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We use OpenFOAM for our numerical wave tank

Our experience shows that interFoam:

• produces spurious velocities at interface

• is very sensitive to cell shape in surface region

• requires very small time steps

• converges very slowly when mesh is refined

• has essential code parts that we do not understand
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Project set out to rethink…

• How a free surface/air-water interface is represented numerically

• How the surface is advected in a pre-defined velocity field

• How surface advection couples to NS solver for the velocity field

… all on unstructured 3D meshes

… with OpenFOAM as the coding framework
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The interface advection problem



The fluid interface advection problem
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Density field:

Fluid interface 𝑆(𝑡): surface of points where 𝜌 jumps from 𝜌𝑤 to 𝜌𝑎.

Velocity field 𝑼 𝒙, 𝑡 assumed known and to satisfy: 𝛻 ⋅ 𝑼 𝒙, 𝑡 = 0

Continuity equation: 

𝜌 𝒙, 𝑡 =  
𝜌𝑤 if 𝒙 in water at time 𝑡
𝜌𝑎 if 𝒙 in air at time 𝑡

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝑼) = 0

Water

Fluid domain

Air

Interface



Decompose fluid domain into cells 𝐶𝑖 separated by faces 𝐹𝑗:

Indicator function:

Cell 𝑖 volume fraction:                                         where

Volume integrating

yields

The finite volume (of fluid) method version
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𝐶𝑖

𝑑𝛼𝑖

𝑑𝑡
+

1

𝑉𝑖
 

𝐹𝑗∈𝜕𝐶𝑖

 
𝐹𝑗

𝐼(𝒙, 𝑡)𝑼(𝒙, 𝑡) ⋅ 𝑑𝑺 = 0

𝐼(𝒙, 𝑡) ≡
𝜌(𝒙, 𝑡) − 𝜌𝑎
𝜌𝑤 − 𝜌𝑎

𝛼𝑖 𝑡 ≡
1

𝑉𝑖
 
𝐶𝑖

𝐼 𝒙, 𝑡 𝑑𝑉 𝑉𝑖 ≡  
𝐶𝑖

𝑑𝑉

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝑼) = 0
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𝛼𝑖 𝑡 + Δ𝑡 = 𝛼𝑖 𝑡 −
1

𝑉𝑖
 

𝐹𝑗∈𝜕𝐶𝑖

 
𝑡

𝑡+Δ𝑡

 
𝐹𝑗

𝐼 𝒙, 𝜏 𝑼 𝒙, 𝜏 ⋅ 𝑑𝑺 𝑑𝜏

𝑑𝛼𝑖

𝑑𝑡
+

1

𝑉𝑖
 

𝐹𝑗∈𝜕𝐶𝑖

 
𝐹𝑗

𝐼(𝒙, 𝑡)𝑼 ⋅ 𝑑𝑺 = 0

The finite volume (of fluid) method version II

Time integrating

Gives

Water volume crossing face 𝑗 during [𝑡, 𝑡 + Δ𝑡]:

Δ𝑉𝑗(𝑡, Δ𝑡) ≡  
𝑡

𝑡+Δ𝑡

 
𝐹𝑗

𝐼 𝒙, 𝜏 𝑼 𝒙, 𝜏 ⋅ 𝑑𝑺𝑑𝜏

The challenge: Given 𝛼𝑖(𝑡) and 𝑼𝑖(𝑡) for all cells how to estimate Δ𝑉𝑗(𝑡, Δ𝑡)?



Interpolate volume fractions to faces:

 𝛼𝑗(𝑡) = 𝜆𝑗𝛼𝑃(𝑡) + 1 − 𝜆𝑗 𝛼𝑁(𝑡)

And estimate water transport across face using

Δ𝑉𝑗 𝑡, Δ𝑡 ≈  𝛼𝑗(𝑡)𝜙𝑗 𝑡 Δt

Interpolation factor, 𝜆𝑗, obtained by blending

1st order scheme (bounded but ”smearing”) with 

higher order scheme (unbounded but ”sharper”)

No geometric interface reconstruction => poor shape preservation:
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The algebraic VOF approach

 𝛼𝑗𝛼𝑃 𝛼𝑁

face j

Volumetric face flux

𝜙𝑗 𝑡 ≡  
𝐹𝑗

𝑼 𝒙, 𝑡 ⋅ 𝑑𝑺
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MULES is used in 

interFoam

Disk advected in 

velocity field

U = (1, 0.5)

dt ~ Co = 0.5

Very poor shape

preservation

Algebraic VOF schemes - MULES
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HRIC is used in 

STAR-CCM+

Disk advected in 

velocity field

U = (1, 0.5)

dt ~ Co = 0.5

Very poor shape

preservation

Severe smearing

Algebraic VOF schemes - HRIC
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CICSAM is e.g. an 

option in FLUENT

Disk advected in 

velocity field

U = (1, 0.5)

dt ~ Co = 0.5

Very poor shape

preservation

Unboundedness

Algebraic VOF schemes – CICSAM 0.5



IsoAdvector MULES              HRIC           CICSAM
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Explaining the IsoAdvector concept

Part I: The advector idea in IsoAdvector



𝐴𝑠𝑢𝑏(𝑡)

The advector idea in IsoAdvector
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Δ𝑉𝑗 𝑡, Δ𝑡 ≡  
𝑡

𝑡+Δ𝑡

 
𝐹𝑗

𝐼 𝒙, 𝜏 𝑼 𝒙, 𝜏 ⋅ 𝑑𝑺 𝑑𝜏

Water

Air

Interface velocity: 𝑼𝐼

𝑺𝑗: face normal

Interface

Face 𝐹𝑗 side view Face 𝐹𝑗 front view

Submerged face area

𝐴𝑠𝑢𝑏 𝑡 ≡  
𝐹𝑗

𝐼(𝒙, 𝑡) 𝑑𝐴

≈
𝜙𝑗(𝑡)

|𝑺𝑗|
 

𝑡

𝑡+Δ𝑡

𝐴𝑠𝑢𝑏(𝜏)𝑑𝜏



𝑊 𝑡 ∩ 𝐹𝑗

𝐴𝑠𝑢𝑏(𝑡1)

The advector idea in IsoAdvector

#15

Submerged face area

𝐴𝑠𝑢𝑏 𝑡 ≡  
𝐹𝑗

𝐼(𝒙, 𝑡) 𝑑𝐴



𝑊 𝑡 ∩ 𝐹𝑗

𝑊 𝑡1 ∩ 𝐹𝑗
𝐴𝑠𝑢𝑏(𝑡2)

The advector idea in IsoAdvector
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Submerged face area

𝐴𝑠𝑢𝑏 𝑡 ≡  
𝐹𝑗

𝐼(𝒙, 𝑡) 𝑑𝐴



𝑊 𝑡 ∩ 𝐹𝑗

𝑊 𝑡1 ∩ 𝐹𝑗
𝑊 𝑡2 ∩ 𝐹𝑗𝐴𝑠𝑢𝑏(𝑡 + Δ𝑡)

The advector idea in IsoAdvector
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Submerged face area

𝐴𝑠𝑢𝑏 𝑡 ≡  
𝐹𝑗

𝐼(𝒙, 𝑡) 𝑑𝐴

We must model the change in submerged face area within a time step



Assume 𝐹𝑗 ∩ 𝑆(𝑡) lines known at 

vertex intersection times 𝑡1, 𝑡2, …

Assume steady line motion in between

Then in sub time intervals

𝐴𝑠𝑢𝑏 𝜏 = 𝑎𝜏2 + 𝑏𝜏 + 𝑐
with 𝑎, 𝑏, 𝑐 given by vertices. 

Analytical time integral!

The advector idea in IsoAdvector
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Δ𝑉𝑗 𝑡, Δ𝑡 ≈
𝜙𝑗(𝑡)

|𝑺𝑗|
 

𝑡

𝑡+Δ𝑡

𝐴𝑠𝑢𝑏(𝜏)𝑑𝜏

𝑡1

𝑡3
𝑡4

𝑡2

𝑡5

𝑡 𝑡 + Δ𝑡𝐴𝑠𝑢𝑏

time𝑡1 𝑡2 𝑡3 𝑡4 𝑡5

|𝑺𝑗|



Explaining the IsoAdvector concept

Part II: The iso idea in IsoAdvector



Remember from advector step: 

We must model the face-interface intersection line

How do we plot a surface e.g. in Paraview from volume fractions, 𝛼𝑖?

We plot an isosurface.

Idea: Use isosurface concept in interface reconstruction step

How to calculate an isosurface from volume fraction data?

Isosurface construction from VOF cell data
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Steps:

1. Interpolate alpha cell values to vertices

2. For each edge find cutting point by linear

interpolation using isovalue

3. For each cut cell form isosurface by 

connecting edge cutting points

Gives surface position and orientation inside

cells on arbitrary unstructured 3D meshes

How to calculate an isosurface from volume fraction data?
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Spherical surface reconstructed from VOF field with isosurface

𝛼 = 0.50 𝛼 = 0.46
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Wave surface reconstructed from VOF field with isosurface
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𝛼 = 0.5 isosurface generally cuts cells incorrectly
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But for each cell there is some isovalue cutting it correctly



𝒏𝑠
𝒙𝑠
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Estimating face-interface intersection line during time step

At time t cell 𝑖 is a surface cell if 𝜖 < 𝛼𝑖 𝑡 < 1 − 𝜖 (typically 

we use 𝜖 = 10−8).

We calculate its isoface, that is, the isosurface confined to 

the cell volume and with isovalue consistent with 𝛼𝑖 𝑡 .

This cell specific isovalue is currently found by binary

search. 

The isoface has a well-defined face centre, 𝒙𝑠, and unit face 

normal, 𝒏𝑠, together defining a plane.

We interpolate the velocity data, 𝑼, to the isoface centre, 𝒙𝑠, 
to get its velocity, 𝑼𝑠 𝑡 .

We dot 𝑼𝑠 𝑡 with the isoface unit normal, 𝒏𝑠, to get the 

isoface velocity normal to itself, 𝑈𝑛 = 𝑼𝑠 ⋅ 𝒏𝑠.

Now for every vertex, 𝒙𝑣, of every a face we can estimate

the interface time of arrival as 𝑡𝑣 = 𝒙𝑣 − 𝒙𝑠 ⋅ 𝒏𝑠/𝑈𝑛.𝑑𝑉𝑓 𝑡, Δ𝑡 found like this for every 

downwind face of a surface cell



Optional bounding procedure

© DHI

• Sum up all face 𝑑𝑉𝑗’s for cell 𝑖 to get change in 𝛼𝑖 during time step

• Check if more water is added than there is room for (overfilling) or more 

water is removed than is available in the cell (over-emptying)

• If this is the case adjust 𝑑𝑉𝑗 for all cell faces cut by isoface so that cell is 

exactly filled/emptied. This is currently done by using the 𝑑𝑉𝑗’s of these faces

as weights of total added/removed water rather than as absolute water

volumes.

• Because it is the 𝑑𝑉𝑗’s that are modified, this step does not compromise

volume conservation.

• For practical reasons it is convenient to have the option to snap 𝛼𝑖’s to 0 or 1 

if they are closer than 𝜖 to one of these values.

• This step compromises volume conservation but typically only dV/V~1e-10.



Preliminary IsoAdvector results
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Disk in uniform flow on unstructured mesh
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Disk in uniform flow on unstructured meshes

IsoAdvector MULES             HRIC           CICSAM



Disk in reversed vortex flow
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Sphere in uniform flow on (very ugly) tet mesh
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Sphere in uniform flow on (very ugly) tet mesh
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Exact IsoAdvector MULES



Sphere in non-uniform 3D flow on tet mesh

#36



IsoAdvector summary
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• A new explicit geometric VOF method for interface advection on general unstructured meshes.

• Advection idea is to model motion of a face-interface intersection line (FIIL) within each time step.

• FIIL at beginning of time step is modelled by isosurface based interface reconstruction.

• This avoids numerical calculation of grad(alpha) (a Dirac delta function).

• FIIL motion within timestep modelled by velocity field interpolation to reconstructed interface.

• Strictly volume preserving bounding method (optionally) applied after each time step.

• Consistent and clear derivation from governing equation of motion with minimal amounts of 

heuristics in the modelling.

• In contrast to other geometric VOF approaches the gemoetric operations involved are fairly

straightforward making the implementation managable and the code execution efficient.

• Models a reasonably well-resolved surface but also gives ”a result” for underresolved regions.

• Sharpness preservation is perfect (within 1 cell)

• Shape preservation very good and robust to ”ugly cells”.

• Volume preservation exact (to within machine precision).

• Boundedness (almost) perfect (depending on a bounding input parameter).

• Derivation based on interface being resonably well resolved by the mesh.

• Code is currently being parallelized and is fit for automatic mesh refinement (AMR).



Current and future work



Consistent coupling with pressure-velocity solver
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IsoAdvector MULES

Water droplet 

falling in air



Inconsistency in interFoam pressure handling
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Tilted 1m x 1m box with initial flat water

T = 0.0012s (1st time step)

Initial surface

T = 1s
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Pressure equation in interFoam (pEqn.H)

To numerically take the 

gradient of a jump function

is asking for trouble

𝛻 ⋅  
𝐶𝑖

𝐠 ⋅ 𝒙 𝛻𝜌 𝑑𝑉 =

 

𝑓𝑎𝑐𝑒 𝑗

 
𝐹𝑗

𝒈 ⋅ 𝒙 𝛻𝜌 ⋅ 𝑑𝑺

𝛻𝜌 = 𝜌2 − 𝜌1  𝒏𝑆𝛿(𝒙 − 𝒙𝑆)

 
𝐹𝑗

𝒈 ⋅ 𝒙 𝛻𝜌 ⋅ 𝑑𝑺 =

(𝜌2 − 𝜌1) 
𝐹𝑗∩𝑆

𝒈 ⋅ 𝒙  𝒏𝑺 ⋅ 𝑑𝑺



Thank you
For further info see

Project homepage: www.roenby.com/postdoc

Submitted IsoAdvector paper: http://arxiv.org/abs/1601.05392

IsoAdvector YouTube channel: 
https://www.youtube.com/channel/UCt6Idpv4C8TTgz1iUX0prAA
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