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Abstract : A physics-based, system-level framework is developed to quantify air processing system (APS) strategies that
govemn intemal fuel cell water management and overall systematic behavior. Air-side components are developed with coupled
heat and mass transfer characteristics, including a fuel cell stack that involves condensation, a counter-flow membrane
humidifier, and a centrifugal compressor. The stack model is validated against published experimental data. Furthermore,
these numerical models are integrated on a piping and instrumental diagram to predict thermodynamic states. Subsequently,
parametric studies were conducted on cathode pressure and stoichiometry ratio to determine the membrane-averaged relative
humidity (RH), the channel outlet liquid fraction, and humidifier water supply relative to the required stack water mass flow
rate. The results showed that a high-pressure/low-stoichiometry strategy could sustain membrane saturation even at low inlet
RH, and could reduce humidification demand by 13%. This integrated framework could provide operating maps and design
guidance to optimize APS water management.

Key words : Air-side BOP(2-7]5 BOP), Components(-2 4~ %-3), Operating strategy(=-7% % 2F), Heat and mass transfer
characteristics(2 2 & 2 A & E4]), Polymer electrolyte membrane fuel cells(3 3 A} 7 8 2 A 8 21 #])

Nomenclature it :cell current density, A/cm?
A : area, m2 J : molar flux, mol/m*:s
G : concentration, mol/m? L : channel length, m
CR : capacity ratio, - M : molecular weight, kg/mol
cp : specific heat capacity, J/kg'K ] : mass flow rate, kg/s
cpn :specific humidity capacity, 1/Pa NTU  : number of transfer unit, -
D : diffusion coefficient, m%/s n : electro-osmotic drag coefficient, -
F : faraday constant, C/mol n : molar flow rate, mol/s
Vi : fraction of mass flow rate, - P : absolute pressure, bara
h : convective mass transfer coefficient, m/s RH : relative humidity, -
h : specific enthalpy, J/kg s : liquid saturation state, -
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: thickness, m

: total transfer coefficient, kg/m's®
: net water transfer coefficient, -
: specific position, m

: specific heat ratio, -

: effectiveness, -

: stoichiometry ratio, -

: efficiency, -

: water content, -

: dynamic viscosity, m%/s

: density, kg/m’

: impeller rotational speed, RPM

Subscripts

: anode channel

: ambient air

: back diffusion

: catalyst layer

: gas channel

: cathode channel

: counter flow configuration
: compressor

: electro-osmotic drag
: dry state

: fuel cells

: gas diffusion layer
: generation

: gas phase water

: hydrogen

: ideal state

:inlet

: liquid phase water
: maximum

: membrane

: minimum

: oxygen

: outlet

: real state

: shell side

supply humidification

: tube side
: water

: reference
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Fig. 1 Fuel cell system piping and instrumental diagram for vehicular application
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Fig. 3 Fuel cell system piping and instrumental diagram with detailed schematics of air processing system major components
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Table 1 Reference specification of the fuel cell system components for numerical utilization
Component Parameter Symbol Value Unit
Active area A 237 cm?
Channel length L 30.00 mm
Faraday constant F 96485 C'mol”!
Membrane density at dry state Pry 1980 kgm?
Equivalent weight of membrane Miem 1.1 kg-mol”!
Fuel cell stack Membrane thickness frnem 0.02 mm
Gas diffusion layer thickness fopL 0.18 mm
Electro-osmotic drag coefficient Harag 1.0 -
Water diffusivity in membrane Dy 1.01x 10° m>s’!
Kinematic viscosity of gas phase water Vew 1.19 % 10° m>s’!
Kinematic viscosity of gas phase water Viw 8.93 x 107 m*s
Water transfer area of humidifier A 2.74 m?
Humidifier — — -
Specific humidity capacity Cph 3.13x10% Pa’!
Temperature of ambient air Teompin 298.15 K
Pressure of ambient air Py 101,325 Pa
Compressor = - -
Specific heat capacity of air Cp 1.01 = 10° kl-kg 'K
Specific heat capacity ratio ¥ 1.4 -
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Table 2 Fuel cell operating conditions

Case Parameters Value | Unit
Current density 20 | Alen?
Common Channel inlet temperature 343151 K
Coolant channel temperature difference| 5 K
Ralais Channel inlet pressure 2.0 | bara
Cathode channel stoichiometry ratio | 2.0 -
Channel inlet pressure 2.5 | bara
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Fig. 4 Experimental validation of fuel cell stack (a) net water transfer coefficient, and (b) water molar flow rate at channel outlets
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Fig. 6 Effects of stoichiometry ratio at fuel cell cathode channel: (a) fraction of liquid water flow rate, (b) mean relative humidity of

membrane, (c) fraction of water supply from humidifier
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Fig. 7 Operating strategy effects: (a) mean relative humidity of membrane and (b) fraction of liquid water flow rate under 4 humidify

conditions (RHcin = 0.2, 0.4, 0.6, and 0.8)
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