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Abstract

Membrane dehumidifiers dry air via an isothermal process, which is why they can potentially yield a better
dehumidification performance than conventional dehumidification systems. In this research, the
dehumidification performance of a hollow-fiber-membrane dehumidifier was estimated by means of a series
of experiments. The membrane dehumidifier consists of a hollow-fiber-membrane unit and an air pump. As
the prototype unit used a sweep-gas, the use of dehumidified air was a drawback on the permeate side. Five
operating parameters were considered as effective dehumidification variables: inlet air temperature, inlet air
relative humidity, intake air flow rate, sweep gas ratio, and inlet air pressure. The dehumidification
performance of the membrane dehumidifier was quantified as the difference in the humidity ratio and amount
of dehumidification. The experimental data were analyzed by means of a parametric study involving the five
independent operating parameters. Consequently, we found that the dehumidification performance was
significantly impacted by the inlet air pressure that formed the driving force, and the inlet air conditions also
exhibited a positive correlation with performance. When the sweep-gas ratio ranged from 0.4 to 0.6, a high
value of dehumidification was achieved under balanced flow conditions.
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1. Introduction

Desiccant-based air-conditioning technologies have recently been proposed for decoupling
dehumidification and sensible cooling as an alternative to conventional cooling and dehumidification systems
[1,2]. Desiccant-material-based systems pre-condition the intake outdoor air, and subsequently, the
dehumidified air is controlled by a mechanical and evaporative cooling system to achieve the target
temperature. Decoupled air-conditioning systems can afford high energy savings when the significant amount
of heat consumed for regenerating the desiccant material is supplied by free energy [3-5].

Recently, membrane-based dehumidification systems have been suggested as an alternative system of vapor
compression and desiccant-based dehumidification [6,7]. There is no requirement for a cooling and heating
source as isothermal processes in such systems, compared with conventional dehumidification systems. In a
membrane dehumidification system, the intake air is dehumidified via transferring water vapor between
hydrophilic membrane layers by the application of a partial vapor gradient [6]. When a vapor pressure gradient
is generated between membrane layers, the water vapor in the process air soaks and diffuses to the membrane
layer, and subsequently, the layer is desorbed by another air stream. In this regard, several studies have
investigated the dehumidification performance of membrane driers made of various materials under several
design conditions [8,9]. Bui et al. [8] theoretically investigated a membrane dehumidification system with a
flat plate. The membrane materials were assumed to consist of ceramic and polymeric layers with high
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permeability and selectivity of water vapor. The study results showed that the factors affecting the
dehumidification performance included air velocity, permeability and selectivity of the membrane, pressure,
and humidity of the processed air. Here, we note that membrane selectivity and pressure significantly affect a
membrane drier’s performance. Moreover, some studies have considered the use of membrane
dehumidification systems for the air-conditioning of buildings; El-Dessouky et al. [10] proposed a membrane-
dehumidifier-integrated air-cooling system, which has a vacuum-based membrane drier for dehumidification
and evaporative coolers for sensible cooling. The authors showed that membrane-dehumidification-based air-
conditioning systems can reduce the energy consumption by up to 86% when compared with conventional air-
conditioning systems.

In this context, several studies have focused on membrane dehumidification systems to evaluate their energy
and dehumidification performance for various membrane materials and system configurations. However, very
few studies have experimentally evaluated the dehumidification performance of membrane dehumidification
systems as applied to building heating, ventilation, and air-conditioning (HVAC). In this study, we developed
a hollow-fiber-type membrane dehumidifier and evaluated its dehumidification performance under various
operating conditions.

2. Hollow-fiber-membrane dehumidifier

In this section, we describe the general principle underlying membrane dehumidification along with the
theoretical dehumidification process. Furthermore, we present our prototype hollow-fiber-membrane
dehumidifier.

2.1 Hollow-fiber-membrane dehumidifier

The membrane dehumidifier dries the intake air via an isothermal process, which is hard to realize in
conventional dehumidifiers. The membrane dehumidifier has two main parts: membrane modules and air
compressor, as shown in Figure 1. The membrane module for dehumidification uses permeated water vapor,
and the air compressor generates a partial vapor pressure gradient between the membrane layers. When the
partial vapor pressure gradient between the membrane layers is created by the air compressor, the water vapor
permeates from the feed side to the permeate side. The dehumidification performance is dependent on the
membrane material, particularly its permeability and selectivity to water vapor. When the membrane affords a
high level of permeability and selectivity, the dehumidification performance and energy efficiency of the
membrane unit is correspondingly higher. In this study, the type of membrane used is a hollow-fiber membrane,
which is easy to manufacture structurally, and the air compressor is used to pressurize the inlet air for creating
the vapor pressure gradient between membrane layers. To maintain the dehumidification performance, a part
of the intake air is “swept” out to the permeate side, thereby removing the water vapor.

Fig. 1. Configuration of hollow-fiber-membrane dehumidifier
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When the intake gas is assumed to be an ideal mixture of two gases, dry air and water vapor, the
dehumidification process of the membrane dehumidifier can be represented by a solution—diffusion process
between the feed side and the permeate side with a partial pressure gradient, as shown in Figure 2. When the
feed-side air of the unit is pressurized for dehumidification, water vapor and dry air permeate through the
membrane layer. The molar mass flow rates of water vapor and dry air (i.e., M’,, and M'y) through the
membrane layer are estimated by means of the classical solution—diffusion model as represented by Equations
(1) and (2), respectively. To estimate the partial pressure gradient, which acts as the force driving the
dehumidification, we represent the partial pressure of each gas on the permeate side as the ratio of the molar
mass flow rate through the membrane layer (i.e., y1 and y») in Equations (3) and (4). The values of permeability
(Per), selectivity (S), membrane area (Amem), and membrane thickness (z) are determined according to the
performance of the membrane materials, and these values affect the dehumidification performance along with
energy consumption of the air compressor. Each molar mass flow rate is dependent on the membrane material
and sweep gas used to remove the water vapor on the permeate side.

., Per,A
Ny = =2 (P = 31 Pygor) (1)
- Per A Per, A
My = %(Pf,d - yZPp,tat) = %% (Pf,v - YZPp,tot) 2
y, = M’v + M’sweep,v 3)
! M,d + M,v + M’sweep,d + M’sweep,v
My +M
y, = d sweep,d (4)

M’d + M’v + M’sweep,d + M,sweep,v

Fig. 2. Schematic of dehumidification process in membrane dehumidifier
2.2 Prototype of hollow-fiber-membrane dehumidifier

When the basic theoretical model does not consider the membrane type and configuration, it is not easy to
estimate the dehumidification performance of the membrane dehumidifier under various operating conditions.
Therefore, we developed a prototype hollow-fiber-membrane dehumidifier and estimated its dehumidification
performance under various conditions. The configuration of the prototype unit is shown in Figure 3. The
prototype unit has an inlet air channel on the feed side and sweep-gas air channel on the permeate side. In the
study, the membrane module of our proposed dehumidifier was of the cylinder type, and the length of the
module was 0.3 m, with the module diameter being 0.08 m. The module contained 170 hollow-fiber
membranes each with a fiber inlet diameter of 1.6 mm, corresponding to a packing fraction ratio of 0.11. The
hollow-fiber length was 0.23 m, and its total effective contacting area was 0.282 m”. The specifications of our
prototype module are listed in Table 1.



Table 1: Specifications of prototype unit
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Design parameters Values Design parameters Values
Module diameter [mm] 80 Fiber thickness [mm)] 0.35
Module length [mm] 300 Contacting area of membrane [m?] 0.282
Fiber inlet diameter [mm] 1.6 Number of fibers [-] 170
Fiber outlet diameter [mm] 23 Packing fraction [-] 0.11
Fiber length [mm] 230

Fig. 3. Prototype configuration of hollow-fiber-membrane dehumidifier

3. Test setup and dehumidification performance

3.1 Experimental setup of prototype

To analyze the dehumidification performance of our prototype unit, we varied five independent parameters:
air temperature, relative humidity, airflow rate, inlet air pressure, and sweep-gas ratio. The experimental setup
for controlling these five independent parameters is shown in Figure 4. In the setup, the environmental chamber
is used to maintain the experimental air conditions, and the air compressor maintains the airflow ratio of the
conditioned air to the prototype unit. The rotation speed of the air compressor is controlled by means of a
switched-mode power supply (SMPS) that controls the electric current and voltage. The pressure of the feed
side is controlled by open-to-close ratio of the inlet valves to generate the partial pressure gradient. Moreover,
the sweep-gas ratio, which corresponds to the ratio of the intake supply airflow rate to the sweep-gas flow rate,
is controlled by the outlet valve as an adjustable open-to-close ratio. The measured data to estimate the

dehumidification performance of the prototype unit are collected and saved in the data logger.

Fig. 4. Schematic of experimental setup of hollow-fiber-membrane dehumidifier
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3.2 Operation conditions

In this study, we conducted 24 sets of experiments for analyzing the dehumidification performance of the
hollow-fiber-membrane dehumidifier unit. The dehumidification performance of the prototype unit was
estimated as the differential of the humidity ratio and amount of dehumidification, as expressed by Equations
(5) and (6), respectively. The humidity ratio differential is representative of the driving force of the vapor
pressure gradient, and the amount of dehumidification represents the dehumidification per unit time as a
function of the latent cooling capacity.

AW = Wi, — Wour (5)
Mg = MgaAw = (Mipeare — msweep)AW (6)

To analyze the dehumidification performance under various conditions, we acquired the performance data
for various values of the five operating parameters: air temperature, relative humidity, airflow rate, sweep-gas
ratio, and inlet air pressure. As the sweep-gas ratio is the airflow ratio of the intake air to the sweep-out air, a
high level of sweep gas implies that the supply airflow rate is reduced for a given intake air flow rate. To
estimate the differential of the humidity ratio and amount of dehumidification, each parameter was suitably
varied. As the air temperature and humidity ratio were set to reflect humid and mild air conditions, these were
maintained in the range of 15 to 30 °C and 40 to 80%, respectively. The detailed operational range is listed in
Table 2. To estimate the dehumidification performance of the prototype unit, we did parametric study from the
experimental results, which were based on the base case, and subsequently, only a single parameter was
modulated in the operation range when all other parameters were fixed.

Table 2: Operating ranges of experimental conditions

Input values
Parameter Symbol

Low Base High

Inlet air temperature [°C] Tain 15 27 30

Inlet relative humidity [%] RHgin 40 60 80

Inlet air flow rate [[/min] Va,m 20 25 30
Sweep-gas ratio [—] x 0.18 0.5 0.82
Inlet pressure [kPa] DPair 101.3 101.3 260

The measurement sensors in our setup included high-precision humidity/temperature, differential pressure,
and absolute pressure sensors. The high-precision humidity/temperature sensor measures the inlet and outlet
temperatures and relative humidity. The airflow rate is measured by the differential pressure sensor in
conjunction with a digital flow meter. The measurement points corresponding to airflow rate measurements
include the inlet, outlet, and exhaust sides. The inlet air pressure is measured by the absolute pressure sensor,
where the inlet air pressure is controlled by the air compressor by means of valves. To quantify the
dehumidification performance, the measurement data were converted into the humidity ratio, which is affected
by the air temperature, relative humidity, and pressure.

Table 3: Specifications of measuring instruments

Variable Device Characteristics
| 50 9 155
Dry-bulb ) - Range Temperatu.re. 20 0C to 055 C
temperature and High-precision Relative humidity 0%-100%
relative humidity/temperature probe Temperature 104 °C
humidity of ai Accuracy - — "
umidity of air Relative humidity +2%RH
. . . Range 0-1250 Pa
Air flow rate Differential pressure sensor Accuracy Pressure $030%
Inlet air . Range 0—1250 Pa
pressure Absolute pressure sensor Accuracy Pressure $030%
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4. Experimental results and discussion

We experimentally investigated the performance of the prototype unit considering the influences of the five
air inlet parameters: inlet air temperature, relative humidity, air pressure, inlet air flow rate, and sweep-gas
ratio. The influence of each of the five parameters considered was analyzed via the differential of the humidity
ratio and amount of dehumidification; the results are shown in Figure 5.

We note from the figure that the air temperature and relative humidity exhibit a positive correlation with
the differential of the humidity ratio and amount of dehumidification. We note that higher levels of inlet
temperature and relative humidity correspond to a higher partial vapor gradient between the membrane layers.
In addition, as the inlet air pressure increases, the partial vapor pressure gradient between membrane layer was
increased , and the dehumidification performance improves. The sweep-gas ratio and intake airflow rate exhibit
no positive correspondence with the dehumidification performance. When the sweep-gas ratio ranges from 0.4
to 0.6, the differential of the humidity ratio and the amount of dehumidification are maximal because the mass
transfer between the feed and permeate sides increases as a balanced flow. When the intake air flow rate
decreases, the face velocity on the feed side also decreases with increase in the contact time of the unit. The
differential of the humidity ratio is strongly affected, but the amount of dehumidification is only relatively
impacted by the airflow rate.

The main parameters that significantly affect the dehumidification performance of the prototype unit are
the inlet air pressure and sweep-gas ratio. To increase the dehumidification performance, the inlet air pressure
should be sufficiently high, and the sweep-gas ratio must be maintained around 0.5 for balanced flow. Here,
we note that to control the outlet humidity ratio, a suitable rotation speed modulation strategy of the air
compressor or sweep-gas ratio should be estimated.

Fig. 5. Parametric analysis of hollow-fiber-membrane dehumidifier
5. Conclusions

In this study, we experimentally investigated the dehumidification performance of a hollow-fiber-
membrane dehumidification unit. Our prototype unit was composed of a membrane module containing a
bundle of hollow membranes and an air compressor to pressurize the inlet pressure, which forms the driving
force underlying the process. Experiments were conducted using the prototype unit to estimate the differential
of the humidity ratio and amount of dehumidification, and the relevant performance data were collected. The
input parameters that influence the dehumidification performance are the air temperature, relative humidity,
inlet air pressure, sweep-gas ratio, and intake air flow rate. The air temperature and relative humidity exhibited
a positive correlation with the performance, which indicates that a larger amount of air with water vapor affords
increased dehumidification performance. The inlet air pressure also positively affects the performance via
increasing the driving force of the vapor pressure drop. The dehumidification performance was maximal when
the sweep-gas ratio was in the range of 0.4 to 0.6 under balanced flow conditions. When the intake air flow
rate was decreased, the dehumidification performance increased because of the increased contacting time of
air with the prototype unit.
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In future study, we plan to analyze the dehumidification efficiency under various operation conditions. In

addition, the data collected in the study can be applied to extend the utilization of the control logic of the
hollow-fiber-membrane dehumidifier.
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