
Energy Reports 7 (2021) 2821–2835

Y
A
a

b

c

d

e

f

g

(
r
a
i

b

h
2

Contents lists available at ScienceDirect

Energy Reports

journal homepage: www.elsevier.com/locate/egyr

Research paper

Experimental analysis of hollow fibermembrane dehumidifier system
with SiO2/CaCl2 aqueous desiccant solution
aping Wang a,∗, Behrooz Ruhani b,∗, Mohammad Ali Fazilati c, S. Mohammad Sajadi d,e,
s’ad Alizadeh f,g, Davood Toghraie c

School of Materials Science and Engineering, Southeast University, Nanjing 211189, China
Department of Mechanical Engineering, Najafabad Branch, Islamic Azad University, Najafabad, Iran
Department of Mechanical Engineering, Khomeinishahr Branch, Islamic Azad University, Khomeinishahr, Iran
Department of Nutrition, Cihan University-Erbil, Kurdistan Region, Iraq
Department of Phytochemistry, SRC, Soran University, KRG, Iraq
Department of Mechanical Engineering, Urmia University, Urmia, Iran
Department of Mechanical Engineering, College of Engineering, University of Zakho, Zakho, Iraq

a r t i c l e i n f o

Article history:
Received 16 February 2021
Received in revised form 2 May 2021
Accepted 11 May 2021
Available online 17 May 2021

Keywords:
Hollow fiber membrane contactor system
Calcium chloride/silica desiccant solution
Sensible effectiveness
Latent effectiveness
Total effectiveness
2nd law efficiency

a b s t r a c t

The liquid desiccant air conditioning system is amongst the promising technologies for the provision
of efficient air conditioning, particularly in hot humid climate conditions. By their benefits, membrane-
based dehumidification systems have drawn large attention. Various techniques are used to enhance
the performance of different dehumidification system types. The effect of using calcium chloride
nanofluid solution with the added silicate nanoparticles as a desiccant solution in a hollow fiber
membrane contactor system investigated experimentally. The airflow rate through the fibers is 11.2
m3/h with inlet relative humidity and temperature of 60 % and 35 ◦C, respectively. The sensitivity
analysis was made to reveal the effect of desiccant temperatures, nanoparticle concentrations, and
solution flow rates on sensible, latent, and total effectiveness and 2nd law efficiency of the system.
The results indicate that using nanofluid instead of a pure desiccant solution, the values of sensible
and latent effectiveness improved at the condition of high inlet solution temperature. The effect
of employing nanofluid on exergy performance is the highest for the highest concentration of
nanoparticles and inlet solution temperature. The maximum change of exergy destruction rate resulted
by using nanofluid solution took place at a maximum flow rate of 244 ml/min for 1% nanofluid
concentration. Using 1 % nanofluid instead of a pure solution, the rate of exergy destruction increased
by 82 % and 160 % for 20 ◦C and 26 ◦C solution temperatures, respectively.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

People spend most of their living time inside the buildings
Huang et al., 2012). The increasing standards of living and the
esulted high demand for thermal comfort have drawn the large
ttention of researchers for developing efficient Air Condition-
ng (AC) systems. Presently, Vapor Compression Cooling Systems
(VCSs) are developed as AC systems that deal with both the
latent and sensible loads of buildings. These systems which are
characterized by heavy dependence on electrical energy, have
limited efficiency in dealing with latent loads (Wen and Lu, 2019).
In this way, desiccant air conditioning systems have been intro-
duced as a replacement for VCSs (Abdel-Salam and Simonson,
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2016). In these systems, absorber and regenerators are the main
components, and their Heat And Mass Transfer (HMT ) charac-
teristics directly affect the system performance (Fazilati et al.,
2017). The contact type between the Liquid Desiccant (LD) and air
streams could be in direct or indirect forms (Fazilati et al., 2016).
Qi et al. (2020) reviewed the liquid dehumidification systems
considering the optimization methods for improving the system
performance. They reviewed the optimization methods of dehu-
midifiers/regenerators, hybrid systems, and material optimization
including desiccants and membrane materials, and modifications
of packing/plate surfaces. Through recent decades, different Heat
And Mass Transfer (HMT ) techniques have been introduced and
applied to improve the performance of air dehumidification sys-
tems; using the natural convection H/M loop (Yan et al., 2020),
applying the hydrophilic coating on contact surfaces (Dong et al.,
2017a) and the addition of surfactant (Lin and Shigang, 2011) or
nanoparticles (NPs) (Pang et al., 2015) are amongst the employed
techniques.
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Nomenclature

a activity coefficient
A area (m2)
AC air conditioning
AHRI American heating and refrigerating in-

stitute
ASTM American society for testing and mate-

rials
C concentration (kgsalt/kg sol)
CaCl2 calcium chloride
cp specific heat capacity (kJ/kg ◦C))
cp specific heat capacity (kJ/kmol ◦C))
Cr* specific heat ratio
Cu copper
d1 inner diameter (m)
d2 outer diameter (m)
DLS dynamic light scattering
EES engineering equation solver (computer

software)
F nanoparticles concentration
G mass flow rate (kg/s)
h specific enthalpy (kJ/kg)
H enthalpy (kJ)
H/M heat and mass
HFM hollow fiber membrane
HFMEE hollow fiber membrane energy ex-

changer
HMT heat and mass transfer
HR humidity ratio (gr/kg)
LAMEE liquid to air membrane energy ex-

changer
LDAC the liquid desiccant air conditioning

system
LD liquid desiccant
LDS liquid desiccant system
LiBr lithium bromide
LMTD log mean temperature difference
m molality of solution (mol/kg)
M molar mass (kg/kmol)
MRR moisture removal rate (kg/s)
MWNT multi-walled nanotube
ṁ mass flow rate (kg/s)
NF nanofluid
NP nanoparticle
NTU number of the transfer unit
p pressure (kPa)
PVP polyvidone
PVDF PolyVinylidene fluoride
PTFE Poly tetra fluoro ethylene
Q̇ heat transfer rate (W)
R gas constant (kJ/kg K)
Ru universal gas constant (kJ/kmol K)
SHF rate of heat transfer (W)
SiO2 silicon dioxide
t time (s)
T temperature (K)
TEG tri-ethylene glycol
VCS vapor compression system
V̇ volume flow rate (m3/h)
2822
wt weight
x mole fraction
X exergy (kJ)
XRD X-ray diffraction

Greek symbols

∆ difference
ϵ effectiveness
ϕ the volume fraction of nanoparticle
γ molal activity coefficient
µ chemical potential
ν disassociation number
ρ density (kg/m3)

Subscripts

0 ultimate dead state
1 inlet flow, the initial state
2 outlet flow, the final state
a air
bf base fluid
db dry bulb
des destroyed
e empty
eq equilibrium
fg liquid to gas
ha humid air
i inlet flow
l latent
L length (m)
ṁ mass flow rate (kg/s)
max maximum
mem membrane
min min
nf nanofluid
o outlet flow
p pressure (kPa)
s sensible, solute
sol desiccant solution
t total
v water vapor
w liquid water
wb water vapor

Superscripts

* restricted dead state
0 Standard chemical potential
± ions mean quantity of the electrolyte
_ molar quantity

The effects of using the additives have been studied on surface
wettability (Wen et al., 2018c) and causticity on the metals (Wen
et al., 2018b). The studies on the effect of using NP on the
saturated vapor pressure of NFs are very limited; in this field,
the works of Tso and Chao (2015) and Zhu et al. (2011) could
be mentioned. Zhu et al. (2011) studied the effect of Al2O3 NP on
he thermo-physical properties of water. The results show that
he NP volume concentration increases the thermal conductivity,
iscosity, and saturation vapor pressure, where it decreases the
atent heat of vaporization and surface tension. Tso and Chao
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2015) studied saturated vapor pressure, enthalpy of evaporation,
nd evaporation rate of aqueous NF solutions of Al2O3 and TiO2
ith concentrations of 0.01% to 2% and particle sizes of 13 nm-
0 nm. It is found that increasing the NP concentration decreases
he evaporation enthalpy.

The effects of using NF desiccant solutions are focused mainly
o direct dehumidification systems. Ali et al. (2003) studied the
erformance of an internally cooled/ heated flat-plate dehumid-
fier/regenerator with an aqueous solution of CaCl2 with Cu-
ltrafine particles. Their numerical results showed the little im-
roving effect of adding NPs on HMT characteristics of the system
hich was attributed to little thickness of the desiccant film.
he dehumidification characteristics of aqueous solutions of LiCl
ith the combined additive of Polyvinyl Pyrrolidone (PVP) sur-

actant and Multi-Walled Carbon Nanotubes (MWNTs), and with
VP surfactant only in a flat-plate internally cooled dehumidifier
as investigated by Wen et al. (2018c). The results showed the
oisture absorption improvement up to 26.1% and 25.9% for
esiccants with Polyvinyl Pyrrolidone (PVP) surfactant only and
ith surfactant and the MWNTs, respectively. As an essential tool

or analyzing the performance of the dehumidification system,
he exergy and 2nd law efficiency could be used. Based on the
uthors’ knowledge, the studies on evaluating the air dehumidi-
ier systems using the exergy analysis are very limited. Yulin Ma
t al. (2020) analyzed the natural convection HMT loop from the
nergy and exergy viewpoints. The inlet air flow rate was the
ariable parameter and the 2nd law efficiency was reduced by
he inlet air flow rate increase to system. By the exergy analysis
nd the 2nd law of thermodynamics, Xiong et al. (2010) proposed
two-stage liquid desiccant dehumidification system. By the

xergy analysis of the basic and two-stage systems, they showed
hat the exergy loss in desiccant–desiccant heat recovery system
ould be decreased by increasing the concentration difference
etween the strong and weak desiccant solutions. Zhang et al.
2014) showed that the selection of the dead state is a key
arameter for analyzing the exergy performance of these systems.
he studied system was the falling film dehumidification type
ith LiBr desiccant solution and they demonstrated that reducing
he exergy destruction improves COP of the system.

As the indirect contact dehumidification type system, mem-
rane systems have drawn large attention through recent years
Yulin Ma et al., 2020). Hollow Fiber Membrane (HFM) contac-
or systems with their advantages such as the large per unit
olume of contact areas (up to 2000 m2/m3) have a position
bove other similar membrane contactor systems. The employed
embrane, as the air/liquid contactor for air dehumidification,
eparates two neighboring fluid phases. For the desiccant solution
f aqueous type, the mechanism of air dehumidification is by
enetrating the vapor from the gas to the desiccant side through
he membrane surface, and in this process, the water transfer
n liquid form should be banned. By this, as the major property,
he membrane should be hydrophobic and this property comes
irstly from its material. After, the pore size (reported by mean
ore size) and the fiber diameter are the next important HFM
pecifications. To avoid the risk of pore wetting of membrane in
onjunction with liquid desiccant dehumidifiers, the membrane
urface should be hydrophobic. Some materials are inherently
ydrophobic and some are made hydrophobic through chemical
echniques; Polypropylene (PP) and Poly Tetra Fluoro Ethylene
PTFE) are the instances of the former and Polyvinylidene Fluoride
PVDF) is the instance of the latter group. Sometimes the mem-
rane surface is coated with other materials to repel the water
olecules (Qi et al., 2020). Shadanfar et al. (2021) investigated

he air dehumidification in the HFM system using nanofluids of
ri-ethylene glycol with carbon nanotubes, silica, and aluminum

xide with different weights percent. The results show that the

2823
Fig. 1. The output diagram of the XRD test.

ir dehumidification is the highest for CNT nanofluid and SiO2
and Al2O3 stand in the next stages. Liu et al. (2020) studied the air
dehumidification using the PVDF hollow fiber membrane whose
outer surface modified with poly Vinyl Alcohol (PVA) and Poly
Dopamine (PDA). The results show the three layer PDA–PVA/PVDF
surface with PDA significantly enhanced the dehumidification
performance.

Based on the authors’ knowledge, the studies on the effect of
using NF desiccant on HMT characteristics of dehumidifiers are
mainly in direct contact systems; also, considering the very little
works on NF desiccant properties, including the vapor pressure,
ctivation energy, etc. which are required to determine the exergy
alues of NF, a literature gap was found in exergy analysis of
ehumidification in HFM systems with NF desiccant. As the first
tep toward the application of aqueous NF solution of CaCl2 in
FM dehumidification systems and assessing its energy and ex-
rgy performance, dehumidification properties of CaCl2/H2O-SiO2
esiccant solution in a Hollow Fiber Membrane Energy Exchanger
HFMEE) investigated experimentally. The airflow is directed into
he fibers while desiccant flows over the fibers in the shell and
ube H/M exchanger. Different types of effectiveness values in-
luding the sensible, latent and total effectiveness, Sensible Heat
actor (SHF ) and 2nd law efficiency were analyzed as the energy
nd exergy characteristics of system. The sensitivity analysis was
erformed to unveil the effect of NF concentration, its temper-
ture, and flow rate on the system performance. In the next
ection, after the explanation of the experimental setup and its
omponents, the procedures and the operating conditions are
escribed. The results are given next in the results and discussion
ection and finally, the conclusion is drawn.

. The system description, methodology, and the validation

In this study, an aqueous solution of CaCl2 with ultrafine
articles of SiO2 in volume percent of 0, 1%, and 2% adopted as
he NF desiccant solution. The solution is prepared by the two-
tep method and the final solution is examined by the XRD test,
hose output diagram is depicted in Fig. 1. The two-step method
f NF preparation method is most appropriate and economical
or the production of aqueous NF of metal oxides (Kim et al.,
012). Here, the solution is subjected to the cavitation bubbles
n the pressurized vessel called reactor; next by increasing the
ressure, the NPs are added to the solution slowly. The diagram
nd locations of the peak values approve the amorphous form of
sed NPs and their high purity. Amorphous materials, like glass,
o not produce sharp diffraction peaks. Also, the DLS test shows
he mean diameter of particles to be 23.32 nm. The stability of NF
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Fig. 2. The schematic of the system setup including the air compressor, humidifier, air heater, HFM contactor, the diluted and concentrated solution tanks, the
controllers, and the measurement sensors.
was examined by investigating the samples in periods of 7 days
and a month, which show no settlement or agglomeration during
this time.

The setup system, whose schematic is shown in Fig. 2, has
hree main subsystems; the HFMEE, the air, and the solution
rocessing systems. The measurement devices get data from the
luid streams via their sensors located in the air and desiccant
low paths.

The HFMEE is similar to a shell and tube heat exchanger, where
FMs are in place of the tubes. The air flows into the fibers and
he solution stream is in the shell side over the fibers. The fibers
re made up of PVDF , whose inside diameter is 640 µm and are
rovided by the national company. The schematic of the module
nd specifications of the fibers and the exchanger shell are shown
n Fig. 3 and Table 1, respectively.

The flow rate and pressure of the processing air are regulated
tilizing a needle valve and pressure regulator, respectively. Also,
he value of the airflow rate is determined using a calibrated
otameter. The humidity and temperature of the processing air
et to specified values by regulating the air heater and humidifier
ystems (Fig. A.1), respectively.
A handmade psychomotor is used by which the dry and wet

ulb temperatures of the air could be determined (Fig. A.2).
lso, the air pressure loss is determined using the glass U-tube
anometer. By the same air flow rate through the experiments,

he air pressure drop is not altered and its value was measured to
e 160mmHg. The desiccant solution is pumped by a diaphragm
ump from the concentrated solution tank into the shell side of

he exchanger and after HMT is directed to the weak solution

2824
Fig. 3. The main dimensions of the module.

tank. Before connecting the air tube to the exchanger, its proper-
ties are adjusted in a process which is described in the appendix
under Fig. A.3.

A set of experiments had been organized to unveil the ef-
fect of desiccant temperature, its flow rate, and NP concentra-
tion on the exergy and energy performance of the system. The
properties of inlet air are selected according to values of AHRI
summer air conditions and their values along with the solution
and NP properties are listed in Table 2 (AHRI A, 2005). It is
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Table 1
Specification of HFMs in the module.
Specification Unit Value

Membrane material – PVDF
Fibers inner diameter µm 640
Fibers outer diameter µm 1300
Membrane thickness µm 330
Number of fibers in the exchanger – 200
surface density in the exchanger m2/m3 528
Cross sectional surface density m2/m2 0.14
Mean pore size of fiber material µm 0.03
Tortuosity of fiber material – 3.82
The porosity of fiber material – 0.55
s
c
w
l
i

worth noting that the AHRI provides the examination procedure
or air dehumidification systems which is used for performance
valuation.
The values of outlet desiccant and air temperatures are got

very 5 min; data acquisition goes on until the parameters got
ixed vs. the time.

The flow rate of the desiccant solution is determined using the
imer of the graduated cylinder. The air and solution temperature
re measured using the standard ASTM calibrated glass ther-
ometer and the steady-state concentration of desiccant solution
etermined by sampling and direct measurement. The samples
re firstly weighted (w1) and then, let to be dried by heating
t and are weighed again (w2). After, the concentration value is
alculated as (w2-we)/(w1-we) where (we) is the weight of the
mpty container. The weighing is performed by a digital balance
ith an accuracy of 0.001 gr. Other thermodynamic properties of
esiccant and air streams are determined by EES software using
he corresponding values of temperature and concentration, dry
nd wet bulb temperatures, and pressure.
At steady-state, considering the adiabatic condition of the H/M

xchanger, the heat and moisture conservation laws could be
ritten as Eqs. (1) and (2) respectively;

sol(hsol,o − hsol,i) = Ga(ha,o − ha,i) (1)

solCsol,i(
1

Csol,o
−

1
Csol,i

) = Ga(ωi − ωo) (2)

The left side of Eqs. (1) and (2) demonstrates the transferred
oisture and heat in solution and the right side declares the
orresponding values in air, respectively. In Eqs. (1) and (2) h,
, and C refer to enthalpy, mass flow rate, and solution concen-
ration, and i, o, a, and sol subscript stand for inlet and outlet
lows, air, and the solution respectively. From the little change
f solution concentration in the mass conservation equation, the
nergy conservation law stated by Eq. (1) was taken as a basis
o determine the steady-state achievement. For verification of
teady-state achievement, the maximum discrepancy of ±20%
etween the sides of energy equation relation was considered to
ake into account the data measuring uncertainties and also the
mall amount of heat transfer between the system and environ-
ent (Wen et al., 2018c,a; Dong et al., 2017b; Liu et al., 2015).
fter this, the experimental system would be approved for later
nvestigations

. Evaluation indexes

The HFMEE system is evaluated from the energy and exergy
viewpoints. As the representatives of energy performance, sys-
tem effectiveness values including the sensible, latent, and total
effectiveness and Sensible Heat Factor (SHF ) and as the exergy
valuation index, 2nd law efficiency would be used and are
xplained in the following subsections.
2825
3.1. Effectiveness

Different forms of effectiveness are defined to demonstrate
the moisture, sensible heat, and total heat transferability of the
system which are usually denoted by latent, sensible, and total
effectiveness, respectively. In energy exchanger systems the value
of effectiveness (sensible and latent) depends mainly on two
parameters; a number of a transfer unit or NTU (in its sensible
as Eq. (3) or latent forms as Eq. (4)) and flow rate or heat
capacitance ratio (Eqs. (6) and (7), respectively). The value of
NTU s is determined mainly by transfer coefficients in solution
(hsol) and air sides (ha), but from the greater value of solution
ide coefficients and its reverse effect in sensible heat transfer
oefficient (Us in Eq. (5)), it is the airside transfer coefficient
hich primarily determines sensible transfer coefficients. A simi-

ar argument could be made about the latent transfer coefficient;
n this way, the value of flow rate ratio (R in Eq. (6)) may be varied
only by changing the solution flow rate and its effect studied on
latent effectiveness. Therefore, to retain the values of sensible and
latent NTU unchanged, the airflow rate was kept fixed and the
other parameters i.e. flow rate ratio (Eq. (6)) and heat capacitance
ratio (Eq. (7)) are varied by changing the solution flow rate. In
Eqs. (3) to (7) the subscripts s, l, min, sol, and a refer to sensible,
latent, minimum, solution and air streams and A, U, L, h, and ṁ
are surface contact area, overall transfer coefficient, exchanger
length, enthalpy, and the mass flow rate, respectively.

NTUs =
UsA

(ṁcp)min
(3)

NTUL =
UlA

(ṁ)min
(4)

Us =

[
1
hsol

+
ln(d2/d1)
2πLkmem

+
1
ha

]−1

(5)

R =
(ṁ)sol
(ṁ)a

(6)

Cr∗
=

(ṁcp)sol
(ṁcp)a

(7)

3.1.1. Sensible effectiveness
As a sensible heat exchanger device, sensible effectiveness

specifies the capability of energy exchanger for transferring ther-
mal energy in its sensible form (nominator of Eq. (8)) compared
to its maximum possible value (denominator of Eq. (8));

εs =
Q̇s

Q̇s,max
=

(ṁcp) a(T1,a − T2,a)
(ṁcp)min∆Tmax

(8)

The ‘‘min’’ and ‘‘max’’ subscripts denote the minimum and max-
imum values which are chosen between the air and desiccant
streams (Eq. (9)). Also, ∆Tmax is the maximum temperature dif-
ference between the air and desiccant (Eq. (10)).

(ṁc ) = min
{
(ṁc ) , (ṁc )

}
(9)
p min p sol p a
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Table 2
The operating conditions of the experiments.
Material Parameter Range

Solution
Concentration (wt%) 47
Volume flow rate (ml/min) (160–244)
Inlet temperature (◦C) 20–26

Process air
Inlet humidity ratio (gr/kg) 21.38
Volume flow rate (m3/h) 11.2
Inlet temperature (◦C) 35

SiO2 NPs Volumetric concentration (%) 0–2
o
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∆Tmax = Tmax − Tmin (10)

In Eq. (10), the maximum and minimum values of temperature
re selected between the inlet and outlet temperatures of air and
olution streams. The desiccant mass flow rate is determined by
ultiplying its volume flow rate to density, according to Eq. (11).

˙ sol = ρsol × V̇sol (11)

n Eq. (11), ρsol and V̇sol stand for density and volume flow rate
f desiccant, respectively. The density and specific heat values of
F desiccant are calculated based on their corresponding values
or a pure desiccant solution, according to Eqs. (12) and (13),
espectively (Xuan and Roetzel, 2000; Pak and Cho, 1998).

nf = φρp + (1 − φ)ρbf (12)

p,nf =
(1 − φ)(ρcp)bf + φ(ρcp)p

(1 − φ)ρbf + φρp
(13)

In Eqs. (12) and (13), ‘‘φ’’ represents the volumetric concen-
ration of NP in desiccant, and the subscript ‘‘bf ’’ referred to
he base fluid, which is the calcium chloride desiccant solution.
he thermophysical properties of calcium chloride solution are
etermined using the correlations given by Conde (2004); also,
he particle properties are obtained from the NP manufacturer
Nanomaterials, 2018).

.1.2. Latent effectiveness
The latent effectiveness describes the moisture removal rate

MRR) (nominator of Eq. (14)) vs. the corresponding maximum
ossible value (denominator of Eq. (14));

l =
ṁv

ṁv,max
=

ṁ a(ωa,i − ωa,o)
ṁmin(ωmax − ωmin)

=
MRR

MRRmax
(14)

n Eq. (14), ω is the air humidity ratio, and the subscripts a,
, o, and v denote the air, inlet–outlet, and vapor, respectively.
The minimum value of mass flow rate is chosen between the air
and solution streams, and the value of ∆ωmax is the difference
etween the maximum (Eq. (15)) and minimum (Eq. (16)) values
f air humidity ratio.

max = max
{
ωa,i, ωa,o, ωa@(Tsol,i,Csol,i), ωa@(Tsol,o,Csol,o)

}
(15)

ωmin = min
{
ωa,i, ωa,o, ωa@(Tsol,in,Csol,i), ωa@(Tsol,o,Csol,o)

}
(16)

For calculating the equivalent specific humidity of inlet des-
iccant (ωmin in Eq. (14)), the vapor pressure over the desiccant
surface (Pv) should be substituted in Eq. (17);

ωs = 0.622
Pv

P − Pv

(17)

In the case of using pure calcium chloride solution, the equi-
ibrium vapor pressure of desiccant is determined using the cor-
elation of Conde (2004), which is based on the saturated vapor
ressure of water. In the case of NF desiccant, due to collision and
nteraction between the particles and fluid, it is expected that the
ddition of NP affects the equilibrium saturated vapor pressure
Xuan and Li, 2000). As mentioned earlier in the Introduction, the
2826
studies about the effects of NP on the saturation vapor pressure of
aqueous NF solution are very limited, and in the case of desiccant
solutions, no report was found. The only existing studies in this
field are the works of Zhu et al. (2011) and Tso and Chao (2015),
which measured the saturation vapor pressure of water-based NF
f Al2O3 and TiO2 with particle sizes of 13 nm to 80 nm. Based

on their results and for the particle size of 21 nm, a maximum
vapor pressure reduction of 3.8% is observed for the investigated
solution temperatures. Considering this fact and lack of any other
works in the field, for determining vapor pressure of NF desiccant
the saturation vapor pressure of aqueous NF proposed by Tso
and Chao (2015) substituted in place of pure water saturation
pressure in correlation of Conde (2004).

3.1.3. Total effectiveness
In energy exchanger systems, total effectiveness is used to ex-

press the system’s ability to transfer total energy (sum of sensible
and latent forms). The value of total effectiveness is the ratio
of energy transfer rate (nominator of Eq. (18)) to the maximum
possible one (denominator of Eq. (18));

εt =
(H1,a − H2,a)
(H1,a − H1,sol)

=
(ṁ) a(h1,a − h2,a)

(ṁ)min∆hmax
(18)

In Eq. (18), H and h represent the enthalpy and specific en-
halpy and 1 and 2 subscripts referred to as inlet and outlet
treams, respectively. The value of ∆hmax in Eq. (18) was obtained
y subtracting the minimum value of enthalpy from the maxi-
um one whose values are determined between the enthalpies
f engaged fluids i.e. air and desiccant solution (Eq. (19)). Con-
idering different phases of air and desiccant, a common basis
hould be adopted for determining their enthalpies. This common
asis is to use the air enthalpy which is in an equilibrium state
ith desiccant fluid in place of solution enthalpy whose value is
etermined by Eq. (20); the equilibrium state means having the
ame temperature and vapor pressure as desiccant fluid.

hmax = hmax − hmin (19)

a = cp,aTa + ω × (hfg + cp,vTa) (20)

The values of hmax and hmin in Eq. (19) are determined using
qs. (21) and (22), respectively.

hmin = min
{
ha,i, ha,o, ha@(Tsol,i,ωsol,i), ha@(Tsol,o,ωsol,o)

}
(21)

max = max
{
ha,i, ha,o, ha@(Tsol,i,ωsol,i), ha@(Tsol,o,ωsol,o)

}
(22)

.2. Sensible heat factor (SHF)

As a total energy exchanger, a parameter that may be used
o compare its ability for transferring sensible and latent forms
f thermal energy is the sensible heat factor or SHF. The SHF
escribes the rate of sensible (nominator of Eq. (23) to total heat
ransfer rate (denominator of Eq. (23).

HF =
Q̇s

=
ṁacp(Ti,a − To,a) (23)
Q̇l + Q̇s ṁa(hi,a − ho,a)
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The value of SHF varies between 0 and 1; the smaller value
f SHF shows a greater share of latent heat from total energy
ransfer, and vice versa, the larger SHF demonstrates that the
arger portion of energy transfer is in the sensible form.

.3. Exergy flow and 2nd law efficiency

Exergy is defined as the maximum useful work that could be
otten from a specified form of energy in a process that finally
ets the system to an equilibrium state with the environment
Kotas, 2013). In the air dehumidification system, the equilibrium
ith a reference state includes mechanical, thermal, and chemical
quilibrium for all the engaged flows, i.e., liquid desiccant and
umid air (Bejan, 2016). For both liquid desiccant and humid air,
he total exergy is the summation of thermal, mechanical, and
hemical exergies. Considering the environment temperature and
ressure as thermodynamics properties of dead state conditions,
he total exergy rate of humid airflow could be determined by
q. (24) (Bejan, 2016). In Eq. (24), T0 and P0 denote the dead
tate temperature and pressure, and the first two and last terms
ndicate the physical (thermomechanical) and chemical exergies
f humid air, respectively.

t,ha(T , p, ω)

= ṁa

⎧⎪⎨⎪⎩
(cp,a + ωcp,v)T0(

T
T0

− 1 − ln
T
T0

) + (1 + 1.608ω0)RaT0 ln
p
p0

+RaT0

[
(1 + 1.608ω) ln

1 + 1.608ω0

1 + 1.608ω
+ 1.608ω ln

ω

ω0

] ⎫⎪⎬⎪⎭
(24)

The liquid desiccant is mainly an aqueous solution of calcium
hloride, and the total molar exergy of such a two-component
ystem (water and solute) could be determined by Eq. (25) (Zhang
t al., 2014). The ‘‘*’’ subscript in Eq. (25) denotes the restricted
ead state condition at which the system has thermo-physical
quilibrium with the dead state, and its pressure and temperature
re P0 and To, respectively.

t,sol(T , p, xs) =
ṁsol

Msol

{
cp,s(T − T0) − cp,sT0 ln

T
T0

+ xs(µs
∗
− µ0,s) + (1 − xs)(µw

∗
− µ0,w)

}
(25)

The first two terms of Eq. (25) indicate the physical exergy and
the summation of the last two terms is the chemical exergy of
desiccant flow; also, ‘‘x’’ and ‘‘Msol’’ represent the mole fraction of
species and molar mass of solution, respectively. The conversion
of mass concentration to a molar fraction of solute (xs) and water
(xw) is performed by Eqs. (26) and (27), respectively.

xs = C ×
Msol

Ms
(26)

w = (1 − C) ×
Msol

Mw

(27)

In Eqs. (26) and (27), Ms and Msol are the solute and solution
olecular mass; also, the value of Msol depends on the mass con-
entration (C) and solute and water molecular masses, according
o Eq. (28);

sol = C × Ms + (1 − C) × Mw (28)

By Eq. (25), the chemical exergy of the water and solute is
etermined using their potential chemical values. The chemi-
al potential of solution components, i.e., solute and water, are
unctions of both activity coefficient and standard chemical po-
ential (Pitzer, 1995). Since these properties are usually found
n literature in terms of component molality (moles of solute
er kilogram of solvent, i.e., water) (Rard and Clegg, 1997), the
2827
chemical potential of solute and water are presented based on
solution molality, according to Eqs. (29) and (30), respectively.

µs(T , p) = µ0
s + νRuT ln(γ ±

m,sms) (29)

µw(T , p) = µ0
w + RuT ln(aw) (30)

In Eqs. (29) and (30), the symbols ‘‘ν’’, ‘‘µ0′′

, ‘‘γ ’’ and ‘‘aw ’’
refer to dissociation number (3) for CaCl2 (Rard and Clegg, 1997)),
standard chemical potential, the activity coefficient, and the ac-
tivity of water in the solution and ‘‘m’’ and ‘‘s’’ subscripts denote
mean ionic and solute material, respectively. The conversion of
solution mass concentration (C) to its corresponding molality (m)
executed via Eq. (31);

m =
C

(1 − C)
×

1
Ms

(31)

For determining the value of physical exergy, it is customary to
elect the temperature and pressure of ambient as dead state con-
itions. For determining the exergy of humid airflow saturated
tate of outdoor air is commonly chosen as a dead state (Wang
t al., 2010). The selected dead state for liquid desiccant should
e consistent with that of humid air. Water is the limitation
f the ultimate diluted solution, so the ultimate dead state of
iquid desiccant is selected at ambient temperature (T0), ambient
ressure (p0), and solution concentration of 0 % or equivalently
s→ 0 and xw→ 1 according to Eqs. (33) and (34), respectively.
he ultimate diluted solution, which is denoted by subscript
‘0,s’’ in Eq. (25), is a theoretical limitation, and for engineering
alculations, the x0,s value of 0.0001 has been used. After some
anipulation, the molar fraction could be converted to molality
ia Eq. (32); by this equation, the dead state molar fraction of
.0001 would be equivalent to 0.0056 mol/kg. Also, the dead state
emperature and humidity ratio of humid air are taken to be 30 ◦C
nd 0.0271 kg/kg, respectively.

=
xs

(1 − xs)
×

1
Mw

(32)

0,s = lim
xs→0

µs(T0, p0, xs) (33)

µ0,w = lim
xw→1

µw(T0, p0, xw) (34)

In Eq. (25), the numerical value of standard chemical potential
(µ0) for solute and water in third and fourth parentheses does
not matter and does not influence the value of desiccant exergy.
Also, the numerical values of mean molal ionic activity coefficient,
‘‘γ ’’ and water activity in solution, ‘‘aw ’’ depend on the solution
molality and are obtained from Ref. (Rard and Clegg, 1997).

Exergy destruction is a scale of irreversibility measurement in
any process, and its value in steady adiabatic systems could be
determined using the inlet/outlet exergy flow rates to/from the
system (Xi and Xo in Eq. (35), respectively)

Xdes =

∑
Xi −

∑
Xo (35)

For example, for the dehumidifier system the exergy destruction
rate could be evaluated using Eq. (36);

Ẋdes = (Ẋt,sol,i + Ẋa,i) − (Ẋt,sol,o + Ẋa,o) (36)

Having the exergy flow rates of air and desiccant streams, the
2nd law efficiency of H/M exchanger could also be evaluated by
dividing the outlet exergy flow to inlet one according to Eq. (37);

η2nd = 1 −
Xdes

Xi
=

(Xt,sol,o + Xa,o)
(Xt,sol,i + Xa,i)

(37)
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Fig. 4. The variation of sensible effectiveness vs. the solution flow rate for 20 ◦C
inlet solution temperature and different NP concentrations.

4. Uncertainty analysis

Every experimental work is accompanied by a certain value of
uncertainty; for directly measured parameters, the uncertainty is
the sensitivity of measuring devices and for calculated quantities,
the uncertainty is calculated considering their relation to mea-
sured parameters through a mathematical relation. In this work,
the uncertainty values of effectiveness, SHF, and 2nd law effi-
ciency are determined using the uncertainty propagation method
whose relation is given by Eq. (38) (Coleman et al., 2010).

Z = f (X1, X2, X3, . . .)

δZ =

√(
∂Z
∂X1

δX1

)2

+

(
∂Z
∂X2

δX2

)2

+

(
∂Z
∂X3

δX3

)2

+ · · ·
(38)

In Eq. (38), the uncertainty of calculated parameter Z is de-
oted by δZ, which depends on directly measured properties of

X1, X2, X3, etc. The maximum values of the uncertainties involved
in this study are summarized in Table 3.

5. Results and discussion

5.1. Energy analysis

In the following sections, the energy exchanger analyzed using
he energy rating parameters including the SHF and effectiveness
alues of the system. The sensitivity analysis is performed to
nveil the effects of solution flow rate, inlet temperature, and the
P concentrations according to values given in Table 2.

.1.1. Sensible effectiveness
In sensible effectiveness equation (Eq. (8), for each case of

olution temperature, the value of the denominator is the same
hrough the experiments, and therefore, the diagram of ϵ s shows
ainly the sensible heat transfer variation. The variation of sen-
ible effectiveness versus the solution flow rate in cases of 20 ◦C
and 26 ◦C inlet solution temperatures are depicted in Figs. 4 and
5, respectively.

By inspecting the variation of sensible effectiveness in Figs. 4
and 5 it is revealed that for pure desiccant solution (0% concen-
tration) at both solution temperatures, the sensible effectiveness
increased by the solution flow rate increment from 160 ml/min
to 244 ml/min; by growing the solution flow rate in this range,
the sensible effectiveness improved by 15.8% and 8.4% in cases
2828
Fig. 5. The variation of sensible effectiveness vs. the solution flow rate for 26 ◦C
nlet solution temperature and different NP concentrations.

f 20 ◦C and 26 ◦C inlet solution temperatures, respectively. This
esult is due to the enhancement of the heat transfer coefficient
y the solution flow rate increase. Also, the improving effect of
he solution flow rate increase on sensible effectiveness is more
rominent for lower solution temperature, which is due to the
igher solution to air temperature difference in this case. By in-
pecting the sensible effectiveness variation against the solution
low rate, the following statements could be made;

– Using NF instead of a pure desiccant solution, the sensible
effectiveness improved at all studied solution flow rates. For
the inlet solution temperature of 20 ◦C, using 2% NF instead
of the pure solution the sensible effectiveness improved by
4.4% and 4% at flow rates of 160 ml/min and 244 ml/min,
respectively; the corresponding values for 26 ◦C solution
temperature are 25% and 5%, respectively.

– In the case of using the NF desiccant solution of 26 ◦C
temperature, the overall variation of sensible effectiveness
vs. the solution flow rate is decreasing. In this case, by the
solution flow rate increase from 160 ml/min to 244 ml/min,
the sensible effectiveness reduced by 9% and 17% for NF
concentrations of 2% and 1%, respectively. This behavior
shows the reducing effect of flow rate increment by using NF
desiccant solution (Bejan, 2016). In adiabatic exchanger sys-
tems, the moisture absorption by desiccant and the resulted
in liberated heat of phase change gives rise to a temperature
increase of both air and desiccant solution. By the higher
heat transfer coefficient in the solution side (Bejan, 2016),
its temperature grows more, and this eventually leads to the
increase of mean temperature difference between desiccant
and the airflow streams. This demonstrates again the high-
est improving effect of using NF desiccant solution which is
at low solution flow rates and high temperatures.

onsidering the importance of heat capacitance ratio (Cr*) as one
of the influencing factors that affect the sensible effectiveness,
the variation of ϵ s vs. Cr* for 20 ◦C and 26 ◦C inlet solution
emperatures are depicted in Fig. 6 and Fig. 7, respectively. by
sing 0% desiccant solution, although the variation trend of sen-
ible effectiveness vs. the solution flow rate is increasing in both
olution temperatures, the change rate for lower solution temper-
ture (20 ◦C) is higher; in this case, by increasing the Cr∗ from
.9 to 4.3, the sensible effectiveness grows by 12.4% and 1.2%
or 20 ◦C and 26 ◦C solution temperatures, respectively. Another
point which could be inferred from Figs. 6 and 7 is that for each
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Table 3
The maximum uncertainty of parameters studied in this work.
Experimental parameters Unit Uncertainty value

Measured parameters

Tdb (◦C) 0.2
Twb (◦C) 0.2
Tsol (◦C) 0.2
Vsol (CC) 5
msol (gr) 0.001
t (s) 1
V̇a (m

3

s ) 0.5

Calculated parameters

V̇sol (ml
s ) 0.05

Csol 0.001
HR(gr/kg) 0.04
Cr∗ 0.13
R 0.05
ϵ s 0.003
ϵ l 0.003
ϵ t 0.002
LMTD (◦C) 0.25
SHF 0.004
Xdes (W) 0.004
ηnd
2 0.008
t

s

b
f

Fig. 6. The variation of sensible effectiveness vs. Cr* for 20 ◦C solution
emperature and different NP concentrations.

olution flow rate, the value of Cr∗ is different in cases of different
P concentrations; at each solution flow rate by increasing the
P concentration, the Cr∗ is reduced accordingly. As mentioned

earlier, having a constant airflow rate, the value of NTU s, and
he overall heat sensible transfer (Us) remain fixed through the
xperiments, and hence the only parameter affected by changing
he solution flow rate is Cr*.

.1.2. Latent effectiveness
The variations of latent effectiveness vs. the solution flow rate

or inlet solution temperatures of 20 ◦C and 26 ◦C are depicted in
ig. 8 and Fig. 9, respectively.
The equilibrium vapor pressure is a function of solution tem-

erature and concentration. In this way, as the denominator of
q. (14) depends on thermodynamics properties of inlet air and
olution streams and from the uniqueness of these properties
hroughout the experiments (except in cases of different inlet
olution temperatures and NP concentrations) the variation of
atent effectiveness in Figs. 8 and 9 shows that of the MRR.
lso, although the presence of NP reduces the equilibrium vapor
ressure and by Eq. (14) decreases the latent effectiveness, but
his change is not very large and is at the utmost 6.4%. The pre-
ailing trend observed is that the latent effectiveness increased
2829
Fig. 7. The variation of sensible effectiveness vs. the Cr* for 26 ◦C solution
emperature and different NP concentrations.

Fig. 8. The variation of latent effectiveness vs. the solution flow rate for 20 ◦C
olution temperature and different NP concentrations.

y the solution flow rate increase. By increasing the solution
low rate from 160 ml/min to 244 ml/min, the average latent
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s

Fig. 9. The variation of latent effectiveness vs. the solution flow rate for 26 ◦C
olution temperature and different NP concentrations.

effectiveness increased by 1% and 17% in cases of 20 ◦C and 26 ◦C
solution temperatures, respectively. This shows the relatively
greater importance of the solution flow rate on mass transfer
enhancement in high solution flow rates. Also, by using NF of 1%
concentration instead of a pure solution, the latent effectiveness
grows at all solution flow rates. The mass transfer enhancement
resulted from using the NF instead of pure desiccant could be at-
tributed to improving mechanisms of hydrodynamics and grazing
effects. The NP diameter is smaller than membrane pores, and
under the effect of Brownian motion and turbulence, the particles
penetrate the membrane surface and remain there temporarily.
By the vapor adsorption to NPs surface and under the action
of Brownian motion, they go back to the liquid bulk flow and
release the gas molecules there. Next, the NPs are regenerated,
after which this cycle is repeated and enhances the moisture
transfer. On the other hand, the presence of the NPs would affect
the hydrodynamic properties of the desiccant and improves gas
transmission. This mechanism, which could be named boundary
layer mixing, is the result of particle collision to each other
due to Brownian motion in the gas–liquid interface. This would
eventually alleviate the concentration boundary layer thickness
and decreases resistance against moisture transfer (Wen et al.,
2018a). Also, the existence of NPs affects the turbulence and gives
rise to the renewal of the liquid film, and improves the mass
transfer over the membrane surface (Hajilary and Rezakazemi,
2018). By comparing the effects of using NF in place of the pure
desiccant solution on sensible (Fig. 4 and Fig. 5) and latent (Figs. 8
and 9) effectiveness, the following statements could be made;

– In the case of 26 ◦C inlet solution temperature, using NF
instead of a pure desiccant solution, the sensible and la-
tent effectiveness are both enhanced. The improvement of
sensible effectiveness is larger in low solution flow rates
and becomes smaller at higher flow rates. Also, between the
sensible and latent effectiveness, the larger enhancement
effect of using NF is for sensible effectiveness; while the
average increment of latent effectiveness in the case of 2%
NP concentration is 3.5%, the corresponding value for sensi-
ble effectiveness is 18%. This shows the higher improving
effect of using NF solution on heat transfer rather than
mass transfer which is more dominant at higher solution
temperature.

– In the case of using 20 ◦C solution temperature, although by
using NF solution the sensible effectiveness is improved at
2830
Fig. 10. The variation of latent effectiveness vs. the solution flow rate ratio for
20 ◦C inlet solution temperature and different NP concentrations.

all solution flow rates and NP concentrations the situation
for latent effectiveness is not the same; while using a desic-
cant solution of 1% NP concentration instead of pure solution
enhances latent effectiveness, using 2% concentration solu-
tion attenuate it. As a result of using a solution of 2% particle
concentration, the average values of sensible and latent
effectiveness improved and declined by 4%, respectively.

– Using a 1% NF solution always improves the sensible and
latent effectiveness. In other words, increasing the NP con-
centration from a specific value has not the improving effect
at all conditions and, in some cases, may even have a reverse
effect on system performance.

The variation of latent effectiveness vs. the flow rate ratio (R) for
20 ◦C and 26 ◦C solution temperatures are depicted in Fig. 10 and
Fig. 11, respectively. Although the overall variations of ϵ l versus
the solution flow rate and flow rate ratio (R) are nearly the same
the values of R, are different for different NF concentrations. The
change of R-value by changing the NP concentration is due to
density change as denoted by Eq. (12), whose effect is revealed
in desiccant mass flow rate (Eq. (11)).

5.1.3. Total effectiveness
The variations of total effectiveness vs. the solution flow rate

in the case of 20 ◦C and 26 ◦C inlet solution temperatures are
depicted in Fig. 12 and Fig. 13, respectively.

By inspecting the trends observed in Figs. 12 and 13, the
following results could be obtained;

- Although for lower inlet solution temperature (20 ◦C), the
overall variation of total effectiveness for all NF concen-
trations vs. the solution flow rate is increasing, for higher
(26 ◦C) solution temperature, a common trend is not ob-
served. In the case of using pure desiccant, by increasing
the solution flow rate from 160 ml/min to 244 ml/min, the
total effectiveness grown by 4.7% and 5% for 20 ◦C and
26 ◦C inlet solution temperatures, respectively. By using
the NF desiccant solution, in the case of 20 ◦C inlet solution
temperature, a positive change of ϵ T by the solution flow
rate increase was observed, but the trend is increasing–
decreasing for 26 ◦C temperature. From the dependence
of total effectiveness to sensible and latent effectiveness
(Eq. (23)), different trends observed in variation of ϵ T for
26 ◦C inlet solution temperature could be attributed to the
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Fig. 11. The variation of latent effectiveness vs. the solution flow rate ratio for
26 ◦C inlet solution temperature and different NP concentrations.

Fig. 12. The variation of total effectiveness vs. the solution flow rate for 20 ◦C
nlet solution temperature and different NP concentrations.

unusual decrease of sensible effectiveness by the solution
flow rate increase (Fig. 7).

Using NF of 1% concentration in place of the pure desiccant
solution, the value of total effectiveness improved at all
solution flow rates and inlet temperatures. The mean im-
provement made by using 1% NF instead of the pure des-
iccant solution is 4.9% and 14.3% in cases of 20 ◦C and
26 ◦C inlet solution temperatures, respectively. This sug-
gests the biggest improvement of total energy transfer is
for the highest solution temperature (26 ◦C) and 1% NP
concentration.

.2. Sensible heat factor (SHF)

The variation of sensible heat factor against the solution flow
ate in cases of 20 ◦C and 26 ◦C solution temperatures are de-
icted in Fig. 14 and Fig. 15, respectively. The overall variation
f SHF for two solution temperatures are different; while the
alue of SHF increased by the solution flow rate for 20 ◦C solu-
ion temperature, it is alleviated for 26 ◦C solution temperature.
sing pure desiccant (0% NP concentration), by increasing the
olution flow rate from 160 ml/min to 244 ml/min, the SHF value
2831
Fig. 13. The variation of total effectiveness vs. the solution flow rate for 26 ◦C
inlet solution temperature and different NP concentrations.

Fig. 14. The variation of SHF vs. the solution flow rate for 20 ◦C inlet solution
temperature and different NP concentrations.

increased and decreased by 4.4% and 14.9% for 20 ◦C and 26 ◦C
solution temperatures, respectively. The different effects of the
solution flow rate increase on SHF could be attributed to differ-
ent effects of solution flow rate on heat and moisture transfer
coefficients of desiccant solution. Although both values of heat
and mass transfer coefficients increased by growing the solution
flowrate but for the higher solution temperature (i.e., 26 ◦C), the
mass transfer and for lower solution temperature (i.e., 20 ◦C) the
heat transfer coefficient increased more. This would eventually
lead to SHF decrease and increase by the solution flow rate
increment in cases of 26 ◦C and 20 ◦C temperatures, respectively.

By comparing the SHF values for 20 ◦C and 26 ◦C solution
temperatures, it is apparent that for each solution flow rate, the
SHF is lower in the former cases. Also, the respective decreasing
and increasing trend observed vs. the solution flow rate gives rise
to converging and finally equality of the SHF at high solution flow
rates; at maximum solution flow rate of 244ml/min at the SHF
would be reached to 0.44. This shows that the major effect of
using NP on SHF is in low solution flow rates and diminishes by
enlarging the solution flow rate.

About the influence of NP addition on SHF, it is inferred that,
particularly in low solution flow rates using NF instead of the
pure desiccant solution increases the value of SHF. At a solution
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Fig. 15. The variation of SHF vs. the solution flow rate for 26 ◦C inlet solution
emperature and different NP concentrations.

low rate of 160 ml/min by using 1% NF instead of pure desiccant,
he SHF value increased by 3% and 21% for solution temperatures
f 20 ◦C and 26 ◦C, respectively. The improving mechanisms of
onvective heat and mass transfer coefficients are similar; in this
ay, through both two coefficients increased by adding NPs, the

ncreasing trend of SHF resulted by adding NP shows the more
xtensive effect of the heat transfer rather than mass transfer
nhancement. Also, by increasing NP concentration, the portion
f latent heat increased accordingly; by using 2% instead of 1%
F solution, the SHF value decreased by 2.2% and 12% in cases of
0 ◦C and 26 ◦C inlet solution temperatures respectively. This sec-
ion could be concluded that the sensitivity of SHF value against
olution flow rate, temperature, and particle concentration is
ore at conditions of 1% NP concentration, higher temperature

26 ◦C), and lower solution flow rates.

.3. Exergy analysis

The exergy analysis of the system could be performed by
resenting either the rate of exergy destruction (Eq. (36)) or 2nd
aw efficiency (Eq. (37)). The rate of exergy destruction vs. the
olution flow rate in cases of 20 ◦C and 26 ◦C inlet solution
emperature is depicted in Fig. 16 and Fig. 17, respectively.

As demonstrated in Figs. 16 and 17, the overall variation of
xergy destruction by the flow rate for both solution tempera-
ures is increasing. When using 1% NF desiccant solution, by the
low rate increase from 160 ml/min to 244 ml/min the rate of
xergy destruction increased 3.19 and 10.44 folds for 20 ◦C and
6 ◦C solution temperatures; the corresponding values for 2% NF
oncentration are 2.11 and 8.03 times, respectively. This could be
ttributed to the growing heat and mass transfer resulted from
he solution flow rate increase. Also, the largest exergy destruc-
ion is for 1% NF solution, which is from the highest rate of HMT
or this case between the other study cases. Another result which
ould be drawn from the variation observed in Figs. 16 and 17
s the small sensitivity of destroyed exergy to both solution flow
ate and NP concentration which is more evident for solution flow
ates below 210 ml/min; in this region, the maximum variation
f exergy destruction rate due to the change of solution flow
ate is less than 63% and 200% in cases of 20 ◦C and 26 ◦C
nlet solution flow rates, respectively. The maximum change of
xergy destruction rate resulted from using NF desiccant instead
f the pure desiccant solution took place at the highest flow
ate (244 ml/min) which is for 1% NF solution. By using 1% NF
esiccant, the rate of exergy destruction increased by 82% and
67% in the case of 20 ◦C and 26 ◦C inlet solution temperatures.
2832
Fig. 16. The rate of exergy destruction vs. the solution flow rate for 20 ◦C inlet
solution temperature and different NP concentrations.

Fig. 17. The rate of exergy destruction vs. the solution flow rate for 26 ◦C
olution temperature and different NP concentrations.

he difference between the rates of exergy destruction at two
olution temperatures is throughout the solution flow rates but
ecame higher at larger solution flow rates. By using a desiccant
olution of 26 ◦C instead of 20 ◦C, the rate of exergy destruction
nlarged 3.9, 2.2, and 1.27 times for NF concentrations of 0% (hav-
ng no particles), 1%, and 2%, respectively. This shows the great
ffect of NP presence in the exergy performance of the system,
specially at high values of NP concentration and inlet solution
emperatures. The increasing effect of NF solution temperature
nd concentration on exergy destruction rate resulted in a reduc-
ion of 2nd law efficiency. The variation of 2nd law efficiency of
ystem vs. solution flow rate for 20 ◦C and 26 ◦C inlet solution
emperatures are outlined in Figs. 18 and 19, respectively. By
q. (37), the exergy destruction rate has the reverse effect on the
alue of 2nd law efficiency and as it was expected, the cases with
he highest rate of exergy destruction have the lowest values of
nd law efficiency and vice versa. At maximum solution flow rate
f 244 ml/min by using NF solution of 1% instead of pure (0%) one
he 2nd law efficiency decreased by 5% and 11.3% for 20 ◦C and
6 ◦C solution temperatures.

.4. The standard deviation

For each calculated parameter the standard deviation in its
orrected sample is calculated according to Eq. (39). In Eq. (39), x
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T
l
t
s

Table 4
The values of standard deviation for the involved parameters in different working conditions.

T = 20 ◦C T = 26 ◦C

0% 1% 2% 0% 1% 2%

εs 0.039 0.015 0.040 0.038 0.089 0.041
εl 0.002 0.005 0.003 0.025 0.042 0.014
εT 0.009 0.015 0.017 0.009 0.015 0.017
SHF 0.008 0.003 0.008 0.033 0.076 0.039
Xdes (mW) 0.004 0.013 0.004 0.036 0.014 0.048
η2nd (%) 0.570 3.456 1.045 6.983 3.201 8.006
Fig. 18. The variation of 2nd law efficiency vs. the solution flow rate for 20 ◦C
solution temperature and different NP concentrations.

Fig. 19. The variation of 2nd law efficiency vs. the solution flow rate for 26 ◦C
solution temperature and different NP concentrations.

represents the calculated parameter, x is the mean value and n is
the number of samples (Ghasemi et al., 2020; Orooji et al., 2020;
Hassandoost et al., 2019; Karimi-Maleh et al., 2021; Gholami
et al., 2019),

SD =

√∑
(xi − x)2

n − 1
(39)

he values of standard deviation for the involved parameters are
isted in Table 4. As could be seen, the standard deviation of
he involved parameters is very small compared to their corre-
ponding values; also, the values of standard deviation for 26 ◦C
solution temperature is higher than the corresponding values for
20 ◦C solution temperature.
2833
Fig. A.1. The schematic of the air humidifier system.

6. Conclusion

The air dehumidification by aqueous SiO2/CaCl2 NF desiccant
solution in a membrane-based LDAC system has been investi-
gated experimentally. The setup system is a hollow fiber mem-
brane energy exchanger (HFMEE) where the air flows through the
fibers and desiccant flows over them. By studying the system per-
formance in different working conditions of NF concentrations,
solution temperatures, and flow rates, the following statements
could be drawn;

– By using NF instead of the pure desiccant solution, the
sensible effectiveness grows at all solution flow rates and
temperatures. The mean change of sensible effectiveness
resulted by using 2% NF instead of pure desiccant is 18% and
4% in cases of 20 ◦C and 26 ◦C solution temperatures which
shows the higher improvement of sensible effectiveness in
the condition of lower solution temperatures.

– Using NF in place of pure desiccant does not improve the
latent effectiveness in all working conditions. For 26◦C so-
lution temperature using 1% and 2% NF solution, the mean
value of latent effectiveness altered by +6% and +3.5% while
the corresponding values for 20 ◦C solution are +2% and -4%,
respectively. This suggests the highest improving effect is for
the case of a 1% NF solution.

– Using 1% NF instead of the pure desiccant solution, the value
of total effectiveness is improved at all solution flow rates
and temperatures. The highest improvement of total energy
transfer was observed in solution temperature 26 ◦C and NF
solution 1%.

– The prevailing effect of using NF in place of the pure des-
iccant solution on the value of SHF is increasing. Using 1%
NF in place of pure desiccant, the SHF growth would be
the highest. Also, the greatest effect of using NF on SHF is
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Fig. A.2. The handmade experimental psychrometer.
at conditions of 26 ◦C solution temperature and the lowest
flow rates.

– The second law analysis shows that using NF instead of the
pure desiccant solution deteriorates the exergetic perfor-
mance of the system, but the degree of exergy destruction is
not directly proportional to the NP concentration. The high-
est rate of exergy destruction is for the desiccant solution of
1% NP and 26 ◦C temperature and the lowest is for a pure
desiccant solution.
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ppendix

The air humidifier is of the bubble-type whose components
nd its flow paths are shown schematically in Fig. A.1. If the air
emperature was below the specified set value, a variable voltage
ower source turns on the electric wire heater which raises the
ir temperature to the specified value.
For determining the air properties a handmade psychrometer

as used whose schematic is shown in Fig. A.2.
After connecting the airflow to the exchanger and from the

ressure loss in its way through the fibers, its flow rate would
e decreased, and the air temperature and humidity ratio deviate
rom the preset values. Therefore, before directing the air stream
nto the fibers, an equivalent pressure loss was exerted to airflow
o provide the correct air properties when it was connected to
2834
Fig. A.3. Adjusting the air properties using the set valve before starting the
experiment.

the module. The equivalent external pressure drop was applied
by a thermally insulted set valve (Fig. A.3). The values of the wet
bulb and dry bulb temperatures of air (Twb and Tdb in Fig. A.3)
are adjusted in a way that makes the required air properties of
inlet airflow using the isenthalpic property of the valve. After
getting the specified properties, the air canal disconnected from
the set valve and connected to the module, and simultaneously
the solution pump turned on and data acquisition triggered.
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