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1. Introduction to the hydrodynamic naval problems
1. Ship Resistance
2. Propeller Performance
3. Cavitation with OpenFOAM

2. Hands-on session.
1. Drag resistance - KCS
2. Open Water propeller performances - E779A
3. Cavitation on a wing profile - NACA 0010

Today’s lecture
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Naval Hydrodynamic Problem

In the Naval field the CFD (Computational Fluid Dynamic) is a strategic key point to 
predict the performance of a Ship.
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The ship resistance can be split in three main components in accordance with the 
equation:

்ܥ ൌ ௐܥ ܥி ሺ1  ሻܭ

CT = Total Resistance
CF = Frictional Resistance
CW = Wave Resistance
K = Form Factor

Ship Resistance
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Ship Resistance

Each term represents a different contribution of force, therefore they follow 
different scale factor:

்ܥ ൌ ௐܥ ܥி ሺ1  ሻܭ

Wave pattern f(Fn)
Energy needed to 

move the free surface Equivalent flat plate f(Rn)
Integral of all the shear stress 

tensions

Wake f(Rn,Fn…)
Integral of all the pressure 

excluding the wave 
component 

Variation of the boundary 
layer due to the body shape 
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Ship Resistance

CW ‐ The wave resistance in the past has been extensively evaluated with Potential 
Code. This method is based on the hypotheses to neglect the viscosity effects on the 
governing equations, therefore the Eulerian equation can be used. Moreover adding the 
hypothesis to have an irrotational motion, the problem can be further simplified writing 
the problem in term of an harmonic velocity potential.

∆߮ ൌ 0
߮ߘ ൌ ܸ

http://taflab.berkeley.edu/ME245‐SP14/ME245_Oceanic_Atmospheric_Waves_Examples.htm
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Ship Resistance

CF – The potential approach is not able to take in to account the wall shear stress (due 
to the hp. to neglect the viscosity). In the past some empirical formulation have been 
used like the flat plate equivalence…



NAV‐14

Ship Resistance

K – To evaluate the wake effects some ad‐hoc experimental tests should be used. Only 
in last decade using the Double Model approach the viscous are able to give some 
results.
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Ship Resistance

Using a modern Viscous solver the direct comparison with experimental results should 
be made only between the total forces. The force decomposition can be a good 
guideline, but more discrepancies can shown.
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Ship Theory

Ship can work in different flow conditions for a towing tank test:
• Double model: only the wetted part of the ship is solved
• Fixed trim condition: two phase must be solved
• Free trim condition: moving boundary must be considered
• Self‐propulsion: An equilibrium with the propeller must be considered

Due to the flow conditions the numerical techniques adopted must be changed:
• Double model: single phase steady solver
• Fixed trim condition: multi phase (LTSInterFoam / interFoam)
• Free trim condition: multi phase with dynamic mesh morphing (interDyNFoam)
• Self‐propulsion: Sliding mesh… AMI!
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Double model

The Double Model: can be solved with the simpleFoam solver

Very easy….
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Fixed trim

Fixed trim: can be solved with the interFoam solver, but the solution is strongly 
depending to the local Courant Number…strongly depending to the mesh used.

SnappyHexMesh commonly generate mesh with low Courant impact

Commercial code can generate worse mesh (from this point of view) 
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Fixed trim - LTS

Fixed trim: can be also solved with the interFoam solver (time scheme: localEuler
rDeltaT). This solver overcome the Courant limitation, but generate some more 
problem in terms of stability, moreover the solution is only steady.

LTS…Local Time Step: The main idea is to evolve the fields in time with the maximum 
time step for each cell.

Different Courant Number Impact
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Free trim

Free trim: can be solved with the InterDyMFoam solver. The ship must be free to 
move according to the equilibrium condition (Mass proprieties are important).
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Free trim

Free trim: can be also solved with the InterDyMFoam solver. The ship must be free to 
move according to the equilibrium condition (Mass proprieties are important).
Different strategies can be adopted:

1. All the mesh rigidly moved: fast mesh motion, but more refinements must be 
setup. 
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Free trim

Free trim: can be also solved with the InterDyMFoam solver. The ship must be free to 
move according to the equilibrium condition (Mass proprieties are important).
Different strategies can be adopted:

1. All the mesh rigidly moved
2. Morphing mesh: more computational effort 
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Free trim

Free trim: can be also solved with the InterDyMFoam solver. The ship must be free to 
move according to the equilibrium condition (Mass proprieties are important).
Different strategies can be adopted:

1. All the mesh rigidly moved
2. Morphing mesh
3. Chimera mesh (not still implemented in standard OF)
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Propeller Theory

Propeller can work in different flow conditions:
• Open water condition: propeller rotates in a undisturbed flow field and its 

rotation axes is parallel to the flow 
• Inclined axes condition: propeller rotates in a undisturbed flow and its axes is 

inclined respect the main flow direction
• Behind a wake: propeller rotates in a disturbed flow field due to the hull or other 

appendage (pod, brackets, etc..)
• At zero speed: propeller rotates but the ship speed is zero

Due to the flow conditions the numerical techniques adopted must be changed:
• Open water condition: the problem can be transformed in a steady problem
• Inclined axes condition: the problem is unsteady 
• Behind a wake: unsteady problem and wake generation
• At zero speed: complicate boundary conditions
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Open water condition

The problem can be simplified:
• Propeller has a periodic symmetry
• The OW condition respects the propeller symmetry
• In general the flow problem is unsteady (can it be make steady?)

Periodicity Condition
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Open water condition

Why is the problem unsteady? 

We can consider two reference systems :
• First an inertial fixed system (fixed with 

the ship, world, stars…) 
• Second a non‐inertial system fixed with 

the blade 

Classical flow equations

New flow equations MRF
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Open water condition – MRF approach

Why aren’t the classical flow equations valid in a non‐inertial reference frame?

In a problem with an uniform acceleration system what does a floating body experience?
How can I represent the problem? 

Fixed system

Non‐Inertial system

Uniform acceleration
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Open water condition – MRF approach

Uniform acceleration

Uniform acceleration
Due to the apparent 
force the sphere is 
subjected to a Mass 
force

[Navier‐Stokes eq.]

[New Navier‐Stokes eq.]

Not correct if the 
reference frame 
is fix with the 
box, but correct 
if R.F. is always 
fixed.

Correct if the 
Navier‐Stokes 
eq. are 
rewritten.
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Open water condition – MRF approach

How can you setup a problem where an object accelerates in an infinite rest fluid?

Zero Velocity

Fixed system Non‐Inertial system
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Open water condition – MRF approach

Same problem for the propeller, therefore the equations can be rearranged in:
• Single Reference Frame (SRF)
• Multiple Reference Frame (MRF)

For a rotating reference frame centered in the axis origin we can write for the total 
derivative of a general vector:

Ԧܣ݀
ݐ݀
ቤ
ூ
ൌ
Ԧܣ݀
ݐ݀
ቤ
ோ
 ߱ ൈ Ԧܣ

This equation applied for the position vector represents the relationship between the 
velocity vector in the two references

ூݑ ൌ ோݑ  ߱ ൈ Ԧݎ

߱
Ԧݎ
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Open water condition – MRF approach

Vectorial representation:

ூݑ ൌ ோݑ  ߱ ൈ Ԧݎ

߱
Ԧݎ

ூݑ

ோݑ
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Open water condition – MRF approach

If we extend for the acceleration vector the equation becomes :

ூݑ݀
ݐ݀ ቤூ

ൌ
ூݑ݀
ݐ݀ ቤோ

 ߱ ൈ ூݑ

Replacing ݑூ ൌ ோݑ  ߱ ൈ Ԧݎ we can write:

ூݑ݀
ݐ݀ ቤூ

ൌ
݀ ோݑ  ߱ ൈ Ԧݎ

ݐ݀ ቤ
ோ
 ߱ ൈ ோݑ  ߱ ൈ Ԧݎ

ூݑ݀
ݐ݀ ቤூ

ൌ
ோݑ݀
ݐ݀ ቤோ


݀߱
ݐ݀ ൈ Ԧݎ  ߱ൈ

Ԧݎ݀
ቤோݐ݀

 ߱ ൈ ோݑ  ߱ ൈ ߱ ൈ Ԧݎ

ூݑ݀
ݐ݀ ቤூ

ൌ
ோݑ݀
ݐ݀ ቤோ


݀߱
ݐ݀ ൈ Ԧݎ  2߱ ൈ ோݑ  ߱ ൈ ߱ ൈ Ԧݎ
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Open water condition – MRF approach

The Navier‐Stokes equations for an incompressible fluid in a inertial reference frame are:

൞
ߘ · ூݑ ൌ 0

ூݑ߲
ݐ߲  ூݑ · ூݑߘ ൌ െߘௗ  ூݑ∆ߥ

From previous:

ூݑ݀
ݐ݀ ቤூ

ൌ
ோݑ݀
ݐ݀ ቤோ


݀߱
ݐ݀ ൈ Ԧݎ  2߱ ൈ ோݑ  ߱ ൈ ߱ ൈ Ԧݎ

ூݑ݀
ݐ݀

ோݑ߲
ݐ߲  ோݑ · ோݑߘ
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Open water condition – MRF approach

The Navier‐Stokes equations for an incompressible fluid in a inertial reference frame are:

൞
ߘ · ூݑ ൌ 0

ூݑ߲
ݐ߲  ூݑ · ூݑߘ ൌ െߘௗ  ூݑ∆ߥ

Replacing ݑூ ൌ ோݑ  ߱ ൈ Ԧݎ we can write:

ߘ · ூݑ ൌ ߘ · ோݑ  ߱ ൈ Ԧݎ ൌ ߘ · ோݑ  ߘ · ߱ ൈ Ԧݎ

ூൌݑ∆ ∆ ோݑ  ߱ ൈ Ԧݎ ൌ ோݑ∆  ∆ ߱ ൈ Ԧݎ

=0

=0
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Open water condition – MRF approach

The Navier‐Stokes equations for an incompressible fluid in a inertial reference frame are:

൞
ߘ · ூݑ ൌ 0

ூݑ߲
ݐ߲  ூݑ · ூݑߘ ൌ െߘௗ  ூݑ∆ߥ

Replacing all the equations:

൞
ߘ · ோݑ ൌ 0

ோݑ߲
ݐ߲  ோݑ · ோݑߘ 

݀߱
ݐ݀ ൈ Ԧݎ  2߱ ൈ ோݑ  ߱ ൈ ߱ ൈ Ԧݎ ൌ െߘௗ  ோݑ∆ߥ

Centrifugal force 
Coriolis force

=0 if the frame rotate with a constant velocity
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Open water condition – MRF approach

Can I rewrite the equations with an absolute velocity?

൞
ߘ · ோݑ ൌ 0

ோݑ߲
ݐ߲  ோݑ · ோݑߘ 

݀߱
ݐ݀ ൈ Ԧݎ  2߱ ൈ ோݑ  ߱ ൈ ߱ ൈ Ԧݎ ൌ െߘௗ  ோݑ∆ߥ

൞
ߘ · ூݑ ൌ 0

ோݑ߲
ݐ߲  ோݑ · ோݑߘ 

݀߱
ݐ݀ ൈ Ԧݎ  2߱ ൈ ோݑ  ߱ ൈ ߱ ൈ Ԧݎ ൌ െߘௗ  ூݑ∆ߥ

ோݑ · ߘ ூݑ െ ߱ ൈ Ԧݎ ൌ ோݑ · ூݑߘ െ ோݑ · ߘ ߱ ൈ Ԧݎ

߱ ൈ ோݑ
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Open water condition – MRF approach

Can I rewrite the equations with an absolute velocity?

൞
ߘ · ூݑ ൌ 0

ோݑ߲
ݐ߲  ோݑ · ூݑߘ െ ߱ ൈ ோݑ 

݀߱
ݐ݀ ൈ Ԧݎ  2߱ ൈ ோݑ  ߱ ൈ ߱ ൈ Ԧݎ ൌ െߘௗ  ூݑ∆ߥ

Rewriting :

൞
ߘ · ூݑ ൌ 0

ோݑ߲
ݐ߲  ோݑ · ூݑߘ 

݀߱
ݐ݀ ൈ Ԧݎ  ߱ ൈ ூݑ ൌ െߘௗ  ூݑ∆ߥ

߱ ൈ ோݑ  ߱ ൈ ߱ ൈ Ԧݎ ൌ ߱ ൈ ோݑ  ߱ ൈ Ԧݎ ൌ ߱ ൈ ூݑ

Coriolis force

=0 if steady =0 if the frame rotate with a constant velocity



NAV‐39

Open water condition – MRF approach

For a «steady» propeller the problem becomes:

ቊ ߘ · ூݑ ൌ 0
ோݑ · ூݑߘ  ߱ ൈ ூݑ ൌ െߘௗ  ூݑ∆ߥ

MRF approach can reduce an unsteady problem in a faster steady problem.
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Inclined axes condition

Alpha angle

Due to the non symmetry of the flow field no simplification can be adopted for the 
inclined axes propeller: 

• The blade sees a different angle of attack during one revolution. 
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Inclined axes condition

Due to the non symmetry of the flow field no simplification can be adopted for the 
inclined axes propeller: 

• The blade sees a different angle of attack during one revolution. 

ݎ߱

ܸ
ߚ

ݎ߱

ܸ
ߚ

Induced velocity due to the inclined axes

െ∆ܸ ∆ܸ
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Inclined axes condition

Due to the non symmetry of the flow field no simplification can be adopted for the 
inclined axes propeller: 

• The blade sees a different angle of attack during one revolution. 
• The performance of each blade is strongly influenced by the other blades, 

therefore all the blades must be solved simultaneously

Cylindrical section
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Inclined axes condition

For propeller in this working condition an unsteady solver is necessary, therefore an 
increase of the computational time is needed.

Two strategies can be adopted:
1. Inclined cylindrical domain sliding in a undisturbed domain
2. Falling cylindrical domain

V inlet

V 
fa
ll

1 2Sliding interface Inlet condition
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Behind a wake condition

No domain or solver strategies can be adopted to speed up the solution: 
• Full unsteady and all the blades must be solved simultaneously
• New problem: How can we create the needed hull wake?
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Behind a wake condition

No domain or solver strategies can be adopted to speed up the solution: 
• Full unsteady and all the blades must be solved simultaneously
• New problem: How can we create the needed hull wake?

1. Imposing the wake at the inlet boundary:
Very simple to implement (not so much in OF)
The imposed wake is not hydro‐dynamically stable, the wake can 
disappear
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Behind a wake condition

No domain or solver strategies can be adopted to speed up the solution: 
• Full unsteady and all the blades must be solved simultaneously
• New problem: How can we create the needed hull wake?

1. Imposing the wake at the inlet boundary
2. Using porous baffle or body force to generate the correct wake

The generated wake is stable and real
How to set the correct porous baffle or force distribution 
configuration is a problem

Same effect as the wake 
screen used in a cavitation 
tunnel.
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Behind a wake condition

No domain or solver strategies can be adopted to speed up the solution: 
• Full unsteady and all the blades must be solved simultaneously
• New problem: How can we create the needed hull wake?

1. Imposing the wake at the inlet boundary
2. Using porous baffle or body force to generate the correct wake
3. Discretize the entire hull or a portion of it
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Zero Speed

At Zero speed condition the propeller generates complicated flow fields and it is in 
a very off design condition, therefore the correct boundary conditions are strongly 
dependent on the chosen configuration

? ?
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1. Introduction to the hydrodynamic naval problems
1. Ship Resistance
2. Propeller Performance
3. Cavitation with OpenFOAM

2. Hands-on session.
1. Drag resistance - KCS
2. Open Water propeller performances - E779A
3. Cavitation on a wing profile - NACA 0010

Today’s lecture
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Cavitation

• Cavitation is the passage from liquid to vapour
achieved by reducing pressure instead than by 
increasing temperature

http://www.phy.duke.edu/~hsg/363/table‐images/water‐phase‐diagram.html
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Cavitation

• A well-established approach is based on the 
homogeneous mixture idealization of a 
multiphase flow

• The cavitating flow is a mixture of two species, 
vapour and liquid, behaving as one.

• Phases are considered incompressible and 
share the same instantaneous velocity U and 
pressure fields p, solved with the VoF approach
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Cavitation

• The homogeneous mixture approach is exactly 
the same adopted for free surface problems,

• An appropriate source term is needed to 
account for the phase passage, depending on 
the variations of pressure,

• The modeling of this interphase mass transfer 
rate is the core of any cavitation model

Cavitation
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• RANS Equation for the homogeneous mixture 
can be derived as (Zwart, 2004):

Zwart, P., Gerber, A. G. & Belamri, T. (2004).‘A Two‐Phase Model for Predicting Cavitation
Dynamics’. ICMF 2004 International Conference on Multiphase Flow, Yokohama, Japan. 

The continuity equation is corrected
with a source term, where ሶ݉ is the
interphase mass transfer rate

Cavitation
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The continuity equation is corrected
with a source term, where ሶ݉ is the
interphase mass transfer rate

Also the transport equation for the 
fraction of the liquid phase is corrected

• RANS Equation for the homogeneous mixture 
can be derived as (Zwart, 2004):

Zwart, P., Gerber, A. G. & Belamri, T. (2004).‘A Two‐Phase Model for Predicting Cavitation
Dynamics’. ICMF 2004 International Conference on Multiphase Flow, Yokohama, Japan. 

Cavitation
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• The Volume of Fluid approach is used to solve 
the set of equations:

Cavitation
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• The modeling of the interphase mass transfer 
rate is the core of any cavitation model.

• Within the OpenFOAM environment, the class 
of solver for incompressible cavitating flows is 
the:

interPhaseChange(DyM)Foam

• The DyM is necessary when dynamic meshes 
are accounted for.

Cavitation
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• OpenFOAM has three models for :
- Merkle
- Kunz
- Schnerr-Sauer

That can be selected in the 
transportProprieties file under the 
/constant folder.

Cavitation
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• OpenFOAM has three models for , which 
parameters can be tuned :

Names of the phases
Selected cavitation model

Physical proprieties of the phases

Cavitation

Surface tension is significant when
Ca <<1 or We <<1
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• OpenFOAM has three models for , which 
parameters can be tuned :

Coefficients of the
Mass transfer models

Cavitation
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• Merkle/Kunz models are very similar. The 
Kunz model is an evolution of the original
Merkle approach:

Cavitation
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• Merkle/Kunz models are very similar. The 
Kunz model is an evolution of the original
Merkle approach:

• Tuning Parameters: Cm_dest and Cm_prod, 
respectively for evaporation and condensation
(Cv and Cc in transportProprieties)

Cavitation
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• Merkle/Kunz models are very similar. The 
Kunz model is an evolution of the original
Merkle approach:

• Suggested value:
Cc = 80
Cv = 0.001

• ஶ and ஶ are the reference speed and the 
characteristical time scale of the problem under 
investigation

Cavitation
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• Kunz model:

• Suggested value:
Cc = 200 - 500
Cv = 4000 - 10000

• ஶ and ஶ as in Merkle

Cavitation
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• For both models, the vaporization (production 
of the vapour phase) is proportional to the 
amount by which the pressure is below the 
vapour pressure.

• Condensation and vaporization are not 
symmetrical 

Cavitation



NAV‐65

• Schnerr-Sauer model:

• Symmetrical condensation/vaporization
• Tuning parameters for the definition of the 

vapour fraction  (and the correspondent
transport equation)

Cavitation
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• Schnerr-Sauer model:

ߙ߲
ݐ߲  ߘ · ࢁߙ ൌ

ሶ݉
௩ߩ

or

where:

Cavitation
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• Schnerr-Sauer model:

•  is the vapour nuclei concentration per unit
volume ( ଷ

• is the initial radius of the nuclei.

• Suggest values:
 = 109 – 1013

= 10-4 – 10-8

Cavitation
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• Schnerr-Sauer model:

• In OpenFOAM, custom uneven Schnerr-Sauer
model with Cc, Cv parameters to unbalance
vaporization with respect to condensation

Cavitation
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1. Introduction to the hydrodynamic naval problems
1. Ship Resistance
2. Propeller Performance
3. Cavitation with OpenFOAM

2. Hands-on session.
1. Drag resistance - KCS
2. Open Water propeller performances - E779A
3. Cavitation on a wing profile - NACA 0010

Today’s lecture
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Hands-on session
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1. Introduction to the hydrodynamic naval problems
1. Ship Resistance
2. Propeller Performance
3. Cavitation with OpenFOAM

2. Hands-on session.
1. Drag resistance - KCS
2. Open Water propeller performances - E779A
3. Cavitation on a wing profile - NACA 0010

Today’s lecture
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Hands-on session

KCS test case
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Hands-on session

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files: as seen in 

the previous lessons, for simplicity the initial case can be upload from the ….
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Hands-on session

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files 
2. Create a usable .stl file: For our hands‐on session the file can be found in 

KCS/constant/triSurface/Carena.stl. 

The file should accurately represent the hull, if poor quality mesh has been used the 
solution may be not optimal.
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Hands-on session

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files 
2. Create a usable .stl file: For our hands‐on session the file can be found in 

KCS/constant/triSurface/Carena.stl. 

The file should accurately represent the hull, if poor quality mesh has been used the 
solution may be not optimal.

Meshed Sphere

The volume cells are smaller than the 
surface cells, therefore the steps are 
solved as real corner.

Consequences: 
• pressure jumps
• Increasing of the shear stress 

tensor
• Increasing of turbulences
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Hands-on session

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files 
2. Create a usable .stl file
3. Define a domain shape and dimensions: Some empirical rules can be followed 

to correctly define a domain
• The domain shouldn’t influence the hull drag (different if shallow water 

condition or confined water conditions are taken in to account) 

kLKL
Commonly k can be set 
equal to 1.5‐2 and K>>k!
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Hands-on session

kLKL

D

D must be set‐up following the 
infinite depth condition for the 
wave theory: rigorously the 
depth must be greater than 1 
wave length (Function of 
Speed)

A good choice is at least 1 ship 
length (for common ship 
speed).

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files 
2. Create a usable .stl file
3. Define a domain shape and dimensions: Some empirical rules can be followed 

to correctly define a domain
• The domain shouldn’t influence the hull drag (different if shallow water 

condition or confined water conditions are taken in to account) 
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Hands-on session

Kelvin angle bL

Side boundaries are set to 
include all the divergent 
waves, therefore the Kelvin 
angle (19.47°) can be used!

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files 
2. Create a usable .stl file
3. Define a domain shape and dimensions: Some empirical rules can be followed 

to correctly define a domain
• The domain shouldn’t influence the hull drag (different if shallow water 

condition or confined water conditions are taken in to account) 
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Hands-on session

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files 
2. Create a usable .stl file
3. Define a domain shape and dimensions: Some empirical rules can be followed 

to correctly define a domain
• The domain shouldn’t influence the hull drag (different if shallow water 

condition or confined water conditions are taken in to account) 
• The box shape is useful to set simple boundary conditions , moreover the 

ship symmetry can be used to reduce the mesh size

Symmetry plane
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Hands-on session

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files 
2. Create a usable .stl file
3. Define a domain shape and dimensions : In OpenFOAM the domain has been 

set with the initial block mesh. 
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Hands-on session

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files 
2. Create a usable .stl file
3. Define a domain shape and dimensions 
4. Create the Mesh: Different mesh strategies can be adopted for the ship 

problem (as seen in previous lectures). In this tutorial only SnapyHexMesh has 
been investigated.
1. Create entire process with SnapyHexMesh

Regular blockMesh

Snappy Refinements
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Hands-on session

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files 
2. Create a usable .stl file
3. Define a domain shape and dimensions 
4. Create the Mesh: Different mesh strategies can be adopted for the ship 

problem (as seen in previous lectures). In this tutorial only SnapyHexMesh has 
been investigated. 
1. Create entire process with SnapyHexMesh
2. Create multi blockMesh to include mesh grading 

Regular blockMesh

Grading mesh
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Hands-on session

Main steps to build a towing test simulation are:
1. Create appropriate case directories with all the needed initial files 
2. Create a usable .stl file
3. Define a domain shape and dimensions 
4. Create the Mesh: Different mesh strategies can be adopted for the ship 

problem (as seen in previous lectures). In this tutorial only SnappyHexMesh has 
been investigated. 
1. Create entire process with SnappyHexMesh
2. Create multi blockMesh to include mesh grading
3. Use the mesh refinement to include anisotropic cells 

Regular mesh size

Anisotropic refinements
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Hands-on session

Mesh generation with SnappyHexMesh and mesh refinement: The main idea consists of 
createing a regular mesh (made only by Cubic cells) around the ship where 
snappyHexMesh will create the body‐fitted mesh.

Zone with cubic cells

Base mesh

Anisotropic refinements
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh (under constant/polyMesh directory):

Zones are used to increase the cell size in Z‐direction far from the ship (grading mesh)

Zones are used to create cubic celles near the hull

Zone is used to refine the calm water free surface

1

1

3

2

2

1

1
2 3

1

2

3
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Hands-on session

Mesh generation with SnappyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh only in the X and Y directions to create regular cubic cell around 

the ship or the zone on which the snappy will work.

Z

X

Cubic cells
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Hands-on session

Mesh generation with SnappyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh only in the X and Y directions to create regular cubic cell around 

the ship or the zone on which the snappy will work.
1. topoSet (topoSetDict): create a new cell region marked to be refined

actions(
{

name    c0;
type    cellSet;
action  new;
source  boxToCell;
sourceInfo
{

box (minX minY minZ) (maxX maxY maxZ);
}

}
);

Name of the region

Type of entity to be selected

Action to be done

Type of selection region

Data for the box…
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Hands-on session

Mesh generation with SnappyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh only in the X and Y directions to create regular cubic cell around 

the ship or the zone on which the snappy will work.
1. topoSet (topoSetDict):
2. refineMesh (refineMeshDict): refine the mesh in x and y dierctions

set             c0;
coordinateSystem global;
globalCoeffs
{

tan1            ( 1 0 0 );
tan2            ( 0 1 0 );

}
directions      ( tan1 tan2 );
useHexTopology no;
geometricCut yes;
writeMesh no;

Name of set that will be refined

Definition of the directions global/local

Direction to be refined X and Y

Split only hex cells…no good in this case!

Take in to account topological aspects

Write intermediate mesh
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh only in the X and Y directions to create regular cubic cell around 

the ship or the zone on which the snappy will work.
1. topoSet (topoSetDict):
2. refineMesh (refineMeshDict): repeat the process till the ship mesh is cubic
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh only in the X and Y directions to create regular cubic cell around 

the ship or the zone on which the snappy will work.
1. topoSet (topoSetDict):
2. refineMesh (refineMeshDict): repeat the process till the ship mesh is cubic
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh only in the X and Y directions to create regular cubic cell around 

the ship or the zone on which the snappy will work.
1. topoSet (topoSetDict):
2. refineMesh (refineMeshDict): repeat the process till the ship mesh is cubic
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh only in the X and Y directions to create regular cubic cell around 

the ship or the zone on which the snappy will work.
1. topoSet (topoSetDict):
2. refineMesh (refineMeshDict): repeat the process till the ship mesh is cubic
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull: The snappyHexMesh command uses a 

snappyHexMeshDict

Create the appropriate refinement 
and identify the internal mesh

Snap the boundary points on the 
real surface 

Add the prism layer mesh to 
solve the boundary layer
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry: include the .stl file as a triSurfMesh, one for each wall boundary 
needed (for simplicity only one boundary)
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh

Set the boundary name to refine the surface

Pay attention to put the point inside 
the mesh and outside the hull
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh
3. Snap the mesh

Better snapping result

How many times the deformations 
can be reduced to have a correct 
mesh
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh
3. Snap the mesh
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh
3. Snap the mesh

Problem near the corner!
How improve the mesh?
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh
3. Snap the mesh

Set all true and 
add the Explicit 
feature
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh
3. Snap the mesh

The problem is solved…
but with more cells!
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh
3. Snap the mesh
4. Add a prismatic layer

Relative or Absolute thickness

Global or Local parameters

Other important parameters to create 
the mesh
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh
3. Snap the mesh
4. Add a prismatic layer

Problem near the corner!
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:
1. Start with ad‐hoc blockMesh
2. Refine the mesh
3. Create the real mesh around the hull:

1. geometry
2. castellatedMesh
3. Snap the mesh
4. Add a prismatic layer

Other problem near the corner!
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Hands-on session

Mesh generation with SanppyHexMesh and mesh refinement:

To have a good mesh quality is almost “impossible”! 
But a good enough mesh is possible! (hard work)
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Hands-on session

Set initial fields and boundary conditions: How to set a correct initial field in OpenFOAM?
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Slip boundary (Symmetry)

Zero Gradient
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Hands-on session

Set initial fields and boundary conditions: How to set a correct initial field in OpenFOAM?

The setFields utility can be useful

Default value for the variable

Region type to set cells and faces

Value of the variable inside of the region
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Hands-on session*

InterFoam is the OF solver to perform a steady solution.
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Hands-on session

How take into account the trim effects on the ship drag? 

An unsteady solver should be used, moreover the Dynamic Mesh feature should be 
used. ‐> interDyMFoam



NAV‐111

Hands-on session

How take into account the trim effects on the ship drag? 

An unsteady solver should be used, moreover the Dynamic Mesh feature should be 
used. ‐> interDyMFoam

Inclusion of the constant/dynamicMeshDict

List of moving boundary

Distance on which the morphing take place

Geometry mass proprieties

Constraints and Restraints 
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Hands-on session

Distance on which the morphing take place

innerDistance

outerDistance



NAV‐113

Hands-on session

How take in to account the trim effects on the ship drag? 

An unsteady solver should be used, moreover the Dynamic Mesh feature should be 
used. ‐> interDyMFoam

Inclusion of the constant/dynamicMeshDict

Inclidion of an adding Boundary condition
0/pointDisplacement

Set calculated for each moving boundary

Set fixed for each fixed boundary
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Hands-on session*

InterDyMFoam is the OF solver to perform an unsteady solution with moving mesh.
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1. Introduction to the hydrodynamic naval problems
1. Ship Resistance
2. Propeller Performance
3. Cavitation with OpenFOAM

2. Hands-on session.
1. Drag resistance - KCS
2. Open Water propeller performances - E779A
3. Cavitation on a wing profile - NACA 0010

Today’s lecture



NAV‐116

E779A – A propeller Test Case:

- Open Water Calculations,
- MRF approach with a domain reduced to an 

angular sector (360°/number of blades) to save 
cells and computational time,

- Need of periodic/cyclic boundary conditions to 
account for the “axial periodocity” 

Hands-on session
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To be tranformed in a periodic boundary condition

Hands-on session
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E779A – A propeller Test Case:

- Angular domain definition with 
snappyHexMesh

- Angular domain definition with 
blockMesh+snappyHexMesh

1. .STL files in the constant/triSurface dir.
2. Each patch separately defined in order to better 

include blade Leading Edge – Trailing Edge and 
Hub fillets 

Hands-on session
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• Domain definition with snappyHexMesh, 
separated STL patches.

Inlet.stl

Ext.stl

Outlet.stl

Hub.stl Blade_Back.stl Blade_Face.stl

Int/ Int2.stl

Hands-on session
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• Extraction of feature edges:
• With surfaceFeatureExtract:

When STL patches are separated, 
openEdges are always included in 
eMesh files for mesh refinements and 
feature edges snappyng….

…define STL patches in accordance to 
edges you want to snap to!

Hands-on session
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• Extraction of feature edges:
• With paraView:

• Open STL file

Hands-on session
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• Extraction of feature edges:
• With paraView:

• Open STL file
• Use the filter FeatureEdge

and custom parameters

Hands-on session
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• Extraction of feature edges:
• With paraView:

• Open STL file
• Use the filter FeatureEdge

and custom parameters
• Feature Curves (including

Open Edges) evidenced

Hands-on session
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• Extraction of feature edges:
• With paraView:

• Open STL file
• Use the filter FeatureEdge

and custom parameters
• Feature Curves (including

Open Edges) evidenced
• Export evidenced Feature

Lines by «Save Data» 
command (Use .vtk file 
format)

Hands-on session
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• Extraction of feature edges:
• With paraView:

• Convert extracted feature line (.vtk) in 
.eMesh format by using:

surfaceFeatureConvert file.vtk file.eMesh

Hands-on session
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• As usual with snappyHexMesh:
• Define, with blockMesh, an initial domain of 

cubic cells,

Hands-on session
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• As usual with snappyHexMesh:
• Each STL treated separately

All the STL identified with a name (the 
same will be visualized in paraview)

Hands-on session

Hands-on session



NAV‐128

• As usual with snappyHexMesh:

Each cells intersecting the edge is
refined up to the selected level

Each cells intersecting the edge is
refined up to the selected level, 
plus all the cells within a distance
of 0.003 meters is refined up to 
the selected level

Hands-on session
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• As usual with snappyHexMesh:
• Castellated domain, with selected refinements

Hands-on session
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• As usual with snappyHexMesh:
• Castellated domain, with selected refinements

Hands-on session
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• As usual with snappyHexMesh:
• Snapped domain, with selected refinements

Hands-on session
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• As usual with snappyHexMesh:
• Snapped domain, with selected refinements

Hands-on session
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• As usual with snappyHexMesh:
• Prism layer Addition

Hands-on session
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• Periodic Boundary Conditions by using the 
createPatch command:
• cyclic, if conformal match (point – to –

point equivalence) is granted for the 
interfaces (for instance with meshes 
imported from StarCCM+ or ad-hoc meshing 
tools)

• cyclicAMI, when conformal matching is 
not possible (as with snappyHexMesh)

• A custom dict file (createPatchDict) is 
necessary.

Hands-on session
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• Periodic Boundary Conditions:

New name of the first periodic patch

and its neighbour (new name of the
second patch)

Type of transformation, with
optional axis and center

Original patches to be used for the 
definition of the periodic B.C.
(both for the first periodic patch) 

Hands-on session
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• Periodic Boundary Conditions:

New name of the second periodic patch

and its neighbour (new name of the
first patch)

Type of transformation, with
optional axis and center

Original patches to be used for the 
definition of the periodic B.C.
(only the second original patch) 

Hands-on session
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• When you run the solution (OF3.0.1), check the 
weight of the Periodic Boundary Conditions:

source is the first patch appearing in the constant/polymesh/boundary file  
target is the second patch appearing in the constant/polymesh/boundary file  

All weights equal to 1 is the ideal condition
(patches conform perfectly)

Hands-on session



• When you run the solution (OF3.0.1), check the 
weight of the Periodic Boundary Conditions:

Hands-on session

CFD for Rotating Machinery – Presented by Fumiya Nozaki
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• Periodic Boundary Conditions:
• Be careful to have weights higher than 0 (in case, 

change the interface surface mesh)!
• in case of sliding meshes, weight should be higher 

than 0 for any relative position of the source/target 
patches. 

• A mitigation of the problem can be achieved by 
specifying:

lowWeightCorrection 0.2;  

• When a weight falls below 0.2 a zeroGradient B.C.
is applied to those faces

Hands-on session
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• Set the MultipleReferenceFrame (MRF)

• simpleFOAM works with the Multiple Reference 
Frame if in the constant directory an appropriate 
MRFProperties dict is present.

• In the MRFProperties file it is possible to specify 
Multiple Reference Frames to be applied to the 
entire domain or to portion of it, previously selected 
by using the topoSet command

Hands-on session
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• Select the region (in this case the entire 
domain) to which the MRF is applied using the 
topoSet command with its dictionary

Hands-on session

Create a cellSet using a cylinder

Assign to a cellZone (name Propeller) 
the cells previously selected
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• Set the MultipleReferenceFrame (MRF) with 
MRFProperties

Hands-on session

MRF is employed for the cellZone Propeller

NAV‐142

Rotation Rate in radians per second



• Set the MultipleReferenceFrame (MRF) with 
MRFProperties

Hands-on session

BE CAREFUL! Inlet, Outlet and AMI patches must be
NonRotatingPatches
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• Domain definition with snappyHexMesh + 
blockMesh
• To improve the quality of the interfaces, by 

using blockMesh it is possible to directly 
define the “angular” computational domain, 
avoiding the snapping of cells in the 
interfaces (that could locally deform even 
planar patches and introduce some 
discrepancies in cyclicAMI definition)

Hands-on session
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• Domain definition with snappyHexMesh + 
blockMesh
• This is the best choice when the number of 

blade is equal to 4 (Angular sector of 90°, 
purely cubic cells)

• In case of 3 or 5-6 blades, non cubic cells 
can be accepted on the light of the 
improvements on the interfaces

Hands-on session
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• Domain definition with snappyHexMesh + 
blockMesh
• Initial blockMesh with 3 blocks

Hands-on session
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23
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• Domain definition with snappyHexMesh + 
blockMesh
• Initial blockMesh with 3 blocks

Hands-on session

1

23

• Use the arc feature
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• Domain definition with snappyHexMesh + 
blockMesh

Hands-on session
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• Domain definition with snappyHexMesh + 
blockMesh

Hands-on session

NAV‐149



• Domain definition with snappyHexMesh + 
blockMesh

Hands-on session
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Hands-on session
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Hands-on session

• Why using snappyHexMesh + blockMesh
approach?

• When a propeller blade is highly skewed, it is 
useful to use the blade vane as the 
computational domain:
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Hands-on session

• The snappying process on this domain is 
problematic:
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Hands-on session

• Apparently everything works well:
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Hands-on session

• But typical errors when settings AMI interfaces 
are:

• 0 weight on AMI interfaces:

• Warning on tolerance matching, angle of 
rotations between the interfaces, even setting 
the right axis of rotation/angle, relaxing 
tolerance..
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Hands-on session

• But typical errors when settings AMI interfaces 
are:

• Non similar bounding boxes
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Hands-on session

• These errors are due to the deformations 
snappyHexMesh introduces on the curved 
interfaces (that, being curved, are snapped!), 
being AMI patches capable to account non 
planar interfaces (for instance when meshes 
are imported from other meshing tools),

• In our experience, sometimes, with very coarse 
meshes everything works!

• snappyHexMesh + blockMesh can alleviate 
these problems
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Hands-on session

• snappyHexMesh does not alter the original 
patches built with blockMesh, so the blade 
vane computational domain can be set up 
directly in blockMesh:

These are patches from
blockMesh !
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Hands-on session

• snappyHexMesh does not alter the original 
patches built with blockMesh, so the blade 
vane computational domain can be set up 
directly in blockMesh:

The only issue is that the 
base mesh is slighlty non-
ortogonal and non-cubic
(depending on the blade
vane shape) for the 
castellation and the 
snappying process! 
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Hands-on session

• Few results:
Q-factor (command “Q” in the console) to 
trace vortexes
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Hands-on session

• Few results:
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Hands-on session

• Few results:
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NAV‐163

1. Introduction to the hydrodynamic naval problems
1. Ship Resistance
2. Propeller Performance
3. Cavitation with OpenFOAM

2. Hands-on session.
1. Drag resistance - KCS
2. Open Water propeller performances - E779A
3. Cavitation on a wing profile - NACA 0010

Today’s lecture



Hands-on session - Cavitation

• Define a Computational domain, fine enough to 
capture re-entrant jets, curvature…

• In this case: structured mesh around a 
NACA0010 wing profile, angle of attack = 4°

• BlockMesh to build the mesh (by using
spline instead of strainght lines)
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Hands-on session - Cavitation

• NACA0010
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Wing – wall B.C. 
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Hands-on session - Cavitation

• NACA0010 – Leading Edge details
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Hands-on session - Cavitation

• Differences with respect to steady/single phase
non cavitating calculations (simpleFoam, for 
instance):

• In the 0 folder:
- U,k,omega,epsilon,nut file as for simpleFoam
- p_rgh instead than p
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Hands-on session - Cavitation

Pressure, not pressure/density!
Reference pressure, to be selected
on the basis of the required cavitation
Number (internalField and all the
Outlet B.C.)

NAV‐168



Hands-on session - Cavitation

• Differences with respect to steady/single phase
non cavitating calculations (simpleFoam, for 
instance):

• In the 0 folder:
- U,k,omega,epsilon file as for simpleFoam
- p_rgh instead than p
- An additional file (alpha.water) to set the initial
conditions about phases (only water)
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Hands-on session - Cavitation

Only water!

Only water!

Only water!

Compare, for instance, commands
necessary for free surface simulation, to 
set alpha.water on boundary conditions
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Hands-on session - Cavitation

• Differences with respect to steady/single phase
non cavitating calculations (simpleFoam, for 
instance):

• In the constant folder:
- g file for the specification of the gravity
acceleration (0 in this 2D case) 
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Hands-on session - Cavitation

• Differences with respect to steady/single phase
non cavitating calculations (simpleFoam, for 
instance):

• In the constant folder:
- transportPropieties file with details of 
the phases
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Hands-on session - Cavitation

݊

2ܴ

Name of the phases

Proprieties of the phases
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Hands-on session - Cavitation

• Differences with respect to steady/single phase
non cavitating calculations (simpleFoam, for 
instance):

• In the system folder:
- transient solver, so specification of the time 
discretization in the fvScheme file
- numerical schemes for the fraction alpha
- numerical solvers for alpha
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Hands-on session - Cavitation

Temporal discretization

Numerical Schemes for 
the transport equation
for alpha
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Hands-on session - Cavitation

Parameters of the interFOAM class, to control 
sharpness of the interface and number of correction
cycles

PIMPLE-based transient solver
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Hands-on session - Cavitation

BE CAREFUL!

Cavitation is a transient process even if
steady inflow conditions are considered.

A sufficiently low Courant number should
be selected
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Hands-on session - Cavitation

• Some results:
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Hands-on session - Cavitation

• Some results:
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Hands-on session - Cavitation

• Some results:

NAV‐180

BE CAREFUL! Excessive artificial sharpening (cAlpha > 1) 
with a non-adequate mesh



• Training material:

Naval/KCS
Naval/E779A

Naval/Cav_2D

Hands-on session
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Thank you for your attention


