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 The simplest and most prevalent method for water management inside proton exchange 

membrane fuel cells is the moisturization of hydrogen gas and air (or oxygen) before fuel cell 

entrance. To this end, membrane humidifiers with distinct specifications such as structural 

simplicity, no electric power consumption, and lack of moving parts are used. The current 

paper presents a study of such a humidifier and proposes building serpentine flow channels 

on the wet and dry sides to increase gas retention duration on the membrane surface. The 

humidifier's numerical 3D modeling was used to analyze several parameters, including water 

volume passage through the membrane, flow velocity inside channels, gas temperature on the 

dry and wet sides, and pressure drop inside channels. According to the results, water moves 

from the wet side to the dry side through the membrane, and water concentration increases 

along the channel on the dry side, such that the water concentration at the output on the dry 

side reaches 2.8 moles per cubic meter. Although serpentine flow channels cause more 

pressure drop compared to parallel channels, the longer gas retention duration inside the 

channels on both dry and wet sides improves the humidifier's performance in terms of heat 

transfer and water mass transfer. 
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1. Introduction 

Among the various types of fuel cells, proton 
exchange membrane (PEM) fuel cells have 
attracted recent attention due to their 
advantages, including high power density, short 
startup duration, high efficiency, and low 
operation temperature. In this type of fuel cell, a 
polymer is used as the electrolyte, with its most 
important role being the transfer of protons 
produced from the anode to the cathode side. 
Since the membrane is used to transfer protons, 
it needs to be wet. Nevertheless, the amount of 

water inside the fuel cell must be precisely 
controlled so that it does not exceed a particular 
ceiling or fall short of a certain floor. If there is too 
little water inside the cell, the membrane will dry 
out. Consequently, the proton conductivity of the 
membrane is reduced, and the membrane ion 
conduction will falter. As the cathode side's 
electrochemical reactions produce water, water 
shortage occurs most often on the anode side, 
though shortage remains an important effect on 
the cathode side as well, especially in the cell 
entrance region [1]. If the water in the cell 
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exceeds a certain amount, the high humidity 
inside the cell causes the water to become 
saturated, and part of it will change to liquid. 
Liquid water can block some porosity, allowing a 
lower amount of gas to reach or transfer to the 
catalyst layer. Water management is thus 
essential for proper control of water inside a fuel 
cell. Among the various water management 
methods in the polymer membrane fuel cell, the 
simplest and most controllable method is gas 
humidification. A humidifier humifies reactive 
gases before entering the fuel cell. 

Among various humidifiers, membrane 
humidifiers are the most prevalent apparatuses 
for moisturizing, offering minimum energy 
consumption and a simple structure. Numerical 
modeling of humidifiers can help analyze the 
transfer phenomena governing a humidifier's 
nature and design. In membrane humidifiers, 
flow passage plates are installed on two sides of 
the membrane. The flow field created in these 
plates, which is used for the entrance of dry and 
wet gases into the humidifier, is important and 
can affect the moisturizing rate. The flow field 
usually consists of parallel or serpentine 
channels. Parallel channels are easier to build and 
feature a lower pressure drop. Due to a more 
uniform distribution of water and temperature 
on the membrane surface, serpentine channels 
increase humidifier efficiency. However, the 
pressure drop due to local drops in serpentine 
channels is greater than in parallel channels. 
Therefore, the analysis of serpentine channels 
can prove their usefulness and efficiency [2]. 

Several studies have analyzed the 
performance and control of membrane 
humidifiers. Chen and Peng [3] developed a 
dynamic model that included critical parameters 
such as pressure, flow rate, temperature, and 
relative humidity of air flow. Steady-state 
simulations were performed to optimize the 
humidifier design. Ahmadi-Taba et al. [4] built a 
bubble humidifier for moisturizing PEM fuel cell 
reactive gases. Chen and Peng [5] modeled and 
analyzed a membrane humidifier for 
moisturizing the anode side input. Their model 
consisted of four stages for careful observation of 
the moisturization behavior. Park and Oh [6] 
provided a 1D model for analyzing a membrane 
humidifier and the gas flow rate at the wet side of 
the humidifier. Kang et al. [7] used a 2D model of 
a membrane humidifier consisting of a shell and 
a pipe to analyze the moisturization performance. 
They concluded that the humidifier behavior is 
preferable for configurations with the same 
alignment but not for the same direction. Yu et al. 
[8] provided a steady model of heat and mass 
transfer, conducting a parameter study on a 
membrane humidifier's performance to attain an 
optimal design. Ramya et al. [9] compared the 

performance of a bubble humidifier and a 
membrane humidifier used in a fuel cell. They 
found better performance for a membrane 
humidifier at higher current densities compared 
to a bubble humidifier, as it exerts less parasitic 
power. Afshari and Baharlou [10] developed a 
model for analyzing humidifier performance in 
two configurations: counter and parallel flows. In 
humidifiers with counterflow, water, and heat 
transfer are better than in the parallel flow 
configuration, leading to a higher dew point 
temperature in the dry region outlet. Ahluwalia et 
al. [11] used numerical modeling of a humidifier 
and found that water mass transfer from the wet 
side to the dry side was affected by the wet side's 
relative wetness at low pressures and mass 
transfer effects at high pressures. Cave and 
Merida [12] modeled a parallel-channel 
membrane humidifier to measure temperature 
and moisture profiles. It became clear that 
moisture transfer is affected by higher flow 
velocity from the inlet to the outlet. Pandey et al. 
[13] analyzed a mathematical model of the 
humidifier. They utilized a circular membrane 
with an empty inside, along with the humidifier. 
Chen et al. [14] performed lab research, analyzing 
heat and mass transfer in a membrane 
humidifier, and concluded that an increase in 
flow would increase water transfer throughout 
the membrane. Wang et al. [15] used a new 
method to optimize three-dimensional coolant 
channels for flow and heat transfer in a proton 
exchange membrane fuel cell by deep-leaning 
accelerating topology. Yan et al. [16] studied the 
effect of channel dimensions and dry air inlet 
changes in conditions such as moisture on a 
humidifier, dew point temperature difference, 
and performance coefficient. Pang et al. [17] used 
a neural network of neutron radiography to 
analyze the water spatial distribution in polymer 
electrolyte membrane fuel cells.  

To increase the gas retention duration on both 
sides of the humidifier membrane and thus 
enhance water transfer through the membrane, 
to uniformly distribute the wet and dry gases on 
the respective sides, and to improve temperature 
distribution on the membrane, the present study 
suggests the use of single serpentine flow 
channels instead of parallel channels in 
humidifiers.  Using the pattern of single spiral 
channels leads to simultaneous uniformity of 
temperature and water distribution in the 
humidifier. 

Gurau et al. [18], in one of their research, 
presented a two-dimensional model for proton 
exchange membrane fuel cells and investigated 
the temperature distribution and mass and heat 
transfer for said fuel cell. Through 3D numerical 
modeling, the performance of a serpentine 
channel humidifier, water passage through the 
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membrane, and the pressure drop inside the 
channels have been analyzed.  Also, Wang et al. 
[20], in recent years, predicted the effective 
penetration of porous medium using deep 

learning method for use in fuel cell  .Wang et al. 
[21] conducted a new study on the application of 
small-scale proton exchange membrane fuel cells. 
This study shows that small-scale fuel cells have 
been considered in industrial applications.  

2. Plane Membrane Humidifier 

Membrane humidifiers are the simplest and 
the most common type of humidifiers, used for 
moisturizing reactive gases in PEM fuel cells, as 
they feature minimal energy consumption and 
reduce fuel cell systemic complexity and its 
parasitic power. These humidifiers employ a 
polymer membrane which able them to pass 
moisture and heat without giving passage to 
gases. Figure 1 is a schematic of this type of 
humidifier. 

 
Fig. 1. Schematic display of membrane humidifier 

As can be seen, there are channels inside the 
two metal or graphite plates designed to pass 
gases through. One of these plates' channels is 
dedicated to dry gases, while the channels in the 
other are for wet gases. A membrane located 
between the two plates plays the role of water 
transfer from the wet to the dry gas side. Water 
passage through the membrane and the transfer 
of water to the dry gas causes the gas to 
moisturize and allows it to be used in the fuel cell. 
Parallel channels are the most common flow 
paths within a humidifier. The pressure drop 
inside parallel channels is low. However, the gas 
retention duration inside these channels is low, 
and the opportunity to exchange water and heat 
between the dry and wet gas is limited. That’s the 
reason why the use of serpentine flow channels is 
preferred. Serpentine channels distribute 
temperature inside humidifiers. The uniform 

distribution of temperature over the humidifier 
will prevent the membrane from local dryups. 
When the wet gases enter one side of the 
membrane, water penetrates the entire 
membrane, ending up on the dry side. Membrane 
humidifiers are the simplest and most common 
type of humidifiers used for moisturizing reactive 
gases in PEM fuel cells, as they feature minimal 
energy consumption and reduce fuel cell 
systemic complexity and parasitic power. These 
humidifiers employ a polymer membrane that 
allows them to pass moisture and heat without 
giving passage to gases. Fig. 1 is a schematic of 
this type of humidifier. As can be seen, there are 
channels inside two metal or graphite plates 
designed to pass gases through. One of these 
plates' channels is dedicated to dry gases, while 
the channels in the other are for wet gases. A 
membrane located between the two plates 
facilitates water transfer from the wet to the dry 
gas side. Water passage through the membrane 
and the transfer of water to the dry gas causes the 
gas to moisturize, allowing it to be used in the fuel 
cell. Parallel channels are the most common flow 
paths within a humidifier. The pressure drop 
inside parallel channels is low. However, the gas 
retention duration inside these channels is also 
low, and the opportunity to exchange water and 
heat between the dry and wet gas is limited. 
These are the reasons why serpentine flow 
channels are preferred. Serpentine channels 
distribute temperature more evenly inside 
humidifiers. The uniform distribution of 
temperature over the humidifier prevents the 
membrane from local dry-ups. When wet gases 
enter one side of the membrane, water 
penetrates the entire membrane, ending up on 
the dry side. 

3. Governing Equations 

Figure 2 shows a schematic of a 3D humidifier 
model with serpentine flow channels. Serpentine 
channels are located on both dry and wet sides, 
with the membrane located between them.  

 
Fig. 2. Humidifier with serpentine flow channels 
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As the gas on the wet side enters the fuel cell 
working temperature, most of its moisture is in 
the gas phase. Since moisture transfer through 
the membrane is only possible via water vapor, 
the formation of small amounts of liquid water 
has little effect on moisture transfer. Other 
assumptions include the gases are ideal gases; the 
flow is steady-state, laminar, and incompressible. 
The membrane structure is uniform and 
homogeneous. The humidifier is completely 
insulated, forcing heat transfer to occur only 
through the membrane. According to these 
assumptions, the governing equations for the 
membrane humidifier include conservation of 
mass flow (Eq. 1), momentum (Eq. 2), species  
(Eq. 3), and energy (Eq. 4). These equations are 
presented as follows. 
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where, 𝑢⃗  is the velocity vector and ρ is the gas 
mixture density. These equations hold true for 
both the membrane and the channels. In the 
momentum conservation equation, p and μ 
represent pressure and viscosity, respectively. ε 
is the porous medium's porosity coefficient. The 
porosity is 0.5 in the membrane and 1 in the 
channels. In the species conservation equation, 𝐶𝑖  

is the molar concentration of species i, 𝐷𝑖
eff is the 

effective mass diffusivity of species i in the gas 
mixture.  

The diffusion coefficient in the channels is 
obtained from the following equation [22] 

𝐷𝑖,𝑒𝑓𝑓 = 𝐷0(
𝑇

𝑇0

)1.5(
𝑃0

𝑃
) (5) 

in the above equation, iD  is the diffusion 
coefficient of particle “i” in the gas mixture and

0D  the diffusion coefficient is at 
0T T0 and 

0P . 

The flow rate of water passing through the 
membrane is obtained from the following 

equation . 

𝑚̇𝑚 =
𝜌𝑚.𝑑𝑟𝑦

𝑊𝑚.𝑑𝑟𝑦

𝐴𝑚𝑀𝐻2𝑂𝐷𝑚
𝐻2𝑂

𝛻𝜆 (6) 

where, 𝑚̇𝑚is the flow rate of water passing 
through the membrane, 𝜌𝑚.𝑑𝑟𝑦is the dry density 

of the membrane, 𝑊𝑚.𝑑𝑟𝑦is the dry equivalent 

weight of the membrane, 𝐴𝑚is the area of the 
membrane and 𝑀𝐻2𝑂 is the molar mass of water. 

The water diffusion coefficient in the 
membrane is expressed by the following 
equation [23]. 

𝐷𝑚
𝐻2𝑂 = 

{
3.1 × 10−7𝜆(𝑒0.28𝜆 − 1). 𝑒(−2346/𝑇)𝜆 ≤ 3

4.17 × 10−8𝜆(1 + 161𝑒−𝜆). 𝑒(−2346/𝑇)𝑜𝑡ℎ𝑒𝑟
 

(7) 

where, λ is the water capacity of the membrane. 

𝜆 = {
0.043 + 17.81𝑎 − 39.85𝑎2 + 36.0𝑎3

14 + 1.4(𝑎 − 1) 𝑓𝑜𝑟 1 < 𝑎 ≤ 3
 (8) 

In the above relation, a is the activity of water 
vapor and it is defined as follows: 

𝑎 =
𝐶

𝐻2𝑂
𝑅𝑇

𝑃𝑠𝑎𝑡

 (9) 

in the above equation, OH
C 2  is water 

concentration in the membrane. It is defined as 
follows [23]. 

𝐶
𝐻2𝑂

=
𝜆𝜌𝑚,𝑑𝑟𝑦

𝑊𝑚,𝑑𝑟𝑦

 (10) 

where T is the temperature in degrees Celsius, 
𝜌𝑚.𝑑𝑟𝑦 is the dry density of the membrane and 

𝑊𝑚.𝑑𝑟𝑦 is the dry equivalent weight of the 

membrane. In the simulation, the dry density of 
the membrane is 2000 kg/m3 and the dry 
equivalent weight of the membrane is 1.1 kg/mol. 
Also, in equation (8), Psat is the saturation 
pressure. It is obtained from the following 
equation. 










+
=

3.237

27.17
exp61078.0

T

T
psat  (11) 

where, T is the temperature in degrees Celsius 
and P is in kPa. 

In the energy equation, 𝑐𝑝 is the specific heat 

capacity and 𝑘eff is the effective thermal 
conductivity. 

𝑘𝑒𝑓𝑓 =
1

1 − 𝜀
3k𝑚

+
𝜀

2k𝑚
+ 𝑘𝑤

− 2𝑘𝑚 
(12) 

4. Boundary Conditions and 
Numerical Solution Methods 

4.1.  Boundary Conditions 

Either a single-domain or multi-domain 
method can be used in the numerical modeling of 
the humidifier. A study by Gurau et al. [18] was 
performed based on a multi-domain method in 
which the calculation domain is divided into 
several subdomains. A set of conservation 
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equations, including mass flow, momentum, 
species, and energy conservation equations, is 
then solved for each subdomain. To solve these 
equations and find their relationships with one 
another, boundary conditions between different 
domains of the humidifier are needed. However, 
many of these boundary conditions are not clear, 
and the answers obtained from solving the 
equations are often inaccurate. In the single-
domain method, only some conservation 
equations are used across all domains. In this 
method, there is no need to specify boundary 
conditions at the intersections of domains.  

In this model, a single region method is used. 
Therefore, only the external boundary conditions 
should be determined, and there is no need for 
boundary conditions between the membrane and 
the humidification channels. In the inlets on the 
wet and dry sides, the flow rate of the inlet flow 
for the dry and wet sides is equal to that of the dry 
side. It is equal to 9 mg/s. The temperature of the 
inlet dry and wet side gases is 303 and 353 K, 
respectively. The flow at the outlet boundaries is 
considered developed or zero flux with back 
pressure. On the walls, the no-slip condition is 
used for the velocity, and the zero flux condition 
is used for other variables. The inlet temperature 
in both dry and wet channels is considered a 
constant value, and the external walls of the 
humidifying unit are defined as isolated (zero 
flux). Other geometric and functional conditions 
are presented in Table 1. 

Table 1. Geometrical, functional, transfer parameters and 
properties of membrane moisturizing materials 

Geometrical Parameters Symbol Unit Value 

Length of channel 
(humidifier length) 

L mm 5 

Cross section of channel W mm 2 

Height of channel H mm 2 

Rib of channel D mm 2 

Total height of humidifier H mm 5 

Total width of the 
humidifier 

W mm 5 

Membrane thickness th micro 
meter 

25 

Dry side inlet 
temperature 

T K 303 

Wet side inlet 
temperature 

T K 353 

Wet side/dry side 
pressure 

P KPa 151.97 

Relative humidity of the 
dry side inlet 

∅ - 0 

Relative humidity of wet 
side inlet 

∅ - 1 

Inlet flow to dry and wet 
channels 

M mg/S 9 

Viscosity 𝜇 Pa. S 1.88 × 10−5 

Thermal conductivity 
coefficient of air 

K W/mK 0.0028 

Thermal conductivity 
coefficient of water 

K W/mK 0.024 

Thermal conductivity 
coefficient of the 
membrane (nafion) 

K W/mK 0.95 

Oxygen diffusion 
coefficient at 1.5 atm and 
353 K 

D m2/s 1.806 × 10−5 

Water diffusion 
coefficient at 1.5 atm and 
353 K 

D m2/s 2.236 × 10−5 

Dry density of the 
membrane 

𝜌𝑚.𝑑𝑟𝑦 kg/m3 1980 

Dry equivalent weight of 
the membrane 

𝑊m.dry kg/mol 1 

Membrane permeability K m2 10−12 

Membrane porosity 
coefficient 

ε - 0.5 

4.2.  Numerical Solution Methods  

Governing equations of the humidifier have 
been discretized through the finite volume 
method and solved using Ansys software. 
Velocity and pressure fields have been obtained 
through the SIMPLE algorithm. A double-sided 
gradient stability method, a W-cycle for the 
conservation equations, and an F-cycle for other 
equations have been utilized. Solution 
convergence scales are set based on the diagram 
for mass (10-4) and energy (10-6) equation 
residuals. Network independence has been 
studied by changing the number of nodes in all 
regions. 

The problem was solved for several different 
grid sizes for its independency. In the Fig. 3 the 
changes of water molar concentration along the 
dry air channel are plotted for the various 
number of grid cells. As shown the final results 
are independent numbers of grids because there 
is no change in the results by increasing the 
number of grid cells to 2,200,000.  
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Fig. 3. The effects of the cell number on water molar 

concentration along the dry air channel 

5. Results 

To verify the numerical modeling of the 
humidifier, a model with parallel flow channels is 
used. Here, a model with parallel flow channels is 
simulated, and the numerical results are 
compared with similar experimental results from 
reference [19]. To ensure the accuracy of the 
numerical simulation, the output relative 
humidity variation diagram on the dry side 
against input mass flow rate is compared to 
experimental results for a similar humidifier, as 
both humidifiers operate under the same input 
conditions. As can be seen from Fig. 4, there is 
good agreement between the derived and 
experimental results. 

 
Fig. 4. Comparison of the relative humidity of dry side outlet 

with the experimental datas [19] 

The difference between the results can be 
attributed to the assumption of a single-phase 
numerical model. It must be noted that although 
the amount of liquid water is low, this small 
amount of water has affected the performance 
and caused a difference between the results of 
numerical simulation and experimental data.  

In order to further ensure the results of 
numerical modeling, the present model with 
different dimensions and performance 
conditions 4 has been validated with 
experimental data [24] in Fig. 5. 

 
Fig. 5. Comparison of present numerical model results of 

membrane humidifier and Experimental data [24] 

The flow field in experimental data is simple 
parallel. All functional and physical dimensions 
and conditions in both models are similar 
together. There is about 6% error between the 
experimental and numerical results. Comparing 
the results shows that the results of the current 
numerical model are accurate enough. 

In Fig. 6, the molar concentration variation of 
water along the dry and wet sides is displayed. 
According to Fig. 6a, water is transferred through 
the membrane from the wet side to the dry side, 
and the molar concentration of water along the 
channel increases on the dry side in such a way 
that water concentration at the dry side outlet 
reaches 2.8 moles per cubic meter. 

More diffusion of water through the 
membrane causes the water concentration to 
increase along the channels on the dry side. Along 
wet channels; The concentration of water is 
reduced; As a result, the water transfer from the 
wet side to the dry side decreases along the 
length of the channel. Therefore, the changes in 
water concentration at the beginning of the 
canals on the dry side are greater than at the end 
of the canals. 

Water concentration at the dry side inlet is 
zero, meaning that the gas entering the dry side 
has been dehydrated. As shown in Fig. 6b, as 
water on the wet side has migrated through the 
membrane, water concentration along the 
channel on the wet side has reduced from 13.6 to 
11.7.  The forward and backward paths for wet 
and dry air have caused gas retention time in wet 
and dry channels to increase, providing sufficient 
time and opportunity for the proper transfer of 
water from the wet side to the membrane and 
from the membrane to the dry side. In the bend 
regions of the channels, which are numerous, gas 
flow velocities on both dry and wet sides reduce. 
This leads to more opportunities for water 
transfer between the dry and wet sides, resulting 
in more water being transferred to the dry side. 
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Fig. 6. Water molar concentration variation on 
 the dry and wet sides 

Figure 7 displays the velocity distribution in 
the middle section of the dry and wet channels. 
The average velocities at the dry side inlet and the 
wet side inlet are 5.1 and 6.6 m/s, respectively. A 
higher mass flow rate is the reason why the wet 
channel velocity is higher. As the channel length 
is longer on both dry and wet sides, the flow at 
these channels' outlets is fully developed. 
According to Fig. 7a, water entrance from the wet 
side to the dry side causes flow velocities inside 
the dry side channels to increase accordingly. The 
water entrance into the dry side channels 
reduces air mixture density and water vapor 
content, potentially causing a decrease in fluid 
velocity on the dry side. However, the velocity 
drop caused by density reduction is negligible 
compared to the velocity increment caused by 
flow rate increase on the dry side, which is why 
fluid velocity increases along the dry side 
channels. 

 

 
Fig. 7. Velocity variations in the dry and wet side channels 

The density changes of the gas mixture on the 
dry side (air and water vapor) depend on the flow 
rate of the gases on the dry side. In low flow rates 
of gases, these effects are more, and they are less 
in high flow rates. 

The velocity of the air and water vapor 
mixture decreases in the bend regions of 
channels, meaning that in-channel gas retention 
duration has increased and exchange 
opportunities between dry and wet regions have 
improved. According to Fig. 7, the velocity 
variation trend along the wet side channels is 
opposite to that of the dry side channels, meaning 
the air and water vapor mixture's velocity 
decreases as it moves along the channels. It 
occurs for two reasons; 

1) water transfer from the wet side to the dry 
side decreases the mass flow on the wet side, 
leading to a decrease in velocity on the wet 
side. 

2) water transfer from the wet side to the dry 
side increases the air and water vapor 
mixture density along the channels, which in 
turn decreases the air and water vapor 
mixture fluid velocity. 



Afshari and Jahantigh / Journal of Heat and Mass Transfer Research 12 (2025) 247 - 258 

254 

 

 
Fig. 8. Temperature variation in dry and wet side channels 

for serpentine flow arrangement 

Figure 8 displays the temperature variation 
along the serpentine flow channel on both dry 
and wet sides. According to Fig. 8a, dry gas enters 
the channels at a temperature of 300K and leaves 
at a temperature of 349K. The rise in dry gas 
temperature occurs for two reasons: First, the 
fluid on the wet side is warmer than the dry side's 
fluid. Heat transfers from the wet side to the dry 
side. The temperature of fluid on the wet side 
increases. The second reason is the transfer of 
water from the wet side to the dry side, leading to 
an increase in the net enthalpy and the amount of 
fluid on the dry side. Achieving a uniform 
distribution of temperature on the dry and wet 
sides is not feasible. However, temperature 
distribution on the dry side is relatively uniform. 
Uniform distribution of temperature on the dry 
and wet sides will increase the membrane 
lifetime. According to Fig. 8b, the temperature 
variation trend on the wet side is the opposite of 
the dry side, and the two factors mentioned 
above cause a rechanneling in the fluid 
temperature on the wet side. However, 

temperature variation on the wet side is much 
lower than temperature change on the dry side. 
This is because the gas flow and water heat 
capacity are higher on the wet side than on the 
dry side. It must be noted that not only can the 
membrane transfer water, but it can also transfer 
heat. As the relative humidity of gas on the dry- 
side input depends on the amount of water in the 
gas, it also depends on the dry side outlet. Thus, 
through temperature control, dry side relative 
humidity can also be controlled. If the water 
transfer through the membrane is not too high, 
temperature control in the membrane humidifier 
allows outlet gas moisture control on the dry side. 
The primary head drops due to local resistance 
will cause a pressure drop along the channels. We 
are thus interested in the pressure drop in 
channels expected to be the lowest. As explained 
in Fig. 4, the bends region will cause an increase 
in pressure drop in the humidifier.  

In Figs. 9a and 9b, variations in pressure along 
the dry and wet side channels are displayed.  

 

 

Fig. 9. Pressure variation in dry and wet side channels for 
serpentine flow arrangement 



Afshari and Jahantigh / Journal of Heat and Mass Transfer Research 12 (2025) 247 - 258 

255 

It is evident that the channel length in the 
serpentine flow configuration is greater than that 
in the parallel configuration. Pressure drop due 
to friction with the channel walls is much higher 
in the serpentine flow channels than in the 
parallel configuration. In fact, when designing 
serpentine and parallel channels, one must 
balance the pressure drop against the amount of 
water transferred through the membrane from 
the wet side to the dry side. However, water 
transfer is not just a critical parameter in a 
humidifier but is, in fact, its key objective. Thus, 
serpentine flow channels on both sides improve 
performance, even though they lead to a higher 
pressure drop in the channels. Comparing Fig. 9a 
and Fig. 9b, it is apparent that the pressure drop 
on the dry side is higher than on the wet side. This 
is due to the water transfer from the wet side to 
the dry side, which results in an increase in the 
flow rate on the dry side. 

One of the important parameters in the 
humidifier performance is the inlet flow field 
characteristics. In order to investigate the effect 
of inlet flow conditions on its performance, the 
effect of temperature and flow rate of inlet dry 
air, which are two basic parameters in the design 
of the humidifier, has been conducted on the 
performance of the humidifier that other 
parameters are constant. The flow rate and inlet 
temperature of the dry side are the parameters 
that the user chooses the humidifier with them. 
In order to investigate the effect of mass flow rate 
and inlet temperature of the dry side on the 
performance of the humidifier, the temperature 
is considered between 20 and 40 degrees Celsius, 
and the mass flow rate is between 0.34 and 0.51 
mg/s. 

In Fig. 10, changes in the molar concentration 
of water at the outlet of the dry side are plotted 
along the inlet temperature at the dry side at the 
various flow rates.  

 
Fig. 10. The water molar concentration at the outlet of the 
dry side channels along the dry side inlet temperature at 

various mass flow rate 

As can be seen, with the increased flow of dry 
air, the amount of moisture added to it has 
decreased. By increasing the flow rate and 
consequently increasing the flow velocity on the 
dry side, the residence time of the gas will 
decrease, and the gas will have less opportunity 
to absorb moisture. Then, the molar 
concentration of water in the outlet drops. Also, 
at a constant dry inlet air flow rate, with the 
increase in air temperature, the amount of water 
concentration in the outlet of the dry side has 
increased. This indicates the transfer of more 
water from the dry side to the wet side, and as a 
result, the temperature of the outlet of the dry 
side increases. 

Temperature is an important parameter in the 
performance of the humidifier and can directly 
affect the transfer of water and heat. In Fig. 11, 
the temperature changes at the outlet of the dry 
side are plotted along the inlet temperature of the 
dry side at the various of the flow rate.  

 

Fig. 11. Outlet temperature of the dry side channels along 
the dry side inlet temperature at various mass flow rate 

According to Fig. 11, with the increasing the 
inlet temperature of the dry side, the 
temperature in the dry side outlet has increased. 
Also, with the increase in the mass flow rate of the 
dry side, the temperature at its outlet has 
decreased due to the reduction of the residence 
time of the flow in the dry side. 

Figure 12 shows the changes in relative 
humidity at the outlet of the dry side channels 
along the inlet temperature of the dry side 
channels at various mass flow rates.  
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Fig. 12. The relative humidity at the outlet of the dry side 
channels along the dry side inlet temperature  

at various mass flow rate 

According to the Fig. 12 as the dry side inlet 
temperature increases, the relative humidity at 
the dry side outlet decreases. The capacity of air 
increases as its temperature increases. When the 
temperatue of the air increases it is possile to 
absorb the more moisturee. The more water must 
be transferred to be the relative humidity 
constant. 

Figure 13 shows the average pressure drop in 
the dry side channels along the inlet temperature 
of the dry side channels various the mass flow 
rate. As can be seen, with the increase in mass 
flow rate and consequently the increase of the 
flow velocity, the pressure drop increases. As the 
inlet temperature of the dry side increases, the 
pressure drop increases very little. The effect of 
mass flow rate increase on pressure drop is much 
higher than the effect of temperature increase on 
it. 

 
Fig. 13. Aaverage pressure drop at dry side channels along 

the dry side inlet temperature at various mass flow rate 

6.  Conclusions 

To improve gas retention duration on both 
sides of the membrane and consequently 
enhance the transfer of water and heat through 
the membrane, the present study proposes the 
employment of serpentine channels on both sides 
of membrane humidifiers. To this end, a 
membrane humidifier with serpentine flow 
channels on both dry and wet sides has been 
numerically modeled in three dimensions. 
Analysis findings are as follows: 

1. The presence of bends in serpentine 

channels leads to increased gas retention 

duration on both dry and wet sides. Water 

transfer from the wet to the dry side 

naturally increases, enhancing membrane 

performance. 

2. Considering that the membrane transfers 

not only water but also heat from the wet 

side to the dry side, it has been 

demonstrated that the presence of bent 

corners in the serpentine flow channels 

improves both the water transfer rate and 

the heat transfer rate from the warm side 

to the cool side. As the relative humidity 

on the humidifier's dry side depends on 

temperature and the amount of water, 

controlling heat transfer from the warm 

side to the cool side will lead to control 

over the gases relative humidity. 

3. Although the bends in serpentine 

channels improve performance relative 

to parallel channels, these bends 

exacerbate pressure drop inside the 

channels, making it necessary to use a 

higher compressor power output to 

provide the humidifier with sufficient dry 

and wet gases. Results demonstrate that 

the additional pressure drop is, in fact, not 

significant. The use of serpentine flow 

channels on both dry and wet sides of 

membrane humidifiers is therefore 

recommended. 

4. As the dry side inlet temperature 

increases, the moisture and relative 

humidity at the dry side outlet 

decreasesed and the temperature in the 

dry side outlet has increased. The effect of 

mass flow rate increase on pressure drop 

is much higher than effect of temperature 

increase on it. 
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Nomenclature 

Membrane area (m2) Am 

Water vapor activity a 

Concentration (kmol/m3) C 

Specific heat capacity (J/kg.K) cp 

Diffusion coefficient (m2/s) D 

Exponential function e 

Permeability of porous medium (m2) K 

Thermal conductivity coefficient (W/m.K) k 

Molar mass of water (g/mol) 
2H OM

 

Flow rate of water passing through 
membrane (kg/s) mm  

Pressure (Pa) P 

Source term S 

Temperature (K) T 

Velocity (m/s) u 

Dry equivalent weight of the membrane m,dryW
 

Density (kg/m3) ρ 

Porousity coefficeint ɛ 

Dynamic viscosity coefficient (Pa.s) µ 

Membrane water coefficient λ 

Shear Stress (Pa)   

Dry density of the membrane (kg/m3) m,dry
 

Relative humedity   
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