry bulb temperature is 30 C, while
the solution temperature, concentration, and mass flow rate
are 60°C, 36%, and 3 g/s, respectively. The regeneration
rate is more affected by the velocity than the relative
humidity of regeneration air. According to Fig. 11,
regeneration  effectiveness was improved  when

regeneration air velocity and solution temperature declined.

Regeneration air velocity had a greater influence on
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regeneration effectiveness than solution temperature. The
dry bulb temperature and relative humidity were 32.5C
and 45%, while the solution concentration and mass flow
rate were 38% and 6.0 g/s respectively.
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Fig. 8. LiCl aqueous solution temperature versus heat transfer
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Fig. 11. Contour plot of £, [%] for Vaiand Ts,i.
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The overlaid contour plot, an overlay of contour plots for
various response values, can show the ranges of operating
conditions satisfying the target values. In this study,
regeneration rate and regeneration effectiveness are chosen
as the target values. Fig. 12 is an overlaid contour plot
showing the effect of the solution concentration and
regeneration air relative humidity on the results ( m

rega !

&, )- Since the regeneration rate and regeneration

effectiveness were larger the better characteristics, the
minimum values was set as 20 g/min and 25%,
respectively. The area satisfying these conditions is given
in white in the overlaid contour plot. Table 3 presents an
example of the conditions and results laid within the white
area of the overlaid contour plot.

Overlaid Contour Plot of m_reg_a [g/min], eta_reg [%]
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P
eta_reg
[e]
b
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9] = 28,057 e
stareg [%] = 28.057% Tsilt] e

40 msilgld &
35

36 37 38 39 40
C_s,i[%]

Fig. 12. Overlaid contour plot of regeneration rate m__ . [g/min]

reg.a
and regeneration effectiveness ¢ [%].

Table 3 An example of the conditions and results laid within the
white area of overlaid contour plot

Variables Unit | Values
DBT; °C 32.5
Air RH; % 40.0
Vai m/s 1.25
Experimental Tsi c 65.0
conditions Solution Csi % 36.0
m, ; gls 6.0
Heating Tw,i OC 800
water Qw,i min 25
Regeneration rate g/min 21.0
Results i

Regen_eratlon % 28.1

effectiveness

5. Conclusion

This study conducted experiments and an analysis to study
the regeneration performance characteristics of an
internally heated regenerator using a 1/2 fractional
factorial DOE. The following conclusions were obtained.

(1) Regeneration rate is affected by solution concentration,
relative humidity and wvelocity of regeneration air, and
solution mass flow rate in order of significance.
Regeneration rate increases as solution concentration and
regeneration air relative humidity decrease. And the
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increase of regeneration air velocity and solution
temperature leads to increase of regeneration rate.

(2) Regeneration effectiveness is significantly influenced
by regeneration air velocity, solution temperature, and
dry bulb temperature. The lower the regeneration air
velocity and solution temperature are, the higher the
regeneration effectiveness is. And when the dry bulb
temperature increases, regeneration effectiveness rises.

(3) Further study is required on experimental variables
affecting regeneration performance. The results of this
study may serve as a reference in the design of internally
heated regenerators for liquid desiccant systems.
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