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Introduction – Motivation

I flow in human body
Capillary system

Artery

Capillary

Cell tissue

Vein

Arteriole Venule

I fuel cells

I urban air flow

I river-groundwater flow

I salinization

I water balance
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Introduction – Processes

advection

diffusion

turbulent mixing

viscous
sublayer

surface roughnesswet pore patch

capillary forces saturation
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latent
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transfer
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Models – Concept

free flow

interface

porous-medium
flow
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Models – Porous Medium Model

porous-medium
flow

I REV concept, Darcy’s law

I two fluid phases (gas, liquid)
I two components (air, water)
I non-isothermal
I pg, Sl, X w

g , T
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Models – Free Flow Model

free flow

I laminar/ turbulent

I single phase (gas)
I two component (air, water)
I non-isothermal
I pg, v , X w

g , T
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Models – Coupling Model

interface

I local thermodynamic equilibrium
I continuity of fluxes
I [Mosthaf et al., 2011]
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Models – Coupling Equations
I mass

I
[(
%gvg

)
· n
]ff

= −
[(
%gvg + %lv l

)
· n
]pm

I momentum (tangential)
I u = 0
I Beavers-Joseph slip-velocity condition

I momentum (normal)
I
[({

%gvgvᵀ
g − τ + pgI

}
n
)
· n
]ff

= ppm
g

I component
I
[
Xκ

g
]ff

=
[
Xκ

g
]pm

I continuity of fluxes

I energy
I [T ]ff = [T ]pm

I continuity of fluxes
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Models – Boundary Layer

laminar turbulent

laminar
boundary layer

turbulent
boundary

layer
viscous
sublayer

log
layer

outer
layer
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Models – Boundary Layer and Modeling

wall treatment

turbulence
model

u = u∞

laminar turbulent
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Models – Turbulence Modeling

DNS LES

RANS RSM

Eddy Viscosity

algebraic 1 PDE 2 PDEs

Prandtl,
Baldwin-Lomax

...

Spalart-Almaras,
...

k -ε,
k -ω,
...

νt (y , ∂u/∂y) νt (y , k) νt (k , ε)
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Models – Numerical Simulator DuMux

I OpenSource
I written in C++
I on Unix OS
I based on DUNE
I www.dumux.org

I www.ohloh.net/p/dumux
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Models – Numerical Simulator DuMux

I modularity
I numerics
I simulation control
I material laws and fluid properties
I model concepts
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Models – Numerical Simulator DuMux

I flow and transport models
I porous medium (Darcy, Richards)
I free flow (Stokes, Navier-Stokes)
I coupled free–porous-medium flow models
I geomechanics
I co2

I grids
I discretization techniques
I decoupled and implicit
I parallelization
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Current Status – Coupled Setup

free flow
1p2c

Darcy
2p2c
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Current Status – Coupled Results

0

5

10

15

20

25

0 1 2 3 4 5 6

ev
ap

or
at

io
n

ra
te

[m
m
/d

]

time [d]

stage 1 stage 2

experiment

laminar
turbulent (algebraic)

Current Status Slide 14/24



Current Status – Coupled Results

0

5

10

15

20

25

0 1 2 3 4 5 6

ev
ap

or
at

io
n

ra
te

[m
m
/d

]

time [d]

stage 1 stage 2

experiment
laminar
turbulent (algebraic)

Current Status Slide 14/24



Current Status – Oscillations
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Current Status – Staggered Grid

cell centered staggered grid

pg, k , ε,
T , Xκ

g

u

v
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Current Status – Cavity Flow Re=1000

∆x = 1 m

∆
y

=
1

m
u = 1 m/s

128× 128 cells
p = 1 · 105 Pa
ν = 1 · 10−3 m2/s

% = 1 kg/m3
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Current Status – Cavity Flow Re=1000
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Current Status – Pipe Flow Pressure
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Current Status – Summary

Achievements

I extended coupled model [Mosthaf et al., 2011]:
I algebraic turbulence models

I free flow:
I stable discretization
I Navier-Stokes
I algebraic turbulence models
I k -ε model

Challenges

I improve the turbulent free flow model
I couple staggered-grid free flow with porous-medium flow
I integrate pore-scale effects into REV-scale model
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Work Plan – Free Flow

I turbulence models with focus on viscous sublayer
I roughness
I water saturation
I boundary layer interaction (mass, momentum, and energy)
I include gravity, component, and energy transport
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Work Plan – Coupled Model

I couple staggered grid
I revise coupling
I slip-velocity condition
I pore-scale effects
I soil patterns
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Work Plan – Toolbox

I DNS
I experiments
I reference simulations
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Summary and Outlook

Thank you for your attention!
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Backup – Evaporation

turbulent free flow

flow +
transport in
unsaturated zone

interface
properties

boundary layer
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Backup – Porous Medium Equations
I mass balance∑

α∈{l,g}

{
φ

(∂%αSα)

∂t
+∇ · (%αvα)− qα

}
= 0

I momentum balance
kr,α

να%α
K (∇pα − %αg)− vα = 0

I component mass balance∑
α∈{l,g}

{
φ
∂ (%αSαXκ

α )

∂t
+∇ · (%αXκ

αvα)−∇ · jκα,pm,diff − qκα

}
= 0

I energy balance∑
α∈{l,g}

{
φ
∂ (%αSαuα)

∂t
+∇ · (%αhαvα)

}

+ (1− φ)
(∂%scsT )

∂t
−∇ · (λpm∇T )− qT = 0
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Backup – Free Flow Equations
I mass balance

∂%

∂t
+∇ · (%v̄) = 0

I momentum balance

∂ (%v̄)

∂t
+∇ · (%v̄ v̄ᵀ)−∇ · ([%ν+%νt]∇ (v̄ + v̄ᵀ)) +∇p− %g = 0

I component mass balance

∂
(
%X̄κ

)
∂t

+∇ ·
(
%X̄κv̄

)
−∇ · ([Dκ+Dκ

t ] %molMκ∇x̄κ)− qκ = 0

I energy balance

∂ (%ū)

∂t
+∇ ·

(
%h̄v̄

)
−∇ ·

(
h̄κjκff,diff

)
−∇ ·

(
[λ+λt]∇T̄

)
− qT = 0
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Backup – Coupling Equations 1
I mass [(

%gvg
)
· n
]ff

= −
[(
%gvg + %lv l

)
· n
]pm

I momentum (tangential)[(
vg +

√
(Kt i) · t i

αBJ%gνg
τn

)
· t i

]ff

= 0

with:

τ = νg%g∇ ·
(
vg + vᵀ

g
)

I momentum (normal)[({
%gvgvᵀ

g − τ + pgI
}

n
)
· n
]ff

= ppm
g
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Backup – Coupling Equations 2
I component [

Xκ
g
]ff

=
[
Xκ

g
]pm

[(
%gXκ

g vg − jκg,ff,diff

)
· n
]ff

= −
[(
%gXκ

g vg − jκg,pm,diff + %lv lXκ
l − jκl,pm,diff

)
· n
]pm

I energy
[T ]ff = [T ]pm

[(
%ghgvg − ha

gja
g,ff,diff − hw

g jw
g,ff,diff − λg∇T

)
· n
]ff

= −
[(
%ghgvg + %lhlv l − λpm∇T

)
· n
]pm
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Backup – Pipe Flow Velocity
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Backup – Pipe Flow Velocity Profiles
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Backup – Solution: Staggered Grid
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Backup – Validation

given solution
→ uanalytic = 1 + x2, panalytic = −x , . . .

calculate terms of balance equation
→ source term

run simulation
→ BC: Dirichlet, Neumann, ...

calculate error
→ L2-error

(
uanalytic,u

)
grid refinement

→ error investigation
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Backup – Kovasznay [1948]

I 2D
I Navier-Stokes, laminar
I v : Dirichlet

p: Dirichlet at one point
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Backup – 1D k-ε Test Case

I 1D
I RANS, k -ε
I u, p, k , ε: Dirichlet
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Backup – Cavity Flow Re=1

∆x = 1 m

∆
y

=
1

m
u = 1 m/s

128× 128 cells
p = 1 · 105 Pa
ν = 1 m2/s

% = 1 kg/m3
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Backup – Cavity Flow Re=1
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Backup – Cavity Flow Re=1000
box method staggered grid
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Backup – Mixinglayer

∆x = 3.0 m

∆
y

=
0.

6
mpu = 1 m/s

u = 2 m/s

100× 40 cells
p = 1 · 105 Pa
ν = 0.00706 m2/s

% = 1.19 kg/m3

k = 0.001 m2/s2

ε = 0.001 m2/s3
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Backup – Mixinglayer
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Backup – Navier-Stokes Equations
I mass balance

∂%

∂t
+∇ · (%v)− q = 0

I momentum balance

∂ (%v)

∂t
+∇ · (%vvᵀ)−∇ · (%ν∇ (v + vᵀ)) +∇p − %g = 0

I component balance

∂ (%Xκ)

∂t
+∇ · (%vXκ)−∇ · (Dκ%molMκ∇xκ)− qκ = 0

I energy balance

∂ (%u)

∂t
+∇ · (%vh)−∇ ·

(
h̄κjκff,diff

)
−∇ · (λ∇T )− qT = 0
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Backup – Mass Balance

∂%

∂t
+∇ · (%v)− q = 0

∂t%
−q

%aouu
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Backup – Momentum Balance

∂ (%v)

∂t
+∇ · (%vvᵀ)−∇ · [%ν (∇v +∇vᵀ)] +∇p − %g − q = 0

∂t (%u)
−%avggx
−qx

%uupuavg
−%ν∂xu
−%ν∂xu

p

%upuupvavg
−%avgνavg∂yu
−%avgνavg∂xv
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Backup – Scalar Quantity Balance

Storage+Advection+Diffusion+Production+Destruction+Source = 0

Storage
Production
Destruction
Source

Advection
Diffusion
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Backup – k Balance

∂k
∂t

+∇ · (kv)−∇ ·
([

νt

σk
+ ν

]
∇k
)
− 2νtSij · Sij + ε− q = 0

∂tk
−2νtSij · Sij
ε
−q

⇒ αvolume

kupv
−ν∂nk
−νt/σk∂nk

⇒ αskeleton
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Backup – Unstructured Grids

Evaluation of ∇v by finite difference

−
∫

e
∇ · (ν% (∇v +∇vᵀ)) d x = −

∫
∂e

(ν% (∇v +∇vᵀ)) · n d x

n

Backup Slide 47/24



Backup – RANS Assumptions

RANS
I steady state turbulence

Eddy Viscosity
I Boussinesq assumption

(Reynolds stresses⇒ viscous stresses)
I νt is scalar
I νt is flow property

Algebraic Models
I one main flow direction
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Backup – k-ε equations

I k -equation

∂k
∂t

+∇ · (kv)−∇ ·
([
ν +

νt

σk

]
∇k
)
− 2νtSij · Sij + ε = 0

I ε-equation

∂ε

∂t
+∇ · (εv)−∇ ·

([
ν +

νt

σε

]
∇ε
)
− C1ε

ε

k
2νtSij · Sij + C2ε

ε2

k
= 0

with

νt = Cµ
k2

ε

Sij =
1
2

[∇v +∇vᵀ]

Cµ = 0.09 C1ε = 1.44 C2ε = 1.92 σk = 1.00 σε = 1.30
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