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Abstract: In this study, using response surface methodology and central composite design, regres-
sion models were developed relating 12 input factors to the supply air outlet humidity ratio and
temperature of 4-fluid internally-cooled liquid desiccant dehumidifiers. The selected factors are
supply air inlet temperature, supply air inlet humidity ratio, exhaust air inlet temperature, exhaust
air inlet humidity ratio, liquid desiccant inlet temperature, liquid desiccant concentration, liquid
desiccant flow rate, supply air mass flow rate, the ratio of exhaust to supply air mass flow rate,
the thickness of the channel, the channel length, and the channel width of the dehumidifier. The
designed experiments were performed using a numerical two-dimensional heat and mass transfer
model of the liquid desiccant dehumidifier. The numerical model predicted the measured values of
the supply air outlet humidity ratio within 6.7%. The regression model’s predictions of the supply
air outlet humidity ratio matched the numerical model’s predictions and measured values within
4.5% and 7.9%, respectively. The results showed that the input factors with the most significant
effect on the dehumidifying process in order of significance from high to low are as follows: supply
air inlet humidity ratio, liquid desiccant concertation, length of channels, and width of channels.
The developed regression models provide a straightforward means for performance prediction and
optimization of internally-cooled liquid desiccant dehumidifiers.

Keywords: RSM; CCD; liquid desiccant; dehumidification; heat and mass transfer model; statistical
model

1. Introduction

Energy use for space cooling in buildings has increased steadily over the past years [1];
about 19% of the world’s electricity is consumed for space cooling in buildings [2]. There-
fore, using sustainable and energy-efficient alternatives to the energy-intensive vapor
compression air conditioning systems has become increasingly more important. A promis-
ing alternative is an evaporative cooling system integrated with a liquid-desiccant-based
dehumidifier. Liquid desiccant dehumidifiers are either adiabatic or internally cooled [3,4].
Internally cooling a liquid desiccant dehumidifier can improve its performance and effi-
ciency [5,6].

Internally-cooled liquid desiccant dehumidifiers have been studied using experimen-
tal and numerical methods. Woods and Kozubal [7] built and tested a liquid desiccant
dehumidifier under different inlet conditions. The dehumidifier was a first stage for an
indirect evaporative cooling system. Numerical models were developed for each stage.
The dehumidifier was a 4-fluid heat and mass exchanger consisting of supply and exhaust
channels. The supply-side channels included the supply air and liquid desiccant, while the
exhaust-side channels included the exhaust air and water. The predictions of the model
matched experimental results within 10%. Park et al. [8] performed experiments to in-
vestigate the effect of exhaust to supply air mass flow rate ratio on the performance of
internally-cooled liquid desiccant dehumidifiers. The ratio was increased from 25% to 100%
in 25% increments. The results showed that a ratio of 50% yielded the best performance.
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Huang et al. [9] developed a numerical model of the heat and mass transfer in a 4-fluid
liquid desiccant dehumidifier. A prototype consisting of one pair of supply and exhaust
channels was built to validate the model. The model predictions matched the experimental
measurements within 8%.

In a study by Li and Yao [10], a heat and mass transfer model of an internally-cooled
liquid desiccant dehumidifier was developed. The predictions of the model matched
measurements of the supply air outlet temperature and humidity ratio within 10% and 20%,
respectively. Guan et al. [11] developed a heat and mass transfer model of an internally-
cooled liquid desiccant dehumidifier. The maximum discrepancy between the predictions
of the model and measurements was 10%.

Physical experimentation is a more dependable means of examination; however, the
construction of prototypes is usually costly and time consuming. In contrast, the time
and cost associated with numerical modeling are relatively lower. However, numerical
modeling of heat and mass transfer often includes solving partial differential equations.
Therefore, to predict the performance of dehumidifiers, there is a need to develop models
that are easy to use. Some studies have been conducted to develop regression models for
performance prediction of liquid desiccant dehumidifiers [12-18].

McDonald et al. [12] performed regression analysis on experimental data obtained
from testing a 2-fluid packed tower desiccant dehumidifier to develop four regression
models. Inlet air dry bulb temperature, inlet air humidity ratio, liquid desiccant inlet tem-
perature, liquid desiccant inlet concentration, liquid desiccant flow rate, and the packing
height were the six input factors of the models. The four output variables were outlet
air dry bulb temperature, outlet air humidity ratio, liquid desiccant outlet temperature,
and liquid desiccant outlet concentration. It was found that the outlet air humidity ratio
is mainly affected by the inlet air humidity ratio, liquid desiccant flow rate, and liquid
desiccant inlet temperature. Abdul-Wahab et al. [13] used multiple regression and principal
component analysis to develop statistical models for the prediction of moisture removal
rate and dehumidification effectiveness of a 2-fluid packed tower desiccant dehumidifier in
terms of six design factors. The factors were inlet air temperature, inlet air humidity ratio,
inlet air flow rate, liquid desiccant inlet temperature, liquid desiccant concentration, and
liquid desiccant flow rate. Artificial neural network (ANN) was also used for predicting the
performance of 2-fluid liquid desiccant dehumidifiers [14,15]. Gandhidasan and Mohan-
des [14] proposed the use of ANN models to simulate randomly packed dehumidifiers. The
ANN model has eight inputs and three outputs. Mohammad et al. [15] proposed an ANN
model for predicting the performance of a liquid desiccant dehumidifier. The model has six
inputs and two outputs. The maximum discrepancy between the predictions of the model
and experimental data was approximately 9%. Park et al. [16] developed a linear regression
model for prediction of the dehumidification effectiveness of a 3-fluid liquid desiccant
dehumidifier. The model considered six operating parameters, including the temperature,
humidity ratio, and mass flow rate of the inlet air, and the inlet temperature, concentration,
and mass flow rate of the liquid desiccant. All six parameters were found to have significant
effect on the dehumidification effectiveness of the system. Using dimensional analysis,
Lin et al. [17] developed correlation equations to predict the outlet air temperature and
humidity ratio of 2-fluid liquid desiccant dehumidifiers. The obtained predictions by the
correlations were in close agreement with the results of numerical simulations. By applying
statistical techniques, Sohani et al. [18] used published experimental and numerical data
from various studies to develop regression models that predict the outlet air temperature
and humidity ratio of 4-fluid liquid desiccant dehumidifiers. Ten factors were considered
in the models, including the temperature, humidity ratio, and velocity of the inlet air, the
temperature and humidity ratio of the exhaust air, the ratio of exhaust to supply air flow
rate, the inlet temperature, concentration, and flow rate of the liquid desiccant, and the
length of the dehumidifier.

In the above cited studies, the most comprehensive regression models for the perfor-
mance prediction of liquid desiccant dehumidifiers were developed by Sohani et al. [18]
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(considering ten factors); however, the range of the considered input factors was limited
since the development of the regression models was based on published numerical and
experimental data. Moreover, the thickness of the supply and exhaust channels was not
considered in the regression models.

The objectives of this study are to develop regression models for predicting the per-
formance of 4-fluid internally-cooled liquid desiccant dehumidifiers and to identify the
main factors that affect their performance. These models relate input factors to the outlet
conditions of the dehumidifier, including supply air outlet humidity ratio and temperature.
The 12 selected input factors are supply air inlet temperature, supply air inlet humidity
ratio, exhaust air inlet temperature, exhaust air inlet humidity ratio, liquid desiccant inlet
temperature, liquid desiccant concentration, liquid desiccant flow rate, supply air mass flow
rate, the ratio of exhaust to supply air mass flow rate, thickness of the channels, the channel
length, and the channel width of the dehumidifier. To develop the regression models, first,
a two-dimensional numerical model of the heat and mass transfer in the internally-cooled
liquid desiccant dehumidifier was developed, which was validated using experimental
measurements from literature. Then, a 546-run central composite design (CCD), covering a
broad range of inlet air conditions and geometrical properties, was produced. These ex-
perimental runs were performed using the numerical model. Finally, quadratic regression
models for the outlet air humidity ratio and temperature as the responses were developed
by applying regression analysis to the 546-run design.

To the best knowledge of the authors, no previous study has developed regression
models for the performance prediction of 4-fluid internally-cooled liquid desiccant dehu-
midifiers considering the main operational conditions and geometrical properties that affect
its performance as input parameters. Moreover, the broad range of the input parameters is
selected so that the regression models could be used for various weather conditions and
dehumidifier sizes.

2. Methods
2.1. Experiments

The experiments conducted by Woods and Kozubal [7] are used to validate the nu-
merical and regression models. A brief description of the dehumidifier used in conducting
the experiments is as follows. The dehumidifier is a heat exchanger consisting of a stack
of 36 pairs of supply and exhaust channels. A schematic of a channel-pair is shown in
Figure 1. As shown in the figure, the supply air and liquid desiccant flow in cross-flow, with
the supply air flowing left to right (horizontal) and the liquid desiccant (lithium chloride)
flowing from top to bottom (vertical direction). While the exhaust air and water flow in
parallel-flow, both flow vertically from top to bottom. The specifications of the dehumidifier
are listed in Table 1. To ensure the uniform distribution of liquid desiccant and water, the
walls of the supply and exhaust channels were covered with wicking material. In the
supply channels, membranes were attached on the wicking material. The dehumidifier was
tested by varying the inlet conditions of the supply air, exhaust air, and liquid desiccant.
The test conditions are reported in Table A1 [7].

2.2. Heat and Mass Transfer Model

A schematic of a pair of supply and exhaust channels used to develop the heat and
mass transfer model is shown in Figure 2. As shown in the figure, the supply air is
flowing in the positive x direction, while the exhaust air and liquid desiccant are flowing
in the negative y direction. The two-dimensional heat and mass transfer model of the
dehumidifier is developed using a number of assumptions that are listed below [19]:

1.  The system is insulated; therefore, no heat transfer occurs between the device and the
surroundings.

2. The thickness of the channels is small relative to the channels” length and width;
therefore, the variations of temperature and humidity ratio normal to the flow are
neglected, reducing the problem to be two-dimensional.
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The flow is laminar, fully developed, and steady.
The mass flow rate is constant in each channel.

The heat and mass transfer coefficients are constant.
The heat and mass transfer analogy holds.

3.
4.
5.
6.
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Figure 1. Schematic of a pair of supply and exhaust channels of an internally-cooled liquid desiccant
dehumidifier: (a) isometric view; (b) top view.
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Figure 2. Schematic of the dehumidifier used to develop the heat and mass transfer model.
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Table 1. Specifications of the dehumidifier.

Parameter Symbol Value Unit

Supply channel thickness ts 3.175 mm

Exhaust channel thickness te 3.175 mm
Channel length L 0.24 m
Channel width W 0.535 m

Plate thickness tolate 0.4 mm

Wick thickness Fwick 0.3 mm
Membrane thickness f membrane 20 pm

Membrane diffusivity Dimembrane 1.48 x 107 m2s~!
Membrane thermal conductivity Kmembrane 0.06 Wm~K!

2.2.1. Governing Equations

Using the listed assumptions, the governing equations are formulated as follows.
Energy balance of the supply air:

oTs

mstlsg

=UW(Tip — Ts) 1)
where U is the overall heat transfer coefficient and is calculated using the following equa-
tion:
u= <1 + tmembrane > - @)
hs kmembrane
where & is the convective heat transfer coefficient, ¢ embrane 1S the thickness of the mem-
brane, and kpembrane i the thermal conductivity of the membrane.
Energy balance of the exhaust air:
. oT.
— 11eCpe— = heL(Tut — Te) ®3)
Y
The specific heats of the supply and exhaust air are determined by the following
equation:
Cp = Cp,air + wcp,vapor 4)

where w is the humidity ratio, Cp i (1007 ] kg_1 K1) is the specific heat of air, and Cp vapor
(1870 J kg ! K1) is the specific heat of water vapor at room temperature.
Moisture balance of the supply air:

. 0w
msTS = um,svv(WLD - ws) ®)
X
where Up, s is the overall mass transfer coefficient and is determined by the following

formula:

1 tmembrane -
um,s - ( h + ) (6)

m,sPair  Pair Dmembrane
wip is the humidity ratio of air in equilibrium with the liquid desiccant film and is deter-
mined by: >
LD
Wwip = 0622m (7)
The properties of the liquid desiccant solution, including the saturated vapor pressure
above the liquid desiccant film, Py p, density, prp, thermal conductivity, ki p, specific heat,
Cp,LD, and enthalpy of dilution, hgjytion, are determined by correlations from Conde [20].
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Moisture balance of the exhaust air:

. 0w
- meTye = hm,ePairL(wwf - we) 8)

The saturated air humidity ratio, w,, is determined by Equation (7), substituting
PLp with Pg, the pressure of the saturated vapor at the exhaust air temperature, which is
calculated using the following equation [21,22]:

P, = (611.21)e( (18678~ x5t (ifers ) )

Energy balance of the liquid desiccant film:

_mLDCp LD Yy dip + UL(TLD - Ts) + umsL(wLD ws) (hdllutlon + hfg) +U plate (TLD - wa) =0 (10)

hy, is calculated by [23]:
hfe = 103(2501 — 2.369 Tyf) (11)

The overall heat transfer coefficient of the plastic plate, Upjate, is calculated as follows:

-1

twi t twi

uplate _ wick + plate + wick (12)
kLp kplate [

Energy balance of the water film:

hel (wa - Te> + HieairL (wwf - we)hfg — UpjaeeL (TLD - wa) =0 (13)

Equations (1), (3), (5), (8), (10), and (13) are the governing heat and mass transfer
equations of the internally-cooled liquid desiccant dehumidifier. The governing equations
were solved using Newton’s method and convergence was assumed to be obtained when
the relative residuals of the governing equations were less than 104

2.2.2. Boundary Conditions

The governing equations are completed by the following boundary conditions. The
supply air temperature and humidity ratio are specified at x = 0, Equations (14) and (15).
At y = W, the top boundary of the supply channel, the liquid desiccant temperature is
specified, Equation (16). The exhaust air temperature and humidity ratio are specified at
the inlet of the exhaust channel, at y = W, Equations (17) and (18).

T5(0, y) = Tsin (14)
ws(0, ¥) = Wsjin (15)
Tip(x, W) = Tip,in (16)
Te(x, W) = Tejin (17)
We (X, W) = We/in (18)

2.2.3. Heat and Mass Transfer Coefficients

Using the following formula, the convective heat transfer coefficient is determined:

Nukair

h= i

(19)

The Nusselt number, Nu, for parallel plates is assumed to be equal to the average of
the constant wall temperature boundary condition (7.541) and constant heat flux (8.235)
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boundary condition values [24], since the boundary condition at the channel walls is neither
constant temperature nor constant heat flux.
The mass transfer coefficient in the supply and exhaust channels is calculated as

follows:
_ ShDya

b —
where Sh is the Sherwood number, and Dy, is the binary diffusion coefficient of water

vapor in air. Given that the heat and mass transfer analogy holds, the Sherwood number is
considered equal to the Nusselt number.

(20)

2.2.4. Computational Grid

The system of equations governing the heat and mass transfer in the internally-
cooled liquid desiccant dehumidifier was discretized and solved using the finite element
method. The computational domain, Figure 3, was discretized using a structured mesh
with quadrilateral elements. The length and width of the domain were divided into 20
and 40 elements, respectively. The elements along the length and width were distributed
using a symmetric arithmetic sequence with an element ratio of 6. Two additional grids
were created by doubling the number of divisions along the length and width, twice, which
changed the obtained supply air outlet conditions by less than 0.1%. Figure 4 shows the
obtained supply air outlet temperature and humidity ratio using the three computational
grids. Therefore, it was concluded that the results obtained by the mesh shown in Figure 3
are grid-independent.

0.535 m

w

L =0.24m

Figure 3. Computational domain mesh.
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Figure 4. Predicted (a) supply air outlet temperature and (b) supply air outlet humidity ratio as
functions of the number of elements.
2.3. Regression Models
Response surface methodology was used to analyze and model the influence of several
operational and geometrical factors on the supply air outlet humidity ratio, wsout, and
supply air outlet temperature, T out, of internally-cooled liquid desiccant dehumidifiers. To
fit quadratic response models in 12 factors, the central composite design was used. Table 2
shows the 12 considered factors and their levels, which include supply inlet temperature,
T in, supply inlet humidity ratio, ws in, exhaust inlet temperature, T, in, exhaust inlet hu-
midity ratio, we in, liquid desiccant inlet temperature, Tp in, liquid desiccant concentration,
Cip, liquid desiccant flow rate per channel, v p, supply air mass flow rate per channel,
ms, ratio of exhaust to supply air mass flow rate, r (1. /ms), thickness of the channels, ¢,
channel length, L, and channel width, W. The range of the considered factors, for example,
supply temperature and humidity ratio, is selected so that a wide range of possible weather
conditions is covered in the developed regression models. The distance between the axial
and center points (« value) is 2. The designed experimental runs were performed using the
two-dimensional numerical model presented in Section 2.2. The central composite design
matrix, which consists of 546 runs, and the calculated responses using the numerical heat
and mass transfer model are provided in Table S1 (Supplementary material).
Table 2. The level of the factors in the CCD.
No. Factor Description Unit Levels
1 Tsin Supply air inlet temperature °C 20 26.5 33 39.5 46
2 Ws,in Supply air inlet humidity ratio kg/kg 0.011 0.0145 0.018 0.0215 0.025
3 Tein Exhaust air inlet temperature °C 24 29.5 35 40.5 46
4 We,in Exhaust air inlet humidity ratio kg/kg 0.011 0.0145 0.018 0.0215 0.025
5 TLD,in Liquid desiccant inlet temperature °C 24 29.5 35 40.5 46
6 Crp Liquid desiccant concentration kg/kg 0.32 0.375 0.43 0.485 0.54
7 VLD Liquid desiccant flow rate per channel mL/min 7 9.75 12.5 15.25 18
8 g Supply air mass flow rate per channel kg/s 0.0024 0.0033 0.0042 0.0051 0.006
9 r Ratio of exhaust to supply mass flow rate - 0 0.25 0.5 0.75 1
10 t Thickness of the channels mm 2 3 4 5 6
11 L Channel length m 0.15 0.2625 0.375 0.4875 0.6
12 w Channel width m 0.15 0.2625 0.375 0.4875 0.6
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3. Results and Discussion
3.1. Validation of the Heat and Mass Transfer Model

To validate the numerical heat and mass transfer model, the predicted supply air outlet
humidity ratio of the experimental test conditions listed in Table A1 is compared to the
measured values [7]. Figure 5 shows a comparison between the measured and numerical
model predictions of the supply air outlet humidity ratio. The data labels in the figure
represent the test numbers from Table Al. As shown in the figure, the model predictions
match the measured values within 6.7%. The average difference between the predictions
and measured values is about 3.7%. As shown in the figure, at approximately 80% of the
tests, the numerical model overpredicted the experimental measurements. The maximum
difference is at test 6 (6.7%), while the minimum difference is at test 8 (0.1%).

0.0135

+6.7%
0.0125 8

o

[

=

3

)

:

1 L

L o00115 7
1 ’ .
4 /10 o —61%
§ v~ 9
D2oot0s | 918 1’2,0' 14
2 7 2e,12% 17

< 004,

2 015’

% 0.0095 o S g

© 11 7 '5

2 i

2 7

€ 0.0085 | .

S . 215

I

0.0075 A . . . .
0.0075 0.0085 0.0095 0.0105 0.0115 0.0125 0.0135

Humidity ratio (kg kggry air ') — numerical model

Figure 5. Numerical model predictions vs. experimental measurements of the supply air outlet
humidity ratio.

3.2. Regression Models
3.2.1. Supply Air Outlet Humidity Ratio

A quadratic model with the supply air humidity ratio, wsout, as the response is fitted
to the central composite design matrix (Table S1, Supplementary material). The analysis
of variance (ANOVA) for the reduced model using backward elimination with a p-value
of 0.05 is summarized in Table A2. DF, Adj SS, and Adj MS stand for degrees of freedom,
adjusted sum of squares, and adjusted mean sum of squares, respectively. The regression
model terms are assessed according to a significance level of 0.05, that is, terms that have
a p-value of less than 0.05 are considered significant. The statistical analysis showed that
among the main factors, v p has no significant effect on the outlet humidity ratio since its
p-value is more than 0.05, which is in line with experimental results [7]. Half of the square

terms are significant, CLp?, 17'132, 2, 12,12, and W2, while only 42 of the 66 interaction terms
have p-value of less than 0.05.

The coded coefficients of the factors are shown in Table A2. Given that the coded
coefficients are dimensionless, the relative effect of the factors can be determined by
comparing the magnitude and sign of their coded coefficients. Therefore, as shown in the
table, the supply air inlet humidity ratio has the most significant effect on the outlet air
humidity ratio. The lower the inlet air humidity ratio, the lower the outlet air humidity ratio.
The second significant factor is the liquid desiccant concentration, Crp, which is inversely
proportional to the outlet air humidity ratio; the higher the liquid desiccant concentration,
the lower the outlet air humidity ratio and the more efficient the dehumidifying process.
The channels’ length and width have almost equal effect on the outlet air humidity ratio.
Then there is the mass flow rate of the supply air, with its effect being less than half of
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Ws,out=

the inlet air humidity ratio. From the main significant factors, the temperature of the
liquid desiccant has the least effect on the outlet air humidity ratio. As shown in the table,
some square terms, 2, and interaction terms, for example, 2, wWs,inL, and wg in W, are more
significant than some of the main factors.

After removing the terms that are not significant using backward elimination, a
regression model with the supply air outlet humidity ratio as the response with a reduced
number of terms is obtained. The coefficient of determination (R?) of the regression model
is 0.9978; therefore, about 99.78% of the variability in the supply air outlet humidity ratio
is explained by the model. It should be noted that the main factor, v1p, which has no
significant effect on the outlet air humidity ratio, is included in the model to keep the model
hierarchical since its interaction with T p i, is significant. The obtained regression model is:

1075(332.62527 + 13.45256 Ty i, + 82508.26867 W i, + 5.57611 Te i, + 15083.53088 we,in
+5.45609 Tpp,in — 3266.92378 Cpp — 5.68396 0. p + 5633.09943 111, — 518.28366 7

—12.82095 t + 745.78794 L + 743.98583 W + 4573.24261 C2, — 21269680.36043 e
+479.28494 12 — 15.60094 12 + 949.35774 1.2 + 936.22194 W? + 65.34856 Ty ins in
—22.56895 Ty inCLp — 395.71314 Ty jntits — 2.16031 Ty i — 0.66811 Tyt + 5.54204 Ty i L
+5.43921 T, ;n W — 48355.7224 wg in CLp + 6676438.49206 g infits — 5692.90179 wg jnr
+5541.11607 W int — 74781.44841 w3 L — 74360.31746 wg in W — 12.08833 T, inCLp
—0.24833 Teint + 3.34444 T i L + 3.34893 T in W — 29013.18994 we inCrp
—612996.03175 We intits + 1940.3125 wWe in? — 569.21875 we int + 7755.85317 we inL
+7738.69048 we inW — 9.21307 Typ inCrp + 0.15841 Typinvrp — 374.34501 Typ intits
—1.00915 Typ nr + 342024.93687 Cy prits + 360.6108 Cp pr + 305.28125 Cp pt
—3865.00631 CypL — 3835.25253 C pW + 23746.875 11sr — 3715.14757 1t
+55423.61111 115 L 4 54788.19444 s W + 21.08281 rt — 292.23472 L — 291.47778 rW
1-44.26667 tL + 45.07812 tW — 645.25926 LW)

(21)

3.2.2. Supply Air Outlet Temperature

The ANOVA for the reduced model using backward elimination with a p-value of 0.05
with the supply air outlet temperature, Ts out, as the response is shown in Table A3. As
shown in the table, the main factor, v1 p, has no significant effect on the supply air outlet
temperature. From the square terms, only seven have significant effect: ws,inz, we,inz, Cip?,

mi, 2, L2, and W2. From the interaction terms, only 40 out of the 66 have significant effect
on the outlet air temperature. It should be noted that even though the effect of the main
factor v p was not significant, its interaction with T p ;5 is significant, as shown in the table.
From the coded coefficients, it can be seen that the supply air inlet temperature is the most
significant factor affecting the supply air outlet temperature followed by supply air inlet
humidity ratio, the liquid desiccant concentration, and the exhaust to supply mass flow
rate ratio.

After removing the terms that are not significant using backward elimination, a
reduced regression model for the supply air outlet temperature is obtained. The R? of the
model is 0.9953 which indicates that up to 99.53% of the total variance can be explained by
this model:
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Ts,out =

0.0135

—17.78584 + 0.50295 Ty 1, + 560.68845 g i + 0.0431 T i, + 426.78387 we in + 0.08534 Tipin
+68.68971 C1p — 0.08481 v p + 156.5784 11y — 9.22115 r — 0.63201 £ + 15.21398 L

+15.19101 W — 8441.6389 w?; — 8053.8838 w2, — 62.6149 C7, — 131833.42782 itz
+11.49544 12 — 11.28178 L2 — 11.09413 W2 + 70.0394 Ty intits — 0.04543 Ty 7

40.0762 Ty jnt — 0.77835 TsinL — 0.77226 Ty inW — 2072.06633 W inWe,in

+222.03734 Wy inCLp — 27103.1746 Wy intits — 88.07143 wg int — 44.72879 W int
+375.10913 w in L + 368.91865 wg inW — 8.4446 T, intits + 0.03657 Teinr — 0.01053 Te int
+0.10698 TeinL + 0.10698 Tein W — 19567.2123 we intits + 95.45982 e in’

—24.43304 Weint + 248.57143 We inL + 248.11508 we inW + 0.00228 Ti.pin0LD
—12.27036 Tip,intis — 0.02938 Tipinr — 1124.92109 Cyprits — 7.85653 Cppr

—2.31207 Cpt 4 17.38258 CrpL + 16.83586 CLpW + 681.47569 rirsr — 47.36979 rirt
+599.38272 ri1s L + 604.16667 1iisW + 0.70466 rt — 8.51778 rL — 8.4975 rIW + 0.45545 tL

+0.43851 tW — 6.11698 LW

3.3. Model-Experiments Comparison

(22)

Figure 6a compares the estimated supply air outlet humidity ratio by the regression
and numerical models for the 20 test conditions in Table Al. As shown in the figure,
the maximum difference between the estimations of the two models is about 4.5%, the

minimum difference is 0%, and the average difference is about 1.5%.

The regression model’s estimates of the supply air outlet humidity ratio match the
measured values within 7.9% (Figure 6b), with a minimum difference of 0.5% and an
average difference of about 4.4%. Similar to the numerical model performance, for the
majority of the tests, the regression model predicted higher outlet humidity ratios compared

to the measured values.
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Figure 6. (a) Comparison between the predicted supply air outlet humidity ratio by the regression

and numerical models and (b) comparison between the regression model’s predictions of supply air

outlet humidity ratio and measurements.

3.4. Performance Assessment of the Dehumidification Process

The main purpose of the dehumidifier is to reduce the humidity ratio of the supply air.
Therefore, to better understand the effect of the considered input factors, the plots of the
12 main effects of the factors on the supply air outlet humidity ratio are shown in Figure 7.
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In each plot, one factor is varied thorough its levels while the other factors are kept at their
respective average levels.

The factors can be divided into four groups. The first group includes the supply and
exhaust air inlet conditions, Tsin, Wsin, Tein, and wein. The second group includes the
liquid desiccant conditions, Tt p in, CLp, and vy p. The third group includes the operational
parameters, the supply air mass flow rate and the exhaust to supply air mass flow rate
ratio, ms and r. The fourth group includes the geometrical properties of the dehumidifier, £,
L,and W.

From the factors in the first group, varying the exhaust air inlet temperature and
humidity ratio through their levels has little effect on the dehumidification process, with
the dehumidification being more effective at their respective low levels. The reason for
this behavior is that at the lower levels of exhaust air temperature and humidity ratio,
the evaporative cooling potential in the exhaust channel increases, which leads to an
improvement in the obtained dehumidification. Increasing the supply air inlet temperature
has a negative effect on the dehumidification of the supply air. Increasing the supply air
inlet temperature leads to an increase in the temperature of the liquid desiccant solution
which lowers its dehumidification potential. Even though the effect of the supply air inlet
temperature is higher than the previous factors, it is still not quite significant. In contrast
to the previous factors, the effect of the supply air inlet humidity ratio is quite significant.
Increasing the supply air inlet humidity ratio leads to an increase in supply air outlet
humidity ratio; however, the amount of moisture removed increases as well.

From the factors in the second group, increasing the liquid desiccant inlet temperature
has no significant effect on the dehumidification process; this is mainly due to the cooling
effect from the exhaust channel. However, increasing the liquid desiccant concentration
through its levels significantly affects the dehumidification of the supply air, with the most
dehumidification being reached at the highest concentration level. The supply air outlet
humidity ratio remains almost unchanged when changing the liquid desiccant flow rate
through its levels.

From the third group, increasing the supply air mass flow rate leads to higher supply
air outlet humidity ratio; that is, less dehumidification. Increasing the ratio of the exhaust to
supply air mass flow rate improves the dehumidification; however, it reaches an optimum
level between 50% and 75%, beyond which, increasing the mass flow rate ratio has a
negative effect on the dehumidification process. This is in agreement with experimental
results by Park et al. (2019); however, this could be due to the fact that models developed
using a central composite design have poor predictability at the factor extremes relative to
the central region of the factors.

From the last group, the smaller the channel thickness, the lower the supply air outlet
humidity ratio. The effects of the length and width of the channels are relatively significant,
with their effect being almost identical; lower supply air outlet humidity ratio is obtained
for longer channels.

From the considered factors, the supply air inlet humidity ratio has the most significant
effect on the dehumidification process. However, it should be noted that this factor cannot
be controlled as it depends on the weather condition or the return air (if circulation is
considered). Therefore, from the controllable factors, the most significant factor that
affects the dehumidification process is the liquid desiccant concentration, followed by the
dimensions of the channels.

3.5. Example of Using the Regression Models

The developed regression models, Equations (21) and (22), can be used to estimate the
supply air outlet conditions of an internally-cooled liquid desiccant dehumidifier. Here, an
example of using these equations is presented. The units and the range of input factors are
listed in Table 2. Similar to the experiments, the liquid desiccant is assumed to be lithium
chloride. The measured ambient air temperature and relative humidity during a humid
day in Qatar are used as the supply air conditions. The exhaust air inlet conditions are
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considered equal to the supply air inlet conditions. The supply air mass flow rate is set
to 0.15 kg/s and the ratio of the exhaust to supply air mass flow rate is set to 0.65. The
temperature and concentration of the liquid desiccant are set to 35 °C and 0.5, respectively.
The dimensions of the dehumidifier, including number of channels (36), length (0.24 m) of
channels, and width (0.535) of channels, are set as the experiments.

20 265 33 395 46 0011 0.0145 0018 00215 0025 24 205 35 405 46
Tein (°C) Ws,in (kg kg™) Tein (°C)

011 0.0145 0.018 0.0215 0.025 24 29.5 35 40.5 46 0.32 0.375 043  0.485 0.54

We,in (kg kg™) Tip (°C) Cip (kg kg™)
7 9.75 12.5 15.25 18 0.0024 0.0033 0.0042 0.0051 0.006 0 0.25 0.5 0.75 1
Vip (mL min~") m, (kg s™) r
2 3 4 5 6 0.15 0.2625 0.375 0.4875 0.6 0.15 0.2625 0.375 0.4875 0.6
t (mm) L (m) W (m)

Figure 7. Main effect plots: the supply air outlet humidity ratio at the levels of the 12 input factors.
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It is assumed that the dehumidifier is used in combination with a counter flow dew
point evaporative cooling system. For predicting the outlet air conditions of the evaporative
cooling system, the regression models developed by Pakari and Ghani [25] are used. The
specifications of the cooling system are as follows. Number of channels, 80, channel length,
0.55 m, channel width, 0.35 m, channel thickness, 2.2 mm, and extraction ratio, 40%.

Figure 8a,b show the ambient air temperature and relative humidity during a humid
day (16 June 2017) in Doha, Qatar. As shown in the figure, the relative humidity of the
ambient air after midnight until about 5 in the morning is extremely high, ranging from
80-90%. Therefore, to provide any level of cooling using an evaporative cooling system, a
dehumidifier has to be used. After passing through the dehumidifier, the relative humidity
of the air drops to about 30%, with its temperature increasing by about 5 °C. Now that
the moisture content of the air is reduced, the evaporative cooling system can provide
outlet conditions that are thermally comfortable. Figure 8c shows the inlet and outlet
air conditions of the dehumidifier and the evaporative cooler on a psychometric chart at
4 AM. The outlet air temperature and outlet air relative humidity of the evaporative cooling
system have the following ranges: 19.1-25.2 °C and 36-62%, respectively.

100
i Ambient
Amplent % )
air air
Dehumidifier 80
outlet —_
X 70
2 60
E Evaporative
S 50 [ cooler outlet
=
[
2 40
K
)
e % .
) Dehumidifier
Evaporative
20 outlet
cooler outlet
10
0
0 4 8 12 16 20 0 0 4 8 12 16 20 0
Time (hour) Time (hour)

Ambient
air 0.0226

0.0111

Humidity ratio (kg/kg dry air)

Evaporative Dehumidifier
cooler outlet outlet

20 25 30 35 40 45 50 55
Temperature (°C)

Figure 8. (a) Ambient air temperature and (b) relative humidity during a humid day (16 June 2017)
in Doha, Qatar and the corresponding outlet conditions of the dehumidifier and evaporative cooling
system. (c) The inlet and outlet air conditions of the dehumidifier and the evaporative cooler on a
psychometric chart at 4 AM.
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4. Conclusions

In this study, a two-dimensional heat and mass transfer model of an internally-cooled
liquid desiccant dehumidifier was developed and validated against experimental mea-
surements from literature. Using the central composite design and the validated heat and
transfer model, the most significant factors that affect the performance of internally-cooled
liquid desiccant dehumidifiers were determined. The 12 input variables were supply air
inlet temperature, supply air inlet humidity ratio, exhaust air inlet temperature, exhaust
air inlet humidity ratio, liquid desiccant inlet temperature, liquid desiccant concentration,
liquid desiccant flow rate, supply air mass flow rate, ratio of exhaust to supply air mass
flow rate, thickness of the channels, channel length, and channel width. The selected output
responses of the dehumidifier were supply air outlet humidity ratio and supply air outlet
temperature.

Using the central composite design, quadratic models were fitted to the responses.
These models relate the 12 input variables to the 2 output responses. The two regression
models provide a simple tool for the performance prediction and optimization of internally-
cooled liquid desiccant dehumidifiers. The estimated supply air outlet humidity ratios
using the regression model matched measured values within 7.9%, with a minimum
difference of 0.5% and an average difference of about 4.4%. It should be noted that the
regression models are to be used within the range of the input factors presented in this
study. The statistical analysis showed that among the main factors, the liquid desiccant flow
rate has no significant effect on the dehumidification process, while from the controllable
input factors, the liquid desiccant concentration has the most significant effect on the
dehumidification process.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en15051758 /s1, Table S1: The central composite design along
with the calculated responses using the numerical model.

Author Contributions: Conceptualization, A.P,; Data curation, A.P,; Formal analysis, A.P.; Funding
acquisition, S.G.; Methodology, A.P,; Software, A.P.; Validation, A.P,; Visualization, A.P.; Writing—
original draft, A.P.; Writing—review & editing, A.P. and S.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Qatar National Research Fund under its National Priorities
Research Program (grant number NPRP115-0114-180295). The contents of this work are solely the
responsibility of the authors and do not necessarily represent the official views of the Qatar National
Research Fund.

Data Availability Statement: The data presented in this study are available as supplementary
material.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Cip liquid desiccant concentration, kggai¢ K€solution

Cp specific heat, ] kg =1 K~1

dn hydraulic diameter, m

D membrane membrane diffusivity, m?s~1

Dya binary diffusion coefficient of water vapor in air, m? s !
h convective heat transfer coefficient, W m—2 K1

Ndilution enthalpy of dilution of aqueous solutions of lithium chloride, ] kg~
hfg enthalpy of evaporation of water, ] kg~

hy mass transfer coefficient, m s~ 1

k thermal conductivity, W m~! K1

L length of the channel, m
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Appendix A

Table Al. Experimental test conditions [7].

mass flow rate, kg g1
mass flow rate per channel, kg s !
Nusselt number

atmospheric pressure, Pa

saturated vapor pressure, Pa
saturated vapor pressure above the liquid desiccant, Pa
exhaust air to supply air mass flow rate ratio
Sherwood number
temperature, °C
thickness, mm
overall heat transfer coefficient, Wm~—2 K~}

overall mass transfer coefficient, kg m™
volume flow rate, mL min~
volume flow rate per channel, mL min~
width of the channel, m

space coordinates

density, kg m—3
humidity ratio, kg kgqry air |

exhaust channel

inlet

liquid desiccant

outlet

supply channel

water film

1

2s

1

-1

Test Ts,in Ws, in Te,in We, in M; M. TiD,in CLp Vip
No. @) (kg kg1 o) kgkg™) (kgkg) (kgs 1) O kgkg1) (mLmin-1)
1 20.9 0.0146 - - 0.152 - 314 0.380 337
2 20.9 0.0146 - - 0.106 - 29.0 0.383 310
3 209 0.0146 - - 0.197 - 30.9 0.380 337
4 26.7 0.0146 35.0 0.0186 0.152 0.061 30.4 0.373 337
5 26.7 0.0146 26.7 0.0186 0.152 0.061 31.7 0.375 360
6 26.7 0.0146 26.7 0.0132 0.152 0.061 31.2 0.378 337
7 26.7 0.0146 35.0 0.0132 0.152 0.061 31.1 0.380 337
8 35.0 0.0186 35.0 0.0186 0.152 0.061 34.8 0.385 360
9 26.7 0.0146 35.0 0.0186 0.152 0.046 32.0 0.380 337
10 26.7 0.0146 35.0 0.0186 0.152 0.030 31.3 0.378 337
11 26.7 0.0146 35.0 0.0186 0.106 0.042 32.8 0.381 310
12 26.7 0.0146 35.0 0.0186 0.182 0.073 30.7 0.379 337
13 26.7 0.0146 35.0 0.0186 0.152 0.061 32.9 0.380 337
14 35.0 0.0186 35.0 0.0186 0.152 0.061 38.2 0.424 299
15 442 0.0146 35.0 0.0186 0.152 0.061 36.1 0.430 299
16 26.7 0.0146 35.0 0.0186 0.152 0.061 32.2 0.380 583
17 26.7 0.0146 35.0 0.0186 0.152 0.061 25.9 0.330 572
18 26.7 0.0146 35.0 0.0171 0.152 0.061 25.2 0.360 443
19 26.7 0.0146 35.0 0.0146 0.152 0.061 29.3 0.340 515
20 26.7 0.0146 35.0 0.0132 0.152 0.046 30.3 0.340 515
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Table A2. ANOVA for the supply air outlet humidity ratio regression model.

Source Coded Coefficient x 10-5 DF Adj SS x 1010 Adj MS x 105 F-Value p-Value
Model 60 53,742,256 895,704.3 3677.432 0.000
Linear 12
Tsin 23.58 1 289,105.9 289,105.9 1186.96 0.000
Ws in 193.56 1 19,481,938 19,481,938 79,985.66 0.000
Tein 10.42 1 56,475.98 56,475.98 231.87 0.000
Wejin 15.88 1 131,123.1 131,123.1 538.34 0.000
T1iD,in 7.69 1 30,730.78 30,730.78 126.17 0.000
Cip —124.66 1 8,080,975 8,080,975 33,177.5 0.000
VLD —0.38 1 76.78 76.78 0.32 0.575
N 85.83 1 3,830,366 3,830,366 15,726.07 0.000
r —23.23 1 280,592.4 280,592.4 1152.01 0.000
t 80.84 1 3,398,203 3,398,203 13,951.77 0.000
L —122.5 1 7,803,524 7,803,524 32,038.4 0.000
w —121.81 1 7,715,903 7,715,903 31,678.66 0.000
Square 6

Crp? 13.83 1 7010.6 7010.6 28.78 0.000
mz —17.23 1 10,872.96 10,872.96 44.64 0.000
7 29.96 1 32,870.27 32,870.27 134.95 0.000
tr —15.6 1 8915.74 8915.74 36.6 0.000
12 12.02 1 5288.41 5288.41 21.71 0.000
w2 11.85 1 5143.08 5143.08 21.12 0.000

2-Way Interaction 42
Ty in@Ws,in 1.49 1 1131.63 1131.63 4.65 0.032
TsinCLD —8.07 1 33,330.72 33,330.72 136.84 0.000
Ts inMs —2.31 1 2743.74 2743.74 11.26 0.001
Tsin? —3.51 1 6309.72 6309.72 2591 0.000
Tsint —4.34 1 9655.98 9655.98 39.64 0.000
Ts,inL 4.05 1 8408.94 8408.94 34.52 0.000
TsinW 3.98 1 8099.78 8099.78 33.25 0.000
WeinCLD —9.31 1 44,363.64 44,363.64 182.14 0.000
Wg inMMs 21.03 1 226,454.4 226,454.4 929.74 0.000
Wgin? —4.98 1 12,704.38 12,704.38 52.16 0.000
Ws int 19.39 1 192,575.3 192,575.3 790.64 0.000
WainL ~29.45 1 443914 443,914 1822.55 0.000
wsinW —29.28 1 438,928.3 438,928.3 1802.08 0.000
TeinCrp —3.66 1 6846.26 6846.26 28.11 0.000
Te,int —1.37 1 955.12 955.12 3.92 0.048
TeinL 2.07 1 2192.54 2192.54 9 0.003
TeinW 2.07 1 2198.43 2198.43 9.03 0.003
WeinCLD ~5.59 1 15,970.64 15,970.64 65.57 0.000
We,inMMs —1.93 1 1909 1909 7.84 0.005
WeinT 1.7 1 1475.81 1475.81 6.06 0.014
We,int -1.99 1 2032.19 2032.19 8.34 0.004
We,inL 3.05 1 4774.97 4774.97 19.6 0.000
WeinW 3.05 1 4753.86 4753.86 19.52 0.000
TioinCLD 279 1 3976.76 3976.76 16.33 0.000
TLD,inVLD 24 1 2939.05 2939.05 12.07 0.001
Tip,mfits ~1.85 1 1758.02 1758.02 7.2 0.007
TiD,in -1.39 1 985.79 985.79 4.05 0.045
CLpis 16.93 1 146,756 146,756 602.53 0.000
Cipr 4.96 1 12,587.89 12,587.89 51.68 0.000
Crpt 16.79 1 144,343 144,343 592.62 0.000
CipL —2391 1 292,820 292,820 1202.21 0.000
CrpW —23.73 1 288,329 288,329 1183.77 0.000
msr 5.34 1 14,616.65 14,616.65 60.01 0.000
Mgt —3.34 1 5724.1 5724.1 235 0.000
1msL 5.61 1 16,123.14 16,123.14 66.2 0.000
msW 5.55 1 15,755.57 15,755.57 64.69 0.000
rt 5.27 1 14,223.52 14,223.52 58.4 0.000
rL —8.22 1 34,587.46 34,587.46 142 0.000
W —8.2 1 34,408.51 34,408.51 141.27 0.000
tL 4.98 1 12,697.8 12,697.8 52.13 0.000
tW 5.07 1 13,167.6 13,167.6 54.06 0.000
LW —8.17 1 34,146.68 34,146.68 140.19 0.000

Error 485 118,130.4 243.5679

Total 545 53,860,387
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Table A3. ANOVA for the supply air outlet temperature regression model.

Source Coded Coefficient DF Adj SS Adj MS F-Value p-Value
Model 59 7503.37 127.18 174711 0.000
Linear 12
Tsjin 3.2351 1 5442.19 5442.19 74,763.64 0.000
Ws in 0.9002 1 421.37 421.37 5788.68 0.000
Tein 0.3522 1 64.52 64.52 886.33 0.000
We in 0.5377 1 150.33 150.33 2065.14 0.000
TLD,in 0.2616 1 35.58 35.58 488.82 0.000
Cip 0.7573 1 298.19 298.19 4096.41 0.000
VLD —0.0142 1 0.1 0.1 1.44 0.231
g —0.0772 1 3.1 3.1 42.54 0.000
r —0.7296 1 276.84 276.84 3803.12 0.000
t —0.2364 1 29.07 29.07 399.38 0.000
L 0.1461 1 11.1 11.1 152.45 0.000
W 0.1378 1 9.88 9.88 135.67 0.000
Square 7

Wsin —0.1034 1 0.39 0.39 5.3 0.022
We in —0.0987 1 0.35 0.35 4.82 0.029
C1p? —0.1894 1 1.29 1.29 17.77 0.000
mz —0.1068 1 041 0.41 5.65 0.018
2 0.7185 1 18.61 18.61 255.61 0.000
12 —0.1428 1 0.73 0.73 10.1 0.002
W2 —0.1404 1 0.71 0.71 9.76 0.002

2-Way Interaction 40
Ts inMs 0.4097 1 85.95 85.95 1180.82 0.000
Tsin? —0.0738 1 2.79 2.79 38.33 0.000
T int 0.4953 1 125.6 125.6 17254 0.000
Ts,inL —0.5692 1 165.87 165.87 2278.63 0.000
TsinW —0.5647 1 163.28 163.28 2243.11 0.000
Ws inWe in —0.0254 1 0.33 0.33 453 0.034
wWs,inCLD 0.0427 1 0.94 0.94 12.85 0.000
W inMg —0.0854 1 3.73 3.73 51.27 0.000
Ws,in? -0.0771 1 3.04 3.04 41.77 0.000
Wg int —0.1566 1 12.55 12.55 172.38 0.000
WsinL 0.1477 1 11.17 11.17 153.44 0.000
WsinW 0.1453 1 10.8 10.8 148.42 0.000
Te,in'Ms —0.0418 1 0.89 0.89 12.29 0.000
Tein? 0.0503 1 1.29 1.29 17.79 0.000
Teint —0.0579 1 1.72 1.72 23.58 0.000
TeinL 0.0662 1 224 2.24 30.82 0.000
TeinW 0.0662 1 2.24 2.24 30.82 0.000
We,inlMs —0.0616 1 1.95 1.95 26.72 0.000
WeinT 0.0835 1 3.57 3.57 49.07 0.000
We int —0.0855 1 3.74 3.74 51.44 0.000
WeinL 0.0979 1 49 49 67.38 0.000
WeinW 0.0977 1 4.89 4.89 67.13 0.000
T1D,in¥LD 0.0344 1 0.61 0.61 8.33 0.004
TiD,inMs —0.0607 1 1.89 1.89 25.95 0.000
TLp,in —0.0404 1 0.84 0.84 11.48 0.001
CLpis —0.0557 1 1.59 1.59 21.81 0.000
Cipr —0.108 1 5.97 5.97 82.08 0.000
Cipt —0.1272 1 8.28 8.28 113.74 0.000
CipL 0.1076 1 5.92 5.92 81.37 0.000
CipW 0.1042 1 5.56 5.56 76.33 0.000
mgr 0.1533 1 12.04 12.04 165.37 0.000
gt —0.0426 1 0.93 0.93 12.78 0.000
gL 0.0607 1 1.89 1.89 2591 0.000
msW 0.0612 1 1.92 1.92 26.32 0.000
rt 0.1762 1 15.89 15.89 218.28 0.000
rL —0.2396 1 29.38 29.38 403.67 0.000
W —0.239 1 29.24 29.24 401.75 0.000
tL 0.0512 1 1.34 1.34 18.47 0.000
W 0.0493 1 1.25 1.25 17.12 0.000
LW —0.0774 1 3.07 3.07 42.16 0.000

Error 486 35.38 0.07

Total 545 7538.75
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