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A study on heat and mass transfer characteristics of
PEMFC membrane humidifier with porous metal foam

Jang, Hye Soo

Department of Marine Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Polymer electrolyte membrane fuel cell (PEMFC) are being explored as a
potential replacement for propulsion systems for mobile applications, given
that they can increase a system’s fuel efficiency, prevent environmental

pollution, and help to downsize engine systems.

Humidity control inside the PEMFC stack can greatly affect the
performance of the PEMFC. If the humidity level is low, the membrane can
dry to decrease the hydrogen ion conductivity. Conversely, if the humidity
is high, the water overflows and can interfere with the chemical reaction.
Therefore, a humidifier must be precisely designed to control humidity,

while a high efficiency must be obtained for miniaturization.

In this study, we suggest filling the gas channel of the humidifier with
porous metal foam to increase the efficiency of the humidifier. This

material has a high porosity and surface area density, making it ideal to

vii
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prevent pressure drops and increase the efficiency of the humidifier. We
modelled shell and tube-type membrane humidifiers filled with porous metal
foam and studied the heat and mass transfer characteristics using Matlab
and Simulink. We verified the system’s reliability by comparing the

simulated and experimental data.

We also carried out comparison studies between commercially available
membrane humidifiers and our proposed metal foam membrane humidifier
with respect to heat and mass transfer, as well as pressure drops. In
addition, we conducted a characteristic study on heat and mass transfer
according to the types of metal foam, operating conditions, and the shape
of the humidifier.

Through Simulation, we discovered that the heat and mass transfer
efficiency of the porous metal foam membrane humidifier was higher, and
the pressure drop was lower, than membrane humidifiers. We also found
that the heat and mass transfer performance of the porous aluminum foam
was the highest. Moreover, as the porosity decreased or pore diameter
increased, heat and mass transfer were enhanced. Lastly, the heat and
mass transfer characteristics of the porous metal foam membrane
humidifier in response to various conditions were partially different from

those of the membrane humidifier.

The results of this study demonstrated that the metal foam membrane
humidifier could be advantageous under various conditions. This study will
be helpful understanding the phenomenon of the relation between heat and

mass transfer and the design of membrane humidifiers.

KEY WORDS: Heat and Mass Transfer, Humidifier, Polymer Electrolyte Membrane
Fuel Cell, Porous metal foam,
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Control Volume 2 (Shell side)

Fig. 2.1 Conventional shell and tube type gas to gas membrane humidifier
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Tube heat exchanger

Channel heat exchanger

Wicks for vapour chambers

Wicks for heat pipe

Fig. 2.2 Metal foam applications for heat transport!?4
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R Control Volume 2 (Shell side) §
-—_— T ¢
Convection

(air to metal)

Conductwnty
.~ (metal to tube)

o Conductiv.ity =y
(air to tube)

Fig. 2.3 Humidifier with porous metal foam
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Fig. 2.4 Structure of porous metal foamt"
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21(2.26)8 %o #3F o7 WiV 95 2(2.27)& A&t
du dT dh dT
P Cy- TR o G, pr (2.27)
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C, - AdrldkIkgK)
T: %K)
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T _ / { (md# v,0 " C’pA,dA, v’ T'(L o +mdﬁ a0’ C’p#d# a’ T'(LU +mdﬁ v’ C"UA,dA, v’ Tvdg)) dt (230)
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w717k aze] quA BENE Baste, el A@3D3 2ol vehic 2

o RE FFe A%F/NET FIG WHOE A7 Aok

Collection @ kmou
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A@.2N& 223Dl digste a3 22 4232)= d& F Ak

me,v,o ' C;J,e,v ' 711,0 +me a0’ C;),e, a’ T;:, o
—0+m .. C - T +m . C . T
Qe e, a,i D€, a e e, v,i Dy, v e, i (2.32)
+me,v,tr' C;),e,v' T;r_me,a' Cv,e,a' e, 0
AL C;)ea T;’o_mev C;),ev' T'eo_mev Cvev T;’o

L C;)ea Te,0+me,v Cv,e,v' Te,o

= Qe +m€ a,i C;),e,a' T;:,i—i—me,v,i' C;a,e,v' /I('i,i (2 33)
+m€ v, tr C;Jev T;:tr_me v,0 C;),ev' 71’,0 ‘
M a0 C;)ea T;’o_mea' C;),e.a' TL’O_mev Cvev T;’o

2233 AYehd des 2o 43S 2e + .

{Qe *jme#a#i, : C’p#e#a : Teﬁi, fmeyu‘,i, : C’p#e# v’ Teﬁi, +.mey1;5tr : C’])A,eyu : Teﬁtr
T _ / - (megu‘,() : C’pﬁegu : Teﬁ o +meﬁaﬁa : C’p#e# a’ Teﬁa +meg1; : C"Uﬁe# v’ TeA,U) dt (234)
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Table 3.1 =] AR 2riEr] B wxg&o] ik AlFARS Uehd
Aoty X FE£Y T/ B0 & &7 = dExagHo=E HAs)
Aot 9rhs7]l= Perma PureAl AlFeolw =i -2 FC400-2500-15LPe]t}. ©]
= 97 FYAZEE AFEE PEMFC AlzH 3 Agol| ALg" =risz7]
Edoltt, B AFdAE o] 24XE FAHE AlEdHoAd EdS AESIAT
rtE71el A B XSS Ade mE E - EAXYE 5 BHde &
of U2 EAA7F i & Aok o]yl Ao o] T kA EAXT W
SIAZIHA AlEF oA AT 718, A HA F50 o] FA o W]
E 7hs719Y € - EEAE 54 B4 fs uE E4Ae 18 AR,
2ol FA Fr WA 7|H AlEFold S WA kA 47 A AT A2
FE 7led W, gFEEY Aee ted =4AE dFsA FRheu G &
Agol #3F AFolAE M3t XA A5

Table 3.1 Parameters of porous metal foam membrane humidifier

Parameters Value
Thickness of the membrane 0.000050(m)
Dry equivalent weight of membrane 1.0(kg/mol)
Dry density of membrane 0.1(kg/m*)
Inner diameter of the tube 0.048000(m)
Overall length of the tube 0.381000(m)
Inner diameter of the humidifier housing 0.182880(m)
Porosity of metal foam 0.95
Pore diameter of metal foam 0.001747(m)
Thermal conductivity of stem of metal foam 0.218(kW/mK)
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Fig. 3.4 Energy balance Modeling of humidifier in dry air channel of

heat transfer block
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Fig. 3.7 Modeling of dry air mass at various flow rate & temperature in

dry air channel of heat transfer block
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Table 4.1 Input parameters for modeling of conventional humidifier

Parameters Value
Flow rate of dry air inlet 0.000195 ~ 0.012321(kg/s)
Temperature of dry air inlet 298.15(K)
Pressure of dry air inlet 111596 ~ 144868(Pa)
Relative humidity of dry air inlet 40(%)
Fraction of oxygen of dry air inlet 21(%)
Flow rate of exhaust air inlet 0.000253 ~ 0.016017(kg/s)
Temperature of exhaust air inlet 336.83 ~ 341.84(K)
Pressure of exhaust air inlet 110561 ~ 137135(Pa)
Relative humidity of exhaust air inlet 100(%)
Fraction of oxygen of exhaust air inlet 0.21(%)
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Fig. 4.1 Comparison between the simulated and the measured data of dry

and exhaust air outlet temperature for various dry air flow rate
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Table 4.2 Input parameters for modeling of porous metal foam humidifier

Parameters Value
Flow rate of dry air inlet 0.001800 ~ 0.046486(kg/s)
Temperature of dry air inlet 299.15(K)
Pressure of dry air inlet 111444 ~ 200355(Pa)
Relative humidity of dry air inlet 40(%)
Fraction of oxygen of dry air inlet 21(%)
Flow rate of exhaust air inlet 0.001800 ~ 0.046486(kg/s)
Temperature of exhaust air inlet 339.15(K)
Pressure of exhaust air inlet 110363 ~ 175169(Pa)
Relative humidity of exhaust air inlet 100(%)
Fraction of oxygen of exhaust air inlet 0.21(%)
Porosity of porous metal foam 0.915
Pore diameter of porous metal foam 1750( 22 m)
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Fig. 4.2 Comparison between the simulated and the measured data of
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Table 4.3 Input parameters for modeling of the membrane humidifier and

porous metal foam membrane humidifier

Parameters Value
Flow rate of dry air inlet 0.01(kg/s)
Temperature of dry air inlet 299.15(K)
Pressure of dry air inlet 134884(Pa)
Relative humidity of dry air inlet 40(%)
Fraction of oxygen of dry air inlet 21(%)
Flow rate of exhaust air inlet 0.01(kg/s)
Temperature of exhaust air inlet 339.15(K)
Pressure of exhaust air inlet 129913(Pa)
Relative humidity of exhaust air inlet 100(%)
Fraction of oxygen of exhaust air inlet 0.21(%)

Table 4.4 Comparison between various simulated data of the membrane

humidifier and porous metal foam membrane humidifier

Shell &

Parameter | Unit | No inside Tube side Shell side Tube side
Heat transfer | W 331 369 395 447
Mass transfer | g/s 0.87 1.02 1.12 1.33

Relative o

humidity % 97.8 96.8 96 93.4
Temperature | K 3304 333.32 335.22 338.85
Heat transfer | o 0 0 0
enhancement % 0% 11.50% 7.80% 15.80%
Mass transfer | o 0 0 0
enhancement % 0% 17.30% 11.80% 24.30%
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Fig. 4.3 Comparison of heat transfer rate between the conventional humidifier
and 3 types of humidifier with porous metal foam for various dry air

mass flow rate
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Table 4.5 Properties of the metallic and ceramic foam samples characterized

experimentallyl66]

. Effective Densit Diameter . Specific

Material co(%g}lncltll\g)ty (kg/m'}’] oE H{)rgl)re Porosity (J/}11<egatK)
1 | NiCrAl 0.266 537 1.4 0.937 501
2 | NiCrAl 0.257 503 1.2/0.6 0.941 501
3 | NiCrAl 0.246 587 0.8/0.4 0.931 501
4 | NiCrAl 0.308 665 2.8/1.4 0.922 501
5 | FeCrAlY 0.098 230 60PPI 0.423 |  0.968 487
6 | FeCrAlY 0.096 230 60PPI 0.423 |  0.968 487
7 | FeCrAlY 0.076 253 80PPI 0.32 0.965 487
8 | FeCrAlY 0.093 270 80PPI 0.32 0.963 486
9 | Mullite 0.279 534 1.2 0.809 950
10 | Zirconia 0.257 966 1.2 0.832 451
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Table 4.6 Input parameters for modeling of conventional and porous metal

foam humidifier

Parameters Value
Flow rate of dry air inlet 0.1(kg/s)
Temperature of dry air inlet 299.15(K)
Pressure of dry air inlet 297809(Pa)
Relative humidity of dry air inlet 40(%)
Fraction of oxygen of dry air inlet 21(%)
Flow rate of exhaust air inlet 0.1(kg/s)
Temperature of exhaust air inlet 339.15(K)
Pressure of exhaust air inlet 241969(Pa)
Relative humidity of exhaust air inlet 100(%)
Fraction of oxygen of exhaust air inlet 0.21(%)
Fig. 4.6 2 Fig. 4.7 WxF<Eol Ao & EdAGE i A3

G e ol NS ey Gol A4 Estenl 2 Byt A
grelo] =9k3, A3tFo] 7 Ednh e 749
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™
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Fig. 4.6 Comparison of heat transfer among the humidifiers with various

porous metal foam samples
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Table 4.7 Material properties of the porous metal foam samples for different

pore per inchf68]

Samples Pore per inch Diameter of Pore (m) 3
A 54 0.0047 0.927
B 5.6 0.0046 0.911
C 115 0.0022 0.938
D 12.8 0.0020 0.937
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Table 4.8 Input parameters for modeling of conventional and porous metal

foam humidifier

Parameters Value
Flow rate of dry air inlet 0.004(kg/s)
Temperature of dry air inlet 298.15(K)
Pressure of dry air inlet 131722(Pa)
Relative humidity of dry air inlet 30(%)
Fraction of oxygen of dry air inlet 21(%)
Flow rate of exhaust air inlet 0.003(kg/s)
Temperature of exhaust air inlet 343.15(K)
Pressure of exhaust air inlet 131722(Pa)
Relative humidity of exhaust air inlet 100(%)
Fraction of oxygen of exhaust air inlet 0.01(%)
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