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 The current research aims at conducting an experimental and 
theoretical investigation on the performance of air dehumidification 
system using a nanofluid of γ-alumina nano-particles in LiBr/H2O, as a 
desiccant. Comparative experiments organized using a central 
composite design are carried out to evaluate the effects of six 
numerical indices (air velocity, desiccant flow rate, air humidity ratio, 
desiccant solution concentration, air temperature, desiccant 
temperature) and one categorical factor (adding nano-particles), on 
outlet air humidity ratio and outlet air temperature as responses. 
Reduced quadratic regression models are derived for each response.  
The obtained results revealed that LiBr/H2O solution concentration 
and air temperature have the most significant effect on outlet air 
humidity ratio and outlet air temperature, respectively. It was found 
that the average rates of mass transfer and heat transfer increased to 
12.23 % and 13.22 %, respectively, when γ-alumina nano-particles 
(0.02 wt %) were added to the LiBr/H2O solution. The average rates of 
mass and heat transfer coefficients increased to 22.73 % and 26.51 %, 
respectively. 
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1. Introduction 
It is often essential to control and decrease 
moisture content of air in hot and humid areas. 
Although there are many ways to accomplish 
this, a liquid desiccant system is most 
attractive because of its flexibility of operation 
and ability to remove airborne pollutants at a 

lower regeneration temperature such as that 
produced by solar energy. In liquid desiccant 
systems, the moisture of air is removed by 
bringing it into contact with a liquid desiccant 
such as TEG, LiBr, LiCl or CaCl2 solution 
sprinkled on the dehumidification unit.  The 
weak desiccant is concentrated as it heats in 
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the regeneration unit. The difference between 
the liquid desiccant and the air, in surface 
vapor pressure, is driving force for mass 
transfer [1-2]. Researchers have intensively 
studied liquid desiccant systems. Several 
studies have used hygroscopic salts to analyze 
the physical properties of liquid desiccant and 
develop new materials [3-4]. Performance 
evaluations using numerical analysis and/or 
experimental methods have been introduced 
[5-8]. Three main models for the analysis of 
dehumidification are the finite difference 
model, the effectiveness NTU model, and the 
model based on fitted algebraic equations [9-
13]. A number of air handling systems using 
liquid desiccant and technological 
improvements and optimization have been 
proposed [14-16]. 
 The present study examined the effect of 
adding γ-alumina nano-particles to LiBr/H2O 
solution as a desiccant for dehumidification. 
Recent studies have focused on increasing 
heat and mass transfer rates using nanofluids. 
A nanofluid is a fluid in which nano-particles 
of less than 100 nm in diameter are stably 
suspended in a base fluid [17-19]. Many 
researchers examined heat transfer in 
nanofluids. Most studies considered enhanced 
heat characteristics of nanofluids, such as 
convective heat transfer coefficient and 
thermal conductivity relative to their base 
fluids [20-22]. Alumina and copper oxide are 
the most common and inexpensive 
nanoparticles used in many experimental 
investigations [17]. Few studies have been 
conducted to examine enhancement of mass 
characteristics of nanofluids, such as diffusion 
coefficient and mass transfer coefficient [23-
25].  

 There are limited researches on heat and 
mass transfer in nanofluids. Kang et al. [26] 
studied the vapor absorption and heat transfer 
rates in falling film flow of nanofluids 
containing LiBr/H2O solution with nano-
particles of Fe and carbon nanotubes (CNTs). 
They showed that vapor absorption was higher 
than for fluids without nano-particles and that 
mass transfer rate increase was much more 
significant than heat transfer rate increase in 
nanofluids, and CNT was better than Fe. Kim 
et al. [27] measured the vapor absorber 
performance by SiO2 nano-particles in 
LiBr/H2O nanofluid. They showed that the 
maximum increase in the heat and mass 
transfer rates was 46.8 % and 18 %, 
respectively, when the concentration of SiO2 
nano-particles was 0.005  vol %.  
 Built upon these findings, the present study 
was to carry out comparative experiments on 
air dehumidification using LiBr/H2O solution 
with and without γ-alumina nano-particles as a 
desiccant. The central composite design 
(CCD) was used to analyze dehumidification 
using a minimal number of experiments by 
varying six numerical influential factors (air 
velocity, desiccant flow rate, air humidity 
ratio, desiccant solution concentration, air 
temperature, desiccant temperature) and one 
categorical factor (adding nano-particles). 
Mass and heat transfer coefficients were also 
evaluated and compared. 

2. Method 
2.1. Preparation of nanofluid 
Preparation of a stabilized nanofluid is very 
important. There are single-step and two-step 
techniques for producing nanofluids. In the 
single step technique, nanoparticle production 
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and nanofluid preparation are done 
simultaneously; in the two-step technique dry 
nanoparticles/nanotubes are first produced and 
then dispersed in a suitable liquid [17,27]. The 
two-step method was applied in the present 
study. In experimental testing, γ-alumina 
nano-particles were used with an average 
diameter of 10-20 nm and 99.995 % purity 
(TECNAN, Spain). The nano-particles, 
suspended in deionized water, were precisely 
measured to the required weight using an 
electronic balance. An ultrasonic disruptor 
(Hielscher up 400s, 400 W, 24 kHz) statically 
stabilized the nanofluid, which was then 
mixed with LiBr/H2O using a magnetic stirrer. 
Figure 1 depicts dispersion of nano-particles 
in the base fluid, both without and with 
ultrasonic stabilization. As indicated, the 
stabilized particles are homogenously 
dispersed throughout the base fluid in an 
acceptable way. 

2.2. Experimental setup  
Figure 2 shows a detailed scheme of a counter 
flow dehumidification system. The air 
supplied by a fan passes through a heater 
composed of many elements and then passes 
through a humidifying system. Water is 
pumped from a water tank above the 
humidifier and a valve controls water flow. 
The rate of processed air was adjusted with a 
rate-modifying inverter. The processed air was 
drawn from the bottom into the 
dehumidification column, which is a 
fiberglass tube with 50 cm height and 8 cm 
diameter. Glass beads, 1.73 cm in diameter, 
with a height of 35 cm, were used as packing 
and had a specific surface area of 264.56 

m2/m3. The desiccant was adjusted to desired 
temperature and concentration, stored  in  tank  

 
(a) 

 
(b) 

Figure 1. SEM micrographs of: (a) clotted sample 
of Al2O3 nano-particles in LiBr/H2O nanofluid 
without ultrasonic stabilization and (b) dispersed 
sample of Al2O3 nano-particles in LiBr/H2O 
nanofluid with ultrasonic stabilization. 
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Figure 2. Schematic of the experimental set up. 

 
2  and  pumped  to  the top of the dehumidifier 
through a flow sensor. After air 
dehumidification, the desiccant is partially 
dilute and warm from the released latent heat 
and collects at the bottom of the dehumidifier 
(tank 1). The intervening pump transfers the 
desiccant to tank 2. The temperature is 
reduced in the cooling coils in tank 2. The 
temperature and humidity of the air is 
measured before entering and after leaving the 

dehumidification column. Table 1 gives the 
main specifications of the measuring devices 
used during experimentation.  

2.3. Heat and mass transfer model 
The liquid desiccant is brought into direct 
contact with the processed air in the 
dehumidifier.  The moisture transfers from the 
air  to  the  desiccant  because the vapor partial 
pressure of the air is higher than that on the

Table 1 
Measuring devices specifications. 

Parameter Device Accuracy Operative range 
Air temperature 

Solution temperature 

Desiccant density 

 

 

Desiccant flow rate 

Air rate 

Air relative humidity 

Pt 100 RTDs 

Digital RTD 

Hydrometer 

 

 

Rotameter 

Anemometer 

Testo 445 

0.1°C 

0.1°C 

1 kg/m3 

 

 

0.25 L/min 

2 % 

1 % 

0-100°C 

0-100°C 

1200-1300 kg/m3 

1300-1400 kg/m3 

1400-1500 kg/m3 

0.75-7.5 L/min 

0-20 m/s 

0-100 % 
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surface of the desiccant solution. The liquid 
desiccant temperature increases as heat of 
absorption. This means that mass transfer and 
heat transfer are coupled.  The basic steady 
state mass and energy balance equations, 
based on the effectiveness of NTU model for a 
typical control volume (Figure 3) are [5,10]: 
𝑑𝑑𝜔𝜔𝑎𝑎
𝑑𝑑𝑑𝑑

=
𝑁𝑁𝑁𝑁𝑁𝑁
𝑉𝑉

�𝜔𝜔𝑇𝑇𝑇𝑇,𝑠𝑠𝑠𝑠𝑠𝑠 − 𝜔𝜔𝑎𝑎� (1)
 

𝑑𝑑ℎ𝑎𝑎
𝑑𝑑𝑑𝑑

=
𝑁𝑁𝑁𝑁𝑁𝑁. 𝐿𝐿𝐿𝐿

𝑉𝑉
[�ℎ𝑇𝑇𝑇𝑇,𝑠𝑠𝑠𝑠𝑠𝑠 − ℎ𝑎𝑎� 

+𝜆𝜆. �
1
𝐿𝐿𝐿𝐿

− 1� �𝜔𝜔𝑇𝑇𝑇𝑇,𝑠𝑠𝑠𝑠𝑠𝑠 − 𝜔𝜔𝑎𝑎�] (2) 

Where, ωa is the air humidity ratio, V is the 
total volume of the dehumidifier, hTs,sat and 
ωTs,sat are the air enthalpy and humidity ratio 
in equilibrium with the desiccant, respectively, 
and λ is the latent heat of vaporization.

  The Lewis number and NTU are defined as: 

𝐿𝐿𝐿𝐿 =
ℎ𝑐𝑐

ℎ𝐷𝐷𝐶𝐶𝑝𝑝𝑝𝑝
 (3)

 

𝑁𝑁𝑁𝑁𝑁𝑁 =
ℎ𝐷𝐷𝑎𝑎𝑤𝑤𝑉𝑉
𝐺𝐺𝑎𝑎

 (4) 

Where,  hC  and  hD  are  the  heat  and  mass 
transfer coefficients, respectively, Cpa is the 
specific  heat  capacity  of the  humid air, aw is 

 
Figure 3. Sketch of countercurrent 
dehumidification. 

the wetted surface area of the packing, and Ga 
is the mass flow rate of the air. The method 
used to solve the effectiveness model has been 
described by Pahlavanzadeh and Nooriasl [5]. 
The hD-Le separative evaluation method [28] 
was applied to determine the coupled mass 
and heat transfer coefficients. 

2.4. Experimental design and data analysis  
 Response surface methodology (RSM) is an 
effective statistical tool for regression 
modeling and analysis of multiple factor 
processes. The popular regression model, 
CCD under RSM, was used to design the 
dehumidification experiments to determine the 
relevant information and the relationship 
between factors affecting the output responses 
without a large number of design points 
[13,20-30]. The effects of six numerical 
factors (air velocity, A; desiccant flow rate, B; 
air humidity ratio, C; desiccant solution 
concentration, D; air temperature, E; and 
desiccant temperature, F) at five levels and 
one categorical factor (adding nano-particles, 
G) were considered (Table 2). The output 
responses were outlet air humidity ratio and 
outlet air temperature. The experimental 
design matrix consisted of 172 run 
experiments; the output responses are shown 
in Appendix A. The concentration of nano-
particles was constant (0.02 wt %) in all 
experiments using nano-particles. The 
response function (y) is widely related to 
factors xi and xj by the following second order 
polynomial equation: 

𝑦𝑦 = 𝑏𝑏0 + �𝑏𝑏𝑖𝑖𝑥𝑥𝑖𝑖 + �𝑏𝑏𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖2 

+�𝑏𝑏𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖𝑥𝑥𝑗𝑗 (5) 
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Table 2 
The experimental range and levels of the independent factors in the CCD. 

Variable Low 
axial (-α) 

Low 
factorial (-1) Center High 

factorial(+1) 
High 

axial(+α) 

x1(A): Air velocity (m/s) 2.5 2.9 3.5 4.1 4.5 

x2(B): Desiccant flow rate (kg/s) 0.012 0.017 0.026 0.035 0.04 

x3(C): Air humidity ratio (kg/kg) 0.0118 0.0133 0.0159 0.0185 0.0200 

x4(D): Desiccant concentration (kg/kg) 0.38 0.040 0.44 0.48 0.50 

x5(E): Air temperature (°C) 25 27.7 32.5 37.3 40 

x6(F): Desiccant temperature (°C) 20 21.8 25 28.2 30 

x7(G): adding nano-particles (0.02 wt %) - no - yes - 

 
Where, b0 is a constant, bi is a linear 
coefficient, bii is a square coefficient, and bij is 
an interaction coefficient [31]. The 
experimental data was analyzed using a 
commercial statistical software, Design-
Expert version 7. 

3. Results and discussion  
3.1. Regression model and statistical 
analysis  
All data were statistically analyzed to 
determine the significant main effects and the 
interaction effects of factors. Analysis of 
variance (ANOVA) results for the quadratic 
regression models of all responses are shown 
in Table 3. As it can be seen, the quadratic 
regressions for outlet air humidity ratio and 
outlet air temperature are significant at a 95 % 
confidence interval (p value < 0.0001). At 
values less than 0.05 for Prob > F (p values), 
the regression terms are significant. A larger F 
value and smaller p value will increase the 
significance of the corresponding coefficient 
[32]. The levels of significance of all factors 
and interactions are shown in Table 3.  

 It is evident that, of the linear terms and 
quadratic terms, D (Xs,i) and DF (Xs,i Ts,i) have 
the greatest effects on outlet air humidity ratio 
and E (Ta,i) and EF (Ta,i Ts,i) have the most 
influence on outlet air temperature. The use of 
manual regression eliminated the insignificant 
interaction terms and allowed the reduced 
quadratic regression models to be derived. 
ANOVA test results are summarized in Table 
4. As indicated, the reduced quadratic 
regression models were significant at p value 
< 0.0001 for each response. The relatively 
high values of the predicted and adjusted R2 
(close to 1) are desirable and ensure that the 
reduced quadratic regression models are 
capable of representing the system under the 
given experimental domain [33]. A value of 
>0.98 indicates that the mathematical 
regression could explain most of the 
variability in each response. The range of the 
predicted values in the design are measured 
precisely, ensuring  an average prediction 
error ratio [34]. Ratios of >4 support the 
fitness   of   the  regression   model   and  were 
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Table 3 
ANOVA for the response surface quadratic models. 

Source df 
Outlet air humidity ratio (ωa,o) 

 

 

 

Outlet air temperature (Ta,o) 

Sum of 
squares F value p-value Remark Sum of 

squares F value p-value Remark 

Model 34 5.876E-004 332.97 <0.0001 a 1063.77 409.35 <0.0001 a 
A-Ua,i 1 5.225E-006 100.68 <0.0001 a 17.95 234.90 <0.0001 a 
B- Gs,i 1 6.821E-006 131.42 <0.0001 a 0.40 5.25 0.0235 b 
C-ωa,i 1 1.716E-004 3306.87 <0.0001 a 3.208E-003 0.042 0.8380 c 
D- Xs,i 1 1.949E-004 3755.14 <0.0001 a 44.90 587.50 <0.0001 a 
E- Ta,i 1 2.125E-006 40.95 <0.0001 a 550.14 7197.81 <0.0001 a 
F- Ts,i 1 9.003E-005 1734.74 <0.0001 a 321.11 4201.26 <0.0001 a 

G-nanoparticles 1 5.683E-006 109.50 <0.0001 a 15.01 196.38 <0.0001 a 
AB 1 0 0 1 c 0.018 0.23 0.6323 c 
AC 1 5.181E-007 9.98 0.0019 b 0.040 0.52 0.4733 c 
AD 1 6.518E-007 12.56 0.0005 b 0.87 11.42 0.0009 b 
AE 1 3.781E-008 0.73 0.3948 c 2.62 34.23 <0.0001 a 
AF 1 2.785E-007 5.73 0.0220 b 1.30 17.00 <0.0001 a 
AG 1 1.514E-006 0.9 0.3457 c 9.632E-003 

 

0.13 0.7231 c 
BC 1 1.387E-006 29.16 <0.0001 a 0.0190 0.24 0.6223 c 
BD 1 3.781E-008 26.73 <0.0001 a 0.010 0.13 0.7142 c 
BE 1 8.712E-007 0.73 0.3948 c 0.86 11.27 0.0010 b 

BF 1 6.456E-008 16.79 <0.0001 a 8.290E-003 0.11 0.7424 c 
BG 1 6.456E-008 1.24 0.2667 c 0.032 0.42 0.5187 c 
CD 1 1.784E-010 3.438E-003 0.9533 c 1.86 24.31 <0.0001 a 
CE 1 6.618E-009 0.13 0.7216 c 0.73 9.58 0.0024 b 
CF 1 5.397E-007 10.40 0.0016 b 1.67 21.81 <0.0001 a 
CG 1 1.409E-006 27.15 <0.0001 a 0.060 0.79 0.3753 c 
DE 1 4.159E-008 0.80 0.3722 c 0.13 1.75 0.1887 c 
DF 1 3.911E-006 75.36 <0.0001 a 0.061 0.79 0.3743 c 
DG 1 6.395E-007 12.32 0.0006 b 0.10 1.32 0.2535 c 
EF 1 6.898E-009 0.13 0.7160 c 7.56 98.94 <0.0001 a 
EG 1 2.195E-008 0.42 0.5166 c 6.74 88.17 <0.0001 a 
FG 1 4.887E-007 9.42 0.0026 b 4.01 52.43 <0.0001 a 
A2 1 4.207E-008 0.81 0.3695 c 0.030 0.39 0.5353 c 
B2 1 2.806E-007 5.41 0.0215 b 0.14 1.78 0.1840 c 
C2 1 1.273E-010 2.453E-003 0.9606 c 0.18 2.34 0.1281 c 
D2 1 1.265E-006 24.37 <0.0001 a 0.30 3.97 0.0484 b 
E2 1 3.013E-008 0.58 0.4474 c 0.043 0.56 0.4556 c 
F2 1 1.135E-006 21.86 <0.0001 a 0.31 4.05 0.0462 b 

Residual 137 7.110E-006    10.47    
Lack of Fit 119 6.957E-006 6.88 <0.0001 a 10.29 8.65 <0.0001 a 
Pure Error 18 1.530E-007    0.18    
Cor Total 171 5.947E-004    1074.24    

a: highly significant, b: significant, c: not significant  
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Table 4 
Statistical results of the ANOVA for the reduced quadratic model. 

Response Correlation  in terms of actual significant factors P-value R2 Adj.R2 
Adequate 

Precision 
CV % 

ωa,o  <0.0001 0.989 0.986 82.204 1.74 

 

 

(I) 

0.041349 - 0.0014604A + 0.057519B 

+ 0.24866C - 0.15306D + 0.0000356716E 

+0.0001826668F + 0.0459AC + 0.00295762AD 

- 0.0000102094AF - 4.0027BC - 0.37644BD 

+0.00366053BF + 0.00839842CF - 0.00169092DF 

+1.05969 B2+ 0.18544D2 + 0.0000128147F2 

 

 

 

 

 

(II) 

 

0.042352 - 0.0014604A + 0.057519B 

+ 0.174C - 0.15607D + 0.0000356716E 

+0.000225705F + 0.0459AC + 0.00295762AD 

-0.0000102094AF-4.0027BC-0.37644BD 

+0.00366053BF+0.00839842CF-0.00169092DF 

+1.05969 B2+ 0.18544D2 + 0.0000128147F2 

 

 

 

 

Ta,o 

 

(I) 

 

-10.28088 - 1.69194A + 32.74126B + 831.54964C 

- 4.61884D + 0.68133E + 0.96641F + 3.63474AD 

+ 0.057302 AE - 0.048597AF - 1.17359BE 

- 1132.77161CD + 2.289CE – 15.91108CF 

- 0.016857EF – 7.37208D2 + 0.010435F2 

<0.0001 0.989 0.987 85.230 1.03 

 

 

(II) 

 

-11.36681 - 1.69194A + 32.74126B + 831.54964C 

- 4.61884D + 0.59492E + 1.09539F + 3.63474AD 

+ 0.057302 AE - 0.048597AF - 1.17359BE 

- 1132.77161CD + 2.289CE – 15.91108CF 

- 0.016857EF – 7.37208D2 + 0.010435F2 

     

(I): without the addition nano-particles to LiBr/H2O desiccant, (II): with the addition nano-particles to LiBr/H2O desiccant 

 

82.204 and 85.230 for outlet air humidity ratio 
and outlet air temperature regression models, 
respectively. Low values of the coefficient of 
variation (CV; <10) indicate good accuracy 
and reliability of the experiments [13].

Diagnostic plots of the predicted versus actual 
values for each response are shown in Fig. 4. 
It indicates satisfactory correlation between 
the experimental data and the mathematical 
model predictions. 
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(a) 

 
(b) 

Figure 4. Actual and predicted plots of: (a) outlet 
air humidity ratio (b) outlet air temperature. 

3.2. Response surface plots  
The 3D response surfaces are 3D graphic 
representations of the reduced quadratic 
regression models. These were generated for 
the responses of outlet air humidity ratio and 
outlet air temperature. Since the regression 
models have six numerical factors and one 
categorical factor, several plots were created. 
Figures 5-8 depict plots of the two factors 
with large interaction effects on the responses, 
as indicated by high F values. The two 

numerical factors were varied while the other 
factors were kept constant at center values and 
the categorical factor was studied for a high 
level (yes).  
 Figure 5 shows the surface plot of the 
effects for inlet desiccant concentration and 
temperature on outlet air humidity ratio. 
Increasing the  desiccant concentration by 
31.5 % (0.38 kg/kg to 0.50 kg/kg) decreased 
outlet air humidity ratio by 25.7 % at a low 
desiccant temperature and by 31.5 % at a high 
desiccant temperature. Decreasing the 
desiccant temperature by 33.3 % (30°C to 
20°C) decreased  outlet  air humidity ratio 
25.3 % at low, and  19 % at high desiccant 
concentrations. This occurred because the 
desiccant vapor pressure decreased and 
created a higher potential for mass transfer. 
These results agree with the observations 
reported by Moon et al. [6]. Figure 6 
illustrates outlet air humidity ratio as a 
function of inlet air humidity ratio and 
desiccant flow rate. Decreasing the inlet air 
humidity ratio by 41 % (0.0200 kg/kg to 
0.0118 kg/kg) decreased outlet air humidity 
ratio by 28.3 % at a low desiccant flow rate 
and 22.7 % at a high desiccant flow rate. 
Decreasing the inlet air humidity ratio 
decreased humidity available for 
dehumidification. Increasing the desiccant 
flow rate by 233.3 % (0.012 kg/s to 0.04 kg/s) 
slightly decreased the outlet air humidity ratio 
by 1.5 % at low and 8.4 % at high inlet air 
humidity. The desiccant flow rate was 
sufficient to ensure wetting of the packing but 
not cause high variation in the outlet air 
humidity ratio, as described by Fumo and 
Goswami  [1].  Figure 7  shows  the  effect  of  
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Figure 5. The effect of  inlet desiccant cocentration and desiccant temperature 
on outlet air humidity ratio at Ua,i=3.5 m/s, Gs,i=0.026 kg/s, ωa,i=0.0159 kg/kg , 
Ta,i=32.5°C and nanoparticles concentration =0.02 wt %.  

 
Figure 6. The effect of inlet desiccant flowrate and air humidity ratio on outlet 
air humidity ratio at Ua,i=3.5 m/s, Xs,i=0.44 kg/kg, Ts,i=25°C, Ta,i=32.5°C and 
nanoparticles concentration = 0.02 wt %. 

inlet air temperature and desiccant 
temperature on outlet air temperature. 
Decreasing the inlet air temperature by 37.5 % 
decreased the outlet air temperature by 25 % 
at low desiccant temperature and by 13.4 % at 

high desiccant temperature. Decreasing 
desiccant temperature by 33.3 % (30°C to 
20°C) decreased outlet air temperature  by 
26.9 % to 15.6 % as the inlet air temperature 
increased    from   25°C   to  40°C.   The   data  
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Figure 7. The effect of inlet desiccant temperature and air temperature on outlet air 
temperature at Ua,i=3.5 m/s, Xs,i=0.44 kg/kg, Gs,i=0.026 kg/s, ωa,i=0.0159 kg/kg and 
nanoparticles concentration = 0.02 wt %. 

 
Fig. 8. The effect of inlet air velocity and air temperature on outlet air temperature 
at Xs,i=0.44 kg/kg, Gs,i=0.026 kg/s, ωa,i=0.0159 kg/kg, Ts,i=25°C and nanoparticles 
concentration = 0.02 wt %.  

showed that outlet air temperature was lower 
than inlet air temperature; this occurred 
because the air is cooled through contact with 

the cooled desiccant. Decreasing the inlet air 
temperature and desiccant temperature 
decreased the outlet air temperature. Figure 8 
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shows the effect of inlet air velocity and 
temperature on outlet air temperature. 
Decreasing the air velocity 44.4 % (4.5 m/s to 
2.5 m/s)  decreased  outlet  air temperature  
1.9 % at low inlet air temperature and 6 % at 
high inlet air temperature. Decreasing the air 
velocity increased the residence time between 
the air and cooled desiccant. The change in air 
velocity had little effect on outlet air 
temperature. It is because the specific 
operating conditions for air velocity allowed 
sufficient residence time. Decreasing the inlet 
air temperature, as shown in Fig. 7 decreased 
the outlet air temperature.  

 3.3. Statistical optimization 
In this study the outlet air humidity and 
temperature equations (regression models) as 
objective functions with six numerical 
variables and one categorical variable are 
optimized by using Design-Expert software. 
Two sided inequality constraints are 2.5 ≤ Ua,i 
≤ 4.5, 0.012 ≤ Gs,i ≤ 0.04,  0.0159 ≤ ωa,i ≤ 
0.020, 0.38 ≤ Xs,i ≤ 0.50, 32.5 ≤ Ta,i ≤ 40 and 
20 ≤ Ts,i ≤ 30. The result for optimized 
parameters and validation experiments are 
presented in Table 5. The optimal values to 
gain the minimum outlet air humidity and 
temperature were estimated air velocity 2.7 

m/s, desiccant flow rate 0.04 kg/s, air 
humidity ratio 0.0196 kg/kg, desiccant 
concentration 0.50 kg/kg, air temperature 32.6 
ºC, desiccant temperature 20°C and adding 
nanoparticles. These values gave outlet air 
humidity and temperature of 0.0093 kg/kg and 
21.88 ºC, respectively. Additional experiment 
was carried out to compare  between the 
experimental and predicted outlet air humidity 
and temperature at optimum condition. The 
result of the model was in good agreement 
with the experimental data of 0.0095 kg/kg 
and 22.2 ºC, respectively.  

3.4. Effects of γ-alumina nano-particles in 
LiBr/H2O solution on responses and mass 
and heat transfer coefficients 
The 172 dehumidification experiments were 
designed so that two experiments at each level 
for all six numerical factors are the same as 
the altered categorical factor.  Some 
experiments (50 runs) were randomly selected 
to investigate the effect of adding nano-
particles. Table 6 lists the changes in air 
humidity and air temperature, mass and heat 
transfer rate, and mass and heat transfer 
coefficients, both with and without the 
addition of nano-particles to LiBr/H2O 
solution.   To   allow   comparison  of   results,  

Table 5  
Optimized process conditions with predicted and experimental values of responses. 

Parameters 

Process conditions (optimized) 

 Responses  

(minimized outlet air 

 humidity and temperature) 

Ua,i 

m/s 

Gs,i 

kg/s 

ωa,i 

kg/kg 

Xs,i 

kg /kg 

Ta,i 
°C 

Ts,i 
°C 

Adding 

nanoparticles 

ωa,o,pre 

kg/kg 

ωa,o,exp 

kg/kg 

Ta,o,pre 
°C 

Ta,o,exp 
°C 

value 2.7 0.04 0.0196 0.50 32.6 20 yes 0.0093 0.0095 21.88 22.2 
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increases in the mass transfer rate (RG) and 
heat transfer rate (RQ) are defined as: 

𝑅𝑅𝐺𝐺𝐺𝐺 = (
(𝐺𝐺𝑤𝑤)𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

(𝐺𝐺𝑤𝑤)𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
 

−1) × 100 (6) 

𝑅𝑅𝑄𝑄 = (
(𝑄𝑄)𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

(𝑄𝑄)𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
 

−1) × 100 (7) 
Where, Gw is the mass transfer rate and Q is 
the heat transfer rate: 
𝐺𝐺𝑤𝑤 = 𝐺𝐺𝑎𝑎Δ𝜔𝜔𝑎𝑎 = 𝐺𝐺𝑎𝑎�𝜔𝜔𝑎𝑎,𝑖𝑖 − 𝜔𝜔𝑎𝑎,0� (8) 
𝑄𝑄 = 𝐺𝐺𝑎𝑎𝐶𝐶𝑝𝑝𝑝𝑝Δ𝑇𝑇𝑎𝑎 = 𝐺𝐺𝑎𝑎𝐶𝐶𝑝𝑝𝑝𝑝�𝑇𝑇𝑎𝑎,𝑖𝑖 − 𝑇𝑇𝑎𝑎,0� (9) 
In addition, Table 6 shows the mass and heat 
transfer coefficients increases (RhC and RhD). 
As shown, changes in air humidity and air 
temperature increased when nano-particles 
were added to the LiBr/H2O desiccant. Mass 

transfer rate increased from 4.25 % to 25 % 
and heat transfer rate increased from 5.26 % to 
25 %, with average increases of 12.23 % and 
13.22 %, respectively. The addition of nano-
particles to LiBr/H2O desiccant increased the 
mass transfer coefficient from 19.35 % to 
28.12 % and heat transfer coefficient from 
20.51 % to 32.35 % with average increases of 
22.73 % and 26.51 %, respectively. These 
increases are considerable. The nano-particles 
increased heat and mass transfer performance 
by their convective characteristics of 
Brownian motion [26-27]. Both the outlet air 
humidity and temperature decreased after 
adding the nano-particles, which produced 
desirable results for the liquid cooling 
systems.  

Table 6 
A comparison of mass and heat transfer of LiBr/H2O solution with and without the addition nano-particles. 

Runs 
with similar conditions 

of numerical factors 

Without  the addition  nano-particles to LiBr/H2O desiccant 
∆ωa (kg/kg) ∆Ta (⁰C) Gw*103 (kg/s) Q (Kw) hD (kg/m2s) hC (kW/m2ºC) 

1 , 46 0.0038 5.1 0.0752 0.1045 0.036 0.041 
3 , 13 0.0048 3.6 0.0796 0.0615 0.035 0.036 

20 , 140 0.0009 7.8 0.0144 0.1286 0.032 0.034 
12 , 159 0.0040 5.1 0.0792 0.1045 0.039 0.044 
38 , 161 0.0076 5.8 0.1262 0.1000 0.032 0.039 
56 , 69 0.0042 6.6 0.0949 0.1551 0.034 0.042 
84 , 119 0.0018 4.2 0.0301 0.0722 0.034 0.037 
98 , 108 0.0020 5.8 0.0320 0.0965 0.032 0.034 
64 , 160 0.0049 7.4 0.0970 0.1516 0.037 0.038 
88 , 92 0.0042 8.3 0.0672 0.1381 0.033 0.031 
29 ,122 0.0042 5.7 0.0701 0.0980 0.029 0.038 
51 , 136 0.0018 8.9 0.0410 0.2090 0.044 0.042 
18 , 171 0.0043 5.8 0.0602 0.0840 0.030 0.035 

110 , 152 0.0047 11.0 0.0752 0.1813 0.031 0.036 
91 , 129 0.0062 5.2 0.1426 0.1243 0.036 0.044 
80 , 154 0.0009 6.8 0.0205 0.1597 0.043 0.044 
45 , 164 0.0073 10.5 0.1168 0.1747 0.031 0.035 
65  ,  71 0.0035 9.0 0.0675 0.1798 0.035 0.037 
94 , 149 0.0048 3.2 0.1123 0.0779 0.046 0.045 
53 ,  89 0.0008 8.3 0.0128 0.1368 0.036 0.039 
35 , 142 0.0034 9.0 0.0775 0.2114 0.035 0.040 
73 , 104 0.0038 5.2 0.0752 0.1065 0.036 0.041 

121 , 139 0.0048 7.9 0.1085 0.1857 0.044 0.041 
40 , 146 0.0020 5.5 0.0456 0.1304 0.044 0.044 
78 , 172 0.0048 5.3 0.0802 0.0911 0.033 0.041 
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Table 6 
A comparison of mass and heat transfer of LiBr/H2O solution with and without the addition of nano-particles. 

Runs 
with similar conditions 

of numerical factors 

With the addition of nano-particles to LiBr/H2O desiccant  
RGw 
(%) 

 
RQ 
(%) 

 
RhD 
(%) 

 
RhC 
(%) ∆ωa 

(kg/kg) 
∆Ta 
(⁰C) 

Gw*103 
(kg/s) 

Q 
(Kw) 

hD 
(kg/m2s) 

hC 
(kW/m2ºC) 

1 , 46 0.0044 5.9 0.0871 0.1209 0.044 0.051 15.78 15.68 22.22 24.39 
3 , 13 0.0053 4.5 0.0879 0.0769 0.043 0.047 10.41 25.00 22.86 30.55 

20 , 140 0.0011 8.7 0.0176 0.1434 0.040 0.044 22.22 11.54 25.00 29.41 
12 , 159 0.0047 6.1 0.0931 0.1250 0.048 0.055 17.50 19.61 23.08 25.00 
38 , 161 0.0086 6.5 0.1428 0.1121 0.041 0.050 13.16 12.07 28.12 28.20 
56 , 69 0.0049 7.2 0.1107 0.1692 0.041 0.053 16.67 9.09 20.59 26.19 
84 , 119 0.0019 4.6 0.0317 0.0791 0.042 0.048 5.55 9.52 23.53 29.73 
98 , 108 0.0023 6.4 0.0368 0.1065 0.040 0.045 15.00 10.34 25.00 32.35 
64 , 160 0.0052 8.8 0.1030 0.1803 0.045 0.048 6.12 18.92 21.62 26.31 
88 , 92 0.0049 9.8 0.0784 0.1631 0.041 0.040 16.67 18.07 24.24 29.03 
29 ,122 0.0046 6.0 0.0768 0.1032 0.036 0.049 9.52 5.26 24.14 28.95 
51 , 136 0.0019 9.7 0.0433 0.2278 0.053 0.052 5.55 8.99 20.45 23.81 
18 , 171 0.0048 6.7 0.0672 0.0971 0.038 0.045 11.63 15.52 26.67 28.57 

110 , 152 0.0049 12.1 0.0784 0.1994 0.037 0.045 4.25 10.00 19.35 25.00 
91 , 129 0.0068 5.6 0.1564 0.1338 0.044 0.055 9.68 7.69 22.22 25.00 
80 , 154 0.0010 7.9 0.0228 0.1855 0.052 0.054 11.11 16.18 20.93 22.73 
45 , 164 0.0081 11.6 0.1296 0.1930 0.038 0.044 10.96 10.48 22.58 25.71 
65  ,  71 0.0042 10.5 0.0811 0.2098 0.043 0.047 20.00 16.67 22.86 27.02 
94 , 149 0.0053 3.8 0.1240 0.0925 0.056 0.058 10.42 18.75 21.74 28.89 
53 ,  89 0.0010 8.9 0.0160 0.1467 0.044 0.047 25.00 7.23 22.22 20.51 
35 , 142 0.0036 10.1 0.0821 0.2372 0.042 0.049 5.88 12.22 20.00 22.50 
73 , 104 0.0043 6.00 0.0851 0.1229 0.044 0.051 13.16 15.38 22.22 24.39 

121 , 139 0.0052 9.3 0.1175 0.2186 0.054 0.051 8.33 17.72 22.73 24.39 
40 , 146 0.0023 5.9 0.0524 0.1399 0.054 0.056 15.00 7.27 22.73 27.27 
78 , 172 0.0051 5.9 0.0852 0.1014 0.040 0.052 6.25 11.32 21.21 26.83 

           
4. Conclusions 
Nanofluid was prepared by adding γ-alumina 
nano-particles to LiBr/H2O solution as a 
desiccant. Air dehumidification experiments 
were carried out using RSM to investigate the 
individual and interactive effects of the six 
main numerical factors (air velocity, desiccant 
flow rate, air humidity ratio, desiccant 
concentration, air temperature, desiccant 
temperature) and one categorical factor 
(adding nano-particles) on outlet air humidity 
ratio and outlet air temperature, as responses.  
 CCD was used to derive reduced quadratic 
regression models for each response. The F 
values indicated that desiccant concentration 
had the largest effect on outlet air humidity 

ratio and inlet air temperature on outlet air 
temperature. Predictive mathematical model 
indicated that the optimum process conditions 
for the minimum outlet air humidity and 
temperature were at air velocity of 2.7 m/s, 
desiccant flow rate of 0.04 kg/s, air humidity 
ratio  of 0.0196 kg/kg, desiccant concentration 
of 0.50 kg/kg, air temperature of 32.6ºC, 
desiccant temperature of 20°C and addition of 
nanoparticles. The effect of nano-particles in 
the liquid desiccant on heat and mass transfer 
was investigated for the actual use of 
nanofluid in an air dehumidification system. It 
was found that average increase in mass 
transfer rate was 12.23 % and heat transfer 
rate was 13.22 %, when γ-alumina nano-
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particles (0.02 wt %) were added to LiBr/H2O 
solution. The mass and heat transfer 
coefficients were calculated using the 
effectiveness NTU model.  Average increases 
in mass and heat transfer coefficients were 
22.73 % and 26.51 %, respectively. The 
convective motion of nano-particles had a 
considerable effect on the increase in mass 
and heat transfer. 

Nomenclature 
aw wetted surface area of packing 

[m2/m3]. 
Cp specific heat [kJ/kg ºC]. 
G mass flow rate [kg/s]. 
Gw mass transfer rate [kg/s]. 
h enthalpy [kJ/kg]. 
hC heat transfer coefficient [kW/(m2 ºC)]. 
hD mass transfer coefficient [kg/(m2 s)]. 
Le Lewis number, dimensionless 

NTU number of transfer unit. 
Q heat transfer rate [kW]. 
R enhancement factor [%]. 
T temperature [ºC]. 
U velocity [m/s]. 
V volume of dehumidifier [m3]. 
X mass fraction of desiccant solution 

[kg/kg]. 
Greek symbol 
ω humidity ratio [kg/kg]. 
λ vaporization latent heat [kJ/kg]. 
Subscripts 
a air 

i   inlet 
o outlet 
s desiccant solution 

sat saturation status 
Ts at solution temperature 
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