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bstract

A three-dimensional, single-phase, multi-component mathematical model has been developed for a liquid-fed direct methanol fuel cell (DMFC).
he traditional continuity, momentum, and species conservation equations are coupled with electrochemical kinetics in both the anode and cathode
atalyst layer. At the anode side, the liquid phase is considered, and at the cathode side only the gas phase is considered. Methanol crossover due
o both diffusion and electro-osmotic drag from the anode to the cathode is taken into consideration and the effect is incorporated into the model
sing a mixed-potential at the cathode. A finite-volume-based CFD technique is used to develop the in-house numerical code and the code is

uccessfully used to simulate the fuel cell performance as well as the multi-component behavior in a DMFC. The modeling results of polarization
urves compare well with our experimental data. Subsequently, the model is used to study the effects of methanol crossover, the effects of porosities
f the diffusion layer and the catalyst layer, the effects of methanol flow rates, and the effects of the channel shoulder widths.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The direct methanol fuel cell (DMFC) is considered a highly
romising power source with its important attributes of quick
efueling, low temperature and pressure, low methanol cost, no
iquid electrolyte, and compact cell design, etc. Efforts in devel-
ping mathematical models for DMFCs have been limited until
ecent years. Baxter et al. [1] developed a one-dimensional and
ingle-phase mathematical model for a liquid-fed DMFC, focus-
ng on the anode catalyst layer. Dhole et al. [2] presented a one-
imensional model for the vapor-fed DMFC and the crossover
ffects were studied. Scott et al. [3,4] developed several simpli-
ed single-phase models to study transport and electrochemical
rocesses in a liquid-fed DMFC and showed that the cell per-
ormance is limited by the slow diffusion of methanol in liquid.
cott and co-workers [5] also developed a model to predict the

ffective methanol concentration at the catalyst surface. This
odel, together with an empirical model of the open circuit volt-

ge and the cathode over-potential model, was used to predict the

∗ Corresponding author. Tel.: +1 3052842019; fax: +1 3052842580.
E-mail address: hliu@miami.edu (H. Liu).

a
[
g
m
m
d
e

378-7753/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2006.02.001
verall cell voltage and current density. Cruickshank and Scott
6] presented a simple model to describe methanol permeation.
hukla et al. [7] developed a one-dimensional model to com-
are the performance of a solid-polymer electrolyte DMFC with
queous methanol and methanol mixed with air at the anode side.
ulikovsky et al. [8] simulated a vapor-fed DMFC with a two-
imensional model and compared the detailed current density
istributions in the backing, catalyst layer, and membrane sepa-
ator between a conventional and a new current collector. Wang
nd Wang [9] developed two-dimensional, two-phase and multi-
omponent model for a liquid-fed DMFC. In this model, they
onsidered the mixed potential effects of methanol oxidation
ue to methanol crossover, but the catalyst layers were treated as
nfinitely thin interfaces. Birgersson et al. [10] developed a two-
imensional and single-phase model for the anode of a DMFC.
n their model, the catalyst layer was taken into consideration
s boundary conditions via parameter adaptation. Divisek et al.
11] accounted for the influence of both the methanol and oxy-
en reaction kinetics and their dependency on the two-phase

ass flow in the catalyst and diffusion layers by a vapor–liquid
odel for the DMFC. In this work, we have developed a three-

imensional, single-phase and multi-component model for the
ntire DMFC, including both the anode and cathode channels,

mailto:hliu@miami.edu
dx.doi.org/10.1016/j.jpowsour.2006.02.001
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Nomenclature

a water activity
airef

a reference exchange current density times specific
area at anode (A m−3)

airef
c reference exchange current density time specific

area at cathode (A m−3)
C molar concentration (mol m−3)
D diffusion coefficient (m2 s−1)
E voltage (V)
F Faraday’s constant (C mol−1)
hc channel depth (z direction width) (m)
I current density (A m−2)
j transfer current density (A m−3)
kφ electrokinetic permeability of membrane (m2)
kh hydraulic permeability (m2)
kair permeability to air of gas diffuser (m2)
kw permeability to water of gas diffuser (m2)
Lc channel length (y direction width) (m)
M molecular weight (g mol−1)
N mole flux (mol m−2 s−1)
P pressure (N m−3)
Q flow rate (m3 s−1)
rε porous media correction factor
R resistance (�)
Rc gas constant (J mol−1 K−1)
S source term
td diffusion layer thickness (m)
tc catalyst layer thickness (m)
tm membrane thickness (m)
T temperature (K)
V velocity (m s−1)
wc half-channel width (m)
ws collector plate width (m)
X mole fraction
z charge of fixed (sulfonate) sites

Greek symbols
α transfer coefficient
ε porosity
γ reaction order
λ electro-osmotic drag coefficient
µ viscosity (kg m−1 s−1)
ρ density (kg m−3)
σ conductivity (1/(�m))
ψ water content in the membrane

Subscripts and superscripts
a anode, air
c cathode
ca catalyst layer
cross methanol crossover
CH methanol
d diffusion
eff effective

g gas
H+ proton
i ith layer
k kth component
l liquid water
m membrane
O oxygen
ref reference

b
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oth diffusion layers, and both catalyst layers and the membrane.
he model for the anode and cathode sides is coupled by current
ensity. The modeling results of polarization curves compared
ell with our experimental data and this model is used to study

he effects of methanol crossover and various parameter effects.

. Mathematical model

.1. Model description

The modeling domain for the DMFC consists of the anode
ide, the cathode side, and the membrane as shown in Fig. 1.
oth the anode and cathode sides have the same structure and
an be sub-divided into the gas channel, the diffusion layer, and
he catalyst layer. In Fig. 1, hc is the gas channel height; td, tc,
m the thickness of the diffusion layer, the catalyst layer, and the

embrane, respectively;wc,ws,wt are the half-widths of the gas
hannel, the collector plate, and the diffusion layer, respectively;
nd Lc is the length along the channel. The reactants enter the
as channels from the surface at y = 0. The detailed geometric
arameters are given in Table 1.
Two components, methanol and water, were considered at the
node side, and air was considered at the cathode side.

Fig. 1. Schematic of the modeling domain.
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Table 1
Geometric parameters used in the model

Channel length (Lc) 6.5 × 10−2 m
Half-channel width (wc) 5.0 × 10−4 m
Channel height (hc) 8 × 10−4 m
Channel shoulder width (ws) 1.0 × 10−3 m
Diffusion layer thickness (td) 1.4 × 10−4 m
Catalyst layer thickness (tc) 3 × 10−5 m
Membrane thickness (Nafion®117) (tm) 1.8 × 10−4 m

Table 2
rε and Si in momentum equations

rε Si

Channel 1.0 0

Diffuser 2.25
(

1 − 1
)2 −ε µ �V

C

2

u
t
o
m
p
c
g

Table 3
Anode and cathode source term (sk) in species equations

Anode (source term sk) Cathode (source term sk)

Methanol Water Proton Oxygen Water Proton

Channel layers 0 0 0 0 0 0
D
C

2

t
f
b

p

T
P

C
P
A
C
I
I
M
O
D
D
P
P
P
P
P
A
W
A
E
H
G
R
R
A
C
E
A
C
C

εd
d k

atalyst 2.25
(

1
εc

− 1
)2 −εc

µ
k

�V + kφ
kh
cH+zF ∇φ

.2. Model assumptions

In the model development, the following assumptions are
sed: fluids are incompressible; all the flows are laminar and all
he processes are steady state as well as isothermal; the effects
f carbon dioxide generated in the anode side are negligible;
ethanol crossed over from the anode to the cathode is com-
letely oxidized at the interface between the membrane and the
athode catalyst layer; and the membrane is impermeable to
ases and is fully hydrated.

r
(
o
h

able 4
hysical parameters and basic operation conditions

ell temperature
ressure
node reactant flow rate
athode reactant flow rate

nlet oxygen mole fraction
nlet methanol concentration

ethanol reference concentration
xygen reference concentration
iffusion coefficient of oxygen in air
iffusion coefficient of methanol in water
orosity of diffusion layer
orosity of catalyst layer
orosity of membrane
ermeability to air in the gas diffuser
ermeability to water in the gas diffuser
ir density
ater density
ir viscosity
lectrokinetic permeability of the membrane
ydraulic permeability of the membrane
as constant
eference exchange current density times specific area at anode
eference exchange current density times specific area at cathode
node reaction order
athode reaction order
lectro-osmotic drag coefficient of water
node transfer coefficient
athode transfer coefficient
harge of fixed (sulfonate) sites
iffusion layers 0 0 0 0 0 0
atalyst layers −Mm

6F ja −Mw
6F ja

1
F
ja

MO
4F jc −Mw

2F jc
1
F
jc

.3. Model equations

On both the anode and cathode sides, the governing equa-
ions for the flow field and species concentration are in the same
orm. The appropriate model equations in vector forms are listed
elow.

Continuity equation

∇ · �V = 0 (1)

Momentum equation

ρ �V · ∇ �V = −∇P + rεµ∇2 �V + ρSi (2)

In the momentum equations and Table 2, εd and εc are the
orosities of the diffusion layer and catalyst layer, respectively,

ε the porous media correction factor, k the permeability of water
kw) in the anode and the permeability of air (kair) in the cath-
de, kφ the electrokinetic permeability of the membrane, kh the
ydraulic permeability of the membrane, z the charge number of

T = 343 K
P = 1.013 × 105 N m−2

Qinlet
a = 10−5 m3 s−1

Qinlet
c = 2 × 10−5 m3 s−1

Xinlet
O = 0.21

Cinlet
CH = 1000 mol m−3

Cref
CH = 2000 mol m−3

Cref
O = 0.472 mol m−3 [7]

DO = 1.22 × 10−10 m2 s−1

DCH = 2.8 × 10−9 m2 s−1 [4]
εd = 0.6
εc = 0.4
εm = 0.28 [16]
kair = 1.76 × 10−11 m2

kw = 1.0 × 10−11 m2

ρair = 1.0 kg m−3

ρw = 1000 kg m−3

µg = 2.05 × 10−5 kg m−1 s−1

kφ = 7.18 × 10−20 m2 [16]
kp = 1.8 × 10−18 m2 [16]
Rc = 8.314 J mol−1 K−1

airef
a = 1.0 × 106 A m−3 [4]

airef
c = 200 A m−3 [7]

γa = 1.0 [7]
γc = 1.0 [7]
λw = 2.5 [1]
αa = 0.5 [7]
αc = 0.5
z = −1
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Fig. 2. Comparison of modeling results with experimental data at different
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by [4]:

Nm
CH = λCHI

F
− ε1.5

m Dm
CH

dCm
CH

dz
(12)
16 J. Ge, H. Liu / Journal of Po

he fixed sites, cH+ the concentration of protons that is taken to
e the concentration of the fixed charge and φ is the membrane
hase potential.

Species equations

ρ �V · ∇Xk = ρDeff
k ∇2Xk + Sk (3)∑

k

Xk = 1 (4)

In Eqs. (3) and (4) as well as Table 3, k represents methanol
r water in the anode side, and oxygen, nitrogen, or water vapor
n the cathode side, Xk the mole fraction of species k, Sk the mass
eneration rate for species k per unit volume, Deff

k the effective
iffusion coefficient of the kth component and ja and jc are the
olumetric current density of anode and cathode, respectively.
he effective diffusivity is given by:

eff
k = Dkε

1.5 (5)

here ε is the porosity of porous media and Dk is the diffusivity
f the kth component.

.3.1. Electrochemical kinetics in catalyst layers
The Tafel equation is used to determine the transfer current

ensities jc and ja:

a = airef
a

(
XCH

Xref
CH

)γa

exp

(
αaF

RcT
ηa

)
(6)

c = −airef
c

(
XO

Xref
O

)γc

exp

(
−αcF

RcT
ηc

)
(7)

here airef
a and airef

c are the reference exchange currents density
ultiplied by the specific area at the anode and cathode sides,

espectively, γa and γc the anode and cathode reaction order, ηa
nd ηc the anode and cathode over-potential and αa and αc are
he anode and cathode transfer coefficients, respectively.

.3.2. Cell potential and current density
The cell voltage is calculated by:

cell = E0 − ηa + ηc − IRm (8)

here E0 is the open circuit voltage, Rm the membrane resistance
nd I is the average current density of the cell and is given by:

=
∫ tc

0
ja dz (9)

here tc is the catalyst layer thickness.
The membrane is in direct contact with liquid water at the

node side and water is produced at the cathode side. Besides,
ater is also supplied to the cathode side by electro-osmosis.
hus, it is a reasonably to assume the membrane is always fully
ydrated and for a fully hydrated membrane its ionic conductiv-

ty can be determined by [12]:

m(T ) = σref
m exp

[
1268

(
1

303
− 1

T

)]
(10)

F
T
r

ethanol feed concentrations. The cell temperature 70 ◦C, cathode humidi-
cation temperature 70 ◦C, methanol flow rate 6 ml min−1, and air flow rate
200 sccm.

here σref
m is the reference ionic conductivity at 303 K.

The resistance of the membrane is defined by:

m =
∫ tm

0

1

σm
dz = tm

σm
(11)

here tm is the thickness of the membrane and σm is the mem-
rane conductivity.

.3.3. Methanol crossover
The methanol transport is treated similarly to the water trans-

ort. In the membrane, the methanol transfer is caused by dif-
usion and electro-osmotic drag, and the methanol flux is given
ig. 3. Average methanol mole fraction profiles at different current densities.
he cell temperature 70 ◦C, methanol feed concentration 0.5 M, methanol flow

ate 6 ml min−1, and air flow rate 1200 sccm.
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here Cm
CH is the methanol concentration in the membrane. The

lectro-osmotic drag coefficient for methanol, λCH, is defined
s the number of methanol molecules dragged by each proton
hrough the membrane, (CH3OH/H+), and it is given by [13]:

CH = XCH|ac/mλw (13)

here XCH|ac/m is the methanol mole fraction at the interface
etween the anode catalyst layer and the membrane.

The diffusion coefficient of methanol in the membrane (Dm
CH)

s given by [4]:

m
CH = 4.012 × 10−13 exp(0.024312T ) (m2 s−1) (14)

.4. Solution method
The velocity fields at the anode and cathode sides are deter-
ined first. For a given value of the anode over-potential ηa,

he species concentration and the average current density at the

t
i
a
o

ig. 4. (a) Methanol concentration vs. cell current density at the anode/membrane in
ow rate 1200 sccm. (b) Equivalent current density vs. cell current density. The cell t
c) Equivalent current density of methanol crossover vs. cell current density at diffe
ml min−1, and air flow rate 1200 sccm.
ources 160 (2006) 413–421 417

node side are determined. Then the flux of methanol crossover
an be calculated and the pseudo current density due to methanol
rossover is determined by:

cross = Nm
CH

6F
(15)

sing species equations and the Tafel equation in the cathode
ide iteratively [9]:

I + Icross)
1

tc
= −airef

c

(
XO

Xref
O

)γc

exp

(
−αcF

RcT
ηc

)
(16)
he cathode over-potential can be determined and the cell voltage
s calculated using Eq. (8). Then another value of ηa is given
nd the process is repeated until the entire polarization curve is
btained.

terface. The cell temperature is 70 ◦C, methanol flow rate 6 ml min−1 and air
emperature 70 ◦C, methanol flow rate 6 ml min−1 and air flow rate 1200 sccm.
rent methanol concentrations. The cell temperature 70 ◦C, methanol flow rate
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is 0.5 M, methanol flow rate is 6 ml min−1 and air flow rate is
1200 sccm. From these results, it can be seen that the porosities
of both the diffusion layer and the catalyst layer have significant
18 J. Ge, H. Liu / Journal of Po

. Modeling results and discussions

.1. Comparison with experimental data

The geometric parameters used in the model are the same
s those used in our previous experimental studies [14] and are
isted in Table 1. The physical parameters and basic operating
onditions are tabulated in Table 4. Typical modeling results of
ell polarization curves at different methanol concentrations are
hown in Fig. 2 and compared with the experimental results [14].
he cell temperature is 70 ◦C, cathode humidification tempera-

ure is 70 ◦C, methanol flow rate is 6 ml min−1, and air flow rate
s 1200 sccm. It is seen from Fig. 2 that the three-dimensional

odeling results show good agreement with the experimental
ata.

Fig. 3 shows average methanol fraction profiles at three dif-
erent cell current densities. The modeling result suggests that
he gas diffusion layer contributes a substantial fraction of the
otal mass transfer resistance, which indicates the need of work
nd improvement in the gas diffusion layer. This result is in
greement with those obtained by Scott et al. [3,4] that the cell
erformance is limited by the slow diffusion of methanol in liq-
id water.

.2. Effect of methanol crossover

Fig. 4(a) shows the methanol concentration contribution at
ifferent current densities on the interface between the anode
atalyst layer and the membrane. Fig. 4(b) shows the cell current
ensity versus the equivalent crossover current densities, which
ncludes both the electro-osmotic drag flux and the diffusion
ux. Fig. 4(c) shows the modeling results of equivalent crossover
urrent densities at different cell current densities.

Generally speaking, the amount of methanol crossover
ecreases with current density, and this trend is in good agree-
ent with those reported in the literatures [2,15]. As mentioned

arlier, methanol crossover is mainly due to the diffusion and
he electro-osmosis. The diffusion flux is proportional to the

ethanol concentration gradient across the membrane. At the
nterface between the anode catalyst layer and the membrane

ethanol concentration decreases with current density. Thus it
s easy to understand that the diffusive methanol flux decreases
ith current density. As shown in Eqs. (12) and (13), the
ethanol crossover flux due to electro-osmosis is proportional

o both the current density and the methanol concentration at
his interface since the methanol concentration is assumed to be
ero at the membrane interface with the cathode catalyst layer.
herefore, lower concentration of methanol at this interface may
lso leads to lower electro-osmosis flux. As the current den-
ity increases to such a value that the methanol is depleted in
he anode catalyst layer, the methanol crossover rate becomes
ero. The zero diffusion flux is self-evident since the concen-
ration gradient is zero. When the methanol concentration at the

nterface between the anode catalyst layer and the membrane
ecomes zero, no matter how much water is transferred due to
lectro-osmosis, no methanol is present in water, thus methanol
ransfer due to electro-osmosis is also zero.

F
m
fl

ig. 5. Modeling results of the effect of methanol crossover with air flow on
ell performance. The cell temperature is 70 ◦C, methanol concentration 1 M,
ethanol flow rate 6 ml min−1, and oxygen flow rate 1200 sccm.

In Fig. 5, the polarization curve for a fuel cell without the
ffects of methanol crossover is compared with that with the
ffect of methanol crossover. It is clearly seen that, even at a
ery low methanol concentration, e.g. 1 M, the effect of methanol
rossover is still significant.

.3. Effect of porosities of diffusion layer and catalyst layer

Figs. 6–9 show the effects of porosities of the diffusion layer
nd the catalyst layer on the cell performance and methanol
rossover. The cell temperature is 70 ◦C, methanol concentration
ig. 6. Modeling results of the effect of porosity of catalyst layer on perfor-
ance. The cell temperature is 70 ◦C, methanol concentration 0.5 M, methanol
ow rate 6 ml min−1, and air flow rate 1200 sccm.
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ig. 7. Modeling results of the effect of porosity of catalyst layers on
ethanol crossover. The cell temperature is 70 ◦C, methanol concentration

.5 M, methanol flow rate 6 ml min−1, and air flow rate 1200 sccm.

ffects on cell performances. The performance and methanol
rossover increase with the porosity. These results again indicate
hat the slow diffusion of methanol in liquid water is a liming
actor in DMFC performances.

Fig. 6 shows the effects of porosity of the anode catalyst
ayer on the cell performances. The modeling suggests that the
atalyst layer porosity has a significant influence on the cell
erformance. Fig. 7 shows the effects of porosity of the anode
atalyst layer on methanol crossover. Fig. 8 shows the effects of
orosity of the anode diffusion layers on the cell performances.
ig. 9 shows the effects of porosity of the anode diffusion layer
n methanol crossover. Generally speaking, methanol crossover

ecreases with decrease in porosity in the anode diffusion layer;
hile the cell performance increases with the increase in porosity

n both the anode diffusion layer and catalyst layer.

ig. 8. Modeling results of the effect of porosity of diffusion layers on
ethanol crossover. The cell temperature is 70 ◦C, methanol concentration

.5 M, methanol flow rate 6 ml min−1, and air flow rate 1200 sccm.

s
i
t
e

F
T
1

ig. 9. Modeling results of the effect of porosity of diffusion layers on
ethanol crossover. The cell temperature is 70 ◦C, methanol concentration

.5 M, methanol flow rate 6 ml min−1, and air flow rate 1200 sccm.

.4. Effect of the methanol flow rate

Fig. 10 shows the polarization curves at different methanol
ow rates. The cell temperature is 70 ◦C, methanol concentra-

ion is 0.5 M, and air flow rate is 1200 sccm. The current density
ncreases with the anode methanol flow rate at the methanol
oncentration of 0.5 M. When the anode flow rate is higher than
ml min−1, the cell current density does not change significantly
ith the anode flow rate. At low flow rate, due to mass transfer

esistance, the methanol concentration is too low in the catalyst
ayer and causes a lower current density, especially at the down
tream. When the flow rate is high enough, any further increase

n the flow rate has no significant effect on the methanol concen-
ration in the channel and in the catalyst layer, thus no significant
ffect on cell current density.

ig. 10. Modeling results of polarization curves of different methanol feed flux.
he cell temperature is 70 ◦C, methanol concentration 0.5 M, and air flow rate
200 sccm.



420 J. Ge, H. Liu / Journal of Power S

Fig. 11. Modeling results of the effect of channel shoulder width on perfor-
mance. The cell temperature is 70 ◦C, methanol concentration 0.5 M, methanol
flow rate 6 ml min−1, and air flow rate 1200 sccm.
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ig. 12. Modeling results of the effect of channel shoulder width on methanol
rossover. The cell temperature is 70 ◦C, methanol concentration 0.5 M,
ethanol flow rate 6 ml min−1, and air flow rate 1200 sccm.

.5. Effect of the channel shoulder width

Fig. 11 shows the effect of the channel shoulder width on
he cell performance. It can be seen that the cell performance
ecreases with the channel shoulder width, but the effects are
ot significant. Fig. 12 shows the effect of the channel shoulder
idth on methanol crossover. The crossover decreases with the

ncrease in shoulder width due to the blockage effect of the
houlders.
. Concluding remarks

A three-dimensional, single-phase, multi-component model
as developed for a liquid-fed direct methanol fuel cell (DMFC).

[

[

ources 160 (2006) 413–421

he electrochemical kinetics in both the cathode and anode were
oupled with the traditional continuity, momentum, and species
onservation equations, and the effect of methanol crossover
as also incorporated in the model using a mixed-potential at

he cathode. A finite-volume-based CFD technique was used
o develop the in-house numerical code and the code was suc-
essfully used to simulate the fuel cell performance and the
ulti-component behavior in a DMFC. The model was able to

redict polarization curves at various different operating condi-
ions and it was used to study the effects of methanol crossover,
he effects of porosities of diffusion layers and catalyst lay-
rs, the effects of methanol flow rates, and the effects of the
hannel shoulder widths. The simulation results showed that
he effect of methanol crossover is significant, even at a very
ow methanol concentrations; the methanol crossover flux, thus
he effect on cell performance, decrease with increasing current
ensity; both the porosities of the anode catalyst layer and the
iffusion layer have significant effect on methanol crossover and
he cell performance; the effect of flow field shoulder width is not
ignificant.

It is known that both gas and liquid phases exist in the anode
nd cathode in a real DMFC and an accurate model needs to
ake such two-phase phenomena into consideration. Develop-

ent of such a multi-dimensional and multi-phase flow model
s underway.
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