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Coolant

|: Transient Unit Cell Models

The PEM Unit Cell

Catalyst layers
Membrane

Channels: Variation of G;, H,, and HO from
inlet to outlet.

GDL: Oxygen and vapor counter-diffusion,
two-phase flow, formation of condensa-
tion/evaporation fronts.

Catalyst Layers. Production of HO and heat
at cathode catalyst layers. Build-up of double-
layer charge at catalyst interface.

Membrane: lon and water motion in mem-
brane, proton conduction, forms barrier for
fuel, gases, e.

Coolant: Dominates cell temperature in long
direction.

Presence of disparate length and time-scales for lengthg meter.
Functional structure at all length scales1 . meter.



Cross-sectional Slice
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Along-the-Channel Slice

Fuel !{

Anode GDL

Dry Dry
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Membrane

Ag

Dry

Cathode GDL.
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0.67 meter
The anode reaction H, = 2H' + 2e~
Cathode reaction (1.5 volts) O, + 4H™ + 4e~ = 2H,0
Through plane voltage balance

I(y)
V = E, - - n(Ia CO)
~——— —_— —
Open circ pot. — overpotential

Ombhic Losses



lonomer Membrane Properties
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(Left) The hydration isotherm for Nafion 117 (from Takanak®4).
(Right) Protonic conductivity as a function of water coriten



GDL: Transient Multiphase flow

Degeneratéransport of liquid water

Disparate length scald900 : 1 C, Oxygen Molar Conc. T' Temperature

Disparate time scales: C, Vapor Molar Conc. (3 Liquid \Vol. Frac.
10~ %s for pressure C,, Nitrogen Molar Conc.C Total Gas Conc.
103s for liquid flow

Conservation of Energy and Mass

N,

8(1=p)C)+0,CT) = -,
%(WT) + 0,((pcO)T iNrZ:(‘?yT) = hy,l,
8= p)C) +0,CT, F ) = o
81 = 8)C) + 0,@T, 7 ) = T
l

3%(015) + 9,(BqlU,;) = T.



Constitutive Relations

P, = CRT, ldeal Gas Law
U, = —%ByPg, Darcy’s Law-Gas
U, = —%’l(ﬁ)ayﬂ, Darcy’s Law-Liquid

[Ji] = M~1[0,C;]

PC:PQ_B:L(/B)a

Maxwell Stefan Flux

Leveret-like Capillary Pressure.

I' = %(6)(01, — Csat (T')), Condensation-Saturation
p

Capillary pressure and relative permeabil-
ity form nonlinear diffusivity

f(B) = Bk.(B)L'(B).

9.(8) — Do, (£(8)8,8) =T/

Hydrophobicity

A

t(B)

Hydrophobic
(Teflonated)
T

x 100

\
Hydrophillic
(sand)
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B B
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Boundary Conditions

Boundry I: Membrane-GDI

_Boundry Il: Channel-GDL

Membrane |

Dry

? Air
y

: ]
Z 1

-«
-

0.67 meter

v — 1(x)
No = "4
N, = N™

n=2~0
N,=N"_—-N™
Ny = N* — h,N™

7#(Co(0) — C,) = —N,(0)
7(Cy(0) — C,) = —N,(0)
7(Cn(0) — Cr) = —Ny(0)
B=0

7r(T(0) — T.) = —Nr(0)

Driving forces computed at higher iteration:

N
Ny
Ny
i

Flux of vapor into GDL
Total flux of water out of catalyst layer
Total heat production in catalyst layer
Local current density



Non-dimensional Forms

Nondimensionalize the variables. Choose temperature $¢ak= h"l’g so heat flux produced by

evaporation balances the fluxes of water, setting the camffiof I' in the heat equation to one.
2
Distance is scaled by the thicknefsof the diffusion layer, time is scaled by, = % the

characteristic diffusive time.

c, = C,/C C,
T = T/T, T

c,/C c, = C,/C,
t/ T, z = z/L,

Collect the fluxes and unknowns
N = (N, Ny, Ny, Ny, N))! and  V = (C, T, C,, C,, 8)}
The full problem can be written as
(M(V)V) +V-(D(V)VV)=ST,

whereS = (—1,1,0,—1,1)"is the scaled stoichiometry vector for phase change and &texm
D is given by

Ryk,,TC Ryk,,C?> 0 0 0
élClgT2 élClQCT +Rr 0 0 RTf (,3)
D= — | (RgkyeT — 5)C,  Ryk,eCC, 1 0 0
(RgkygT — 5)Cy  Rgk,yCC, 0 1 0
R,Bk,.(B)T RiBk.(B)C 0 0 R.f(B)/d
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Scalings

_IL : : —2
I = 4FC’D <1 Scaled current density approximataly
H = % > 1 Scaled phase change rate approximate¥
0 = g L1 Ratio of gas to liquid molar concentratioh@—3
N, = DLCN = O(I) Scaled gas or liquid flux
Nr = éDNT = O(I) Scaled heat flux

Break domain into dry, two-phase, and boundary layéf /v H)

B A Dry . Evaporative Layer Two Phase
B r=0 g';) - r=0(?
=0 | i
| OH™)

11



Dry Regime
No liquid water (3 = 0) and no phase chandge = 0. The unknownsV = (C, T, C,, C,)*
are expanded
V =V (0)+IV' 4+ O(I?.
The conservation laws
(M(V)V)_+ V- (D(V)VV) =0,
are expanded as

M(V(0))V} +D(V(0)AV! = O(I).

The matrixM ~D(V (0)) has eigenvalues with rati®(10°). Time scales from 0~ seconds
down to10~! second.

transient : ; stead stead
«10° (fast) SlopeofC vs.%dcltﬁ\kljeastlc fstatey no transiendlope of R vs. y cud@abatic : statey
1 T : \: 0 ’ T :
X ;W@%GS% ] -0.001[ %OO 3
| c [¢) |
0.6 o : -0.002f el § . .
5 5 % 1 Convection dominates the gas
o) ; ; ' Y ;
o i [--- Cathode (adiab.) | : Q ; . :
02 7 Canode tome) | | g 70004 %, | flow, but balances diffusion at
ke O’M 3 ‘-A‘- ﬁnoge Eadlab.g 3 S _0.005! OOO :
: node (comp. ; 1 . .
| S, equilibrium
N 3 3 -~ Cathode (adiab.) | ! o
—04r 4 3 3 0007 | "5 Cathode Eioﬁﬁpi 3 Sobso ]
: : L - Anode (adiab.) | : :
-0.6 | 3 -0.008 A Azgd: (goﬁp.) :
-08 ~“Pdan AAAMASANA ~0.009} ‘
-1 L d -0.01 . -
10 10° 10° 10°

t
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Two-Phase Regime
In the two-phase regime the liquid water is everywhere grehatn the immobile volume frac-
tlon B«, and the gas is saturated to leading order. As in the dry megthe scaled variables
= (CY, T, C},C}, 3")" describe variations from the channel values, except fostaéed
Water vapor and water volume fractions, which describeatiamns from the saturation pressure and
the immobile volume fraction respectively,

C =1+C/rT,, T = T.+T'1, C, = X,+ C!I,
2
Cy, = Csat(T)‘FCq%I/Ha B = /3*"‘51 (I‘sl)§°

The equation for vapor flux is degenerate at leading orderstestdy-state

e Phase change @(I?) in the two-phase layer — fluxes are con-
stant

e The vapor flux within the two-phase region is determined at
leading order by the temperature profile

N, = -DVC, ~ —DC' (T)VT

but
—rkVT = NT ~ ahI
while
I
N = —
w 2F
so that
N, D _,
—Csat(T)OéhZF



The Evaporative Layer

e The leading order phase change occurs in the evaporatiee lay
e The free boundary evolution is determined by the total phase
change, expressed in terms®f,, the degree of vapor under-

saturation at the two-phase poit

0, = ‘/IE (Csat (T(2,)) — Co(2]))

Rescale as in the two-phase region, except for the water vaplar concentration

C:1+CT11, T = T, + T, C, = X,+ CM,
e | i
Co = Cor(T) + fzy B =Pt (&)3B', 2 = (z— z;)VH.

Thinness of bdry layer leads to very fast relaxation timdescaThe quasi-steady version of the
conservation laws

— F — 1 =
N:=—S=IH>"“C!h,S.
/H v

Fluxes are related to the scaled variabiés = (C*, T, Cl,C!,3") through the constitutive

laws as
N = IVHDV? + O(I*VH)

14



where thes x 5 matrix D? is given by

Ryk.g Ryk., 0 0 0
Clgél Clgéch +Rr 0 0 R/T.9

D’ = — | (Rgkrg — T)C Ryk,;C, 1 0 0

(Rgkrg — 7) Xs RgkrgXo+ X, 0 4z O

0 0 0 0 R

(@)

The conservation laws and the constitutive relations yagldx 5 system

. h.Cl.
D'Vee = S+ O(D).

Observe that )
—a[Db]_1§ = £,5) + O(H™)

whereS, = (0,0,0,1,0) and the parametgy, is independent oH and strictly positive.

The equation foC’! uncouples at leading order

(C)):; = &h.C,,
lim C}(2) = 0,
Ci(0) = H O,

This has a classic boundary layer solution,

C! = C0)e VI=tv =,

15



The jump in fluxes across the boundary layers is determinéahasion of undersaturatior®.., at

dry edge
— h* —

Taking the dry and two-phase problem at quasi-steady sthtain the interface motion as a degen-
erate Rankine-Hugoniot relation

dZ* . 6 [[Nl]] o 61Nl(zg)
dr — I8l B

The liquid flux into the front serves to propagate the front.

The front propagation is the slowest time scale in the sysésit requires the production of
guantities of liquid water

16



Recap

| Dry | Two Phase |
i i ]
_ | , ©
(O N ! |
c NOlry | th 3 @ Jump in fluxes across bc
@ | 1 < layer is determined by th
c A | < g layeris de y
. = 5 - § undersaturation on dry s
3 RH=1 —o0 3 of two—phase interface
| | Ly
Z, Z
3 A Dry Two Phase
Bo N &AZ*:NIAT6|
I
h
>
Az, z
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Quasi-Steady Along the Channel

Cathode Oxygen flux  Qco(x)
Cathode Vapor flux Qcv(x)
2s0um  Cathode Nitrogen flux Q¢ (x)
Water cross-over/protorx(x) (An.— Cath.)

> Oxidant Water flux

\
* Cathode GDL \

> €< > <—>

\ Membrane \ 25-50um
Anode Hydrogen flux  Qg.p
\ Anode GDL * 250um  Anode Vapor flux Qa.v
S Fuel e COOlant Temp Tcol
= Reservoir Temp. T,
= 0.5 - 1.0 meter ”
dQc,o —- I(x) Ly C — P QC o
dz 4F 0 RT (w)Qco+ch+an
dQcv __ (1 i a(w))I(w)Lw C — Min P, Q sat(T)
de &vo RT( )Qco"‘ch—'_Qc’n’ RT., (33)
dQc,n __ 0 C = P
dz ’ cn RTC(QT) Qc,o + Qc,'v + Qc,n’
dQan I(:r:)Lw _ _ P c,h
de + ’ Ca,h o RTa(w) Qa h+ Qa,'v
dQa,nw I(x)Ly _ . P, Qa v Pyat (Ta)
de Ta=55 2F Ca,'v = Min RTa( )Qa h ‘|_ Qa v’ RTa(m)
0
a (pCTcol) + Oz (pCTcol'Ug) = NrL,, Tcol(Oa t) - T’r(t)’
dr,

— Out_Tfr _rTr_Tam
dt q( col ) ( b)
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Steady-State Regimes

<
Fuel <~—

Anode GDL : Dry Dry g

Membrane |

Dry o
Cathode GDL <
Z 1
I~ Air
y

-
-

\J

0.67 meter

Dry

Mixed

Channel and GDL RH< 1
everywhereor Channel RH=1
and RHfalls toward membrane

Channel RH j 1, RH rises to-
wards membrane and hits 1 in
GDL

Two-phase Channel saturated, RH rises to-

Transients

wards membrane

All transients are associated to build up of liquid waters 1 or to accumulation of heat in the

external radiator. All other processes at steady-state.

e Slow motion of wetting front in GDL
e Build up of water in membrane
e Build up of heat in resevoir
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Major Open Issue

(a) Isotherms

15

10

If the anode channel is dry but almost sat-
urated (typical) and the cathode channel is
saturated and the GDL is two-phase (typi-

1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

RH cal) then most models predict a water flux
2 e across the membrane, from cathode to an-
ol o | ode, that is sufficiently high to saturate the
Sl - | anode.
% s 40 a5 s s 6 e 70 75 8

Temperature

e Degenerate diffusion (Weber or Brutal)

e Artificially constrain membrane water content (Ugly)

e Increase the water drag, and include impact of membrane com-
pression on water uptake (lgor — related to Ugly)

Fixes

20
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Steady-State Simulations

Use degenerate diffusion in membrane
Do not include membrane compression effects
Prescribes coolant thermal profile
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Temperature Profiles

356-
354-
352
N2
o 350~
o
(@)
8 348
346-
— Cathode Membrane Temp
344*/ — Anode Membrane Temp
Common Channel Temp
342 : : : : !
D 0.2 0.4 0.6 0.8 1
Scaled Channel Distance
Local current density
1.5 ‘ ;
NS
(8]
< 1
2
‘0
c
[}
©
5
£ 05
=]
o
0 L L L L
0 0.2 0.4 0.6 0.8 1
y In meters

Channel-Membrane RH

1.1

0.6 - — Cathode—Membrane RH
. — Anode-Membrane RH
0.5 - Anode—-Channel RH
’ Cathode—Channel RH
O'40 0.2 0.4 0.6 0.8 1
Scaled Channel Distance
Membrane Water Content
25r
20r
o
>
o
(@)]
5 15¢
Q
<
v
Q 10r
©
=
5’ \
— Membrane Cathode-side water
— Membrane Anode-side wate
0O 0.2 0.4 0.6 0.8 1

Scaled AIbng—Chan'neI Distance

An/Cat. inlet dew point 63/53C. GDL thermal cond. 1W/(m K).

\oltage 0.6489 at 1 Amp/ctn

An/Cat. stoich 1.2/1.8, Pressure 2.2/2.0 barg.
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Temperature Profiles Channel-Membrane RH
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An/Cat. inlet dew point 6&3C. GDL thermal cond. 1W/(m K).
\oltage 0.6539 at 1 Amp/cfn
An/Cat. stoich 1.2/1.8, Pressure 2.2/2.0 barg.
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Temperature Profiles
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An/Cat. stoich 1.2/1.8, Pressure 2.2/2.0 barg.
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An/Cat.
\oltage
An/Cat.

Temperature Profiles Channel-Membrane RH
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inlet dew point 63/55C, GDL thermal cond. 2W/(m K).
0.6179 at 1 Amp/ctn
stoich 1.21.5, Pressure 2.2/2.0 barg. (Slower gas flow)

25



Temperature Profiles

— Cathode Membrane Temp
3447/ — Anode Membrane Temp
Common Channel Temp

Scaled Channel Distance

Local current density

=
t

[
T

current density Alchn

o
o

y in meters

0.2 0.4 0.6 0.8 1

0 0.2 04 0.6 0.8 1

1.1

0.6f

Channel-Membrane RH

— Cathode—-Membrane RH
— Anode-Membrane RH

0.5 Anode—-Channel RH
Cathode—-Channel RH
O'40 0.2 0.4 0.6 0.8 1
Scaled Channel Distance
Membrane Water Content
25r
— Membrane Cathode-side water
— Membrane Anode-side wate
20 ]\
o
>
o
(@)]
5 15¢
Q
<
v
210
©
=
5,
0 L L L L |
0 0.2 0.4 0.6 0.8 1

Scaled AIbng—Chan'neI Distance

An/Cat. inlet dew point 63/60C. GDL thermal cond. 2W/(m K).

\oltage 0.4108 at 1 Amp/ctn

An/Cat. stoich 1.20.2, Pressure 2.2/2.0 barg.
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Two—-phase verses Dry Polarization Curve

1
0.8 |
0.6 |
(@)
S
o
>0.4 A

— Two phase
*
0.2- | © Single phase 1
OO 0.5 1 1.5
Current Amp/crﬁ

Polarization curves for Cathode/Anode dew point 66C. The
mobility of the two-phase region within the unit cell enhasac
current non-uniformity and induces an earlier knee.
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Membrane Resistence Membrane Resistence

Steady-State Hysteresis & Lateral Diffusion
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Membrane resistence verses channel position for six diftezurrent densities, run-
ning from 1.6 A/cn? (A) down to 0.7 A/cnd. Figures show two different steady-
state configurations. Low membrane resistence correspgondaguid equilibrated
membrane




Transient Unit Cell Simulation
T, (0) = 70C T, = 25C, I = 1A/cm?, An/Cath press.=2.2/2 barg, Stoich 1.2/1.8
40C 0 to 100 seconds

Inlet Dew Point 65C 100 to 200 seconds
40C 200 to 400 seconds

o
~

Slow Transient Unit Cell Model Slow Transient Unit Cell Model
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