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Abstract: The counter hollow fiber membrane-based humidifier is used for air humidification, which avoids the problem of
liquid droplets carryover in traditional liquid humidification technology. In this study, an experimental rig was established for the
hollow fiber membrane humidification system. The effects of air mass flow rate, air temperature, air relative humidity, water
mass flow rate, water temperature on air humidity ratio increase, air temperature difference, power consumption per unit of
humidification, humidification efficiency, energy efficiency, exergy destruction and exergy efficiency were experimentally
investigated using the energy and exergy method. The results reveal the enhancement of the exergy efficiency with the increase in
inlet air relative humidity, inlet air dry bulb temperature, air mass flow rate, and water mass flow rate. The results show that the
humidification performance of the system is strongly influenced by the water temperature, while the humidification effect is
more significant for the low temperature and low air humidity. It was found that as the relative humidity and dry bulb temperature
of the air increased, the exergy destruction decreased significantly and the exergy efficiency increased. Increasing the air mass
flow rate and water flow temperature resulted in an increase in both exergy destruction and exergy efficiency, while increasing
the water flow rate had little effect on exergy destruction and fire efficiency. The exergy efficiency of the system ranged from
0.37 to 0.71. The maximum exergy destruction was 3.74 W, which occurred at air RHa,1=30%, air temperature Ta,1=30°C, water
temperature Tw,1=28°C, and air and water flow rates of 32 kg/h and 7 kg/h, respectively. The humidification efficiency of the
system ranged from 0.712 to 0.925, and the power consumption per unit of humidification ranged from 0.94 g/(h•W) to 12.50
g/(h•W).
Keywords: Hollow Fiber Membrane, Air Humidification, Exergy Efficiency, Mass Transfer

1. Introduction
The gas humidification module is a major component of
various techniques, such as air humidification [1], fuel cell
technology [2], crop storage [3], and desalination [4]. Air
humidity is crucial for human health and thermal comfort.
The most suitable air relative humidity for human health and
thermal comfort ranges from 45% to 65% [5]. A low indoor
air humidity level is recognized as an important factor in the
spread of influenza in winter, which accelerates the
multiplication of influenza viruses and contributes to the
susceptibility to respiratory diseases [6]. Therefore, air
humidification is necessary to meet the indoor humidity
requirements [7].
The following different types of humidifiers have been

used: steam humidifiers [8], ultrasonic humidifiers [9],
packed-bed humidifiers [10], bubble columns [11], and spray
towers [12]. However, the above-mentioned techniques have
common shortcomings. (1) Liquid water and air are in direct
contact, which may produce water droplet drifts. (2) Bacteria
and molds grow on moist media surfaces and enter the air
through recycled water. One alternative to direct air
humidification is the application of indirect air
humidification,
which
is
called
membrane-based
humidification. The membrane-based humidification is an
excellent solution to the carryover of liquid droplets [13].
The technology has good humidification efficiency, where
humidity is easily controlled and operating costs are low.
Hollow fiber membranes are highly selective in permeability.
The membrane only allows the passage of water vapor and
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strictly prevents water leakage in the form of liquid, and
water evaporates through the membrane wall into the air to
complete humidification without water mist [14–16].
The hollow fiber membrane humidifier has gained
increasing attention, and most research has focused on the
fluid flow and heat and mass transfer properties of hollow
fiber membrane humidifiers. Chiari et al. [17] experimentally
and theoretically studied the air humidification process using
a hydrophobic hollow fiber membrane humidifier and
discussed a predictive model for the humidification efficiency.
The humidification efficiency was found to increase with
decreasing inlet air and water temperature. Bergero et al. [18]
developed a numerical model to predict the heat and mass
transfer through the hollow fiber membrane humidifier. Their
result showed that the air humidity ratio decreases with
increasing airflow and is not significantly affected by liquid
flow. Zhang et al. [19] numerically and experimentally
investigated the coupled heat and moisture transport in a
hollow fiber membrane humidifier. With 2600 fibers inside
the module, the humidification efficiency ranged from 78%
to 95% when the air mass flow rate is 0.35–0.83 kg/h. Li and
Zhang [20] studied the flow distribution and performance
deterioration of a cross-flow and counter flow hollow fiber
membrane humidifier. The humidification efficiency of a
humidification module is inversely proportional to the
inhomogeneity of the flow, and uneven flow will severely
reduce performance. In air humidification, the humidification
efficiency may be reduced by 21%–39% at various airflows.
Huang et al. [21] conducted the fluid flow and heat transfer
of the elliptical tube hollow fiber membrane humidifier. They
found that the heat transfer between elliptical hollow fiber
membranes arranged in series deteriorated by approximately
0.1%–6% compared with hollow fiber membranes. The heat
transfer of elliptical hollow fiber membranes either improved
or deteriorated for staggered arrangements. Bakeri et al. [22]
presented a porous polyethersulfone (PES) hollow fiber
membrane in the gas humidification process. The
experimental studies show that water flux increases with
rising flow rates of gas and liquid water and increasing gas
pressure decreases water flux. Bakeri [23] fabricated and
characterized PES and polyetherimide (PEI) hollow fiber
membranes using various test methods. The difference in
water vapor flux between the PEI and PES membranes was
found to increase with rising working pressure/liquid
temperature.
The concept of energy and exergy are based on the
conservation of mass and energy principles and the second
law of thermodynamics, respectively. Exergy analysis
indicates the location, nature, and cause of energy destruction
in the process. Therefore, the overall performance of this
process can be effectively evaluated using the method of
exergy analysis. One of the most important objectives of
exergy analysis is to find meaningful efficiencies and
determine the causes of exergy destruction. Numerous
studies are available in the field of exergy analysis in
membranes engineering. However, studies on the membrane
humidifiers from an exergy standpoint are limited. Banat et al.
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[24] studied exergy analysis to evaluate the exergy efficiency
of “compact” and “large” solar membrane distillation units.
Meng et al. [25] investigated the complete energy/exergy
analysis of a hydrogen production unit through a proton
exchange membrane electrolyzer. Al-Sulaiman et al. [26]
examined the performance of air conditioning systems with
and without air membrane heat and mass exchangers through
exergy analysis to compare their performance. Huang et al.
[27] investigated the thermodynamic properties of liquid–
liquid air gap hollow fiber membrane contactors. The
two-dimensional heat and mass transfer, entropy generation,
and exergy destruction models of the membrane contactor are
established and numerically solved and experimentally
verified. Liu et al. [28] developed a mathematical
thermodynamic model of a proton exchange membrane fuel
cell system to uncover the energy and exergy distribution and
establish an evaluation method for the system. In addition,
some studies use energy and exergy to investigate the
thermodynamics of the membrane dehumidifier. Liang et al.
[29] developed and solved the entropy generation and energy
destruction models of the internally-cooled membrane-based
liquid desiccant dehumidifier to compare the performance of
various parameters based on the second law of
thermodynamics. Liang and Zeng and Liang [30] proposed
the optimized design of a liquid desiccant module based on
hollow fiber membranes. The influence of the geometric
variables of the dehumidification module on the total entropy
production and the total annual cost is investigated by
developing a multi-objective particle swarm algorithm. In the
above-mentioned literature review, researchers are focused
on the fluid flow and heat and mass transfer of the hollow
fiber membrane-based humidifier, and focus on energy and
exergy analysis in membranes dehumidifier and distillation.
However, studies on the membrane humidifiers from an
exergy standpoint are limited The authors believe that only
few studies have been conducted on the energy and exergy of
hollow fiber membrane humidifiers using the second law of
thermodynamics. The present work aims to study the energy
and exergy of the counter flow hollow fiber membrane-based
humidifier based on experimental study to investigate the
irreversibility of the hollow fiber membrane-based humidifier
comprehensively. The effects of operating conditions (inlet
air relative humidity, inlet air dry bulb temperature, air mass
flow rate, water temperature, and water mass flow rate) on
the system performance (air humidity ratio differences, air
temperature differences, fluid flow, humidification efficiency,
specific electricity consumption (SEC) of air humidification
capacity, and energy and exergy efficiencies) are investigated
on the basis of energy and exergy analysis. These efficiencies
are regarded as parameters to evaluate the performance of
hollow fiber-based humidifiers effectively.

2. Experimental Set-up
A schematic and photograph of the experimental set-up are
shown in Figure 1 (a) and (b), respectively. The set-up
comprises two loops: one for air and the other is for water. In
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the air loop, the air conditions (air temperature and humidity)
are pre-regulated by air conditioning system. These conditions
are then regulated with a fan before going through the air
channel. The air is subsequently sent through the hollow fiber
membrane for humidification and finally exited to the room.
An electric heater wrapped around the stainless steel tube is
used to raise the air temperature. In the water loop, the water
temperature is controlled by the isothermal water bath. A
throttle valve controls the variation in the water flow rate. A
U-tube manometer and the platinum resistance temperature
sensors (Pt-100) were respectively installed at the inlet and
outlet of the humidifier to measure the corresponding water
pressure difference and water temperatures. An integrated
humidity and temperature sensor (SIEMENS QFM 2160) was
connected to the inlet and outlet of the humidifier to measure
the air relative humidity and temperature. The air pressure
difference and velocity were measured by monometer
(TESTO 512) and hot-wire anemometer (TESTO 735),
respectively. All measurements were collected and recorded
using an Aligent 34972A data acquisition unit. All the sensors

and instruments are pre-calibrated, and the parameters of the
measuring instrument are given in Table 1. A total of 88
experiments were conducted to test the humidification
performance for different air relative humidity, air dry bulb
temperature, air mass flow rate, water temperature, and mass
flow rate ranges. The experimental conditions for the tests are
listed in Table 2.
The hollow fiber membrane-based humidifier structure is
similar to that of the cross-flow shell-and-tube heat mass
exchanger, in which water and air flow on the tube inside and
shell side, respectively, as shown in Figure 1 (c). Air and water
stream exchange moisture through the hollow fiber membrane
tubes. Considering the water stream in the tube side, a large
amount of sensible heat can be removed from the air to
facilitate water evaporation. Moisture permeates through the
membranes and is further removed by the air stream on the
shell side. The hollow fiber membranes are modified porous
membranes, which effectively prevents the leakage of liquid
water but selectively allows the penetration of moisture.
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(c)
Figure 1. Test facility for the counter-flow hollow fiber membrane-based humidifier: (a) experimental rig; (b) photograph of the rig set-up, and (c) photograph
of hollow fiber membrane-based humidifier.
Table 1. Parameters of experimental measuring instruments.
Sensor type
Air velocity
Water flow
Water temperature
Air relative humidity
Air temperature
Air pressure
Data acquisition

Sensor model
TESTO 425 anemometer
Flow meter LZB–10
PT-100 Thermocouple

Sensor accuracy
±0.03 m/s
±4 L/h
±0.15°C
± 3.00%
±1 K
0.001 hPa
±0.15%

SIEMENS QFM 2160
TESTO 512
Agilent 34970A

Specification range
0–20 m/s
16–160 L/h
−20–250°C
0–100%
−35–50°C
0–2 hPa
––

Table 2. Experimental conditions for the test.
Studied parameter
Air relative humidity (%)
Air dry bulb temperature (°C)
Air mass flow rate (kg/h)
Water mass flow rate (kg/h)
Hollow fiber membrane area (m2)

Variables
30, 35, 40, 45, 50, and 55
20, 22, 24, 26, 28, and 30
3, 4, 5, 6, and 7
16, 20, 24, 28, and 32
——

Initial value
Ta,1 = 30°C, ma,1 = 7 kg/h, mw,1 = 32 kg/h
RHa,1 = 40%, ma,1 = 7 kg/h, mw,1 = 32 kg/h
Ta,1 = 30°C, RHa,1 = 40%, mw,1 = 32 kg/h
Ta,1 = 30°C, RHa,1 = 40%, ma,1 = 7 kg/h
0.3925

The uncertainty can be calculated using the uncertainty
transfer formula [31], which is obtained by Equations. (1)
and (2), and the measured estimate Y is a function of N of
other directly measured values x1, x2,..., xn.

Y = f ( x1 , x2 ,..., xn ) ,
2

2

(1)
2

 ∂Y
  ∂Y

 ∂Y

δY = 
δ x1  + 
δ x2  + ... + 
δ xn  ,
 ∂Y1
  ∂Y2

 ∂Yn


(2)

∆T =Ta,1 − Ta,2 ,

(3)

∆ω = ωa,2 − ωa,1 ,

(4)

where T is temperature (K), ω is humidity ratio (g water
vapor/kg dry air), and subscripts “a,” “1,” and “2”
respectively represent air, inlet, and outlet.
The air humidification efficiency εh:

εh =

ωa,2 − ωa,1
.
ωw − ωa,1

(5)

where δY is the overall uncertainty in the result. (x1, x2, x3, …, xn)
are the set of measurements of directly measurable parameters.
The uncertainties for the following measurements are
recorded: air temperature, ±0.1°C; air relative humidity, ±2.5%;
pressure drop, ±1 Pa; air velocity, ±2.2%. The maximum relative
uncertainties are determined to be ±1.3%, ±2.8%, ±6.3%, and
±4.5% for εh, SEC, ηen, and ηex, respectively.

The SEC of air humidification capacity is used as an
evaluation index.

3. Data Processing

where m is the air mass flow rate (kg/h), and subscripts “w,”
represent water.

SEC=

m w ( ha,1 − ha,2 )
m a (ωa,2 − ωa,1 )

,

(6)

3.1. Performance Analysis
3.2. Exergy Analysis
The performance of hollow fiber membrane humidifiers is
evaluated in accordance with the following equations.
The air temperature difference (∆T) and humidity ratio
difference (∆ω) between inlet and outlet air streams are the
performance indicators for the evaluation of hollow fiber
membrane humidifiers.

The second law efficiency is defined by applying an exergy
balance to the system. The saturation state parameters (T0, P0, ω0)
of moist air in the atmospheric environment are selected in this
paper as the reference state points for the exergy. The saturated
condition of ambient air is chosen as the dead state for humid air
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and water. For all the results shown in the next section,
temperature and relative humidity of the dead state are
maintained and set to T0 = 20°C and RH0 = 100%, respectively.
The energy and mass conversation relations are satisfied
among water and air streams in the hollow fiber
membrane-based humidifier.

ma,1 = ma,2 ,

(7)

ma,1ωa,1 + mw,evap = ma,2ωa,2 ,

(8)

ma,1ha,1 + mw, hw = ma,2 ha,2 .

(9)

The exergy balance of the air humidification process is
presented by Dincer and Rosen [32]:

ma,1 (ex)a,1 + mw (ex) w − ma,2 (ex)a,2 − Edest = 0 ,

(10)

where Edest denotes the exergy destruction, which can be
defined as

Edest = T0 Sgen = T0 (ma,2 s2 − ma,1s1 − mw,evap sw ) ,

(11)

where s is the specific entropy, kJ/(kg·K).
The moist air is regarded as an ideal gas in exergy analysis.
The exergy of moist air comprises the following three parts:
temperature, chemical, and mechanical exergy [33]. The
exergy expression of moist air based on the air and ambient
pressures is defined as follows:
T
T
(ex ) a,th = (cp,a + cp,v ω )T0  − 1 − ln
T
T
 0
0

(12)


1 + 1.608ω0
ω
(ex)a,ch =Ra T0 1.608ω ln +(1 + 1.608ω ) ln
ω
1 + 1.608ω

0


 , (13)


p
.
p0

ηex =

(14)

ma,2 (ex) a,2

= 1−

ma (ex) a,1 + mw,evap (ex) w

Edest
,
Ein

(18)

where the Ein can be calculated as follows:

Ein = ma (ex)a,1 + mw,evap (ex) w .

(19)

4. Results and Discussion
4.1. Pressure Drop
The effects of air and water mass flow on air and water
pressure drop are shown in Figure 2. The results show that
pressure drop increases with the mass flow rate in air and
water increases. Rising water flow does not cause the same
increase in air pressure drop. The pressure drop of air stream
increases from 11 Pa to 21 Pa with the air mass flow rate
from 3 kg/h to 7 kg/h, and the pressure drop of water stream
increases from 30 Pa to 65 Pa with the rising water mass flow
from 16 kg/h to 32 kg/h.
mw (kg/h)
14
70
60


,


(ex) a,me = (1 + 1.608ω ) Ra T0 ln

Following Ratlamwala [35], the exergy efficiency (ηex) is
defined by the ratio between the total exergy leaving the
system and that entering the system.
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The total exergy of air streams can be expressed as

(ex)a = (ex)a,th + (ex)a,ch +(ex)a,me .

(15)

The exergy expression of liquid water at an arbitrary state
(T, P) is expressed as follows:

T
(ex)w = cp,w  Tw − T0 + T0 ln 0
Tw



 Pv,0 
T0
 − RvT0 ln 
 − ∆hl (1 − ) . (16)
Tw

 Pv 

The energy efficiency (ηen) of the hollow fiber
membrane-based humidifier is defined as the ratio of
outgoing stream energy of the air to the sum of the incoming
stream energies of air and evaporated water as provided by
Kanoglu [34].

ηen =

ma,2 ha,2
ma,1ha,1 + mw,evap hw

.

(17)

0
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

ma (kg/h)
Figure 2. Effects of air and water flow rates on the pressure drops between
the inlet and the outlet of the hollow fiber membrane humidifier.

4.2. Effect of Operating Conditions on Air Humidity Ratio
and Temperature Differences
Figure 3 shows the effects of inlet air relative humidity (RHa,1),
inlet air dry bulb temperature (Ta,1), air mass flow rate (ma), and
water mass flow rate (mw) under different water temperatures
(Tw,1) on the air humidity ratio difference (∆ω) and temperature
difference (∆T). The variations of ∆ω and ∆T with inlet air
relative humidity (RHa,1) and water temperature (Tw,1) are shown
in Figure 3 (a). At the same Tw,1, the ∆ω and ∆T rapidly and
slightly decrease with the increase in RHa,1, respectively. The ∆ω
demonstrates the largest value of 11.89 g/kg when the RHa,1 and
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temperature difference (∆T) with air temperature (Ta,1) and water
temperature (Tw,1) are shown in Figure 3 (b). At the same Tw,1,
∆T and ∆ω rapidly increase and decrease with the increase in the
Ta,1, respectively. The ∆ω demonstrates the largest value of
13.17 g/kg when the Ta,1 and Tw,1 are 20°C and 28°C,
respectively. Meanwhile, the ∆T shows the largest value of
6.89°C when Ta,1 and Tw,1 are 30°C and 22°C, respectively.
Furthermore, at the same Tw,1, the ∆ω decreases by
approximately 26%–45% and ∆T increases by approximately
142%–1980% with the increase in Ta,1 from 20°C to 30°C. In
addition, at the same Ta,1, the ∆ω and ∆T respectively increase
and decrease with the increase in Tw,1. Furthermore, at the same
Ta,1, the ∆ω increases by approximately 60%–112% with the
increase in Tw,1 from 22°C to 28°C, while the ∆T decreases by
approximately 69%–1311%. These findings can be attributed to
the following: (i) the capability of air to hold additional vapor
decreases as the air temperature rises at the same relative
humidity; (ii) the increase in the potential difference of
temperatures between water and air due to the rising water
temperature. Simultaneously, a low water temperature facilitates
a strong temperature drop.
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respectively decrease by approximately 44%–81% and 8%–17%
with the increase in RHa,1 from 30% to 55%. This finding is due
to the increase in water vapor partial pressure on the air side
with the increase in RHa,1 and the reduction in the mass transfer
driving force. Therefore, ∆ω increases and ∆T decreases. In
addition, at the same RHa,1, the ∆ω increases with the Tw,1, while
the ∆T decreases with the increase in Tw,1. Furthermore, at the
same RHa,1, the ∆ω increases by approximately 75%–406% with
the increase in Tw,1 from 22°C to 28°C, while the ∆T decreases
by approximately 62%–66%. This condition is attributed to the
increase in water vapor partial pressure with the increment in
Tw,1 the enhanced driving force of mass transfer. Therefore, the
∆ω increases. In addition, the temperature difference between
the water and air streams decreases with the increase in Tw,1, and
the driving force of heat transfer decreases (the sensible heat
taken by water stream from the air stream decreases). Therefore,
the ∆T decreases.
The variations of air humidity ratio difference (∆ω) and
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Figure 3. Effect of operating conditions on air humidity ratio increase (∆ω) and temperature drop (∆T): (a) inlet air relative humidity, (b) inlet air dry bulb
temperature, (c) air mass flow rate, and (d) water mass flow rate. 4.3 Effect of operating conditions on SEC of air humidification capacity.

Figure 3 (c) presents the variation of air humidity ratio
difference (∆ω) and temperature difference (∆T) with air mass
flow rate (ma,1) and water temperature (Tw,1). The Figure reveals
that at the same Tw,1, the ∆ω and ∆T slightly decrease with the
increase in ma,1. The ∆ω had the largest value of 11.33 g/kg
when the ma,1 and Tw,1 are 3 kg/h and 28°C, respectively. By
contrast, the ∆T had the largest value of 7.54°C when the ma,1
and Tw,1 are 3 kg/h and 22°C, respectively. Furthermore, at the
same Tw,1, the ∆ω and ∆T respectively decrease by
approximately 9%–15% and 5%–10% with the increase in ma,1
from 3 kg/h to 7 kg/h. In addition, at the same ma,1, the ∆ω and

∆T respectively increase and decrease with the increase in Tw,1.
Furthermore, at the same ma,1, the ∆ω increases by
approximately 103%–118% with the increase in Tw,1 from 22°C
to 28°C, while the ∆T decreases by approximately 62%–69%.
On the one hand, this is due to the decrease in the contact time
between the air particles and the hollow fiber membrane with
the increase in the ma,1, which caused the reduction in the water
evaporation rate, thus decreasing the air humidification and
cooling potentials. On the other hand, the mass transfer capacity
of hollow fiber films is limited, with increasing the ma,1 the
amount of water vapor obtained per unit volume of air
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decreases.
Figure 3 (d) further shows the variation of air humidity ratio
difference (∆ω) and temperature difference (∆T) with water
mass flow (mw,1) and water temperature (Tw,1). The Figure
reveals that at the same Tw,1, the ∆ω slight rises and ∆T slightly
drops with the increase in the mw,1. The ∆ω had the largest value
of 9.80 g/kg when the mw,1 and Tw,1 are 32 kg/h and 28°C,
respectively. By contrast, the ∆T had the largest value of 7.05°C
when the mw,1 and Tw,1 are 16 kg/h and 22°C, respectively. This
finding is attributed to the increase in Reynolds number due to
the rise in the mw,1. Consequently, the capabilities to evaporate
water rate and reduce air temperature are enhanced. Furthermore,
at the same Tw,1, the ∆ω decreased by approximately 3%–9%
with the increase in mw,1 from 16 kg/h to 32 kg/h, while the ∆T
increased by approximately 2%–20%. In addition, at the same
12
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mw,1, the ∆ω and ∆T respectively increase and decrease with the
increase in Tw,1. Furthermore, at the same mw,1, the ∆ω and ∆T
respectively increase and decrease by approximately 99%–111%
and 55%–64% with the increase in Tw,1 from 22°C to 28°C. This
finding is attributed to the minimal effect of the rising water
mass flow rate in increasing the air–water vapor concentration
gradient. Thus, the improved humidification performance due to
the high water velocity had minimal effect.
The SEC of air humidification capacity is defined as the
ratio between the air humidification rate and the fan and
pump powers. The effects of inlet air relative humidity
(RHa,1), inlet air dry bulb temperature (Ta,1), air mass flow
rate (ma,1), and water mass flow rate (mw,1) at different water
inlet temperatures (Tw,1) on SEC are shown in Figure 4.

Tw = 22 °C

Tw = 24 °C

Tw = 26 °C

Tw = 28 °C

(d)

12
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0

16

20

24

28

32

mw (kg/h)

Figure 4. Effect of operating conditions on the SEC of air humidification capacity: (a) inlet air relative humidity, (b) inlet air dry bulb temperature, (c) air mass
flow rate, and (d) water mass flow rate.

Figure 4 (a) shows the variation of the SEC with inlet air
relative humidity (RHa,1) and water temperature (Tw,1). At the
same Tw,1, the SEC decreased with the increase in the RHa,1.
The SEC had a maximum value of 8.44 g/(h·W) when the
RHa,1 and Tw,1 are 30% and 28°C, respectively. At the same
Tw,1, the SEC decreased by approximately 44%–81% with the
increase in RHa,1 from 30% to 55%. In addition, at the same
RHa,1, the SEC increased by approximately 75%–406% with
the increase in Tw,1 from 22°C to 28°C. Figure 4 (b)
demonstrates the variation of the SEC with inlet air dry bulb
temperature (Ta,1) and water temperature (Tw,1). At the same
Tw,1, the SEC decreased with the increase in the Ta,1. The SEC
had the largest value of 9.35 g/(h·W) when the Ta,1 and Tw,1
are 20°C and 28°C, respectively. Furthermore, at the same

Tw,1, the SEC decreased by approximately 26%–45% with the
increase in Ta,1 from 20°C to 30°C. At the same Ta,1, the SEC
increased with the Tw,1. In addition, at the same Ta,1, the SEC
increased by approximately 60%–112% with the increase in
Tw,1 from 22°C to 28°C.
Figures 4 (a)–(b) and Figures 3 (a)–(b) demonstrated the
same trend with an increase in the RHa,1 and Ta,1. This
similarity can be attributed to the linear relationship between
the SEC and ∆ω when the pump and turbine power have
fixed values.
Figure 4 (c) shows the increase in SEC with the air mass
flow rate (ma,1) and water temperature (Tw,1). At the same Tw,1,
the SEC decreased with the ma,1. The SEC had the largest
value of 6.82 g/(h·W) when the ma,1 and Tw,1 are 7 kg/h and
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28°C, respectively. Furthermore, at the same Tw,1, the SEC
decreased by approximately 20%–28% with the increase in
ma,1 from 3 kg/h to 7 kg/h. At the same ma,1, the SEC
increased with Tw,1. In addition, at the same Ta,1, the SEC
increased by approximately 103%–118% with the rise in Tw,1
from 22°C to 28°C. Although Figure 3 (c) shows that the
decrease in the air humidity ratio increase (∆ω) with the
rising air mass flow, Figure 4 (c) shows the increase in the
SEC with the air velocity. Therefore, the effect of the ma,1 on
the SEC is more dominant than that of the decrease in the
(∆ω) and the increase in the fan power.
Figure 4 (d) further shows the variation in SEC with water
mass flow (mw,1) and water temperature (Tw,1). At the same
Tw,1, the SEC slightly dropped with the increase in the mw,1.
The SEC had the largest value of 12.50 g/(h·W) when the
mw,1 and Tw,1 are 16 kg/h and 28°C, respectively. Furthermore,
at the same Tw,1, the SEC decreased by approximately 50%–
53% with the increase in mw,1 from 16 kg/h to 32 kg/h. In
addition, at the same mw,1, the SEC increased with the Tw,1. At
the same mw,1, the SEC increased by approximately 99%–111%
with the increase in Tw,1 from 22°C to 28°C. This result also
shows that the effect of pump power on SEC is more
important than that of the increase in the (∆ω).
4.3. Effect of Operating Conditions on Humidification
Efficiency
The humidification efficiency (εh) is defined by Equation
0.96
0.92

Tw,1=22 oC

Tw,1=24 oC

Tw,1=26 oC

Tw,1=28 oC

(5). Thus, the rise in the actual air humidity ratio increase
leads to the increment in the humidification efficiency.
Figures 3 and 4 show the rise of the air humidity ratio
increase (∆ω) and the SEC of air humidification capacity
with the increase in the water temperature (Tw,1). This
phenomenon is the result of the increase in the Tw,1, which
means an increase in the amount of water vapor transfer into
the air stream, thus causing the increase in the ∆ω and the
SEC, as seen in Equations (4) and (6). However, Figure 5
shows the decrease in humidification efficiency (εh) with the
increase in the Tw,1. This decrease is attributed to the lower
percentage of the increase in the ∆ω with the Tw,1 than that of
the increase in the difference in humidity ratio between water
and air with the Tw,1, as seen in Equation (5).
As shown in Figure 5 and confirmed by Figure 3, the ∆ω
decreased with the increase in inlet air relative humidity
(RHa,1) and inlet air dry bulb temperature (Ta,1); on the
contrary, the εh increased with the rise of RHa,1 and Ta,1.
Moreover, the ∆ω and the εh decreased with the increase in
air mass flow rate (ma,1), and the ∆ω and the εh increased with
the rise in water mass flow rate (mw,1). Figures 5 (a)–(d)
indicate the possible trend in εh as follows: increased by
approximately 2%–9% with the RHa,1 from 30% to 55% at
the same Tw,1; increased 4%–9% with rising Ta,1 from 20°C to
30°C; increased by 3%–9% by increasing the mw,1 from 16
kg/h to 32 kg/h; decreased by 9%–15% by increasing the ma,1
from 3 kg/h to 7 kg/h.
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Figure 5. Effect of operating conditions on humidification efficiency (εh): (a) inlet air relative humidity, (b) inlet air dry bulb temperature, (c) air mass flow rate,
and (d) water mass flow rate.

4.4. Effect of Operating Conditions on the Exergy
Destruction
The effects of inlet air relative humidity (RHa,1), inlet air dry
bulb temperature (Ta,1), air mass flow rate (ma,1), and water mass

flow rate (mw,1) at different water inlet temperatures (Tw,1) on the
exergy destruction (Edest) is shown in Figure 6.
Figure 6 (a) shows the variation in the Edest with inlet air
relative humidity (RHa,1) and water temperature (Tw,1). At the

103

Zhipeng He and Caihang Liang: Experimental Study on Energy and Exergy Analysis of a
Counter Hollow Fiber Membrane-based Humidifier

same Tw,1, the Edest dropped with the increase in the RHa,1.
The Edest had a maximum value of 3.73 W when the RHa,1
and Tw,1 are 30% and 28°C, respectively. At the same Tw,1, the
Edest decreased by approximately 82%–85% with the increase
in RHa,1 from 30% to 55%. In addition, at the same RHa,1, the
Edest increased by approximately 41%–49% with the increase
in Tw,1 from 22°C to 28°C. Figure 6 (b) demonstrates the
variation of Edest with inlet air dry bulb temperature (Ta,1) and
water temperature (Tw,1). At the same Tw,1, the Edest decreased
with the increase in the Ta,1. The Edest had the largest value of
3.51 W when the Ta,1 and Tw,1 are 20°C and 28°C,
respectively. Furthermore, at the same Tw,1, the Edest
decreased by approximately 46%–49% with the increase in
Ta,1 from 20°C to 30°C. At the same Ta,1, the Edest increased
with the Tw,1. In addition, at the same Ta,1, the Edest increased
by approximately 30%–40% with the increase in Tw,1 from
22°C to 28°C. This finding can be attributed to the fact that
the water vapor pressure on the air side increases with an
increase in the RHa,1 (Ta,1 remains constant), and the water
vapor pressure difference between air and water decreases
and the mass transfer capacity decreases. Therefore, the
amount of water vapor transmission decreases, and the
exergy loss decreases. At the same time, the Ta,1 increases
(RHa,1 remains constant) with the same trend. Therefore, Edest
4

Tw,1=22 oC

Tw,1=24 oC

o

Tw,1=28 C

3.0

Edest (W)

Edest (W)

3.6

(a)

o

Tw,1=26 C

3

decreased with the increase in Ta,1 and RHa,1.
The variation of the air mass flow rate (ma,1) on the exergy
destruction (Edest) is shown in Figure 6 (c), where the Edest
slightly increases with the ma,1. The Edest has the largest value of
2.04 when the ma,1 and Tw,1 are 7 kg/h and 28°C, respectively.
Furthermore, at the same Tw,1, the Edest increases by
approximately 98%–106% with the increase in ma,1 from 3 kg/h
to 7 kg/h. At the same ma,1, the Edest increases by approximately
44%–50% with the increase in Tw,1 from 22°C to 28°C. This
finding shows that ma,1 accounts for a large proportion of the
effect of the Edest, as in Equations. (8) and (11).
Figure 6(d) illustrates the impact of the water mass flow
rate (mw,1) on the exergy destruction (Edest), where the Edest
virtually remains constant with the increase in the mw,1. The
Edest has the largest value of 2.07 when the mw,1 and Tw,1 are
32 kg/h and 28°C, respectively. Furthermore, at the same Tw,1,
the ηex increases approximately 2%–4% with the increase in
mw,1 from 16 kg/h to 32 kg/h. At the same mw,1, the Edest
increases approximately 45%–48% with the increase in Tw,1
from 22°C to 28°C. This finding can be attributed to the fact
that the water-side convective heat transfer coefficient
increases with an increase in the mw,1, whereby more heat can
be transferred to the air and the exergy loss increases.
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Figure 6. Effect of operating conditions on the exergy destruction (Edest): (a) inlet air relative humidity, (b) inlet air dry bulb temperature, (c) air mass flow rate,
and (d) water mass flow rate.

4.5. Effect of Operating Conditions on Exergy and Energy
Efficiencies
Figure 7 shows the effects of inlet air relative humidity
(RHa,1), inlet air dry bulb temperature (Ta,1), air mass flow
rate (ma), and water mass flow rate (mw) under different water
temperatures (Tw,1) on the exergy efficiency (ηex). The results
reveal the increase in exergy efficiency (ηex) with increasing

water temperature (Tw,1). This phenomenon can be attributed
to the significant enhancement of the heat transfer between
air and water and an increase in exergy destruction due to the
rising the Tw,1. However, the exergy entering the system also
increases simultaneously with a larger percentage than the
exergy destruction, increasing exergy efficiency as the water
temperature rises.
The variations of the exergy efficiency (ηex) with inlet air
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relative humidity (RHa,1) and water temperature (Tw,1) are shown
in Figure 7 (a). The Figure shows that at the same Tw,1, the ηex
slightly increases with the RHa,1. The ηex has the largest value of
0.71 when the RHa,1 and Tw,1 are 55% and 28°C, respectively.
Furthermore, at the same Tw,1, the ηex increases by approximately
15%–18% with the rising RHa,1 from 30% to 55%. At the same
RHa,1, the ηex increases by approximately 16%–90% with the
increase in Tw,1 from 22°C to 28°C. Figure 7 (b) illustrates the
variation of ηex with air temperature (Ta,1) and water temperature
(Tw,1). The Figure shows the insignificant increase in the ηex with
the increase in the Ta,1 at the same Tw,1. The ηex has the largest
value of 0.60 when the Ta,1 and Tw,1 are 30°C and 28°C,
respectively. Furthermore, at the same Tw,1, the ηex increases by
approximately 7%–21% with the increase in Ta,1 from 20°C to
30°C. At the same Ta,1, the ηex increases approximately by 15%–
31% with the increase in Tw,1 from 22°C to 28°C. This finding
can be attributed to the increase in the exergy destruction of the
air (the decrease in the heat and mass transfer coefficient of the
supply air stream causes a decrease in the exergy destruction)
with the increase in the RHa,1 and the Ta,1.
The variation of the air mass flow rate (ma,1) on the exergy
efficiency (ηex) is shown in Figure 7 (c), where the ηex slightly
increases with the ma,1. The ηex has the largest value of 0.59
when the ma,1 and Tw,1 are 7 kg/h and 28°C, respectively.
Furthermore, at the same Tw,1, the ηex increases by approximately
0.8%–2.3% with the increase in ma,1 from 3 kg/h to 7 kg/h. At
the same ma,1, the ηex increases by approximately 29%–30%
with the increase in Tw,1 from 22°C to 28°C. This condition is
due to the increase in the heat transfer rate, mass transfer rate,
friction, and pressure drop with the rising air mass flow rate.
1.8

Tw,1=24 oC

ηen

Tw,1=26 oC

Tw,1=28 oC

ηex

Increasing all these parameters causes an increase in the exergy
destruction (Edest) and exergy entering in the system (Ein).
However, the percentage of the increase in the Edest with air mass
flow rate is lower than that of the increase in the Ein and the
exergy efficiency.
Figure 7 (d) illustrates the impact of the water mass flow
rate (mw,1) on the exergy efficiency (ηex), where the ηex
increases with the mw,1. The ηex shows the largest value of
0.57 when the mw,1 and Tw,1 are 32 kg/h and 28 ºC,
respectively. Furthermore, at the same Tw,1, the ηex increases
by approximately 1%–3% with the increase in mw,1 from 16
kg/h to 32 kg/h. At the same mw,1, the ηex increases by
approximately 29%–30% with the rising Tw,1 from 22°C to
28°C. This finding can be attributed to an increase in the
water evaporation rate and the air temperature drop with the
water mass flow rate (mw,1). This phenomenon raises the inlet
exergy and decreases the exit exergy of the hollow fiber
membrane humidifier.
Figure 7 also shows the results of the energy efficiency
(ηen) of the hollow fiber membrane humidifier obtained in the
different tests. Theoretically, the ηen should be 100% for air
passage through the hollow fiber membrane humidifier in
equilibrium with water under the adiabatic saturation process
for heat and mass transfer. However, Figure 7 shows that the
ηen is generally larger than 100. The Figure also reveals that
the highest ηen that can be obtained is 1.86 at Tw,1 = 28°C, Ta,1
= 30°C, RHa,1 = 40%, ma,1 = 7 kg/h, and mw,1 = 32 kg/h. This
result proves that the actual process is slightly different from
the adiabatic saturation process, especially for high air
temperature and relative humidity.
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Figure 7. Effect of operating conditions on the exergy efficiency (ηex) and energy efficiency (ηen): (a) inlet air relative humidity, (b) inlet air dry bulb temperature,
(c) air mass flow rate, and (d) water mass flow rate.
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4.6. Performance Comparison of Humidifier
Data for different humidification materials are obtained
from the literature. The differential air moisture content and
humidification efficiency of these materials under relevant
operating conditions are compared with the data obtained in
the work of this paper, as shown in Table 3. All systems are
chosen to operate under the same conditions as far as
possible to compare the measured performance parameters of
the humidification materials tested in the literature fairly.
Table 3 shows that the studied hollow fiber membrane
humidifier had a substantially higher value of humidity ratio

increase than other types of humidifying pads tested in the
literature [14, 36-41]. Moreover, the hollow fiber membrane
humidifier is more efficient in humidifying the volcanic tuff
(value of 80.17%) than the volcanic tuff (value of 81.98%),
and coarse pumice in the literature [39] stones (value of
87.37%) is slightly low. Thus, the current hollow fiber
membranes generally show higher performance parameters
compared with other types of humidification pads in the
literature. This finding indicates that hollow fiber membranes
are reliable and suitable as gas humidification materials.

Table 3. Comparisons with previous different types of evaporation materials on air humidity ratio and humidification efficiency.
Refs
Present work
[14]
[36]
[37]
[38]
[39]

[40]
[41]

Material type
counter flow hollow fiber membrane module
rectangular cross-flow hollow fiber
membrane module
plastic mesh
cellulose (bee-hive)
eucalyptus fibers
shading net
volcanic tuff
coarse pumice stones
fine pumice stones
parallel-plate membrane
fiber bundles in a spindle shape

A (m2)
0.3925

ma (m/s)
0.34

Tw
26

mw (kg/h)
32

∆P (Pa)
21

∆ω (g/kg)
10.13

εh (%)
80.17

4.781

0.40

23

50

6

5.67

61.37

0.3500
0.1920
0.0784
0.25
0.25
0.25
0.25
0.01
0.1885

0.20
1.00
0.30
0.60
0.60
0.60
0.60
0.018
0.36

23
30
—
25
25
25
25
24
25

0.467
0.167
—
0.029
0.029
0.029
0.029
0.0096
0.03

0.2
8
—
5.2
10.3
8.7
15.6
17
—

2.85
7.36
5.42
2.76
7.30
7.78
6.17
—
3.57

51.07
—
43.51
30.99
81.98
87.37
69.29
64.89
25.22

5. Conclusions
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The performance of the hollow fiber membrane humidifier is
experimentally studied under various operating conditions (air
mass flow rate, water mass flow rate, water temperature, air
temperature, and relative humidity) based on energy and exergy
analysis. Air humidity ratio rise, air temperature drop, SEC of air
humidification capacity and humidification, exergy, and energy
efficiencies are used to evaluate and quantify the humidification
performance of the hollow fiber membrane humidifier.
The results indicated the hollow fiber membrane
humidifier cooled and humidified the process air stream. The
humidification capacity can be improved for a high water
temperature and a low air velocity, especially for air with low
temperature and relative humidity. Such an improvement can
be attributed to the effect of the increase in the heat transfer
rate, mass transfer rate, and contact time for the air–water
interface. In addition, the water mass flow rate showed a
marginal impact on the humidification effectiveness.
The exergy efficiency is significantly enhanced with the
increase in air temperature, water temperature, and relative
humidity and remained almost constant with the increase in
the air mass flow rate and water mass flow rate. Additional
water vapor absorbed in air and large temperature drop
generally lead to large heat and mass transfer between the
water and air and substantial exergy loss in these processes.
Therefore, the exergy efficiency is negatively affected due to
the increase in the humidification and air cooling
performance of the hollow fiber membrane humidifier.
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