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A gas-to-gas humidifier using membranes is the preferred technology for external

humidification of fuel cell reactant gases in mobile applications because no extra power

supply is required and there are no moving parts. In particular, a shell and tube structure is

compact, which allows its easier integration in a fuel cell vehicle.

This paper proposes a mathematical model for the humidifier using the principles of

thermodynamics, including analysis of heat and mass transfer and of static and dynamic

behaviors. Firstly, the heat and mass transfer behavior was simulated and the results

compared with the experimental data. Secondly, the model was used to investigate the

sensitivity of the geometric parameters and the effects of various operating conditions on

performance. Finally, step responses of the humidifier at various flow rates were analyzed.

& 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

Proper management of water in an operating polymer

electrolyte membrane (PEM) fuel cell stack is one of the most

important factors to prevent performance degradation and

improve cell reliability. Improper humidification may on one

hand increase the ohmic voltage losses, and on the other

hand cause flooding in the cathode side clogging the pathway

of the reactants.

The membrane is an ionomer that blocks migration of

electrons and at the same time allows for transport of protons

generated by hydrogen oxidation on the anode side. The

protons crossing the membrane take up water molecules.

Thus, a gradient of water concentration from the anode to the

cathode side is formed [1,2]. In contrast, a low gradient of

water concentration on the anode side causes a back

diffusion from the cathode side where water is produced by
tional Association for Hy
-Y. Choe).
oxygen reduction. Thus, appropriate water balance in the

membranes is necessary to allow high mobility of protons,

which ultimately reduces ohmic over-potentials. On the other

hand, the membranes can be dehydrated under operating

conditions when the working temperature rises above 60 1C.

Here, the air supplied dries out the electrodes quicker than

water can be produced by the reaction. In this case, extra

humidification is needed to prevent dehydration of the

membranes [3].

Flooding is the second concern and can occur on the

cathode side when high currents are applied. When the water

produced in the catalyst is not removed properly, the water

residing in the pores of the gas diffusion layer (GDL) blocks

the pathway of the reactants. The lack of the reactants

reduces the chemical reaction rates and increases the over-

potential [4]. Therefore, different technologies are employed

to maintain water balance in a stack. In regard to maintaining
drogen Energy. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

A humidifier membrane area, cm2

a water activity

C water concentration, mol cm�3

Cp specific heat of constant pressure, J kg�1 K�1

Cv specific heat of constant volume, J kg�1 K�1

Di hydraulic diameter, m

Dw membrane diffusion coefficient, cm2 s�1

h enthalpy, J

hi heat transfer coefficient

k gas thermal conductivity, W m�1 K�1

M molecular mass, kg mol�1

Mmem,dry membrane dry equivalent weight, kg mol�1

m mass, kg

Nu Nusselt number

P pressure, Pa

Pr Prandtl number

R gas constant, J kg�1 K�1

Re Reynolds number

RH relative humidity

T temperature, K

tmem membrane thickness, cm

Q heat, J

U overall heat transfer coefficient, W m�2 K�1

u internal energy, J

V volume, m3

x constant

Greek symbols

r density, kg cm�3

l water content

o humidity ratio

DTlm logarithmic mean temperature difference, K

Superscripts and subscripts

1 control volume 1

2 control volume 2

g gas

i tube side or shell side

in inlet

k1 control volume 1 or 2

k2 gas or vapor

k3 inlet, outlet or transfer

mem membrane

out outlet

v vapor

y constant
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the water balance a stack design may employ porous bipolar

plates [5] allowing for water transfer. In another design, two

micro-layers with a different mixing ratio between electron

conducting and hydrophobic materials for the GDL were

proposed to perform a high rate of water removal [6].

However, none of the technologies has completely resolved

the concerns about water balance in an operating stack that

still plays a key role in ensuring performance and reliability.

The humidity in a stack can be manipulated by changing

the operating conditions of inlets and outlets at both the

anode and cathode side, relationships that were intensively

investigated [7,8]. The external humidifiers currently used are

nozzle spray, gas bubbling, enthalpy wheel and membrane

humidifiers [9–11]. The humidifiers employing nozzle spray

and gas bubbling require an extra heater to elevate the

temperature of water, which results in an increase in the

weight, complexity, parasitic power losses and high costs.

Conversely, the enthalpy wheel and the membrane humidi-

fier have proven to be more viable techniques for mobile

applications than others because they reuse the large amount

of the heat and moisture carried by the exhaust gas from the

outlet of the cathode side, where the heat is used for

preheating the inlet air and the moisture is recaptured. As a

result, the overall efficiency of the fuel cell system is

improved.

The enthalpy wheel humidifier requires a rotating part

driven by an electric motor that requires additional electric

power. Humidifiers using membranes do not need any

moving parts and allow for more energy efficient operation.

Thus, the membrane type humidifier is preferred in vehicle

applications.
Design of the gas-to-gas humidifier with membranes

employs two different shapes, a rectangular cubical and a

cylindrical form. The membranes serve as a separator that

prevents two different fluid flows from mixing. At the same

time, the membrane allows for the exchange of heat and

water between the two fluid flows. Therefore, the perfor-

mance of a humidifier is dependent upon the geometric

dimensions of the membranes along with their properties,

the state of the fluids and the shape of flow channels.

On the other hand, heat and mass transfer in the

membrane determine the performance of humidification.

The mechanism of the humidifier and design parameters

were investigated by Zhang et al. [12] using a mathematical

model for a humidity pump with a counter flow. The

performance of the pump was inversely proportional to the

membrane thickness and was increased by a large tempera-

ture difference between two inlets. Daud [13] proposed a

cross-flow design that included the effect of a trans-mem-

brane pressure drop and concentration polarization along the

tube for a tubular membrane module. However, dynamic

aspects were not fully considered. In fact, the dynamic heat

and mass transfer characteristics of the membranes neces-

sary for design of a humidifier were studied by Chen and

Peng [14], but the shape was cubical. Therefore, our study

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

humidifier, where the heat and mass transfer behavior was

analyzed under different operating conditions. Also included

are parametric studies of geometric factors on the perfor-

mance of the humidifier and the dynamic characteristics. The

model was implemented using block sets given in MATLAB/

SIMULINK and simulations were performed.
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Table 1 – Humidifier parameters for a Perma Pure FC 200-
780-10PP

Parameters Value

Thickness of the membrane tube 0.00005 m
Inner diameter of the membrane tube 0.00097 m
Active length of the membrane tube 0.254 m
Overall length of the membrane tube 0.311 m
Number of the membrane tubes 780
Inner diameter of the humidifier housing 0.056 m
Membrane dry density 0.001 kg cm�3

Membrane dry equivalent weight 1.0 kg mol�1
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2. Physical structure and operating principle

The humidifier examined was a shell-and-tube type gas-

to-gas membrane humidifier that consists of a bundle of

membrane tubes arranged as a shell and tube heat exchanger

shown in Fig. 1. When dry inlet air flows through the inside of

the bundle tubes, the air is humidified and at the same time

absorbs heat from the fuel cell stack exhaust air that flows

around the outside of the tubes and transfers heat and

moisture being carried to those of the dry inlet gas. Depend-

ing upon the layout of flow directions of the inlet and the

exhaust gas, two designs are possible, a parallel or a counter

flow. The parallel flow design allows the dry and exhaust air

to flow in the same direction, while the counter flow design

allows them to flow in opposite directions.

In principle, the humidifier can be explained by applying

heat and mass transfer in two control volumes. In fact, the

heat transfer behavior of a membrane is comparable with

that of a heat exchanger, while the mass transfer of the vapor

in the membrane is directly related to the water content and

diffusivity in the membrane that are affected by the water

activity and temperature at both sides of the membrane.

Fig. 2 shows a simplified humidifier with a counter flow. The

setup is divided into two control volumes; one for the dry air

(control volume 1, tube side) and one for the stack exhaust air

side (control volume 2, shell side). For a parallel flow, the

position of the inlet and the exhaust is switched, but the two

control volumes remain as before. Inlet conditions for each of

two control volumes are inlet mass flow, Min, temperature,

Tin, pressure, Pin and relative humidity, RHin, while outlet

conditions are gas outlet mass flow, Mout, temperature, Tout,

pressure, Pout and relative humidity, RHout. The parameters of

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

listed in Table 1.

Hence, the humidifier is described mathematically using

the following assumptions:
(a)
Fig

me
all gases are ideal gases;
(b)
 there are negligible kinetic and potential energy changes;
Fig. 2 – Simplified setup for modeling of a humidifier.

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

mbrane humidifier [15].
(c)
 because of perfect insulation, there are no heat losses and

only the heat transfer across the membrane occurs;
(d)
 the specific heat coefficients are constant;
(e)
 no liquid phase species and condensation within the

humidifier is considered;
(f)
 the diameters of the individual control volume are equal

to the inner diameter;
(g)
 the tube consists of a single membrane, where the

diameter and area are equal to the sum of the diameters

and areas of all tubes.

In addition, the high humidity and elevated temperature of

the exhaust gas from the stack allowed for the assumption

that heat and vapor present in control volume 2 were mainly

transferred to control volume 1.
3. Modeling approach

Using the two control volumes, we developed a model for a

shell-tube type humidifier by applying the principles of

thermodynamics—mass and heat transfer.

3.1. Thermodynamics

The heat in the control volume is equal to the sum of the heat

flowing in, flowing out and the variation of the internal

energy in the control volume. Accordingly, a thermal dynamic

behavior of air in a shell and a tube side was governed by the

following equations [14,16];

Xdmk1;k2;out

dt
� hk1;k2;out ¼

dQk1

dt
þ
Xdmk1;k2;in

dt
� hk1;k2;in

þ
dmk1;v;trans

dt
� htrans

�
dmk1;k2

dt
� uk1;k2 þ

duk1;k2

dt
�mk1;k2

� �
.

(1)

Hence, the internal energy and the enthalpy are equal to the

product of the temperature variation and the specific heat.

duk1;k2

dt
¼ Cv;k2 �

dTk1

dt
;
dhk1;k2;k3

dt
¼ Cp;k2 �

dTk1;k3

dt
. (2)

In addition, the variation of the mass in the control

volumes was obtained by applying the mass conservation
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equation (Eq. (3)) and the ideal gas law (Eq. (4)), where the

relative humidity was defined as a ratio of the vapor and the

saturated vapor pressure (Eq. (5)).

dmk1;k2

dt
¼
Xmk1;k2;in

dt
�
Xmk1;k2;out

dt
, (3)

Pk1;k2;out � Vk1 ¼ Rk2 � Tk1;out �mk1;k2, (4)

o1;k3 ¼
Mv � P1;v;k3

Mg � P1;g;k3
;o2;k3 ¼

Mv � P2;v;k3

Mg � P2;ex;k3
;RHk1;k3 ¼

Pk1;v;k3

Pk1;sat;k3
. (5)

Then, the outlet mass flow rate was defined as follows:

dm1;g;k3

dt
¼

1
1þo1;k3

dm1;k3

dt
;
dm2;g;k3

dt
¼

1
1þo2;k3

dm2;k3

dt
. (6)

3.2. Heat transfer

The heat transfer behavior is governed by the energy

equation, where the coefficients are obtained for the tubular

geometry. The heat transfer rate across the membrane is

given as follows [17]:

dQk1

dt
¼ U � A � DTlm, (7)

where U is the overall heat transfer coefficient (W m�2 K�1)

that is a function of the convective heat transfer coefficients

of the air, h.

1
U �A

¼
1

htubeside �Ainner
þ

lnðDouter=DinnerÞ

2p � L � kmem

1
hshellside � Aouter

, (8)

where h is a function of thermal conductivity, k and the

Nusselt number, Nu.

hi ¼ Nui
ki

Di
; ði ¼ tubeside; shellsideÞ (9)

where Nu is an empirical function depending on the direction

of the flow:

Nu ¼ 0:023 Re0:8 Pr0:4;
0:7pPrp160

Re410000

� �
internal flow; (10)

Nu ¼ x Rey Pr1=3 external flow. (11)

3.3. Mass transfer

The vapor mass transfer between the shell and the tube side

is driven by a concentration gradient of the humidity at the

boundary of the membrane. Thus, the diffusion coefficient of

the membrane and the concentration difference of the

humidity determine the amount of vapor mass being

transferred. Considering that the water mass flows at the

boundaries of the membrane layer, the dynamics of the water

concentration in the membrane was described as follows

[18–20]. The diffusion caused by the water concentration

gradient at the two boundaries makes up the mass flows of

Wdiff,mem,shell side and Wdiff,mem,tube side.

dmv;trans

dt
¼

dðCH2O;mass �A � tmemÞ

dt
¼Wdiff;mem;shell side

�Wdiff;mem;tube side, (12)
where C is the mass concentration (kg m�3), M is the mole

mass (kg mol�1) and A is the membrane area (m2).

The rate of the mass in the membrane can be described as

follows:

Wdiff;mem;i ¼ Mv � A � Dw �
Ci � Cmiddle

0:5 � tmem
(13)

Hence, the diffusion coefficient of the membrane Dw is given

as follows [18,21]:

Dw ¼ Dl exp 2416
1

303
�

1
Tmem

� �� �
, (14)

where Tmem is the membrane temperature (K) and the

coefficient Dl is an empirical constant [18,21].

Dl ¼

10�6 lmemo2;

10�6 1þ 2 lmem � 2ð Þ½ � 2plmemp3;

10�6 3� 1:67 lmem � 3ð Þ½ � 3olmemo4:5;

1:25� 10�6 lmemX4:5:

8>>>><
>>>>:

(15)

The water concentration of both the shell and tube side is

Ci ¼
rdry;mem

Mmem
� li; Cmiddle ¼

rdry;mem

Mmem
� li;mem, (16)

where lmem is the mean water content in the membrane,

which is defined as [18,19]

lmem ¼
CH2O;mass=MH2O

rdry;mem
Mmem

� 0:0126 � CH2O;mass=MH2O

. (17)

The boundary water content li is a function of water activity

ai, which is calculated from the water vapor partial pressure

[18,21]:

li ¼

0:043þ 17:81 � ai � 39:85 � a2
i þ 36 � a3

i ; 1Xai40;

14þ 1:4 ai � 1ð Þ; 3Xai41;

16:8; aiX3;

8><
>: (18)

ai ¼
Pv;i

Psat;i
, (19)

where i can be the shell or tube side.
4. Results and discussions

4.1. Verification of the model

For an assessment of the model developed, results of the

simulation were compared with the experimental data for a

humidifier, FC 200-780-10PP, provided by Perma Pure LLC. The

stack exhaust gas conditions were T ¼ 343.15 K, gas flow rate

¼ dry air flow rate, RH ¼ 100% and gas pressure ¼ 1 atm,

while the dry air conditions were T ¼ 294.15 K, RH ¼ 40%

and gas pressure ¼ 1 atm. Fig. 3 shows the results for the wet

out temperature and the wet out dew point temperature in

the counter flow design. The simulated results for both

showed a slightly high temperature, 1 K, that might be caused

by neglected fluid effects along the gas channels in the

simplified model.

4.2. Static behaviors

The models developed were used to analyze the heat and

mass transfer behaviors under different operating conditions.
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The variables are the dry air flow rate, air inlet temperature

and dry air inlet RH.

4.2.1. Heat transfer
Fig. 4 shows the simulated results of the heat transfer rate

and the wet air outlet temperature of the humidifier at two

different flow arrangements under various dry air inlet flow

rates. It is noted that the arrangement with the counter

flow showed more effective heat transfer than that with

parallel flow because the logarithmic mean temperature in

the counter flow was larger than that of the parallel flow.

Moreover, when the dry air flow rate was increased, the heat

transfer rate tended to follow because of the increased overall

heat transfer coefficient. The heat transfer coefficient of the

shell and tube side became increased because of the high flow

velocity in both sides.
Fig. 3 – Comparison between the simulated and the

measured data at various rates of dry air flow.

Fig. 4 – Comparison of two different flow arrangements at diffe

343.15 K, exhaust air flow rate ¼ dry air flow rate, RH ¼ 100% a

¼ 30% and pressure ¼ 1.3 atm).

Fig. 5 – Comparison of two flow arrangements at different dry

343.15 K, flow rate ¼ 0.003kg s�1, RH ¼ 100% and pressure ¼ 1
Fig. 5 shows the characteristics of the humidifier for a

counter flow arrangement at various dry air inlet tempera-

tures and the dry air flow rate. As the temperature of the

dry air was increased, the heat transfer rate decreased

because the overall heat transfer coefficient was lower

because of decreased logarithmic mean temperature. More-

over, the heat transfer rate became increased when the

dry air flow rate rose because the overall heat transfer

coefficient was larger. When the dry air flow rate was

0.002 kg s�1 that is less than that of the stack exhaust gas,

the temperature of the wet air outlet rose until it matched

that of the exhaust gas and remained there regardless of the

temperature value of the dry air inlet gas. However, when

the dry air flow rate was 0.004 kg s�1 and higher than that of

the fuel cell stack exhaust gas, the gradient of the wet air

outlet temperature became larger even though the rate of

heat transfer was decreased.

Fig. 6 shows the heat transfer characteristics of the

humidifier for a counter flow arrangement at different inlet

relative humidities and the dry air flow rates. As a matter of

fact, the heat transfer rate was predominantly influenced by

the flow rate and the temperature of the dry air and not

significantly affected by the relative humidity, even though

the vapor concentration in the tube side tended to follow

variations in the relative humidity.

Conversely, the flow rate of the inlet air directly influenced

the rate of the heat transfer. In fact, the heat transfer

coefficient in the tube side became larger when the flow rate

of the inlet air was increased. In addition, the temperature of

the wet air outlet decreased simply because of the relatively

high air mass, where the temperature was not affected by the

increased rate of heat production.
rent dry air flow rates (fuel cell exhaust air condition: T ¼

nd pressure ¼ 1.3 atm. Dry air condition: T ¼ 298.15 K, RH

air inlet temperatures (fuel cell exhaust air condition: T ¼

.3 atm. Dry air condition: RH ¼ 30% and pressure ¼ 1.3 atm).
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Fig. 6 – Comparison of two flow arrangements at different air inlet RH (fuel cell exhaust air condition: T ¼ 343.15 K, flow rate

¼ 0.003 kg s�1, RH ¼ 100% and pressure ¼ 1.3 atm. Dry air condition: T ¼ 298.15 K and pressure ¼ 1.3 atm).

Fig. 7 – Comparison of two different flow arrangements at various dry air flow rates (fuel cell exhaust air condition:

T ¼ 343.15 K, exhaust air flow rate ¼ dry air flow rate, RH ¼ 100% and pressure ¼ 1.3 atm. Dry air condition: T ¼ 298.15 K,

RH ¼ 30% and pressure ¼ 1.3 atm).

Fig. 8 – Comparison of two flow arrangements at different dry air inlet temperatures (fuel cell exhaust air condition: T ¼

343.15 K, flow rate ¼ 0.003 kgs�1, RH ¼ 100% and pressure ¼ 1.3 atm. Dry air condition: RH ¼ 30% and pressure ¼ 1.3 atm).
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4.2.2. Vapor transfer
Fig. 7 shows simulated results of the vapor transfer rate and

the wet air dew point temperature of the humidifier at two

different flow arrangements under various dry air inlet flow

rates. The diffusion coefficient is a function of the tempera-

ture and water content in the membrane, where the

coefficient in the counter flow became larger than that in

the parallel flow at elevated membrane temperatures. In

addition, when the dry air flow rate was increased, the vapor

transfer rate became higher because of the decreased vapor

concentration caused by the low vapor pressure in the tube

side. On the other hand, the wet air dew point temperature

rose at the low rate of the inlet flow because of the high vapor

pressure on the tube side, even at the low vapor transfer rate.

Fig. 8 shows the characteristics of the humidifier for the

counter flow arrangement at various dry air inlet tempera-

tures and dry air flow rates. The results showed the highest

vapor transfer at about 310–315 K dry air temperature. Above

the dry air temperature of 310–315 K, the water activity

became lower because the relatively high temperature on
the shell side decreased the water concentration. Conse-

quently, the vapor transfer rate decreased. Below the dry air

temperature of 310–315 K, the mass transfer was limited by

the saturation on the tube side. In addition, when the flow

rate of the dry air was increased, the rate of the vapor transfer

was increased and the temperature of the wet air dew point

became lower.

Fig. 9 shows the characteristics of the humidifier for a

counter flow arrangement at different inlet relative humid-

ities and dry air flow rates. When the dry air inlet RH was

increased, the water concentration on the tube side tended to

increase and consequently the vapor transfer rate decreased.

In addition, when the flow rate of the dry air (0.004 kg s�1) was

higher than that of the exhaust gas flow from the stack,

the vapor transfer rate was the same as the dry air flow

rate of 0.003 kg s�1. In fact, the vapor saturation pressure

decreased because of the lower temperature of the wet air

outlet caused by an increased dry air flow rate. As a result, the

mass transfer was limited by the saturation conditions on the

tube side.
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Fig. 9 – Comparison of two flow arrangements at different air inlet RH (fuel cell exhaust air condition: T ¼ 343.15 K, flow rate

¼ 0.003 kg s�1, RH ¼ 100% and pressure ¼ 1.3 atm. Dry air condition: T ¼ 298.15 K and pressure ¼ 1.3 atm).

Table 2 – Operating conditions

Parameters Value

Exhaust air

Inlet temperature 343.15 K
Inlet gas flow rate 0.002–0.005 kg s�1

Relative humidity 100%
Inlet pressure 1.3 bar

Dry air

Inlet temperature 298.15 K
Inlet gas flow rate 0.002–0.005 kg s�1

Relative humidity 30%
Inlet pressure 1.3 bar
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4.3. Effect of geometric parameters

Geometric design parameters considered in this study were

the thickness of the membrane, diameter and the length of a

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

addition, it was assumed that the strength of materials and

pressure drops inside the materials were negligible and that

the flow rate of the inlet gas was identical with that of the

exhaust gas. First, the dependence of the design parameters

aforementioned on changes of the flow rate was investigated,

where the counter flow arrangement was used because of its

better performance in heat and mass transfer. The operating

conditions of the shell-and-tube type gas-to-gas membrane

humidifier are listed in Table 2.

Fig. 10 shows the effects of membrane thickness on the

heat and vapor transfer rates in a counter flow arrangement.

As the membrane becomes thicker, the vapor transfer rate is

reduced, while the heat transfer rate was not affected by the

thickness of the membrane. At a membrane thickness of

0.0001 m, the increased rate of vapor transfer was decreased,

particularly at the high flow rates, simply because the

influence of the membrane thickness on mass transfer is

higher than that of the water concentration.

Fig. 11 shows the effects of the membrane tube inner

diameter on the heat and vapor transfer rates in a counter

flow arrangement. A large inner diameter of the tube

increased the heat transfer rate because the flow velocity on

the shell side was faster and the heat transfer coefficient of

shell side was higher. Moreover, the vapor transfer rate

increased because of the increased surface area of the

membrane.

Fig. 12 shows the effects of the active membrane tube

length on the heat and vapor transfer rates in a counter flow

arrangement. The length of the active membrane tube did not

significantly affect the heat transfer rate, while the vapor

transfer rate increased because of the increased surface area

of the membrane.

Effects of the tube number on the heat and vapor transfer

rates in a counter flow arrangement are shown Fig. 13. Large

numbers of membrane tubes decreased the heat transfer

coefficient of tube side, while that on the shell side increased.

As a result, the overall heat transfer coefficient increased and

the heat transfer rate decreased, while the vapor transfer rate

was higher because of the increased surface active area of the

membrane.

The effects of the inner diameter of the humidifier housing

on the heat and vapor transfer rates in a counter flow
arrangement are shown in Fig. 14. A large diameter of the

shell decreased the heat transfer coefficient in the shell side

because of the low flow velocity in the shell side. As a result,

the heat transfer rate decreased because of the reduced

overall heat transfer coefficient. In addition, the mass transfer

rate of vapor decreased because of the decreased diffusion

coefficient of the membrane caused by the low heat transfer

coefficient and the temperature drop in the membrane.
4.4. Dynamic behaviors

When the stack is operated with a humidifier, the operation

conditions continuously vary as loads change. The amount of

down-streaming air supplied from an air blower is deter-

mined by the amplitude of the load current and subsequently

the dry air flow rate for the humidifier also varies. On the

other hand, humidification of the dry air is affected by the

flow rate of the exhaust gas from the stack. Thus, it is

important to investigate the dynamic relationship between

the dry air and the stack exhaust air, where a multi-step flow

rate was applied by assuming that other operating conditions

were constant.

Fig. 15 shows dynamic responses of the humidifier at a step

change of the dry air inlet flow rate (a), where the exhaust

gas conditions assumed that T ¼ 343.15 K, gas flow rate ¼

0.003 kg s�1, RH ¼ 100% and gas pressure ¼ 1.3 atm, while

the dry air conditions were T ¼ 298.15 K, RH ¼ 30% and gas

pressure ¼ 1.3 atm. Figs. 15 (b)–(e) are the resulting heat and

vapor transfer rates, temperature and relative humidity of the

wet air outlet, respectively.
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Fig. 12 – Effects of active membrane tube length on the performance at different dry air flow rates (L: active length of the

membrane tube).

Fig. 13 – Effects of membrane tube number at various dry air flow rates (No: number of the membrane tubes).

Fig. 14 – Effect of inner diameter of humidifier housing on the performance at different dry air flow rates (Dh: inner diameter

of the humidifier housing).

Fig. 11 – Effects of membrane tube inner diameter on performance at different dry air flow rates (D: inner diameter of the

membrane tube).

Fig. 10 – Effects of membrane tube thickness on performance at different dry air flow rates (t: thickness of the membrane

tube).
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Fig. 15 – Step responses of the humidifier on dry air flow

rates.

Fig. 16 – Step responses of the humidifier on stack exhaust

air flow rates.
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The heat transfer rate corresponded with the dry air flow

rate. In general, the dry air flow rate directly affects the vapor

transfer rate because an increased flow rate reduces the vapor

pressure. As a result, water concentration on the tube side

became lower and subsequently the vapor transfer rate

increased. However, when the flow rate of the dry air

(0.004 kg s�1) was higher than that of the exhaust gas, the

vapor transfer rate remained the same because of the mass

transfer limited by the high saturation of the inlet gas on the

tube side.

At a sudden increase of the dry air flow rate, the vapor

transfer rate showed an overshoot behavior, which was

caused by different diffusion behaviors of the vapor transfer

in the membrane. When the dry air flow rate was abruptly

increased, the vapor mass remained the same as before at

that instant, while the vapor pressure was decreased and

subsequently the vapor concentration became lower. Thus,

the vapor transfer rate rapidly increased and finally reached a

steady state. When the flow rate of the dry air was increased,

the temperature of the wet air outlet dropped.

Fig. 16 shows dynamic responses of the humidifier at a step

change of the stack exhaust air inlet flow rate (a), which

includes the heat transfer rate (b), the vapor transfer rate (c),

the temperature (d) and the relative humidity (e) of the wet air

outlet. It was assumed that the exhaust air was with T ¼

343.15 K, RH ¼ 100% and gas pressure ¼ 1.3 atm, while the

dry inlet air was with T ¼ 298.15 K, gas flow rate ¼

0.004 kg s�1, RH ¼ 30% and gas pressure ¼ 1.3 atm. Accord-

ing to this analysis, the heat and vapor transfer rate tended to
follow the flow rate of the stack exhaust air because of the

fully saturated relative humidity and constant temperature

assumed as a condition for the exhaust air. Both of these

showed a highly damped behavior. The temperature of the

wet air outlet followed the increase of the flow rate of the

stack exhaust air, while the relative humidity was reduced.

The analysis above revealed a possible control strategy that

allows the inlet air to be manipulated by adding an extra vent

valve that serves to regulate the flow rate of the exhaust air. It

might be particularly effective at high currents where the

flooded water on the cathode can be properly removed.
5. Conclusions

The gas-to-gas membrane is preferred in mobile applications

because of its compactness and high efficiency. We developed

a transient model for the shell-and-tube type gas-to-gas

membrane humidifier and compared the results with experi-

mental data provided by a manufacturer. The model is based

on the principle of thermodynamics; the heat and mass

transfer in the two control volumes. The model was used to

analyze sensitivities of the geometric parameters on the

performance under different operating conditions and tran-

sient behaviors. The findings are summarized as follows:
�
 The heat and mass transfer in the counter flow arrange-

ment were more effective than those in the parallel flow

arrangement.
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�
 The increased flow rate of the dry gas increased the

transfer rate of the heat and vapor mass. In particular, the

wet air dew point temperature rose at low rates of inlet

flow.
�
 The vapor transfer rate reached the highest value at dry air

inlet temperatures of 310–315 K, while the relative humid-

ity of the inlet gas did not significantly affect the heat

transfer rates.
�
 The heat transfer rate was not significantly affected

by geometric parameters of the humidifier. However,

the rate of the vapor mass transfer increased, as the

inner diameter, length and the number of the tubes

increased.
�
 Possibly, the flow rate of the stack exhaust air can be

effectively used to control water balance at high currents.
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