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Multiphase Processes in a Fuel-Cell

fuel-cell operation
at
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1 - 2 bar (g)
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Diffusion Layer and Flow-Field Plate

performance of the fuel-cell is strongly influenced by the properties of the
diffusion layer and the flow-field plate.

diffusion layer
protection of the membrane
distribution of the gases
liquid water transport
electric contact

commonly used media for the diffusion layer
hydrophobic carbon cloth, fleece or paper

gas current collector
gas supply
water transport
electric contact

common materials
metal plates or graphite plates with incorporated profiles
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Diffusion Layer
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Gas Current Collector
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LNAPL spill into the subsurface
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Scales and REV
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Balance Equations for Multiphase Systems

Fractional Flow:

Problem
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Formulations
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CR:EOS:

System of Equations closed !

pc (S) −Relation
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mass transfer

Ideal Gas Law

Flully Coupled:

Simultaneous solution of the eqn

− global mass fraction
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Set of Balance Equations

ELLAMFV

BOX ...FEM

Newton
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Discretization

Solution
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Multiphase System

Continuum Balance equations for phase α:

1) Mass balance equation:

∂(φSα%α)

∂t
+∇ · (%αvα) = 0

2) Momentum balance equation:

∂(%αvα)

∂t
+∇ · (%αvαvα + σα)− %αFα = 0

several simplifying assumptions [Bear and Bachmat (1986)]

⇒ Extended Darcy Law:

vα = −krα
µα

K · (∇pα − %αg)
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Environmental Compositional Models

General Compositional Model:

gaseous phase

aqueous phasenon−aqueous phase

c
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w

c
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w

g

General contaminant migration model

All three components may partition between
each phase

Each phase exists of a major component
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Compositional System

1) Mass conservation of components K = w, c, a :

φ
∂(%wmolX

K
w Sw + %gmolX

K
g Sg + %nmolX

K
n Sn)

∂t︸ ︷︷ ︸
1

− div

{
krw

µw
%wmolX

K
w K( grad pw − %wmassg)

}

︸ ︷︷ ︸
2

− div

{
krg

µg
%gmolX

K
g K( grad pg − %gmassg)

}

︸ ︷︷ ︸
3

− div

{
krn

µn
%nmolX

K
n K( grad pn − %nmassg)

}

︸ ︷︷ ︸
4

+ div
{
DKpm%gmol gradXK

g

}
︸ ︷︷ ︸

5

− qK︸︷︷︸
6

= 0

DKpm = τφSgD
K
g (DKg from binary diffusivities)

; Dwg =
1−Xw

g

Xag
Dawg

+
Xcg
Dcwg

and Dcg =
1−Xc

g

Xwg
Dcwg

+
Xag
Dacg
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Compositional System

2) Energy balance (component h):

φ
∂(%wmassuwSw + %gmassugSg + %nmassunSn)

∂t︸ ︷︷ ︸
1

+
∂(1− φ)%RCRT

∂t︸ ︷︷ ︸
2

− divλpw gradT︸ ︷︷ ︸
3

− div

{
krw

µw
%wmasshwK( grad pw − %wmassg)

}

︸ ︷︷ ︸
4

− div

{
krg

µg
%gmasshgK( grad pg − %gmassg)

}

︸ ︷︷ ︸
5

− div

{
krn

µn
%nmasshnK( grad pn − %nmassg)

}

︸ ︷︷ ︸
6

− div
{
Dpm%gmolh

w
gM

w
wt gradXw

g

}
︸ ︷︷ ︸

7

+ div
{
Dpm%gmolh

a
gM

a
wt gradXa

g

}
︸ ︷︷ ︸

8

+ div
{
Dpm%gmolh

c
gM

c
wt gradXc

g

}
︸ ︷︷ ︸

9

− qK︸︷︷︸
10

= 0
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Closure Relations for Compositional Systems
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Compositional System

3) Closure realtions:

a) Saturation constrains:

Sw + Sg + Sn = 1

b) Closure Relations:
(pc according to Lenhard and Parker, 1988)

pn = pg −Θpcgn(Sg)− (1−Θ)[pcgw (Sw)− pcnw (Sw = 1)]

pw = pn −Θpcnw (Sw)− (1−Θ)[pcnw (Sw = 1)]

Θ = min(1,
Sn
Snr

)

Θ is a scaling factor for a continuous transition from three-phase to two-phase systems
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Formulations
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Formulations

1) Fully coupled formulation

Characterised by choice of primary variables (e.g. pw-Sn, pn-Sw ...)

Simultaneous solution of the set of equations

1. Phase mole or mass fractions
- Phase mole or mass fractions as primary variables

- Variable switching usually necessary if phase disappears

- Alternatively a minimal saturation is introduced

2. Global mole or mass fractions
- Global mole or mass fractions introduced

- No variable switching necessary

- Hard to define physical correct boundary conditions
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Formulations

2. Weakly coupled formulation

Introduction of global pressure and fractional flow function

Sequential solution of the set of equations

Implizit solution of pressure equation

Explizit solution of Saturation Component balance eqn
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Discretization
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BOX Method

Ni

Pi

SCVKi

Ek

integration point

∂

∂t

∫

VE

M (α, k) dVE

︸ ︷︷ ︸
mass accumulation term

=

∫

ΓE

F (α, k) ndΓE

︸ ︷︷ ︸
flux term

+

∫

VE

q(α, k) dVE

︸ ︷︷ ︸
source term
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Solution Methods
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MUFTE_UG

(Helmig et. al 1997, 1998)
(Bastian et. al 1997, 1998)

(S. Lang, K. Birken, 
K. Johannsen et. al  1997)

- multigrid data structures
- local grid refinement
- solvers (multigrid, etc)

- parallelization
- r,h,p-adaptive methods

- graphic representation
- user interface

UG (Wittum, Bastian)

Interdisciplinary Center for Scientific Computing (IWR)

 

- problem description

- discretization methods
- physical-mathematical models

- physical interpretation
- refinement criteria
- numerical schemes

- constitutive relationships

MUFTE (Helmig)

Institute for Hydraulic Engineering (IWS)
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MUFTE-Modules

2p3cni

Modules Modules
M
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Modules

flow 
incompressible

flow 
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transport
conservative

transport
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in fractures &
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MUFTE, 2–phase modules

2p:

Two phases, no mass transfer between phases

Different formulations available: pw − Sn, pn − Sw, pw − pn
2D and 3D calculations possible

Example: Buckley-Leverett problem

2p2cni:

Two phases, two components, mass transfer between phases

2D and 3D calculations possible

Example: CO2–injection in geological formations

2p3cni:

Two phases, three components, mass transfer between phases

2D and 3D calculations possible

Example: freshwater, salt water and methane interaction processes
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Formulations and Discretization Techniques (MUFTE-UG)

Formulations:

Phase pressure and global pressure in two phase systems

Multiphase-multicomponent isothermal and nonisothermal

Interface conditions built in at media discontinuities

Discretization Method:

Box formulation

CVFE formulation

Mixed-hybrid formulation

Discontinuous Galerkin formulation

Solver Techniques:

Fully coupled Newton linearization, line search globalization, nested iteration

Fully coupled BiCGSTAB-Multigrid for arising linear systems

(Helmig, Bastian, Class, Hinkelmann, Huber, Jakobs, Sheta, 1998)
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Thermally Enhanced Soil Vapor Extraction

NAPL as

heterogeneities

residual

steam injection

saturated
zone

phase

NAPL in

saturation

steam injection

condensation
front

dissolved NAPL

evaporation

unsaturated
zone

NAPL
steam
water

extraction of

3-Phase 3-Component nonisothermal Model

Fully Coupled formulation of system

Discretization BOX Scheme
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Thermally Enhanced Soil Remediation Technology

Steam injection with soil vapor extraction

Condensation front

Heat transport by steam flux

; more NAPL can evaporate

; reduction of viscosity, surface tension and capillary forces

; immobile NAPLs can be remobilized

; also less permeable zones can be reached
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Compositional System
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Phase Composition – Mole Fractions

Saturation pressure curves

temperature [  C]

sa
tu

ra
tio

n 
pr

es
su

re
 [b

ar
] water

TCE
xylene
mesitylene

0

0.5

1

1.5

2

0 50 100 150 200

Gas phase:

Dalton’s Law,
Ideal Gas Law

xwg =
pwg
pg
, xcg =

pcg
pg

Water phase:

Henry’s Law

xaw =
pag
Ha
w
, xcw =

pcg
Hc
w

. – p.28/??



Universität Stuttgart Institut für Wasserbau, Lehrstuhl für Hydromechanik und Hydrosystemmodellierung
./mischsied.tex

Boiling of a Water-NAPL Mixture

Boiling diagram,
limited (low) miscibility
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Adaptive Choice of Primary Variables

Primary variables for determination
of physical/thermodyn. state
dependent on the phase state

phase state primary variables
water, gas, NAPL Sn, Sw, pg, T
water xcw, xaw, pg, T
gas, NAPL Sn, xwg , pg, T
water, NAPL Sn, xaw, pg, T
gas xcg, xwg , pg, T
water, gas xcg , Sw, pg, T

Substitution criteria

t

t  +    t

steam front

0

0 ∆

water, gas, NAPL

water, gas, NAPL

water, gas, NAPL

water, gas

water, gas, NAPL

water, gas, NAPL

water, gas, NAPL

water, gas, NAPL
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Solution Methods

Coupled, nonlinear PDE
→ linearization (Newton-Raphson)

Solution of linearized equations
→ different options available in MUFTE_UG
e.g., direct solvers, BiCGStab, ILU, multigrid

Applying the multigrid method
for varying phase states

(Class, Helmig, Bastian, 2002)

Prolongation:

Coarse grid corrections
→ linear approximation
ei|xk = fxk (xi + ei)− fxk (xi)

Phase states
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Application of the Multigrid Method

Coarse Grid: 400 elements

Sn = 0.1
Sw = 0.1
pg = 101300 Pa
T = 293.15 K

q  = 0.1 mol/(s*m)
q  = 0.3 mol/(s*m)
q  = 5000 J/(s*m)
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NAPL-contaminated domain
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Change of phase state
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NAPL saturation und temperature
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Application of the Multigrid Method

Different solution methods for the linearized
problem:

1. Nested iteration, multigrid cycle (V) as
preconditioner, BiCGStab on finest grid,
direct solver on the coarse grid
(desired optimum: convergence rate
independent of grid size h)

2. Same as Case 1, but nested iteration
only for computation of first time step

3. Same as Case 2, but ILU as
preconditioner
(expected convergence rate: 1−O(h))

(Class, Helmig, Bastian, 2002)

elements exec. time LIT/NLIT
simulation parameter Case 1

1600 7561 1.84
6400 3.48·104 2.33
25600 1.95·105 2.63

simulation parameter Case 2

1600 8126 3.04
6400 6.28·104 3.94
25600 5.16·105 4.12

simulation parameter Case 3

1600 8288 48.84
6400 9.42·104 96.02
25600 1.18·106 178.48

1600, 6400, 25600 elements
= 1, 2, 3 refinement levels
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Gas Current Collector

. – p.34/??



Universität Stuttgart Institut für Wasserbau, Lehrstuhl für Hydromechanik und Hydrosystemmodellierung
./mganwend2.tex

2D Model Domain
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First simulations with MUFTE_UG

Steady-state:

water saturation
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First simulations with MUFTE_UG

Flow directions:
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Final Remarks

Examples show that numerical models are very important for the interpretation
of strongly coupled processes.

Fluid properties and thermodynamics are well known in the context of
fluid-soil-properties.

We need more information about the constitutive relationships for hydrophobic
porous media (scale-dependent).

Uncertainties arise from the interaction of the fluids with the porous media, e.g.
phase dispersion, hysteresis.
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