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ABSTRACT−The water balance in the membranes of a polymer electrolyte membrane fuel cell (PEMFC) is a crucial factor

in the maintenance of the proton conductivities. At the same time, the water generated in the catalysts must be removed to

prevent flooding on the cathode side, which blocks oxygen from reaching the catalyst. Because of these somewhat

contradictory requirements, attention must be paid to water management, which directly affects the performance and durability

of the PEM fuel cell. A gas-to-gas humidifier constructed with membranes is the most feasible solution and can humidify the

stack in mobile applications because it requires no extra power supply or moving parts, which in turn provides advantages for

the design of vehicles. This work proposes a mathematical model that describes the behavior of a humidifier constructed with

a shell and tubes that employs the heat and mass transfer principles of thermodynamics. The results from simulations are

compared with experimental data. In addition, analyses of the static and dynamic behaviors of the humidifier are conducted

while considering the geometric design parameters and operating conditions. Finally, the dynamic response to variations in the

flow rate is investigated.

KEY WORDS : Polymer electrolyte membrane fuel cell, Gas-to-gas membrane humidifier, Shell-and-tube, Mass transfer,
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1. INTRODUCTION

The ability of polymer electrolyte membrane fuel cell

(PEMFC) technology to replace the internal combustion

engine (ICE) has been successfully demonstrated in several

fleet tests. Thus, this technology is regarded as a potential

candidate for use as an alternative power source in future

vehicle applications. Such a cell is constructed with

different layers that include a membrane, catalysts, gas

diffusion layers, and bipolar and end plates. 

The membrane is an ionomer that blocks the migration

of electrons while simultaneously allowing the transport of

protons generated by hydrogen reduction in the catalyst.

The protons that cross the membrane transfer water

molecules. In this manner, a water concentration gradient is

created between the anode side and the cathode side

(Zawodzinski and Derouin, 1993; Ren and Gottesfeld,

2001). On the other hand, a low water concentration

gradient on the anode side causes back diffusion from the

cathode side, where water is produced by a chemical

reaction. Thus, the dynamic balance of water in the

membrane is crucial to ensuring high mobility of the

protons, which are directly affected by the water content in

the membrane. In particular, the membranes are likely to

become dehydrated when the working temperature rises

above 60oC, at which point the air that is supplied dries out

the electrodes more quickly than the water produced from

the reaction can hydrate them. As a result, the air must be

humidified (Larminie and Dicks, 2003). As the current

increases, more water is produced by the catalyst on the

cathode side. If this water is not properly removed,

flooding occurs on the cathode side, which clogs the pores

in the gas diffusion layer and blocks the path of the reactant

to the catalyst. The resulting lack of reactant reduces the

chemical reaction rates and increases the overpotential

(Ceraolo et al., 2003).

Several solutions are currently being employed to

facilitate water removal, such as the use of a porous bipolar

plate and/or two micro GDLs that have different mixing

ratios for hydrophobic materials (Jung et al., 2006). One

promising technology uses a high temperature membrane

that can potentially work without moisture; however, it is
*Corresponding author. e-mail: choi_jh@hhu.ac.kr
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still under development (Thomas, 2004). No currently

available advanced technology has completely resolved the

issues associated with the water balance in the cell. Thus,

water management remains a key technical challenge for

guaranteeing the performance and reliability of PEM fuel

cells. 

The hydration of the membrane can be influenced by

controlling the operating conditions of the inlets and outlets

on the anode and cathode sides. The dependence of the

performance of a cell on the humidities of both the anode

and the cathode inlet gases has been intensively investigat-

ed (Qiangu et al., 2006; Biao et al., 2006). Several

technologies are available for the humidification of PEM

fuel cells, such as a nozzle spray, gas bubbling, carbon

foam, an enthalpy wheel, and a membrane humidifier

(Wood et al., 1998; Ito et al., 2006; Carlson et al., 2005;

Quan and Lai, 2007; Xiuqin et al., 2010). When a

humidifier uses a nozzle spray, gas bubbling, or carbon

foam, an extra heater is required to elevate the temperature

of the water, which results in parasitic losses as well as

increases in the weight, complexity, and cost of the

humidifier. In contrast, enthalpy wheels and membrane

humidifiers have been demonstrated to be more viable

solutions because they reuse a large amount of heat and

moisture that is carried by the exhaust gas at the outlet on

the cathode side. The heat is used to preheat the inlet air,

and the moisture is recaptured. In this manner, the overall

efficiency of the fuel cell system can be improved. 

The enthalpy wheel humidifier requires a rotating

component driven by an electric motor that consumes

electric power. In contrast, humidifiers that employ

membranes do not require any moving parts. This leads to

a more energy-efficient operation. Thus, membrane type

humidifiers are more attractive for vehicle applications. 

A gas-to-gas humidifier with membranes can be

designed in two shapes: rectangular cubical and

cylindrical. The membranes serve as a divider that prevents

the two fluid flows from mixing. At the same time, the

membranes allow for the exchange of heat and water

between the two fluid flows. Therefore, the performance of

a humidifier is strongly dependent on the geometric

dimensions of the membranes and their properties as well

as on the state of the fluids and the shape of the flow

channels. 

To date, the heat and mass transfer characteristics of the

membranes necessary for the design of a humidifier have

only been theoretically studied for cubical humidifiers

(Dongmei and Peng, 2005). In this study, we have focused

on a shell-and-tube type gas-to-gas membrane humidifier

and analyzed its heat and mass transfer behaviors under

different operating conditions. We have also performed

parametric studies of the geometric factors that affect the

performance of the humidifier along with their dynamic

characteristics. Our model was implemented in MATLAB/

SIMULINK, and the simulations were then performed

using the model.

2. MODEL SETUP AND ASSUMPTIONS

The model considers a humidifier that is used to humidify a

fuel cell stack on the cathode side. The maximum power of

the stack is 80 kW for a single vehicle.

The structure of the shell-and-tube type gas-to-gas

membrane humidifier is shown in Figure 1 (PermaPure

LLC, 2006). The humidifier consists of a bundle of

membrane tubes that is arranged to form a shell-and-tube

heat exchanger. When the dry inlet gas flows through the

bundle tubes, the gas is humidified and absorbs heat, while

the exhaust gas flows around the outsides of the tubes and

releases the heat and moisture that is being carried. The

flow directions of the inlet and the exhaust gases can be

parallel (parallel flow) or reverse (counter flow).

The basic principle of a membrane-type humidifier can

be explained by the application of heat and mass transfer in

control volumes. In fact, the heat transfer behavior of a

membrane is comparable to that of a heat exchanger. The

mass transfer of the vapor in the membrane can be

described in terms of the relationship between the water

content and the diffusivity of the membrane, which are

affected by the water content and temperature on both the

sides of the membrane. 

Figure 2 shows a simplified schematic of the counter

flow humidifier model. The setup is divided into two

control volumes: one for the dry air (control volume 1, tube

side) and the other for the exhaust gas (control volume 2,

shell side). For a parallel flow, the positions of the inlet and

the exhaust are switched; however, the two control

volumes remain unchanged. The inlet conditions for each

of the two control volumes include the inlet mass flow, Min;

temperature, Tin; pressure, Pin; and relative humidity, RHin.

The outlet conditions include the gas outlet mass flow, Mout;

temperature, Tout; pressure, Pout; and relative humidity,

RHout. The parameters of the shell-and-tube type gas-to-gas

Figure 1. Structure of a shell-and-tube type gas-to-gas

membrane humidifier (PermaPure LLC, 2006).

Figure 2. Simplified setup for the humidifier model. 
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membrane humidifier are listed in Table 1.

The main assumptions of the model are as follows:

(a) All gases are ideal gases.

(b) The changes in the kinetic and potential energy are

negligible.

(c) No heat loss occurs due to perfect insulation, and heat

is only transferred across the membrane.

(d) The specific heat coefficients are constant.

(e) The convection mass transfer coefficient is neglected.

(f) The thermal conductivity of the membrane is

neglected.

(g) The diameters of the individual control volumes are

equal to the inner diameter.

(h) The tube consists of a single membrane, whose diameter

and area are set to be the sums of the diameters and

areas of all of the tubes, respectively.

It is assumed that the heat and vapor that are present in

control volume 2 are transferred to control volume 1

because of the high humidity and elevated temperature of

the exhaust gas from the stack.

3. MODEL DESCRIPTION

A humidifier can be described by applying the mass and

the heat transfer principles of thermodynamics. The heat in

the control volume is the sum of the heat that flows in, the

heat that flows out, and the change in the internal energy in

the control volume, as summarized by Equation 1. Hence,

the internal energy and enthalpy are equal to the product of

the temperature change and the specific heat (Equation 2).

In addition, mass conservation (Equation 3) and the ideal

gas law (Equation 4) can be applied to obtain the change of

the mass (Equation 5) in the control volumes. The relative

humidity is defined as the ratio of the vapor pressure to the

saturated vapor pressure (Equation 5). The outlet mass

flow rate is defined as in Equation 6 (Dongmei and Peng,

2005; Sonntag et al., 1998). The transient behavior of the

gases between the shell and the tube side is given as

follows:

(1)

(2)

(3)

(4)

(5)

(6)

where mk1,k2,in is the mass supply in the control volume (kg s-1),

mk1,k2,out is the mass outlet in the control volume (kg s-1), Q k1 is

the heat transfer across the membrane (J), mk1,v,trans is the

mass transfer across the membrane (kg), h is the enthalpy

(J), u is the internal energy (J), Cv is the specific heat of a

constant volume (J kg-1K-1), Cp is the specific heat of a

constant pressure (J kg-1K-1), V is the volume of the control

volume (m3), R is the gas constant, M is the molar mass (kg

mol-1), ù is the humidity ratio, k1 is control volume 1 or

control volume 2, k2 is gas or vapor, and k3 is the inlet or

outlet.

On the other hand, the heat transfer rate between the

shell and the tube side is given as (Incropera and Dewitt,

1996):

(7)

where A is the membrane area (m2), and ∆Tlm is the

logarithmic mean temperature difference between the shell

and the tube side. U is the overall heat transfer coefficient

(Wm-2K-1), which is expressed as a function of the heat

transfer coefficient of the gas, h:

(8)

Hence, h is a function of k, the gas thermal conductivity

(Wm-1K-1); Di, the hydraulic diameter of each side (m); and

Nu, the Nusselt number (Incropera and Dewitt, 1996):

(9)

where Nu is an empirical function that depends on an

internal or external flow: 

(10)

(11)

Re denotes the Reynold’s number, Pr denotes the Prandtl

number, and C and m are constants for a circular cylinder in

a cross flow, according to Re.

The vapor mass transfer between the shell and the tube
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Table 1. Humidifier parameters for a stack power of 80 kW.

Parameters Value

Membrane tube thickness 
Membrane tube inner diameter
Membrane tube length
Membrane tube number
Inner diameter of humidifier housing
Membrane dry density
Membrane dry equivalent weight

0.000075 m
0.00094 m
0.267 m
10000
0.19 m

0.001 kgcm-3

1.0 kgmol-1
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side is driven by the different concentrations of humidity at

the boundary of the membrane. The mass of vapor being

transferred is described using the diffusion coefficient of

the membrane and the difference in the concentrations of

the humidity (Dongmei and Peng, 2005; Nguyen and

White, 1993): 

(12)

where A denotes the membrane area (m2), and Mv denotes

the vapor molar mass (kgmol-1). Cshell side and Ctube side

represent the water concentrations (molcm-3) on the shell

side and the tube side, respectively. The diffusion

coefficient of the membrane Dw (cm2 s-1) is given as follows

(Springer et al., 1991):

(13)

where Tmem is the membrane temperature (K), and the

coefficient Dλ is an empirical constant.

(14)

λmem is the mean water content in the membrane, which is

defined as:

(15)

The water vapor activity amem is defined as:

(16)

where Psat,i is the saturation pressure of the vapor (Pa), and

Pv,i is the partial pressure of the vapor (Pa).

The water concentration on both the shell side and the

tube side is:

(17)

where ρmem,dry is the membrane dry density (kgcm-3), and

Mmem,dry is the membrane dry equivalent weight (kg mol-1).

The temperature of the membrane Tmem (K) is defined as

the average value of both sides:

. (18)

4. RESULTS AND DISCUSSIONS

4.1. Assessment of the Model

To assess the model, the simulated and experimental results

were compared using the data from a FC 200-780-10PP

humidifier that was provided by Perma Pure, LLC. The

exhaust gas conditions were as follows: T = 343.15 K, gas

flow rate = dry air flow rate, RH = 100%, and gas pressure

= 1 atm. The dry air conditions were T = 294.15 K, RH =

40%, and gas pressure = 1 atm. Figure 3 shows the results

for the wet air out temperature and the wet air out dewpoint
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Figure 3. Comparison between the simulated and measured

temperatures at various dry air flow rates.

Figure 4. Comparisons of two flow arrangements at various dry air flow rates (exhaust gas conditions: T = 343.15 K, gas

flow rate = dry air flow rate, RH = 100%, gas pressure = 1.3 atm; dry air conditions: T = 398.15 K, RH = 30%, gas pressure

= 1.3 atm).
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temperature. The out temperatures of the wet air in the

simulation are identical to the experimental results, while

the simulated wet air out dewpoint temperatures are 2-3 K

different from the measured dewpoint temperatures. These

differences may have been generated because the fluid

effects along the gas channels were neglected. 

4.2. Static Behaviors

The models were used to analyze the heat and mass

transfer behaviors under different operating conditions,

including the dry air flow rate, air inlet temperature, and

dry air inlet RH. 

Figure 4 shows the simulation results of the humidifier

for two flow arrangements under various dry air inlet flow

rates. It is noteworthy that the counter flow arrangement

provides more effective heat and vapor transfer than the

parallel flow arrangement. First, the log mean temperature

of the counter flow is higher than that of the parallel flow.

Second, the diffusion coefficient of the membrane is

increased by a greater temperature by the membrane in the

counter flow than in the parallel flow. Finally, when the dry

air flow rate increases, the heat transfer rate increases

because of the increased overall heat transfer coefficient.

The heat transfer coefficients of the shell and the tube side

increase because of the high flow velocities on both sides.

Likewise, the vapor transfer rate increases because of the

decreased water concentration caused by the low vapor

pressure. 

Figure 5 shows the characteristics of the humidifier for

two different flow arrangements at various dry air inlet

temperatures. As the temperature of the dry air increases,

the heat transfer rate decreases because the logarithmic

mean temperature difference becomes lower. When the

temperature of the dry air increases, the vapor transfer rate

Figure 6. Comparisons of two flow arrangements at different air inlet RHs (exhaust gas conditions: T = 343.15 K, gas flow

rate = 0.112 kgs-1, RH = 100%, gas pressure = 1.3 atm; dry air conditions: T = 298.15 K, dry air flow rate = 0.112 kgs-1, gas

pressure = 1.3 atm).

Figure 5. Comparisons of two flow arrangements at different dry air inlet temperatures (exhaust gas conditions: T = 343.15

K, gas flow rate = 0.112 kgs-1, RH = 100%, gas pressure = 1.3 atm; dry air conditions: dry air flow rate = 0.112 kgs-1, RH =

30%, gas pressure = 1.3 atm).
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in the counter flow decreases. Thus, the heat transfer is

diminished, and the water activity is also diminished

because of the elevated temperature on the shell side,

which leads to a decrease in the water concentration on the

shell side. As a result, the vapor transfer rate decreases. 

Figure 6 shows the characteristics of the humidifier for

two flow arrangements at different relative inlet humidities.

The analysis shows that the heat transfer rate is not affected

by the RH. When the dry air inlet RH increases, the water

concentration on the tube side increases, and the vapor

transfer rate decreases. 

4.3. Parametric Studies

The geometric design parameters of a humidifier include

the thickness of the membrane, the diameter and length of

the tube, the number of tubes, and the housing diameter. In

the following examples, we assume that the strength of the

materials and the drops in pressure inside the materials are

negligible and that the flow rate of the inlet gas is identical

to that of the exhaust gas. These studies investigate the

dependence of the design parameters described above on

changes in the flow rate. The flow arrangement is limited

to the counter flow case because it performs better in terms

of heat and mass transfer. The operating conditions of the

shell-and-tube type gas-to-gas membrane humidifier are

listed in Table 2.

Figure 7 shows the characteristics of the humidifier at

different membrane thicknesses for the counter flow

arrangement. The vapor transfer rate decreases when the

membrane becomes thicker, while the heat transfer rate is

not affected by the thickness of the membrane. If the

thickness of the membrane is 0.00015 m, the vapor transfer

rate does not increase significantly with flow rate,

particularly at high flow rates. The reason for this is simply

that the influence of membrane thickness on the mass

transfer is greater than the influence of the water concentra-

tion. Moreover, the wet air dewpoint temperature increases

at low inlet flow rates because the vapor pressure on the

tube side increases even at low vapor transfer rates. 

Figure 8 shows the characteristics of the humidifier with

respect to the membrane tube diameter in the counter flow

arrangement. The heat transfer rate is not significantly

affected by the inner diameter of the tube. If the inner

diameter of a tube is increased, the heat transfer coefficient

on the tube side decreases because of the reduced flow

velocity in the tube. Furthermore, the flow velocity on the

shell side increases, which leads to an increase in the heat

transfer coefficient on the shell side. On the other hand, the

heat transfer coefficient is strongly affected by a small

inner diameter if the difference between the two

coefficients is large. As a result, the overall heat transfer

coefficient decreases. However, the vapor transfer rate

increases because of the increased surface area of the

membrane. 

Figure 9 shows the characteristics of the humidifier with

respect to the active membrane tube length in the counter

flow arrangement. If the length of the active membrane

tube increases, the heat transfer rate is not significantly

affected. However, the vapor transfer rate increases

because of the increased surface area of the membrane.

Figure 10 shows the characteristics of the humidifier

with respect to the number of membrane tubes in the

Table 2. Operating conditions.

Parameters Value

Exhaust gas
Inlet temperature
Inlet gas flow rate
Relative humidity
Inlet pressure

Dry gas
Inlet temperature
Inlet gas flow rate
Relative humidity
Inlet pressure

343.15 K
0.02 ~ 0.112 kgs-1

100%
1.3 bar

298.15 K
0.02 ~ 0.112 kgs-1

30%
1.3 bar

Figure 7. Comparisons of different membrane tube thicknesses at various dry air flow rates. 
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counter flow arrangement. If the number of membrane

tubes is increased, the heat transfer coefficient on the tube

side decreases, while that on the shell side increases. In

fact, the transfer coefficient is strongly influenced by a

small inner tube diameter. Thus, the overall heat transfer

coefficient is decreased, while the heat transfer rate

Figure 8. Comparisons of different membrane tube diameters at various dry air flow rates.

Figure 9. Comparisons of different active membrane tube lengths at various dry air flow rates. 

Figure 10. Comparisons of different numbers of membrane tubes at various dry air flow rates.



456 S.-K. PARK et al.

increases because of the increase in the active surface area

of the membrane as the number of membrane tubes

increases. However, the vapor transfer rate increases

because of the increased surface area of the membrane.

Figure 11 shows the characteristics of the humidifier

with respect to the inner diameter of the humidifier housing

in the counter flow arrangement. If the diameter of the tube

remains constant, the heat transfer coefficient on the tube

side does not change. When the diameter of the shell

increases, the heat transfer coefficient on the shell side

decreases because of the decreased flow velocity on the

shell side. Thus, the heat transfer rate decreases due to the

lower overall heat transfer coefficient. On the other hand,

the mass transfer rate of the vapor decreases because the

diffusion coefficient of the membrane is reduced by both

the low heat transfer coefficient and the temperature drop

in the membrane.

4.4. Dynamic Behaviors

Figure 12 shows the dynamic responses of the vapor

transfer rate and the wet air dewpoint temperature to step

changes in the flow rate of the inlet air. The exhaust gas

conditions are assumed as follows: T = 343.15 K, gas flow

rate = air flow rate, RH = 100%, and gas pressure = 1.3

atm. In addition, the dry air conditions are T = 298.15 K,

RH = 30%, and gas pressure = 1.3 atm. When the flow rate

increases from 0.04 kgs-1 to 0.08 kgs-1 (time = 10 s), the

vapor transfer rate increases, while the vapor pressure

decreases as the flow rate increases. As a result, the water

concentration on the tube side decreases, and the vapor

transfer rate subsequently increases. However, the wet air

dew point temperature drops because of the low vapor

pressure on the tube side. Conversely, when the air flow

rate is abruptly reduced from 0.08 kgs-1 to 0.04 kgs-1 (time

= 20 s), the vapor mass remains constant, while the vapor

pressure increases and subsequently causes the water

concentration to increase. Thus, the vapor transfer rate

rapidly drops and finally attains a steady state value. It

should be emphasized that the transient behavior of the

vapor transfer rate depends on the direction of the change

in flow rate. For a sudden increase in the air flow rate, the

vapor transfer rate shows a highly damped dynamic

behavior. In contrast, a sudden drop in the flow rate

generates slightly damped behavior, which results from the

different diffusion behaviors of vapor transfer in the

membrane. However, further experimental validation is

required to improve these models. 

5. CONCLUSION

This work proposes a transient model for a shell-and-tube

type gas-to-gas membrane humidifier. A gas-to-gas

membrane is preferred for mobile applications because of

Figure 11. Comparisons of different inner diameters of the humidifier housing at various dry air flow rates.

Figure 12. Simulation results of the humidifier model for a

series of air flow rate changes.
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its high efficiency and the relative ease with which it can be

installed in a vehicle. The model is based on the heat and

mass transfer principles of thermodynamics, which are

applicable to the two control volumes. The simulation

results are comparable to the experimental data. Analyses

were conducted to investigate the sensitivities of selected

geometric parameters under different operating conditions.

The transient behaviors were determined and are

summarized as follows:

(1) The vapor transfer rate remains almost constant,

regardless of the flow rate, if the membrane thickness

is greater than 0.00015 m.

(2) The rate of vapor mass transfer increases as the inner

diameter, length, and number of tubes are increased.

(3) At an increased flow rate of dry gas, the transfer rates

of heat and vapor increase. Moreover, the wet air

dewpoint temperature increases at low rates of inlet

flow.

(4) An increase of the dry gas temperature leads to a low

rate of vapor transfer, while the relative humidity of the

inlet gas does not significantly affect either transfer

rate. 

(5) The dynamic behavior of the vapor transfer rate is

asymmetric and depends on the direction of the change

in flow rate.
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