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ARTICLE INFO ABSTRACT
Keywords: The aim of this study was to experimentally investigate the dehumidification performance of the vacuum
Vacuum-based membrane dehumidifier membrane dehumidifier with the variance of the air-flow channel in hollow fiber modules. A prototype of a

Module design

Air-flow channel
Experimental analysis
Dehumidification performance

vacuum membrane dehumidifier consisting of five membrane modules was fabricated. The air-flow channel of
membrane modules was adjusted by changing an aperture ratio of the module housing that facing the outer
surface of hollow fibers. As indicators of dehumidification performance, humidity difference, moisture removal
rate, and a pressure loss were considered. A total of 12 experiment sets were designed based on four cases of
module configurations and three level of air flow rate to investigate dehumidification performance according to
the module configurations. The pressure loss in accordance with the air flow rate for each case were also
analyzed based on the additional test results. Finally, a multi-objective optimization analysis was conducted to
derive optimal aperture ratios to achieve maximum dehumidification performance and minimum pressure loss.
The results showed that the membrane dehumidifier presented 1.06-3.02 g/kg of humidity difference and
28.1-81.8 g/h of moisture removal rate according to the variance of aperture ratio and air flow rate. This in-
dicates that the membrane dehumidifier with lower aperture ratio showed higher dehumidification performance
but caused higher pressure loss owing to the longer contacting path between process air and membrane.
Moreover, the optimum aperture ratio of membrane module was determined to be 0.2-0.271 m%/m? when
providing a higher weight to maximizing the dehumidification performance, while 0.502-0.586 m?/m? aperture
ratio is required when predominantly focusing on minimizing pressure loss.

to the opposite side of membrane (i.e., permeate side) when a total
pressure at the permeate side is lowered by a vacuum pump. Because
membrane dehumidification process is based on isothermal separation
of water vapor from air, a vacuum membrane dehumidification-based
air conditioning system can completely separate sensible and latent
cooling functions. Decoupled sensible and latent cooling systems can
avoid over-cooling and reheating, which may enhance an energy effi-
ciency in thermodynamic aspects compared with the conventional air-
conditioning system [5,6].

For decades, existing studies on VMD systems can be classified into
three parts: preparation of membrane material for air dehumidification
[7-12], investigation on operational characteristics of VMD unit
[13-23], and evaluations of energy saving potentials of VMD-assisted
HVAC systems [24-27]. In particular, many researchers have focused
on exploring operational characteristics of membrane modules under
the various feed and permeate side air conditions (e.g., feed air

1. Introduction

Recently, the importance of the humidity control in heating, venti-
lation, and air-conditioning (HVAC) applications has been increase due
to the significant decrease in the sensible load in energy-efficient
buildings [1-3]. A vacuum membrane dehumidification (VMD) based
air-conditioning system has recently emerged as a next generation
HVAC system alternative to the conventional vapor compression-based
cooling and dehumidification system [4]. A membrane is a perm-
selective layer that can penetrate a certain substance in the mixture
when there exist the pressure or concentration gradients across the
membrane. In a membrane-based dehumidification system, process air
is dehumidified by a membrane with high permeability and selectivity
to water vapor. The water vapor in process air flowing through the at-
mospheric side (i.e., feed side) of membrane is absorbed and transferred
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Nomenclature U, Overall uncertainty
v Air velocity [m/s]
a; Coefficient of viscous force [kg/mss] Weight factor
ay Coefficient of inertial force [kg/m>s] Xap Aperture ratio of membrane module [m?/m?]
Anem Superficial area of hollow fiber membrane [m?]
Apopen  Open surface area of the membrane modules [m?] Greek Symbols ) o »
Ap total Total surface area of the membrane modules [m?] B Forcl.lhelmer c<3)efﬁc1ent (m™]
by Fixed error P Dens%t}f kg/ m ]
By Propagation of error @ Humidity ratio [g/kg.]
D Diameter [m] Subscripts
km Mass transfer coefficient of hollow fiber membrane [m/s] in Inlet
km Permeability of porous media [m?] module Membrane module
L Length [m] pa Process air
M Mean value out Outlet
Mpa Mass flow rate of process air [kg/s] slit Air-passing slit on membrane module
My Moisture removal rate [g/h]
Ny Number of air-passing slits on membrane module [-] Abbreviations
NTU,,  Number of mass transfer units [-] CFD Computational fluid dynamic
P Pressure [kPa] HMA Hybrid metaheuristic algorithm
p, Random error HVAC Heating, ventilation, and air-conditioning
Qpa Volumetric flow rate of process air [m®/h] MOGA  Multi-objective genetic algorithm
S, Standard deviation RMSE Root mean square error o
o VMD Vacuum membrane dehumidification
T Temperature [°C]

temperature, humidity ratio, air flow rate, and permeate side pressure)
via theoretical approaches. Bui et al. [15,16] performed a thermody-
namic analysis of the VMD system by using equations that can interpret
gas solution diffusions with a finite difference numerical methods, and
they investigated the lower and upper limits of the coefficient of per-
formance (COP) under isentropic and isothermal pump operating con-
ditions. Their results demonstrated that the VMD system in isothermal
process could showed 2.5 times higher COP than that of the isentropic
process. Cheon et al. [17] suggested a simplified effectiveness and
number of transfer unit model for the VMD unit by utilizing the results of
numerical simulation and test data. Their results also demonstrated that
the membrane selectivity and the number of mass transfer unit exhibited
strong impacts on the dehumidification performance of VMD unit.
Some of researchers have fabricated prototypes of VMD systems and
examined their operating performance via a series of experiments
[19-21]. Bui et al. [19] built a lab-scale vacuum membrane dehumidi-
fier which was composed of a flat-sheet membrane module, and they
examined its energy performance via theoretical and experimental ap-
proaches. They demonstrated that the COP of the proposed membrane
dehumidifier under the isentropic conditions ranged between 2 and 3
under the isentropic conditions. Bui et al. [20] also fabricated a proto-
type vacuum membrane dehumidifier which consisting of a PVA/LiCl-
layered polyetherimide hollow membrane module with an effective
area of 3 m?, and its operating performance was experimentally inves-
tigated. Their results showed that the prototype unit showed attainable
percentage of moisture removal was up to 86 %, and they also indicated
that hollow fiber structured membrane module provided similar dehu-
midification performance to the flat-sheet membrane with more
compact size owing to its higher specific surface area per module volume
[28]. Cheon et al. [21] developed a prototype of a hollow fiber
membrane-based vacuum membrane dehumidifier with 100 m®/h of the
design air flow rate, and its dehumidification performance in accordance
with operating parameters and its transient operating behaviors were
experimentally explored. Their results presented that the air flow rate
and humidity ratio are the most influential factor on dehumidification
performance and COP, and they also showed that the VMD unit can
rapidly provide isothermal dehumidification owing to its ability to
generate a rapid pressure differential between the feed side and the

permeate side.

Meanwhile, there are few studies that investigated the effects of
geometrical factors (e.g. air-flow channel, membrane arrangement) of
membrane modules on an operational performance of VMD units
[22,23]. Chun et al. [22] suggested VMD module with wavy membrane
sheets, and explored dehumidification performance of VMD module
modules with four different wavy membranes via computational fluid
dynamic analysis. Their results demonstrated that when the waviness is
over 0.06, the VMD module with wavy membrane could enhance the
dehumidification performance owing to the increase in the membrane
specific surface. Besides, a steeper wavy membrane is beneficial to
dehumidification because steeper wavy membrane could generate a
higher vertical velocity in wave trough. Li et al. [23] fabricated flat-
sheet structured membrane modules with four different serpentine air
flow designs (i.e., triple, quadruple, quintuple, and sextuple serpentine
flow channel), and experimentally compared their dehumidification
performance and pressure loss under the different air flow rates. Their
results showed that the membrane module with a quadruple serpentine
flow channel was selected as the best serpentine flow design owing to
the tradeoff relationship between the dehumidification rate, pressure
loss, and vacuum pumping power.

The literature review on VMD systems showed that the air-flow
channel is one of the critical geometrical factors on the performance
of vacuum membrane dehumidifiers. The suitable design of air-flowing
channel in a hollow fiber module can efficiently distribute the water
vapor of feed air on the membrane surface, thereby can maximize the
dehumidification performance of VMD. However, only few studies
focused on the air-channel design of hollow fiber membrane module for
the application of VMD system. Consequently, the object of this study is
to experimentally explore the effect of flow channel of hollow fiber on
the operational characteristics of the VMD modules. In this study, four
types of flow channel were considered, and the air-flow channel for each
type was adjusted by removing the air-flowing slits on the module
housing. A series of experiments were conducted at the certain tem-
perature and humidity ratio of the process air and different inlet air flow
rate. As performance indices, the humidity ratio difference between inlet
and outlet process air, moisture removal rate, and pressure loss were
considered.
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2. System overview
2.1. Working principle of vacuum-based membrane dehumidifier

As shown in Fig. 1, a vacuum-based membrane dehumidifier consists
of hollow fiber membrane modules and a vacuum pump. A hollow fiber
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Fig. 1. Schematic of vacuum-based membrane dehumidifier.
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membrane, which is made with a hydrophilic dense membrane, is highly
permeable and selective to the water vapor so that can selectively
permeate the water vapor of the air flowing through the outer surface of
hollow fiber (i.e., feed side), and desorb it across the inner surface of
hollow fiber (i.e. permeate side) when there exists the vapor partial
pressure differential between feed and permeate sides of membrane.
Therefore, when the process air flows through the outer surface of
membrane (i.e., feed side) at ambient pressure, and the pressure of the
permeate side of air is lowered to a nearly vacuum state by a vacuum
pump, the humid process air is dehumidified by a membrane module,
and the water vapor which is absorbed from the feed air and desorbed to
the permeate side is exhausted to the downstream of a vacuum pump.

From the operating principle of vacuum-based membrane dehu-
midifier, one can observe that the dehumidification performance of
membrane-based dehumidifier is primarily characterized by two factors:
the contact area between feed air and membrane where moisture
transfer occurs, and the pressure of permeate side which determines the
driving force of water vapor transfer from feed to permeate sides. In
particular, the contacting area between feed air and membrane de-
termines how many hollow fibers can be installed within a given module
volume, and how well the process air contacts with the outer surface of
hollow fibers. The air-flowing channel can efficiently distribute the
water vapor of feed air on the outer surface of fibers, thus it can maxi-
mize the dehumidification performance of membrane module. There-
fore, in this study, we have experimentally explored the effects of air
flow channel on the operating performance in two aspects: dehumidi-
fication performance and pressure loss.

2.2. Design and fabrication of vacuum membrane dehumidifier

In this study, the prototype of vacuum-based membrane dehumidi-
fier was fabricated to investigate the effect of air-flow channel on
operating performance. The target air flow rate of feed air was set to
10-30 m®/h, and the process air temperature and humidity ratio was set

510 mm

Aluminum housing of
membrane module

Fig. 2. Three-dimensional diagram of vacuum membrane dehumidifier.

to 32 °C and 20 g/kg, respectively, considering the design outdoor air
conditions addressed from the local testing standard.

Fig. 2 illustrates of a three-dimensional diagram of prototype
vacuum-based membrane dehumidifier. In this study, the commercial
hollow fiber membrane module, which is made with polysulfone-based
dense membranes with 3,800 hollow fibers was used. The effective
length of fiber, which excluding the length of an adhesive to fix the fiber
bundles to the module, is 300 mm and fiber outer diameter is 400p m,
respectively. Therefore, the total superficial area of fiber outer side is
estimated as 1.3 m?. The water permeance of the fiber is 620 GPU, which
also can be estimated as 5.35 x 10~ m/s of the overall moisture transfer
coefficient (k) [21]. In addition, for supplying the process air to the
outer surface (or the shell side) of hollow fibers, the housing of mem-
brane module was constructed with a slit opening. The numbers of
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Table 1
Physical information of a vacuum membrane dehumidification system.
Component Properties Description
Membrane Module Size of membrane 290 mm (Width) x
dehumidifier characteristics dehumidifier 345 mm (Length) x
510 mm (Height)
Size of membrane 30 mm (Diameter) x
module 345 mm (Length)
Size of each air- 30 mm (Width) x 53
passing slit mm (Length)
Number of 5
membrane module
Total surface area 6.5m? (1.3 m? x 5
of hollow fiber EA)
membrane
Membrane Membrane material ~ Polysulfone
properties Permeance 620 GPU

(1 GPU = 3.35 x
10 '° mol/m?sPa)
Selectivity 50

Average pore size 2.5nm
Pore thickness 50p m
Fiber outer 400p m
diameter
Effective fiber 300 mm
- length
Vacuum pump Pump type Two-stage rotary

vane oil-pump
0.8 HP
(1 HP = 0.745 kW)

Rated Power

hollow fiber membrane module in this study were determined under the
condition that the proposed dehumidifier should exhibit number of mass
transfer unit (NTU,;,) over 1 with 15 m3/h of the target air flow rate, and
the given process air condition. By using Equation (1), the required total
surface area of the hollow fiber membrane was estimated to be 6.5 m?,
thus five membrane modules were installed in the dehumidifier in series
arrangement. Based on previous study [21], air guide vanes between the
membrane modules were installed to insert airflow obstructions to allow
process air only to pass through the fibers. To generate the pressure
gradient between feed and permeate sides of membrane modules, a
rotary vane vacuum pump with oil, which can generate up to 3 kPa of
vacuum with the maximum vacuum pump capacity of 0.8 horse power
(HP), was employed. Prior to conducting experiments, we have used
insert fittings and sealed all joints with silicone to prevent air leakage at
the joint parts of the membrane. We have then checked the tightness of
the membrane dehumidifier by dropping alcohol on the suspected leak
area, and the leaked part was additionally sealed with silicone. Detailed
physical information of membrane modules and vacuum pump is listed
in Table 1.

_ PokmAmen

NTU,, = (€Y

a
3. Experimental overview
3.1. Experiment apparatus and test conditions

Fig. 3 illustrates an experimental setup of a vacuum-based membrane
dehumidifier. The test condition of process air maintained by using an
electric heater and a mist humidifier. For considering various amount of
air flow rate, a frequency-speed variable fan was installed downstream
of process air. In the proposed dehumidifier, when the vacuum pump
and the supply air fan are operated, the heated and humidified process
air is introduced to the upper side of the membrane dehumidifier (i.e.,
the process inlet side of the dehumidifier), and the dehumidified air
from the lower side of the membrane dehumidifier (i.e., the process
outlet side of the dehumidifier) is exhausted.

In this study, four types of air-channel of membrane modules were
considered, and the air-flow channel of each membrane module was

Applied Thermal Engineering 236 (2024) 121848

adjusted by the air-passing slits on the module (Fig. 4). As can be seen in
Fig. 4, the flow-direction and the length of air-flow in the membrane
module depends on the air-passing slits because process air only can
flow into where the slits are open. In this experiment, all slits on the
membrane modules were initially covered by the slit-caps, and the slits
were sequentially open by removing slit-caps according to the experi-
ment cases; from configuration 1 to 4. Additionally, the slits were
removed symmetrically to ensure the uniform distribution of process air.
To assess dehumidification performance of the vacuum-based mem-
brane dehumidifier according to the channel of air on the feed side, the
aperture ratio of membrane module (x,,) was used as the geometric
indicator of the membrane modules. As shown in Equation (2), an
aperture ratio is defined as the ratio of the open projection area of
membrane modules (A, gper) to the total projection area of membrane
modules (A roa1)- Ap oral €an be obtained with the diameter (Dpoqu.) and
length (Lpodque) of membrane module, and Aj open can be calculated by
multiplying the module diameter (Dpoque), slit length (Lg,) and the
number of opening slit (Ny;).

A Ny;; o D, oLy
p.open stit ® Dimodute ® Lyiit
xgp = 2 @

Ap.mm[ Dmodule o Lmodulc

Based on Eq. (2), the aperture ratio of each module configuration
were as follow: 0.154 m?/m? of aperture ratio (configuration 1), 0.307
m?/m? of aperture ratio (configuration 2), 0.461 m?/m? of aperture
ratio (configuration 3), and 0.614 m?/m? of aperture ratio (configura-
tion 4). Observed from Fig. 4, it is expected that the lower aperture ratio
would lead to the higher contacting path and contacting time between
process air and membrane surface, thus the higher amount of humidity
difference between inlet and outlet air. On the other hand, it is expected
that the highest amount of pressure loss would cause from the config-
uration 1, which having the lowest aperture ratio in this experiment, due
to the longest air-membrane contacting path among all module
configurations.

The measuring point of the prototype unit is demonstrated in Fig. 5.
Air temperature and humidity sensors were mounted at the inlet and
outlet of the membrane dehumidifier to examine the dehumidification
characteristics of the prototype unit. To monitor the flow rate of process
air, a vane probe was installed upstream of the prototype unit. Differ-
ential pressure sensors were installed at the inlet and outlet process air
sides to detect the pressure loss caused by the membrane dehumidifier.
The tests were conducted for at least 30 min in each experiment case.
Table 2 shows the specifications of the sensors used in this study.

3.2. Experiment indices

As for indices of dehumidification performance, humidity ratio dif-
ference (Aw), which is defined as the different between the inlet and
outlet humidity ratios (Equation (3), and the moisture removal rate
(my,), which is a value obtained by multiplying the humidity ratio dif-
ference and the mass flow rate of process air (Equation (4), were used.

Aw = Opgin — Opaou 3

11y = Hipa(@pain — Opa.our) O]

The pressure loss caused by the membrane dehumidifier (A P) with
the variance of the air flow rate was also examined. The pressure loss can
be estimated with the measured differential pressure at the inlet and
outlet air sides (Equation (5).

AP = Ppu,in 7P/m.md (5)

3.3. Uncertainty analysis

Uncertainty analysis was conducted based on the ASHRAE guidance
[29] to verify the test results. The overall uncertainty (U,) of each
measured parameter (i.e., temperature, relative humidity, face air
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velocity, pressure of the inlet and outlet process air) and each perfor-
mance index (i.e., humidity ratio difference, moisture removal rate,
pressure loss) was estimated by the propagation of error (B,) and the
random error (P)), as indicated in Equation (6). By is estimated by using
the fixed error (by,), which is derived from the standard deviation of the
measured data (S;) and the sensor error (Equation (7). P, was deter-
mined by the S, and the mean value of the collected data (M) (Equation
(8). The overall uncertainty values for each experiment case are sum-
marized in Table 3. As shown in Table 3, the overall uncertainties of all
measured and calculated parameters were within in the range of 5%,
which is acceptable value in the experiment.

U, = /B> +P}? (6)
B, = zn: ﬂb ’ @)
y — dx; Xi

Process outlet air

Fig. 3. Overall experimental apparatus of vacuum-based membrane dehumidifier.

P, = ®)

N
4. Experimental results
4.1. Effect of air flow channel on the dehumidification performance

In this study, all experiments were carried out under the air condition
of 32 °C and 20 g/kg of humidity ratio; which is the design outdoor air
condition for testing and estimating the cooling capacity of the air-
conditioning unit in Korea, and the this standard is addressed by
Korean Industrial Standards [30]. In addition, the air flow rate of the
vacuum membrane dehumidifier, which is the key factor for deter-
mining NTUp,, was considered as the main independent parameter. The
test condition of air flow rate ranged from 15 to 30 m®/h to meet 0.5-1
of NTU,,. Additionally, the air flow rate was set to three level consid-
ering the non-linear dehumidification characteristics according to the
air flow rate [21]: 15 m3/h (minimum value), 22.5 m3/h (intermediate
value), and 30 m®/h (maximum value). Therefore, as listed in Table 4, a



H.-J. Cho et al. Applied Thermal Engineering 236 (2024) 121848

=) : Expected air flow direction

Al PN Y
(b) Configuration 2:
0. 154 m?*/m? of aperture ratio 0. 307 m?*/m? of aperture ratio

(c) Configuration 3: (d) Configuration 4:
0.461 m?/m? of aperture ratio 0. 614 m*/m? of aperture ratio

Fig. 4. Comparison of air path configuration according to aperture ratio.
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. (=]
T: Temperature [°C] Membrane modules
Rh: Relative humidity [%]
F: Air velocity [m/s] \
P: Pressure [Pa] T F,
a,in
’ Pa,in
a,out
Pa,out
Supply air fan )
Pvac
Vacuum pump
Fig. 5. Measuring points of the prototype.
Table 2 Table 4
Specifications of the measurement devices. Test conditions.
Variable Sensor type Range Accuracy Independent parameter Level Range
Air Thermo- Temperature —20 to +0.5°C Aperture ratio of membrane modules 4 0.154, 0.307, 0.461, 0.614 m?/m?
temperature & hygrometer 60 °C Volumetric flow rate of process air 3 15, 22.5, 30 m%/h
relative Humidity 0to +1.8% Air condition: 32 °C of temperature, 20 g/kg of humidity ratio
humidity 100%
Air flow rate Vane probe (3100 0.1 to 15m/s +0.1 m/s . . . N .
mm) probe ( configuration, and 7 kPa for the fourth module configuration. Since the
Pressure 10ss Differential _150 to 150 hPa 40.05 vacuum pressure has a low effect on the operating performance of VMD
pressure sensor hPa systems when the vacuum pressure is above 4 kPa [15,17], the vacuum

Table 3
Overall uncertainty of measured parameters and performance indices.

Overall uncertainty [%]

Parameter Experimental cases
Case 1 Case 2 Case 3 Case 4

Tpain 0.367 0.127 0.210 0.096
Tpa.out 0.094 0.081 0.106 0.034
Wpain 5.31 3.264 3.581 4.007
Wpa,out 4.06 3.103 5.506 3.383
Mg 1.166 1.112 1.187 2.105
Aw 4.687 3.184 4.544 3.695
Ty 2.187 1.986 2.838 2.895

total of 12 experiment sets were designed considering four types of air-
flow channel and three cases of air flow rate. A vacuum pump used in
this study was operated at constant rated power, but the permeate side
of pressure for each module configuration were different: 10 kPa of
average permeate side of pressure for the first module configuration, 8.1
kPa for the second module configuration, 7.7 kPa for the third module

pressure was not considered as an independent parameter in this study.

Fig. 6 demonstrate the effects of the air-path channel on the humidity
difference (Fig. 6a) and the moisture removal rate (Fig. 6b). The x-axis of
each figure indicates the type of air-path channel of membrane modules,
and the y-axis shows the performance indices which were defined in this
study. The black, blue, and red symbols in figures indicate the test re-
sults for each module configuration when supplying 15, 22.5, and 30
m3/h of process air to the vacuum membrane dehumidifier,
respectively.

The results in Fig. 6a showed that the humidity difference between
inlet and outlet process air varied from 3.02 g/kg to 1.06 g/kg. In
addition, these results indicate that the vacuum membrane dehumidifier
could dehumidify the process air to the lower humidity ratio when the
membrane module having the lower aperture ratio of the module slits.
The lower aperture ratio of the module slit could increase the possibility
that the introduced process air directly contacts the shell side of hollow
fibers without bypassing them, thus the higher amount of water vapor
transfer between feed and permeate sides of membrane would occur. On
the other hand, one can observe that the higher air flow rate decreases
the humidity difference when adopting the identical module configu-
ration. This is because the contacting time between process air and
membrane surface area shortens when process air flows with a higher
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Fig. 6. Comparison of dehumidification performances according to air-flow channel.

face velocity.

As shown in Fig. 6b, the vacuum membrane dehumidifier exhibited
28.1-81.8 g/h of the moisture removal rate during the experiments.
Since the moisture removal rate is achieved by multiplying the humidity
difference and the air flow rate, the variance characteristics of moisture
removal rate according to the module configuration are identical to
those of the humidity difference; that is, the vacuum membrane dehu-
midifier could remove higher amount of moisture when the air-path
channel of membrane modules are closed to the first module configu-
ration. On the other hand, opposite to the humidity difference, the
higher amount of moisture was removed with the increase in the air flow

rate.

From the perspective of the overall operating characteristics ac-
cording to the module configuration, one can observe in Fig. 6 that all
performance indices exhibited nonlinear variations in response to
module structure modifications, especially, in the experiment cases 2 to
3. As illustrated in Fig. 4, it was expected that the air-flow direction of
the membrane module in case 1 and 2 could be a counter-flow, while
that of the membrane module in case 3 and 4 would be a cross-flow.
Normally, it is known that effectiveness of a counter-flow heat
exchanger is 5-15% higher than a cross-flow configuration [31]. Per-
formance difference according to the flow-configuration was also shown

350 . T . .

T T T

’ —e—Case1 —®—Case2 —» Case3 —+—Case4||

w

o

o
T

/
1T

Pressure loss [Pa]
- —_ N N
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90
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Fig. 7. Comparison of pressure loss in accordance with the face air flow rate.
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from the experiment results; the performance indicators were dramati-
cally increased or decreased when the experiment case changed from 2
to 3; while the variance of those from case 1 to case 2, or from case 3 to 4
were much smaller. Therefore, one can conclude that the design of the
module housing (e.g., adjustment of aperture ratio of module facing the
fiber outer surface) could determine the flow-configuration of the air
passing through the fiber outer surfaces, which may enhance or decrease
the dehumidification performance under the identical operating
conditions.

4.2. Effect of air flow channel on the pressure loss

In this section, the pressure losses generated by each experiment case
were compared when the volumetric air flow rate varied from the
minimum to maximum operation range of the supply air fan (Fig. 7).
Overall, the pressure loss characteristics in the membrane dehumidifier
were divided into two groups — “low-air-flow-rate-high-pressure-loss”
(membrane modules in case 1 and 2), and “high-air-flow-low-pressure-
loss” (membrane modules in case 3 and 4). The membrane dehumidifier
in case 4 exhibited the most extensive fan operating range among four
cases, with a maximum air flow rate of 195 m®/h. It also demonstrated a
pressure loss of 50 Pa when it operated at the maximum air flow rate.
Similarly, the fan in case 3 could supply process air to the membrane
dehumidifier up to 180 m®/h, and the maximum pressure loss in case 3
was 98 Pa. On the other hand, the operating ranges of supply air fan in
case 1 and 2 drastically decreased, with a maximum air flow rate of 77
and 119 m3/h, respectively. Contrary to the air flow rate, the pressure
losses in case 1 and 2 significantly increased, with a maximum pressure
loss of 308 and 265 Pa, respectively.

In case 3 and 4, the hollow fibers surrounded by the module housing
were highly exposed to the atmosphere. This led to an increase of net-
cross sectional area of the air flow, thus the resistance of the air flow-
ing to the membrane module decreased Additionally, it was discovered
that the higher opening ratio of the module housing (cases 3 and 4)
allowed the process air to be introduced from the open air flowing slits
directly to the opposite side, which leads to a shorter flow path and less
pressure loss. On the other hand, in cases 1 and 2, the introduced air
initially flowed in the horizontal direction of the fibers until the process
air arrived at other air-flowing slits on the opposite side, and then the air
was exhausted to the outside. Hence, the flow path of process air was
longer than that of cases 3 and 4, which led to the increase in the
resistance of the air to flow and the pressure loss.

4.3. Relationship between aperture ratio and coefficients of viscosity and
inertia

Meanwhile, a curve-fitting of pressure loss can be used to compre-
hend the characteristics of water vapor molecules and fluid flow in the
membrane module in a computational fluid dynamic (CFD) analysis
[32,33]. In CFD analysis, a hollow fiber membrane module can be
assumed as a porous medium [34], and the mass transfer and fluid be-
haviors in the membrane module are simulated based on the continuity
and Navier-Stokes equations. The permeability (kg) and Forchheimer
coefficient () of medium are commonly used in two governing equa-
tions of a fluid flow within a porous medium [35]. kg, represents the ease
with which a fluid flows through the medium, thus the lower kg, causes
the higher viscous resistance of the fluid to pass through the porous
medium. § means the inertial coefficient in the medium, thereby the
higher f leads to the higher inertial drag when fluid flowing through the
medium.

Prior to obtain kg, and f of process air for each case, we have derived
four quadratic curve fittings of pressure gradient ( —%) as a function of
face air velocity (v) (Fig. Al in Appendix) based on Forchheimer’s
equation (Equation (9) by using the measured pressure loss (Fig. 7) [36].
As can be seen in Fig. Al, the coefficients of viscous force (a;) and
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Table 5
Comparison of kg, and f§ according to module configurations.
Case 1 Case 2 Case 3 Case 4
Permeability of medium 2.55¢1077 2.8301077  9.49¢1077 -
(kgm)
Forchheimer coefficient () 107.4 36.59 4.97 3.89

inertial force (ay) were obtained from the four curve fittings of pressure
gradients. Subsequently, kg, and f for each case were estimated with the
of viscosity (¢) and density (p) of process air. Table 5 listed the values of
kg and g for each case.
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As aforementioned, kg, which is the first order coefficient of pressure
loss equation, is an indicator how well the intake air can pass from the
membrane module through the area not in contact with the membrane.
That is, the lower kg, generates the higher pressure loss, while leads to
the lower dehumidification rate, which corresponds to case 1 and 2. kg,
even cannot be derived from test data when the intake air is too easy to
pass through the membrane module, thus few dehumidification and
pressure loss occur. This phenomenon corresponds to result of case 4. As
can be seen in Fig. 7, the variance of pressure loss in case 4 was very
small than other cases no matter how much the air flow rate increases,
but it showed the lowest dehumidification performance. f, which is the
second order coefficient of pressure loss equation, is an indicator of
energy loss due to that the introduced air to be given kinetic energy to
get out of the membrane module. Therefore, the longer air path in a
membrane module, which corresponds to case 1 and 2, acts as an
obstacle that air passes through the membrane modules.

In short, one can see that the tendency of viscous and inertial resis-
tance according to the aperture ratio of membrane module match well
with the experiment results in Section 4.1 and 4.2. In addition, the
aperture ratio of membrane module showed tradeoff relationship be-
tween dehumidification rate and pressure loss. In the next section, a
multi-objective optimization analysis of aperture ratio on the dehu-
midification and pressure loss was conducted based on the test results.

5. Discussion: Optimal aperture ratio of membrane module

To determine the optimal aperture ratio of the membrane module, a
multi-objective optimization analysis was carried out by using the
commercial optimization software (PIAnO). PIAnO program has been
widely used in that provides design methodology including designs of
experiments, meta-modeling and optimization algorithms [37-39]. In
terms of design problem formulation, an aperture ratio of membrane
module (xg) and air flow rate (Qpa) were chosen as design variables. As
an objective function for representing the dehumidification perfor-
mance, the humidity difference (Aw) was adopted, and a pressure loss
(AP) was considered as a second objective functions for representing the
fan working load of a vacuum membrane dehumidifier. The object
functions and constraints for the optimization were as follows (Equation
(10):

Maximize : Aw = fi (-xa]n szl)

Miniminze : AP = f, (x,,,,, Qpa) (10)
0.154<x,,<0.614
Subject 10 : 15 m* /h<0,,<30 m’ /h

Experiment data of humidity difference and pressure loss in Section
4.1 and 4.2 were utilized for developing meta-models. In the PIAnO
program, the meta-model for predicting humidity difference and
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Fig. 8. Pareto front of a multi-objective optimization for a membrane dehumidifier.

Table 6
Design variables and objective functions for each Pareto optimum point.
Point A Point B Point C Point D Point E
(w; =0.1, (w, =0.3, (w, = 0.5, (w, =0.7, (w; =0.9,
wy = 0.9) wy = 0.7) wy = 0.5) wy = 0.3) wy = 0.1)
Xqp[-] 0.586 0.502 0.459 0.271 0.2
Qpa[m3/ 21 15.3 15.2 15 15
h]
Awlg/ 1.36 1.83 1.96 2.58 2.75
kgl
AP[Pa] 0.5 2.45 3.36 12.3 18.1

pressure loss, which exhibited 0.1080 g/kg and 0.6172 Pa of root mean
square error (RMSE) values for model validation data, were derived as
shown in Fig. A2. Developed meta-models was then used to provide
optimization solutions suited for the type of design problems by auto-
matically calculating and analyzing the performance indices in PIAnO
program. As shown in Figs. 6 and 7, humidity difference and pressure
loss showed non-linear behaviors according to variance of aperture
ratio. To solve non-linear problems, multi-objective genetic algorithm
(MOGA), which is one of the most popular global optimization methods
that can generate a well-spread Pareto front for multi-objective func-
tions [40], was adopted. In addition, Pareto optimum point according to
the weight value for each objective function were derived by using
hybrid metaheuristic algorithm methods (HMA) [41].

The optimization results are plotted on Fig. 8 in two methods; Pareto-
front and the local Pareto optimum. In Fig. 8, the red and line black dots
indicate the result of Pareto-front and the local Pareto optimum solu-
tion, respectively. The blue region in Fig. 8, which is above the red line,
indicates that the solutions for humidity difference and pressure loss
cannot exist in this region. For example, when a gray point which
operated with 0.307 m2/m? of aperture ratio and 22.5 m%/h of air flow
rate is considered as an initial point, a vacuum membrane dehumidifier
corresponds with the gray point cannot attain the humidity difference
higher than 2.75 g/kg, and the pressure loss lower 5 kPa. In addition, in
the local Pareto optimum approach, the aperture ratio and the air flow
rate were considered as weight factors (w;, and wo, respectively), and
design variables and objective functions according to each weight factor
were listed in Table 6.

As shown in Fig. 8, all of the optimized points were plotted in the
direction of maximizing Am and minimizing AP. In addition, Fig. 8 could
provide an optimum solution that can have a higher Ao or a lower AP
compared to the initial point which having a 2.17 g/kg of Aw, and 18.7
Pa of AP. One can observe from Fig. 8 and Table 6 that the optimum with
higher aperture ratio and air flow rate points (i.e., Point A and B) was
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found when considering a higher weight to the AP. In addition, the re-
sults demonstrated that regardless of how little weight is given to the
necessity of dehumidification capacity, the aperture ratio of membrane
module lower than 0.586 m?/m? should be satisfied. On the other hand,
the optimum points with lower aperture ratio and air flow rate (i.e.,
Point D and E) were revealed when a higher weight to the Aw was
considered. Additionally, to avoid an excessive pressure loss from a
membrane module, the aperture ratio should maintain at least 0.2 m?/
m2. Moreover, one can see in Fig. 8 that the Ao changes rapidly between
Point A and C, while a large variance in AP occurred between the Point D
and E. When the aperture ratio of membrane module is in the high range
(i.e., 0.459-0.586 m2/m?), the Aw was strongly impacted by the design
variables. On the other hand, the AP was significantly affected while the
A® was not when the aperture ratio of membrane module is in the low
range (i.e., 0.2-0.271 mz/mz).

6. Conclusions

This study purposed to experimentally investigate the effect of air-
flow channel design in the hollow fiber module on the dehumidifica-
tion and energy performance of vacuum membrane dehumidifier for
HVAC applications. In this study, the air-flow channel of the hollow fiber
module was modulated by using air-passing slits, and the aperture ratio
of the membrane module was used as an indicator of module configu-
ration. A prototype of vacuum membrane dehumidifier consisting of five
hollow fiber modules were constructed, and four types of a vacuum
membrane dehumidifier with different air-flow channel were tested.

From the test results of the membrane dehumidifier, this study
demonstrated as follows:

e The membrane modules with low aperture ratio (case 1 and 2) pre-
sented dehumidification performance (i.e., humidity difference,
moisture removal rate) up to 2.9 times higher than those with higher
aperture ratio (case 3 and 4). This is because the modules in case 1
and 2, which had an air configuration that was predicted to be near
to counter-flow, would have longer contacting path between process
air and fibers than the modules in case 3 and 4, which had an air flow
configuration predicted to be close to cross-flow.

On the other hand, the longer contacting path between air and fibers
acts as the higher resistance of air to flow in the modules, the
membrane modules in case 1 and 2 showed up to 6 times higher
pressure loss than those of case 3 and 4 under the identical air flow
rate. Additionally, the coefficients of inertial and viscous force for
each case, which were derived by the pressure loss data, could
represent the tradeoff relationship between dehumidification per-
formance and pressure loss according to the air-flow configuration.
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Fig. Al. Curve fittings of pressure loss gradient for four module configurations.

e In multi-objective optimization analysis, it was found that the
aperture ratio of membrane module should maintain 0.2-0.271 m?/
m? when mainly concentrating on improving dehumidification per-
formance, while the required aperture ratio range is 0.502-0.586
m?/m? when predominantly focusing on reducing pressure loss.

From the results, the air-flow channel on the hollow fiber module
plays an important role in determining the dehumidification perfor-
mance and pressure loss of a vacuum membrane dehumidifier, and the
adjustment of an aperture ratio on the module outer surface would be an
applicable method to design the hollow fiber modules used for VMD
systems. However, there still remains limitation in drawing the design
methods when only considering the apparatus ratio as a design param-
eter because additional design factors of membrane modules (i.e., the
array of membrane modules, the shape of air-passing slits) were not
considered. Consequently, detailed simulation that can interpret the
behaviors of moisture and air in the membrane modules under the
various design conditions (e.g., computational fluid dynamic analysis)
would be conducted in a future work. Furthermore, this study only
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focused on the dhimmification characteristics of a vacuum membrane
dehumidifier, and a further work should examine the impacts the air-
flow channel of the hollow fiber module on the energy efficiency of a
vacuum membrane dehumidifier with the advanced vacuum pump
control (i.e., invertor control or sequential control of vacuum pumps).
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