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Abstract
A novel cross-flow liquid desiccant polymer hollow fiber dehumidifier (PHFD) is investigated
numerically in this paper.

The main objective of this research is to simulate, validate the numerical model for future design
implementations. The experimental verified simulation data will be used to develop a set of
design and implementation tables and charts as the guidance for selecting the number of fibres
and the solution-to-air mass flow ratio of the PHDF under given conditions. A numerical model
is developed to simulate the performance of the proposed innovative dehumidifier. This model
is validated against three sets of data, i.e, the experimental obtained testing results, analytical
correlations and the modelling results from the literature. The influence of various operating
conditions such as inlet air properties (i.e. velocity, relative humidity) and inlet solution
properties (i.e. temperature, concentration, mass flow rate) on the dehumidification sensible,
latent, and total effectiveness, moisture removal rate are numerically analyzed. Dimensionless
parameters including the number of heat transfer unit (NTU) and the number of mass transfer
unit (NTUp), the solution to air mass flow rate ratio (m*), and the air to solution specific
humidity ratio (w;) have been used to evaluate the system performance. The results show that
the increase in NTU and NTU,, lead to a substantial change in dehumidification effectiveness.
When the NTU increases from 0.47 to 7, the sensible effectiveness rises from 0.35 to 0.95.
Increasing wy is another good option for increasing the amount of the absorbed moisture
without influencing the latent effectiveness. For an increase of wy. from 1.4 to 2.2, the air inlet
and outlet specific humidity difference varies in the range of 0.008 kg/kg and 0.018 kg/kg.

Keywords: Polymer hollow fibre dehumidifier, potassium formate solutions, heat transfer,

mass transfer, numerical analysis, experimental validation, performance implementation
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1. Introduction

Around 40% and 50% of the EU’s total energy and electricity consumption, respectively, takes
place in buildings [1]. The majority of this comes from the combustion of fossil fuels,
contributing to approximate 36% of the EU’s total carbon emissions [2]. By 2025, the installed
air-conditioning capacity in Europe is predicted to further increase by 50%-60% compared with
that in 2010 [3]. The above situation has fueled research into energy-efficient and
environmentally-friendly air-conditioning systems.

Dehumidification is an inseparable part of air conditioning, both for commercial and residential
cooling, and for humidity control in a wide range of industries (e.g. food, textile, wood
processing, printing, and crop drying). Recent research into efficient dehumidifiers has been
growingly focusing on liquid desiccant-integrated processes [4], and evaporative cooling [5, 6].
This approach introduces important advantages compared with the conventional vapour
compression (VC) systems. Firstly, it does not require refrigerants such as CFCs and HFCs,
which are known to be detrimental to ozone depletion and global warming. Secondly, it results
in energy savings of around 30% [5] by avoiding the deep-cooling-and-reheating cycles (VC
systems remove moisture from the air by cooling it below its dew point so that water vapour
condenses on a cooling coil, and then reheat the dehumidified air to reach the desired
temperature). Liquid desiccant-based systems dehumidify the air by utilizing the natural
hygroscopic properties of desiccant materials, i.e. their ability to absorb moisture. Finally,
thanks to their lower consumption, liquid desiccant dehumidifiers can easily be powered by
renewable energy (e.g. solar, wind) [7-10], further reducing carbon emissions.

Central to the design of liquid desiccant dehumidifiers is the flow pattern in which the incoming
humid air gets in contact with the moisture absorbing material. There are two broad types of
dehumidifier designs: direct contact [11-17] and indirect contact [18-21]. Direct contact simply
exposes the liquid desiccant to the flowing air. A two stage liquid desiccant dehumidifier
proposed by Xiong et al. [22] showed a double fold thermal performance improvement
compared with a conventional dehumidifier. A fin-tube type internally-cooled liquid desiccant
dehumidifier was explored by Luo et al. using experimental analysis [23] and CFD modeling
[24]. Ouetal. [25], conducted experimental and analytical studies on a combined system with
a cooling coil, obtaining 22.3% of energy savings.

A disadvantage of direct contact is that the air passing over the liquid dessicant results in
droplets of the desiccant migrating across the dehumidifier. To mitigate this, thin membrane
plate dehumidifiers with different configurations have been studied by various researchers. A
cross flow membrane contactor was analyzed by Das and Jain [26] using LiCl as the liquid
desiccant. The results indicated that the reduced air channel gap within the membrane contactor
lead to improved energy efficiency. Ge et al. [27-30] presented a counter-cross-flow single-
plate membrane contactor with an air gap of Smm using again LiCl as the desiccant. Their
numerical and experimental results confirmed that the solution concentration and the moisture
flow rate were the main factors for efficient moisture removal. Moghaddam et al.[31-34] tested
an air-to-liquid membrane energy exchanger using LiCl. The results showed that the
dehumidifier effectiveness (both sensible and latent) was sensitive to the concentration of the
inlet solution.
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Despite the extensive research on the performance of various packed beds [16, 17, 22, 25] or
thin membrane plate dehumidifiers [27, 31], the liquid droplet carryover problem could not be
solved. Since most liquid desiccants (LiCl, CaCl, and LiBr) are corrosive and harmful to health,
the spreading, as well as the proper subsequent removal of their carryovers becomes a major
problem. In order to address this, permeable polymer hollow fiber dehumidifiers (PHFD) have
been proposed as an alternative for direct contact dehumidifiers. Due to the microscopic size of
its pore (less than 100um) [35], the hollow fibre allows the moisture of the incoming air to
penetrate through its porous wall, while preventing any liquid desiccant droplets from getting
in contact with the processed air. Moreover, the small inside diameter (less than 0.1mm) of the
polymer hollow fiber leads to significantly enhanced surface contact areas, which can be
regarded as another great advantage of the PHFD. A numerical simulation model for a hollow-
fiber dehumidification system was proposed by Zhang et al. [36]. They concluded that the
dehumidifier’s effectiveness and dimensionless parameters were influenced by the varying air
flow rate. Huang et al. [37] analyzed the coupled heat and mass transfer in parallel-plate
membranes by numerical analysis. Their findings showed that the boundary conditions were
non-uniform both in the air side and the solution side. A CFD package-FLUENT module was
set-up by Zhang et al. [38]. Their analytical data indicated that the packing ratio had a major
impact on the flow distribution. The above team, has recently also worked on integrating liquid
desiccant-based membranes into heat pumps [39, 40] and heat recovery systems [41].

The research work presented in this paper aims to bridge the following research gaps: (1) As
summarized in Table 1, the work published in the field of hollow fiber integrated
dehumidification systems has mostly focused on theoretical modelling [36-39], with hardly any
experimental results. Attempts have been made to obtain the overall heat and mass transfer
coefficients for a polymer hollow fiber integrated shell-and-tube heat exchanger [42]. Due to
the difficulties in the manufacturing process of PHFD (especially related to potting the hollow
fiber bundles), very limited effort has been made to validate the models against experimental
testing results. (2) The dehumidification capacity of PHFD with aqueous potassium formate
(KCOOR) as the liquid desiccant has not been adequately addressed in the literature. With its
advantages of low price, low toxicity and low corrosiveness compared with other liquid
desiccants [43], the aqueous potassium formate solution is a preferable, environmentally
friendly liquid desiccant. The associated higher vapour pressure of KCOOH solutions means
that smaller amounts of energy are required for the regeneration stage [43], leading to a great
energy saving potential for the proposed PHFD. (3) Most importantly, previous modelling
works presented in the literature are largely based on specific working conditions and certain
PHFD module configurations, which can hardly be duplicated practically in the design of PHFD
modules for arbitrarily given operating conditions. (4) The effects of different fiber numbers on
the dehumidification performance of PHFD have not been investigated to date. A detailed
summary of previous research work and the research gap this paper is aiming to bridge is shown
in Table 1.

This paper introduces numerical and experimental investigations of a polymer hollow fiber
integrated dehumidifier (PHFD) with a potassium formate solution. It starts with numerical
evaluations of heat and mass transfer in such cross-flow liquid desiccant PHFDs. As opposed

to thin plate membrane contactors [31-34], the developed model takes into consideration the
3



129  porous and permeable feature of the polymer hollow fibers. Firstly, the derived mathematical
130  model was verified against three sets of data, i.e. experimental testing results, analytical results,
131  and published simulation results. Then, the impact of various operating conditions, i.e. the inlet
132 air properties (velocity, relative humidity), and the inlet solution properties (concentration, mass
133 flow rate, temperature) on: (a) the dehumidification effectiveness (sensible, latent, and total),
134  (b) the moisture removal rate, and (c) the outlet parameters (air temperature and specific
135  humidity), were numerically calculated and analyzed using the verified model. Dimensionless
136  parameters including the number of heat transfer unit (NTU) and number of mass transfer unit
137  (NTUpn), the solution-to-air mass flow ratio (m*), the air-to-solution specific humidity ratio
138  (w-*) have been employed to evaluate the dehumidification performance of the proposed PHFD.
139  Finally, the effects of fiber number on the dehumidification performance have been analyzed.
140  Based on the numerical modelling, a set of PHFD performance tables and charts have been
141  developed and verified against experimental results [44]. These can serve as a guidance for the
142 selection of appropriate number of fibres and the solution-to-air mass flow ratio of the PHDFs
143 under given conditions. With no iterative calculation required, this would give the designers
144  great convenience. The outcomes in the form of tables and charts can be used in the design of
145  aqueous KCOOH based PHFD. The research approach in this paper can also be adopted for
146  other types of liquid desiccants and PHFD configurations.
147  Table 1 Summary of the existing works and the research gap bridged by the present research
Reference | Dehumidifier Flow Direct/indirect | Numerical/ | Desiccant Research methodology and
type patter contact Experimental | solution conclusion
between air investigation
and liquid
desiccant
Peng and | Packed bed Parallel | Direct Numerical LiCl The analytical results were proved to
Zhang [7] flow agree well with modelling data.
Lietal [8] |Packed bed Parallel |Direct Both LiCl The proposed simplified model
flow agreed well with the experimental
data.
Xiao et al. [9] | Packed bed Counter |Direct Numerical LiCl The proposed outdoor air liquid
flow desiccant system could be adopted
for humid and hot climates, with the
system performance improvement of
19.9-38.4%.
Wang et al.|Packed bed Parallel | Direct Both LiCl The work conducted was mainly
[16] flow focused on the input and output data
for system control and optimization,
therefore no iterative process was
involved.
Wau et al. [17] | Packed bed Counter |Direct Numerical LiCl The control strategy applied in this
flow work avoids the continuous solution
exchange, which allowed a series of
dehumidifiers to work together for
large scale building applications.




Xiong et al.|Packed bed Counter |Direct Numerical CaCl, The two-stage dehumidification
[22] flow system was shown to offer
significant performance
improvement, with thermal COP of
0.73 and exergy efficiency of 23%.
Luoetal. [23,|Fin tube heat|Counter |Indirect Both LiCl The proposed fin type dehumidifier
24] exchanger flow was made of light weight, corrosion
resistant metal, which proved to offer
dehumidification efficiency above
60%.
Moghaddam | Thin plate | Counter- |Indirect Both LiCl Made from semi-permeable
etal. [31] membrane Cross membrane panels, the dehumidifier
energy flow was designed with 2.4mm solution
exchanger channel sandwiched between two
solution panels.
Zhang et al.|Polymer Cross Indirect Numerical LiCl A free surface model with defined
[36] and | hollow  fiber | flow boundary conditions was developed
Huang et al.|membrane to evaluate hollow fiber membrane
[37] contactor module. However, the experimental
results were not available.
Zhang et al.|Two stage | Counter | Indirect Numerical LiCl A heat pump powered two-stage
[39, 40] hollow  fiber | flow dehumidification  system  using
membrane membrane as the dehumidifier was
contactor numerically analyzed with
performance improvement of 20%
against single stage  system.
However, the model was not
validated against  experimental
results.
The present|Polymer Cross Indirect Both KCOOH |Model validation have been carried
work hollow  fiber | flow (Potassium | out in three parts: validation against
integrated formate) | 1) laboratory obtained testing results,
dehumidifier 2) previous established analytical
(PHFD) results and 3) other published
simulation results from the literature.
Based on this, a set of PHFD
performance tables and charts have
been developed, which will be easily
applied by designers in the practical
cases.
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2. The mathematical model

2.1 Heat/mass transfer coefficients for air side and solution side

As shown in Fig. 1, the PHFD module is designed as the interface between air flow and

solution flow, which respectively occur outside and inside of the hollow fibers. The heat

and mass transfer process of the PHFD model can be considered as three mechanisms: the

sensible and latent heat transfer between the air side and the solution side, and the moisture

transfer from the air side into the solution side. Therefore, the heat and mass transfer

coefficients for both the air side and solution side can be calculated using the modified
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Gnielinski correlation [45, 46] and the Leveque equation [47, 48], as described in the

following sections.

—— > Sensible heat

—\\—{>> Latent heat
— — — => —Moisture
—— Air flow Solution

@ Air-side convection resistance/diffusion resistant
@ Hollow fiber conduction resistance/diffusion resistant

@ Solution-side convection resistance/diffusion resistant

Fig. 1 Heat and mass transfer scheme of the PHFD model
2.1.1 Solution-side heat and mass transfer coefficient

The heat transfer coefficient h (W/m?K) at the solution side can be determined by the Nusselt

number, which can be calculated by the following Gnielinski correlation [45, 46] with RePrdi
100:
Nusol
0.085 [@] v\ 014
= Nulim + 067 (_> (1)
vS

1+ 0.047 [%rdi]

Where the subscripts ‘b’ and ‘s’ refer to bulk and surface respectively. For the laminar flow

inside the hollow fiber, the lower limit value of the Nusselt number (Nuy;;,,) is 3.658[45]. The

relationship between Nusselt number and the heat transfer coefficient can be expressed as:

Nuge; =

hd;

- (2

Where d;(m) is the fiber inside diameter, and A (W/mK) is the thermal conductivity.

The mass transfer coefficient k (m/s) is related to the Sherwood number, which can be defined

as:
Shsol
i .

o (
The Sherwood number can be derived from the Leveque equation[47, 48] which is suitable for
tube laminar flows (Re<2300) with small fiber inside diameter (d; < 1.5mm) and Graetz

Number (Gz = udi over 25.
L

Yw

Shsol
1

dizugoli>§
=162 2 4)
< Ly,
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Where 1,,(m?/s) represents water diffusivity in the solution inside the hollow fiber, d;(m) is
the fiber inside diameter, ug,; ;(m/s) is the solution inlet velocity.

2.1.2 Air-side heat and mass transfer coefficient

According to [49], when air flow crosses a bundle of tubes with Rep ;,4, in the range of 2000
to 40000 and Pr over than 0.7, the heat transfer coefficient at the air side is given by:

Nuair
1
= 1.13C;Rep'qy P73 5)
Where C; and m can be obtained from [49], and Rep, 4, can be calculated by:
dp airth
Rep max = Zhair"max (6)

v
Where 1,4, (m/s) is the maximum air velocity passing through the air channel, which can be

calculated by:
Uqir,iQh,air
= —t 7
Hmax dh,air —d, ( )
dp qir (M) is the equivalent hydraulic diameter of the air channel, which can be calculated as:
R CEOr .
M T ned, + d,

Where d,(m) is the fiber outside diameter, d. (m) is the module cross section diameter. ny is
the number of fibers included in the module, and ¢ is the packing fraction of the module, i.e.
the ratio of the total fiber surface area to the PHFD module surface are,
Y 2

nemd
T ©

As indicated by Zhang et al. [47], for the proposed PHFD configuration, at lower inlet air

velocity, the air flow could be considered as laminar flow with the air side mass transfer
correlation shown in the following equation:

Shgir = (14.06¢0* — 29.21¢3 + 22.59¢2 — 7.71¢

+ 1.03)Re%335¢%33¢, (10)

Where air side Schmidt number can be calculated as:
Scair

Hair
- Pair lpair (11)
Where g (Pa *s) is the air dynamic viscosity, pg;-(kg/m?) is the air density, and 1 4;,-(m?/s)
is the moisture diffusivity in air and
7, = 0.8827 — 0.535 (12)
where 7y is the fractal dimension of the fiber packing. For the irregular and regular packing,
the value of 75 is 1 and 2, respectively, and the general value is 1.6 to 1.9[48].

2.1.3 Overall heat and mass transfer coefficients

The overall heat and mass transfer resistance should take into account the air-side resistance,
solution-side resistance and hollow fiber resistance. The calculation equations were described
in detail by Zhang et al.[48]. The overall heat transfer coefficient (h,,) and the overall mass

7
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transfer coefficient (k,,,) are estimated as the sums of the individual resistances, as shown in
the following equations:

+ i)‘1 (13)
ho
o= @)+ ()
+k_1o - (14)

where d (m) is the average value of the fibers diameter, & (m) is the thickness of the hollow
fiber, d, (m) and d; (m) is the hollow fiber outside and inside diameter respectively. ,, (m*/s)
is the effective mass diffusivity of the hollow fiber and A,;; (W/mK) is the effective thermal
conductivity.

2.2 Heat and mass conservation equations

Solution inlet Solution inlet
X 0 JL Z
-« Polymer hollow fiber 0o 5
AT It mililiinGinGhiie
Air flow
4 //

< Air inlet
L

-

(A) (B) ©)
Fig. 2 The proposed polymer hollow fiber dehumidifier: (A) and (B) front view (C) section

view

The proposed hollow fiber integrated crossflow desiccant dehumidifier is illustrated in Fig. 2.

To simplify the numerical model, a series of basic assumptions were made:

(1) According to the numerical simulation presented by Ge et al.[28], when the fibers are
arranged in staggered pattern with solution side Re number less than 2000, the solution side
flow can be consider as fully developed and laminar.

(2) The physical properties of the air, solution, and the polymer hollow fiber, such as the
specific heat, heat conductivity, etc. are constant.

(3) The model is based on a two-dimensional cross-flow, with each fluid flowing in a single
direction.

(4) The axial water molecular diffusion, and the conduction of heat in the hollow fibers are

8
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ignored, since the Peclet number in both channels is larger than 20 [50, 51].

(5) Moisture condensates only in the liquid side, and the latent heat arising from phase changes
is also released only in the liquid side.

(6) All the fibers inside the PHFD module are assumed to be uniformly distributed, therefore,
the solution will be distributed uniformly through each single fibers.

2.2.1 Air-side and solution-side governing equations

The solution-side heat and mass conservation equations are given as

<m5°l .@. C )
Neqd; 0y p:sol

= hov(Tair - Tsol) + hfg Koy 'pa(wair - wsol) (15)
Msot X501 _

=Koy " Pa " (Wgir — Wso1) 16
neqdi ay ov " Pa air sol ( )

where 1, (kg/s) is the solution mass flow rate, Ts,;(°C) and Ty,;,-(°C) are the solution
temperature and air inlet temperature respectively, w,;- (kg moisture/ kg air) and wg,; (kg
KCOOH/kg solution) are the air humidity ratio and desiccant solution mass fraction, and n,,
is the equivalent number of fibers, which can be calculated as:

At t
Neq = d:}l 17)

Where d.(m) is the dehumidifier module cross section diameter, L(m) is the height of the

hollow fiber model, A;,;(m?) is the total heat exchange area, which can be calculated as :
Aior = nmd, L (18)

The air-side governing equations are given as:

Negdn ™" 0Ox
= hov(Tsor — Tair) (19)

mair _awair
Negdp  Ox

+ kov(wair - wsol) =0 (20)

where the mhg;,-(kg/s) is the air flow rate, ¢, 4 (J/kg K) is the air specific heat capacity.
2.2.2 Normalized equations

A range of dimensionless parameters can also be used:

The dimensionless temperature:
T — Tgiri
T* — air,i (21)
Tsol,i - Tair,i
The dimensionless humidity ratio:
W — Wgiri
W = air,i (22)

Wgoli — Wair,i

The dimensionless coordinates:

(23)

(24)
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The dimensionless heat capacity ratios including sensible heat capacity ratio mg,, and latent
heat capacity ratio m;,; are defined below:

_ Mayir Cp,air

Mgen = = (25)
sen Mot Cp,sol
Mygr = T'hairhfg (wsol,i - wair,i) (26)
msole,sol(Tsol,i - Tair,i)
The number of transfer unit is defined by:
h,,A
NTU = 225 27
(mcp)air
And the number of mass transfer unit is defined by:
irKopA
NTU,, = palr' ovftot (28)
Myir
The normalized formulae for the heat and mass conservation on the air side are:
0T ;" . .
S = NTU(Tsor" = Tagr) (29)
Wair" . N
axt NTUp(wso1™ — air”) (30)

Similarly, the normalized formulae for the heat and mass conservation on the solution side are:
aTsol*

ay” = MgenNTU (Tgir" — Tso1") + Mgt NTUpy (Wgiy™ — @s01™) (€29
Oweor” 0T..;"
SZZ =M so*l (32)
dy dy

where M is related to the dimensionless solution humidity ratio and the dimensionless solution
temperature:
M = g, —sobi — Tairi 33)
Wsol,i — Wair,i

where Et is related to the solution humidity ratio and the solution temperature, which is defined

as:
aC‘)sol
Er = 7 4
T (34)
with
Peo1 (Xso1, T
Wepp = 0.622 sol( sol sol) (35)

Patm — Psol(Xsol: Tsol)
where P,;.,, (Pa) is the atmospheric pressure; Pg,;(Pa) is the solution’s vapor pressure at a
particular concentration and temperature, which can be obtained by;
Psor = Xso1 - €xp? - expPHzo (36)
where the parameters X, ¥, Py, 0, are parameters related to desiccant solution and can be
found in[52]. The concentration of the desiccant solution can be calculated via the correlation
developed by Melinder [53], which relies on the temperature and density of the solution, as
shown below:

Xso1 = —253.148 + 0.04438563996T,; + 0.000162666247 Ty, + 0.331709855T,;, —
0.000079370267 ps; (37)

10
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2.2.3 Boundary conditions

The solution side boundary conditions are:
Teor” = 1,at y*=0

Wso1" =1, at y*=0

The air side boundary conditions are:
T,y =0, atx*=0

Wi = 0, at x*=0

2.4 Performance indices

Effectiveness is a key performance indicator of the dehumidifier. The sensible effectiveness

Esen, latent effectiveness €4 , and total effectiveness €;,, were used to evaluate the proposed

model. The sensible effectiveness &g, is determined as the ratio of the air-temperature

difference between the area-averaged outlet and the inlet, to the difference between the inlet

solution temperature and the inlet air temperature (Eq. 38). The latent effectiveness €;,; is the

ratio of the area-averaged inlet and outlet air humidity difference to the humidity difference

between the solution and the air at the inlet (Eq. 39);

Eson = Tairo — Tairi (38)
Tsol,i - Tair,i

€108 = Wair,o0 — Wair,i (39)
Wsol,i — Wair,i

The total effectiveness &, is the ratio between the maximum and the actual energy transfer

rates, which could be expressed as in (Eq. 40);

Oairi ~ W50
< +h ( air,i soLi) .
sen 19 (Tair,i - Tsol,i) lat

Etol = (40)
(wair,i - wsol,i)

(Tair,i - Tsol,i)
The moisture removal rate M (kg/s) is also a very important performance indicator of the liquid

1+ hgy

desiccant PHFD, and can be determined as:
M =m, (wair,i - wair,o) (41)

2.5 Simulations

Egs. (28) to (31) are the governing partial difference equations for the heat and mass transfer in
the proposed model. They are two-dimensional and two-variable partial differential equations.
A series of finite-differences iterations are performed in Matlab until the results converged. A
grid independence test was performed in order to optimize the grids. It was found that grids of
60 x 60 were sufficient for this study, as the difference of the results is less than 1% compared
to 60 X 120 grids. The process followed in this study is shown in the flowchart of Fig.3.
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Fig.3. Flow chart for the simulation procedure
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3. Experimental work

The experimental dehumidifier was assembled in the Marmot laboratory, University of
Nottingham, UK. The schematic diagram and the experimental set up can be found in Fig.4 (A)
and (B), respectively. The system includes the following major components: the polymer
hollow-fiber dehumidifier, the air channel, a fan, two circulation pumps, two solution tanks and
a water filter. The major component is the dehumidifier module with module cross section
diameter of 0.2m and length of 0.6m. 5500 porous hollow fibers were combined as a bundle
and attached on either end to a plastic disc by means of adhesive sealant. The polymer hollow-
fiber dehumidifier was further integrated in a transparent plastic box to allow interactions with
the incoming air. The aluminum air channel was attached to a centrifugal air fan with variable
frequency, connected in turn to the environmental chamber with supply of humid and hot air of
temperatures between 25°C and 40°C, and relative humidity of 0-75%. Two plastic tanks of an
eight-liter capacity carried the strong and weak solutions of the liquid potassium. Located at
the entrance of the PHFD, the water filter would help to eliminate any small particles entering
into the liquid desiccant solution. A ball valve and a flow-meter were fixed at the entrance to
the polymer hollow fiber module to control the solution flow rate inside the fibers. The physical
and geometrical properties of the PHFD are listed in Table 2.

The experiments were conducted as follows. The intake air from the environmental chamber
was directed inside the dehumidifier, once the environmental chamber had reached the required
temperature and relative humidity. The strong KCOOH solution was pumped from the strong
solution tank by a centrifugal pump (25W), to the desiccant solution inlet of the hollow fiber
module, where it was sprayed from the top of the PHFD and was left to trickle down into the
module. After being exposed to the inlet air, the dilute solution was collected into the relevant
weak solution tank. It was then pumped into the regenerator, constructed as an aluminum-plate
heat exchanger. Hot water (~80°C) was fed to the regenerator by a 3kW electrical boiler for the
purpose of desiccant regeneration. Once the solution concentration achieved its desired ratio, it
was returned to the strong-solution reservoir by a 25W single-phase centrifugal pump.
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Fig. 4 Schematic diagram (A) and experimental set up (B) of the hollow fiber integrated
liquid desiccant dehumidifier

Air temperature and humidity were measured by four dedicated monitoring devices (EK-H4,
Sensirion, UK), which were placed by the inlet and the outlet of the air channel. The solution
temperature was measured using K-type thermocouples. The air velocities in the air channel of
the hollow fibre module were measured by a Testo anemometer. Its probe was distributed over
several points around the outlet and inlet of the air tunnel. The dynamic pressure of the desiccant
solution was mesured by the Pressure transducers (Ge UNIK 5000). Finally, a DT500 data
logger collected all the data from the above sensors. Detailed information about the measure
sensors, for example, the measurement accuracy and measurement range are shown in Table 3.
Uncertainty analysis of the experimental results was conducted following Moffat’s method[54],
and is shown in Fig. 5-12.

Table 2. Physical and transport properties of the polymer hollow-fiber dehumidifier

Property Parameter Values Unit
Dehumidifier cross section diameter d; 0.20 m
Dehumidifier height L 0.6 m
Number of fibers inserted ng 5500
Fiber outside diameter d, 1.6 mm
Fiber inside diameter d; 1.4 mm
Pore size (nominal) 0.2 pm
Fibre porosity 0.6
Packing density 832 m?/m’
Packing fraction [0) 0.32
Fibre thermal conductivity A 0.17 W/mK
Solution concentration X 57-67 %
Inlet air velocity Ugir 0.65-4.5 m/s
Solution mass flow rate Mo 0.028-0.125 kg/s
Inlet air temperature Tair 35-40 °C
Inlet air relative humidity Wgir 55-80 %
Specific heat of solution Csor 3.1 kl/kg K
Dynamic viscosity of solution Hsol 5.1x 1073 Pa-s
Heat of evaporation hyg 2501 kJ/kg
Moisture diffusivity in air Y air 2.82x 1075 m?/s
Effective mass diffusivity of the hollow fiber ¥, 1.2x107° m?/s
Water diffusivity in solution Y 0.3 x 1072 m%/s
Number of heat transfer unit NTU 0.46-4.4
Number of mass transfer unit NTU,, 0.28-2.8
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Table 3 Measurement devices and their accuracy

Instrumentation Measured parameter Measurement range accuracy
Humidity and temperature ~ Air (relative) humidity 0-90% RH +2%
sensors
Humidity and temperature ~ Air temperature -40-125 °C +0.3%
sensors
Testo thermo-anemometer  Air velocity 0-10 m/s +5%
K-type thermocouple Desiccant solution temperature 0-1100 °C +0.75%
Datalogger DT500 Data Acquisition +0.15%
Branna hydrometer 200 Solution density 1.0-1.6 g/m? 2%
series
Parker liquid flow indicator Desiccant solution flow rate 0-5 litre/min +5%

4. Results and discussion
4.1 Model validation

4.4.1 Experimental validation

The simulation results were validated against experimental results using 5 groups of
experimentally obtained data. According to[49], since the ratio of hydraulic diameter of the air
channel to the fiber outside diameter is equal to 2, the two parameters C; and m in Eq. (5) is
chosen as 0.229 and 0.632, respectively. Under the various operating NTU and Cr* conditions,
the calculated and experimentally obtained outlet air temperature, specific humidity, outlet
solution temperature, sensible effectiveness and latent effectiveness have been listed in Table 4
and Table 6. It is obvious that the proposed model matches well with the experimental results
for both sensible effectiveness and latent effectiveness, with discrepancy in the range of 3.1-
9.3% for sensible effectiveness and 2.5-8.9% for latent effectiveness. Therefore, this model in

general can successfully predict the heat and mass transfer process in the PHFD.
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406 Table 4 Comparisons between numerically obtained and experimentally obtained sensible
407 effectiveness under various NTU (Cr*=0.13)

Operating Parameters
conditions

NTU Tairo(€xp) Tairo(num) Error(%) Tsoro(€Xp) Tsolo(num) Error(%) &swen(eXp) &sen(num) Error(%)

0.4684 33.07 33.00 0.2 29.75 29.85 0.3 0.351 0.363 33
0.6012 32.74 32.59 0.5 29.86 29.93 0.2 0.4113 0.437 4.6
1.2764 31.19 31.32 0.4 30.27 30.21 0.2 0.693 0.668 3.1
3.045 30.29 30.21 0.3 30.59 30.67 0.3 0.856 0.927 7.6
4.4126 30.15 30.07 0.3 30.89 30.97 0.2 0.882 0.973 93
408 Table 5 Comparisons between numerically obtained and experimentally obtained latent
409 effectiveness under various NTU,, (m*=0.75)
Operating Parameters
conditions

NTUn  ®sol,o(€Xp) Osolo(num) Error(%) mairo(€Xp) Mairo(num) Error(%) enlexp) ew(num) Error(%)

0.2803 0.0117 0.0118 0.3 0.0192 0.0190 1.0 0.191 0.196 2.5
0.8318 0.0122 0.0125 24 0.0164 0.0160 24 0.478 0.514 7.0
1.3232 0.0124 0.0129 4.0 0.0149 0.0144 4.0 0.613 0.664 7.6
1.8631 0.0126 0.0132 4.8 0.0140 0.0135 35 0.702 0.748 6.5
2.8631 0.0127 0.0134 5.5 0.0135 0.0127 5.9 0.749 0.822 8.9

410
411  4.1.2 Analytical Validation

412 Analytical solutions for an enthalpy exchanger considering a membrane core have been

413  reported in various works [55, 56]. According to these, the sensible effectiveness and latent
17
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effectiveness of cross flow is given by the NTU-& method. Those parameters are functions of
four dimensionless parameters; the former are NTU and Cr* and the latter are NTU, and
m*[36]:

gS@Tl
exp(—NTU%78¢C;) — 1
=1- exp[ p( T_)l ] (42)
NTU-022C,"
NTUy, "2 x 0.78
Eat =1—exp W[exp(—m NTU,,~ )
- 1]} (43)

The results of the analytical solutions in Fig. 5 show a trend consistent with the numerical
modelling results. As it can be seen in Fig. 5, a good agreement between numerical and
experimental results occurs when the inlet air flow rate is less than 0.02kg/s. As the value of
NTU and NTU,, increases, the two curves start to deviate. This is because the higher the NTU
and NTUy, the lower the air velocity and solution mass flow rate. With the 5500 hollow fibers
imbedded in one module, the inner parts of the hollow fibers will have less opportunity to be
exposed to the incoming air, leading to a decrease in heat transfer performance.
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Fig. 5 Variations of sensible effectiveness (A) and latent effectiveness (B) under various
NTU, based on experimental data, numerical results and analytical solutions.

4.1.3 Comparison with previous studies

This model is further compared with numerical results reported in the literature[57]. The
validation considers a crossflow membrane dehumidifier operating under the inlet air
temperature from 25.7 °C to 35.2 °C, specific humidity of 0.015kg/kg to 0.022kg/kg and inlet
air mass flow rate of 7.55 to 15.65kg/h using LiCl as the desiccant solution. Table 6 shows the
comparisons between Zhang’s model[57] and the model proposed in this paper under the above
conditions. It can be found that the results of the outlet air temperature and the outlet solution
temperature obtained from the model presented in this paper, are highly consistent with the
results of Zhang’s model[57], with maximum discrepancy of 2.9% for the outlet solution
temperature, and 1.6% for the outlet air temperature.

To summarize, the proposed numerical model was shown to be consistent with experimental
results, the analytical solution, and results from the literature. Hence, this model could be
adopted to analyze the working performance of the PHFD studied in this research.

Table 6 Comparisons between Zhang’s model [57] and the model proposed in this paper under
the same conditions

Operating conditions Parameters
Meor  Mgir  Laini  Tsoli Tairo Error(%) Tsolo Error(%)
Zhang’s This Zhang’s This
model model model model
9.69 636 339 249 25.99 25.65 1.3 32.44 32.90 1.4
9.75 867 352 253 28.04 27.72 1.1 36.89 37.51 1.8
9.66 1222 349 252 29.58 29.54 0.1 37.78 38.52 1.9
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451
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470

879 15.65 33.7 252 30.37 30.83 1.6 36.72 37.86 2.9

529 1245 338 255 333 33.79 1.2 40.42 40.23 0.5
10.19 7.55 353 245 26.5 26.09 1.5 35.27 35.94 1.9
953 745 328 24.6 26.37 25.95 1.2 33.68 34.08 1.0
9.67 743 298 24.6 26.39 25.73 2.2 32.39 32.59 0.6
9.67 745 272 256 26.51 26.44 0.3 30 31.17 3.6
945 7.66 2577 254 26.31 26.22 0.3 29.46 30.26 2.7

4.2 Effect of the inlet air conditions

According to the numerical analysis results, the inlet air conditions (i.e. inlet air velocity Vi,
and temperature 7,;;) are crucial parameters of the proposed PHFD. Fig 6-8 show the variations
of 4 parameters: sensible effectiveness, latent effectiveness, outlet air temperature and specific
humidity difference under various air velocities. As shown in Fig. 6, with increasing air velocity,
the latent heat capacity ratio (mi() and sensible heat capacity ratio (msen) will increase while the
NTUm and NTU will decrease. As demonstrated in Fig. 7, a higher inlet air velocity will cause
a rise of the outlet air temperature and the specific humidity difference between the inlet and
the outlet air. This results in the increase of the sensible and latent effectiveness, as shown in
Fig.8. For example, at the inlet air relative humidity of 60% and dry bulb temperature of 35°C,
when the inlet air velocity increases from 1.5m/s to 4.5m/s, the specific humidity difference
between the inlet air and the outlet air are 0.0040kg/kg, 0.0030kg/kg, 0.0022kg/kg, 0.0018kg/kg
respectively. The sensible and latent effectiveness decreases from 0.381 to 0.03 and 0.383 to
0.178, respectively. This is because the higher air velocity leads to the reduction of the contact
duration between the incoming air and the desiccant solution inside the PHFD. This results in
less effective heat and mass transfer, which is reflected in the reduced sensible and latent
effectiveness, as shown in Fig.8.

—_— o

0 e
1.5 2.0 2.5 3.0 35 4.0 4.5
Air velocity(m/s)

Fig. 6 The dimensionless parameters variations under different air velocities (Tairi= 35°C,
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471 Te0-29.5°C, Titgo; 1=0.028kg/s, RHairi =60%, Xo0=62%)
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474 (A) (error bars in 35 degree C experimental results should be shown in this figure, the
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478 Fig. 7 The numerically obtained outlet air temperature (A), and specific humidity difference
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479 (B), under various air velocities (Tso1,i=29.5°C, 1h4; ;=0.028kg/s, RH.iri=60%, Xs0=62%)
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484  Fig. 8 The numerically obtained sensible effectiveness (A), and latent effectiveness (B), under
485 different inlet air velocities (Tso,i=29.5°C, 144 ;=0.028kg/s, RHairi= 60%, Xso= 62%)
486

487  Further observation of the results shown in Fig. 8(A) reveals that at the fixed solution
488  concentration and inlet air velocity, the sensible effectiveness will increase at a higher air
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temperature. For instance, when the air velocity is fixed at 3.6m/s, for the inlet air temperature
of 35°C, 40°C and 45°C, the sensible effectiveness is 0.12, 0.23 and 0.24, respectively. In
contrast, as depicted in Fig. 8 (B), when the solution concentration and the inlet air velocity are
fixed, a higher inlet air temperature results in lower latent effectiveness. For instance, the latent
effectiveness only decreases by 1.6% and 1% respectively when the inlet air temperature
increases from 35°C to 40°C and 40 to 45°C at 0.7m/s air velocity, which is negligible. On the
contrary, Am increases with the improvement of inlet air temperature when the inlet air velocity
is fixed at 0.7m/s. The reason is that the increase of the inlet air temperature will lead to higher
specific humidity, while the inlet equilibrium humidity of the solution remains unchanged and
increases the vapor pressure difference indirectly.

4.3 Effect of the liquid desiccant solution inlet conditions

The temperature of the solution and its concentration also play crucial roles in the
dehumidification performance. Fig.9 shows the variations of the sensible and latent
effectiveness under several inlet solution temperatures at various concentrations. As it can be
found from Fig.9 (A), the sensible effectiveness drops with the increase of the solution
temperature. For example, at a 57% concentration, the sensible effectiveness varies from 0.4 to
0.3 when the solution temperature changes from 20.5°C to 28.5°C. It should be noted that at
higher solution temperatures, high concentration solutions are more sensitive to temperature
changes. For instance, as the temperature of the solution rises from 26.5°C to 28.5 °C, the
sensible effectiveness at a 57% concentration drops by 15%. In contrast, when the concentration
is 62%, the corresponding decrease is 32%. In Fig.9(B), it can be seen that the latent
effectiveness almost remains constant as the solution temperature rises. For instance, at a 62%
concentration, the latent effectiveness is 0.203, 0.200, 0.200, 0.200, 0.198 at the solution
temperature of 20.5°C, 22.5°C, 24.5°C, 26.5°C, 28.5°C, respectively. This is because,
according to Eq. (35), the solution equilibrium humidity (KCOOH) is related to its temperature
and concentration. Although the vapor pressure will naturally increase with the solution
temperature, the solution equilibrium humidity will also increase, and will thus reduce both the
nominator and denominator of Eq. (35). In addition, lower solution concentration leads to lower
latent effectiveness, for example, at 26.5°C, the latent effectiveness is 0.22, 0.20, and 0.18 for
the concentration ratios of 67%, 62%, 57%, respectively.
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Fig 10 Variations of latent and sensible effectiveness with the solution mass flow rate (Tai,i=
35°C, Tsoi= 29.5°C, RHair,i= 60%, Xsoi= 62%, Vairi= 3.6m/s)

Fig.10 shows the relationship between solution mass flow rate and effectiveness, including
sensible effectiveness and latent effectiveness. With the increase of the solution mass flow rate,
the sensible effectiveness will increase dramatically. For instance, when the air mass flow rate
increases from 0.02kg/s to 0.012kg/s, the sensible effectiveness shows a 7.7 times increase.
This is because a higher solution flow leads to a lower average solution temperature, and the
outlet air temperature will decrease. As for the latent effectiveness, this will also increase with
the solution mass flow rate. For example, the sensible effectiveness only increases by 46%
when the solution flow rate rises from 0.02kg/s to 0.012kg/s. This is because the increase of the
solution mass flow will result in the lower average equilibrium vapour pressure of the desiccant
solution, and a higher mass transfer capacity will be obtained. It should be noted that when the
solution mass flow rate is over 0.08kg/s, the growth rate of both the sensible and latent effectiveness
will drop. As far as the sensible effectiveness is concerned, the reason for this is that the average
solution temperature has a limit value, which is infinitely close to the initial solution temperature
when the solution mass flow rate is much bigger than the air flow rate, hence the heat transfer driving
force becomes weaker. For the latent effectiveness, the larger the solution mass flow rate, the more
moisture will be absorbed by the desiccant, and the value of the air-specific humidity will be close
to the equilibrium specific humidity of the desiccant solution, hence the ability of absorbing the

moisture will become weaker.
4.4 Effects of the dimensionless parameters

The influences of the air to solution specific humidity ratio w; on the outlet air temperature,

the sensible effectiveness, the specific humidity difference, the moisture removal rate, the latent

effectiveness, and the total effectiveness are demonstrated in Figs. 11-13. The other initial air

and solution conditions were invariable, the air velocity at the inlet was fixed at 0.7m/s, the
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inlet air temperature was fixed at 35°C, and the inlet solution mass flow rate was 0.028 kg/s.
As shown in Fig. 11, the air temperature at the outlet rises from 30.6°C to 31.8°C (an increase
of 3.9%) and the sensible effectiveness drops from 0.79 to 0.57 (a fall of 22%) when the w;-
varies betweenl.46 and 2.12. Inspection of Fig. 12 reveals that both the air specific humidity
difference and the moisture removal rate both increase when the w;. increases. For instance, the
air specific humidity difference is 0.0053 kg/kg, 0.0065 kg/kg, 0.0079 kg/kg, 0.0089 kg/kg,
0.0098 kg/kg and 0.0106 kg/kg at w; of 1.46, 1.62, 1.78, 1.88, 1.99 and 2.12, respectively, and
the rate of moisture removal rised by 104% (from 0.21kg/s to 0.43kg/s) at each wy . The reason
is that a higher w} reflects a higher water vapor pressure. No matter whether the inlet air
specific humidity increases or the inlet solution concentration decreases, a greater vapor
pressure difference between incoming air and desiccant solution is built. This leads to the
solution attracting more moisture from the inlet air, which increases the specific humidity
difference between the inlet air and the outlet air. When the desiccant solution absorbs more
vapor, a higher amount of latent heat will be released. This results in a smaller temperature
difference between the incoming air and the desiccant solution, which makes the temperature
drop gradually.

As shown in Fig. 13, the impact of the air to solution specific humidity ratio on the latent
effectiveness is negligible. For example, the latent effectiveness remains around 0.61, when w;-
changes from 1.45 to 2.15. On the other hand, the total effectiveness decreases with the increase
of wy.. This is because although the air-specific humidity or solution equilibrium humidity
increase dramatically with the rise of wy., the air specific humidity difference between the air
and the solution at the inlet also grows. Thus, the latent and total effectiveness are not affected
by w;-.
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Fig 11 Variation of the outlet air temperature and sensible effectiveness with the air to
solution specific humidity ratio (Tai,= 35°C, Tso1i= 29.5 °C, 115, ;== 0.028kg/s, Vairi= 3.6m/s)
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584 Fig 13 Variation of the latent effectiveness and total effectiveness with the air to solution
585 specific humidity ratio (Tairi=35°C , Ts01i=29.5°C , M50 ;=0.028 kg/s, Vairi=3.6 m/s)

586  To summarize, the variation of air velocity has a strong impact on Tao, ®a0, NTU, NTUm, Mgen,
587  mu, and has a significant effect on the latent effectiveness and the sensible effectiveness. The
588  sensible effectiveness and total effectiveness are less related to wy.. The moisture removal rate
589 and the sensible effectiveness also change significantly with the variations of w;.. In addition,
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the change of air specific humidity difference and the inlet and outlet air temperature difference
are closely related to w;.. This implies that changes of the wy within a certain range (i.e. 1.45
to 2.15) is preferable for increasing the dehumidification performance without reducing the
latent effectiveness.

4.5 Temperature and humidity contour

Temperature and humidity ratio contours of both the air and the solution are plotted in Figs.14-
15, based on the modeling results. The inlet air temperature, specific humidity ratio and mass
flow rate are 35°C, 0.0215kg/kg and 0.0407kg/s, respectively, and the inlet solution temperature
is 29.5°C , while the inlet equilibrium humidity ratio of the solution is 0.01076kg/kg, and the
solution mass flow rate is 0.028 kg/s. In Figs.14-15, the bottom boundary line indicates the
solution inlet and the right boundary line indicates the air inlet. Fig. 14 indicates that the air
specific humidity decreases from the inlet to the outlet. It is interesting to observe that the drop
rate of the air specific humidity slows down from the solution inlet to the solution outlet. This
is mainly because at the solution inlet, the solution has the lowest equilibrium humidity ratio,
which means that the solution can maximally absorb moisture from the incoming air. In contrast,
at the outlet, the desiccant solution has a much higher equilibrium humidity ratio. As for the air
flow, the temperature decreases along the x axis, and reaches the lowest temperature (top right
corner of the model) at nearly 29.5°C. It should also be noted that at the corner between solution
outlet and air inlet, the air temperature is slightly higher than the inlet temperature. This is due
to the accumulation of latent heat released by moisture, and sensible heat from the air, which
leads to the rise of the solution temperature as indicated in Fig. 14. As seen, the solution
temperature and equilibrium humidity ratio both increase from solution inlet to solution outlet
and reach the highest value (36.3°C and 0.01606kg/kg, respectively) at the corner between
solution outlet and air inlet of the model. The rate of change (from solution inlet to solution
outlet) slows down from the air inlet to the air outlet.

28



Temperature
309.0

308.2
307.4
306.8
305.8
305.0
3041
303.3

302.5

615
Humidity ratio

0.02150
0.02055
0.01960
0.01866
0.01771
0.01676
001562
0.01487

0.01382

x*

616
617 Fig. 14 Air temperature and humidity ratio contour

29



618

619
620
621
622

1.0

1.0

vsolution in

vsolution in

Temperature
300.3

308.5
3076
306.8
306.9
305.1
304.2

303.4

3025

Humidity rate

0.01606

0.01540

0.01474

0.01407

0.01341

0.01275

0.01209

0.01142

0.01076

Fig. 15 Solution temperature and equilibrium humidity ratio contour

5. Application
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Fig. 16 depicts the simulated outlet air temperature and specific humidity as a function of the
number of fibers in the proposed liquid desiccant PHFD, with the inlet air RH=60% and inlet
air temperature fixed at 30°C, 35°C and 40°C, respectively. Calculations have been performed
based on the square cross section of the dehumidifier with fiber numbers increasing from 400
to 8100. Fig. 16 shows two different solutions to air mass flow ratios which represent the two
lowest air velocities (tig,;/ Mg =10 and thg,/ Mg, =5) applied in this research. Table 7
summarizes the outlet air conditions together with the sensible and latent effectiveness at the
inlet air temperature of 35°C, specific humidity of 0.0215kg/kg and solution inlet temperature
of 25°C. It can be seen that as the fiber number goes beyond 3000, the outlet air temperature,
as well as the sensible and latent effectiveness maintain roughly the same value. This indicates
that the optimum fiber number could be identified at around 3000 for lower air mass flow rate,
which is associated with more effective heat and mass transfer. As the inlet air mass flow rate
increases, the incoming air will have less time to be exposed to the desiccant solution, therefore
more fibers with larger surface areas are required to obtain higher sensible and latent
effectiveness.

Fig. 16 and Table 7 can be useful in the practical design stage of polymer hollow fiber integrated
liquid desiccant dehumidification systems. It can help designers to obtain the desired number
of fibers by referring to the required outlet air temperature shown in Fig. 16 or based on the
required sensible and latent effectiveness indicated in Table 7, without having to repeat the
iterative simulations. For instance, as shown in Fig. 16 (C), with inlet air temperature at 40°C ,
approximately 1750 and 2380 fibers would be required to achieve the outlet air temperature of
30°C, respectively, for tiigy;/ My =10 and 1,/ My =5. At g/ My, =10, the dehumidifier
with 1750 fibers will provide a total fiber surface area of 5.28m?. This can be achieved by
inserting those fibers into a cylindrical module with the module cross section diameter equal to
0.28m. As the incoming air mass flow rate doubles (175y;/ M4i =5), in order to achieve the
same outlet temperature of 30°C, the required cylindrical module cross section diameter should
be increased to 0.36 m. This means that larger fiber surface area will be required at higher inlet
air mass flow rate. Similarly, by making use of Table 7, based on the required sensible and latent
effectiveness for different operational conditions, the designer could easily select the relevant

Mo/ My and fibers number.
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Fig. 16 The variations of outlet air temperature and specific humidity under various fiber

numbers with 1itgoy/ Mg =10 and 1/ Mg =5 and inlet air temperature of (A) Tairi =
30°C (B) Taii= 35°C (C) Tairi= 40°C

Table 7 Variations of sensible effectiveness, latent effectiveness and outlet air conditions under

various fiber numbers and 1/ 14 ratio (Taii= 35°C, ©air,i=0.0215kg/kg, Ts1,i=25°C)

Mass flow rate

Number of | Inlet air .
fibersin | mass flow _ratlo betW(_een Outlet air conditions and associated effectiveness
the module rate mIet_ so_lutlon
and inlet air
Ny tgir(kgls) | Mot/ Mair | Ty o(°C) | Teoro(°C) | wairo(Ka/kg) | esen | e
0.0087 10 34.49 25.30 0.0204 0.051 | 0.083
0.0174 S 34.61 25.40 0.0208 0.039 | 0.053
400 0.087 1 34.80 27.62 0.0213 0.020 | 0.015
0.174 0.5 34.85 26.06 0.0214 0.015 | 0.008
0.0087 10 32.65 25.74 0.0172 0.235 | 0.323
0.0174 S 33.19 26.09 0.0186 0.181 | 0.218
900 0.087 1 34.10 30.07 0.0205 0.090 | 0.075
0.174 0.5 34.36 28.10 0.0209 0.064 | 0.045
0.0087 10 29.08 26.13 0.0129 0.592 | 0.647
0.0174 S 30.24 26.81 0.0151 0.476 | 0.481
1600 0.087 1 32.60 31.32 0.019 0.240 | 0.188
0.174 0.5 33.38 30.68 0.02 0.162 | 0.113
0.0087 10 26.02 26.32 0.0101 0.898 | 0.857
0.0174 S 27.03 27.26 0.0122 0.797 | 0.699
2500 0.087 1 30.41 31.83 0.0174 0.459 | 0.308
0.174 0.5 31.90 32.73 0.0189 0.310 | 0.195
0.0087 10 25.16 26.39 0.009 0.984 | 0.940
0.0174 S 25.56 27.45 0.0122 0.944 | 0.827
3600 0.087 1 28.19 32.07 0.016 0.681 | 0.414
0.174 0.5 30.05 33.86 0.018 0.495 | 0.263
0.0087 10 25.05 26.42 0.0086 0.995 | 0.970
0.0174 5 25.24 27.52 0.0097 0.976 | 0.887
4900 0.087 1 26.83 32.46 0.0149 0.817 | 0.496
0.174 0.5 28.32 34.42 0.0172 0.668 | 0.323
0.0087 10 25.01 26.49 0.0083 0.999 | 0.992
6400 0.0174 5 25.09 27.67 0.0088 0.991 | 0.955
0.087 1 26.32 33.31 0.0132 0.868 | 0.624
0.174 0.5 27.52 35.31 0.0157 0.748 | 0.436
0.0087 10 25.00 26.56 0.0082 1.000 | 1.000
0.0174 S 25.00 27.90 0.0082 1.000 | 1.000
8100 0.087 1 26.00 34.69 0.0103 0.900 | 0.842
0.174 0.5 27.15 37.57 0.0121 0.785 | 0.707
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6. Conclusions

This paper has reported a numerical model for a novel hollow fiber liquid desiccant
dehumidification system. A thorough validation demonstrated that the modelled outlet
parameters (temperature and specific humidity) for both the processed air and desiccant
solution, and the heat and mass transfers under various testing situations were consistent with
experimental results, analytical solutions, and results from the literature. Following its
successful validation, the model was then used to predict the working performance of the
dehumidifier. The effect of inlet parameters (inlet air velocity, inlet air specific humidity, inlet
solution temperature, inlet solution concentration, inlet solution mass flow rate) and the air to
solution specific humidity ratio on the sensible effectiveness, latent effectiveness and total
effectiveness were parametrically assessed. The relationship between NTU and the sensible
effectiveness, NTU,, and the latent effectiveness were also investigated. In addition, the
temperature and humidity ratio contour for the air and solution were studied. The main
conclusions of this paper can be summarized as follows:

(1) The effects of Cr" and NTU, m" and NTU,, on the sensible effectiveness and latent
effectiveness are obvious. The sensible effectiveness has changed remarkably (from 0.35 to 1)
with the increase of NTU in the range of 0.47 to 7 (Cr* = 0.13). Meanwhile, the latent
effectiveness has also changed remarkably with the increase of NTUy, in the range of 0 to 12,
when m” is 0.75.

(2) The increase in inlet air velocity will lead to the drop in sensible effectiveness, latent
effectiveness, the inlet and outlet air temperature difference, and the inlet and outlet air relative
humidity difference. As the incoming air velocity increases in the range of 1.5m/s to 4.5m/s,
the sensible effectiveness drops from 0.74 to 0.08, and latent effectiveness decreases from 0.58
to 0.14. The sensible effectiveness is more sensitive to the solution inlet temperature, solution
mass flow rate and solution concentration. The influences of the solution mass flow rate and
the solution concentration on the latent effectiveness are less important in comparison with the
sensible effectiveness.

(3) The moisture removal rate and air humidity ratio difference substantially grow with the
increase of the wy. As the w;. increases from 1.45 to 2.15, the sensible effectiveness decreases
from 0.77 to 0.54, while the total effectiveness drops from 0.59 to 0.65. The changing w;- has a
very limited effect on the latent effectiveness.

(4) The increase of solution inlet temperature leads to a drop of sensible effectiveness, while
the latent effectiveness remains more or less constant. For instance, as the solution inlet
temperature rises from 20.5°C to 28.5°C, the sensible effectiveness declines from 0.37 to 0.17.
Hence, a good way to achieve higher sensible effectiveness without affecting the latent
effectiveness could be by decreasing the solution concentration.

(5) At 62% solution concentration, the latent effectiveness is about 0.47 when the inlet air
velocity and solution mass flow rate is 0.087kg/s, which is comparable to the value obtained
from the literature when LiCl was the desiccant[57] . Therefore, in order to achieve a similar
dehumidification effect as in that case, a higher concentration of KCOOH desiccant solution
should be used.

(6) The influence of fiber numbers on the dehumidification effectiveness, outlet air temperature
and relative humidity have been analyzed and the results have been summarized in a user-

34



709
710
711
712
713

714

715

716
717
718
719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

friendly table format. Without performing the iterative modelling, this Table can offer guidance

to the designer for selecting the relevant solution to air mass flow ratio and fibers number,

according to the required dehumidification effectiveness of the PHDF.
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Nomenclature

Psol

hollow fiber surface area (m?)

specific heat capacity (J/kgK)

heat capacity ratio

diameter (m)

hydrodynamic diameter (m)

convective heat transfer coefficient (W/m?K)
condensation heat of water (J/Kkg)

mass transfer coefficient (m/s)

length of the dehumidifier (m)

moisture removal rate (kg/s)
solution-to-air-mass flow rate ratio

mass flow rate (kg/s)

sensible heat capacity ratio

latent heat capacity ratio

number of fibres inside the module

number of heat transfer units

number of mass transfer units

Nusselt number

Sherwood number

Schmidt number

equilibrium vapour pressure of desiccant solution (Pa)
pressure (Pa)

Prandtl number

Reynolds number

relative humidity (%)

temperature (°C)

velocity (m/s)

desiccant solution mass fraction (kg KCOOH/kg solution)
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Greek symbols

y) thermal conductivity (W/mK)
w specific humidity of the air (kg moisture/ kg air)
; air to solution specific humidity ratio
0] packing fraction
u dynamic viscosity (Pa es)
& effectiveness
0 thickness of hollow fiber (m)
p solution density (kg/m?)
% kinematic viscosity (m?/s)
T fractal dimension of the fiber module
Y diffusivity (m?/s)
Subscripts
air air flow
atm atmospheric pressure
c dehumidifier cross section
crit critical value
b bulk
desi desiccant
eq equivalent
exp experimental
f fiber
h Hydraulic
i inlet, inside
lat latent
lim limiting value
m mass transfer/hollow fiber
num numerical
0 outlet, outside
ov overall
S surface
sen sensible
sol solution flow
tot total
w water
873
874
875
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