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RANS analyses of cavitating propeller flows  
 

Cavitation is an important and complex phenomenon in ship propeller 
flows. Cavitation induces vibrations to the ship structures, and noise to 
the interior of the ship and to the environment encumbering people on 
board and underwater fauna. Cavitation may also cause erosion to 
propellers, rudders, and other ship structures limiting the service time 
of vessels.

This publication discusses numerical modelling of cavitation incepting 
in propeller flows. The cavitation model implemented in FINFLO, a 
general purpose CFD code, has been validated for quasi-steady and 
time-dependent propeller flow problems. The validation of the numeri-
cal model has been performed against model test results performed in 
cavitation tunnels. The results of the implemented numerical model and 
the tests are found to have good correlation.

CFD-based methods give a way to understand the physics inside the 
cavities more deeply. Numerical investigations of cavitating propeller 
flows in the early propulsor and ship design stage help to decrease the 
noise and vibration levels of vessels.
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RANS analyses of cavitating propeller flows 

Kavitoivien potkurivirtausten RANS-analyysi. Tuomas Sipilä. Espoo 2012. VTT Science 22. 136 p. 

Abstract 
This publication presents validation studies for the cavitation model implemented in the 
Reynolds-averaged Navier-Stokes equation solver FINFLO. The validation studies relate 
to ship propellers in uniform and non-uniform inflow conditions. 

The main physical phenomena involved in cavitation are first introduced. Then, the 
cavitation phenomena related to marine applications are presented, and the physics behind 
sheet and vortex cavitation are explained. As cavitating flows are strongly related to turbu-
lence, the physics behind turbulence and its simulation methods are also introduced. 

The benefits and uncertainties related to cavitation tests are described. It is important to 
understand the drawbacks of experimental methods when comparing the simulation results 
with the test observations. A brief description of the existing cavitation models is also 
given, and the utilized cavitation model and its numerical implementation are described in 
detail. 

The validation cases are introduced and the simulation results are compared to the out-
come of the cavitation tests. The simulation results generally showed good correlation with 
the experiments. Sheet cavitation was observed in the tests on both the suction and pres-
sure sides of the blades in the validation cases, which was also found in the simulations. 
The cavitating tip vortices were also found to be similar in the experiments and simula-
tions. The propeller slipstream must be discretized with a high resolution grid in order to 
predict the cavitating tip vortices and the wakes of the blades with reasonable accuracy. 

A verification and validation analysis was performed for the global propeller perfor-
mance characteristics according to the methodology recommended by the ITTC. The 
influence of the empirical constants in the utilized mass transfer model on the cavitating 
tip vortices is studied. 

Finally, explanations for the similarities and differences between the results of the ex-
periments and the simulations are discussed. The main differences are found to be caused 
by laminar flow separation at the leading edge of the blades in the tests, and the limitations 
of the turbulence and cavitation models utilized in the present simulations. 
 

Keywords Cavitation, CFD, hydrodynamics, propeller, RANS, simulation, tip vortex, turbulence 
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Kavitoivien potkurivirtausten RANS-analyysi 

RANS analyses of cavitating propeller flows. Tuomas Sipilä. Espoo 2012. VTT Science 22. 136 s. 

Tiivistelmä 
Työssä on esitetty validointilaskentaa Reynolds-keskiarvoistettujen Navier-Stokes-yhtä-
löiden ratkaisijaan FINFLOhun implementoituun kavitaatiomalliin. Validointilaskennat liit-
tyvät laivapotkurisovelluksiin sekä tasaisessa että epätasaisessa sisääntulovirtauksessa. 

Kavitaatioon liittyvät tärkeimmät fysikaaliset ilmiöt on selitetty opinnäytteen alussa. 
Tämän jälkeen on esitetty laivasovelluksissa esiin tulevat kavitaatioilmiöt. Levy- ja kärki-
pyörrekavitaation fysiikka on selitetty tarkasti. Koska kavitaatio liittyy läheisesti virtauk-
sen turbulenttisuuteen, on myös turbulenssin fysiikka ja sen simulointi- ja mallinnusmene-
telmät kuvattu. 

Kavitaation kokeelliseen tutkimukseen liittyvät edut ja epävarmuudet ovat myös esitet-
ty. On tärkeää ymmärtää kokeelliseen toimintaan liittyvät epävarmuudet, kun verrataan 
kavitaation simulointituloksia koetuloksiin. Olemassa olevia erilaisia kavitaatiomalleja on 
lyhyesti kuvattu. Työssä käytetty kavitaatiomalli ja sen numeerinen implementointi on 
selitetty yksityiskohtaisesti. 

Validointitapaukset on esitetty ja simulointituloksia on verrattu kavitaatiokokeiden tu-
loksiin. Simulointitulokset ovat yleisesti ottaen lähellä kokeellisia tuloksia. Kokeissa ja 
laskennassa levykavitaatiota havaittiin sekä imu- että painepuolilla lapaa eri validointita-
pauksissa. Kavitoiva kärkipyörre oli samankaltainen kokeissa ja simulointituloksissa. 
Jättövirtauksen diskretointi on tehtävä huolellisesti laskennoissa, jotta kavitoiva kärkipyör-
re sekä lavan vanavesi tulevat mallinnettua tarkoituksenmukaisella tarkkuudella. 

Lasketuille potkurin toimintaa kuvaaville globaaleille suureille on tehty verifiointi- ja 
validointitarkastelu ITTC:n suosittelemalla tavalla. Käytetyssä massansiirtomallissa olevi-
en empiiristen kertoimien vaikutusta kavitoivan kärkipyörteen laskentatuloksiin on myös 
tutkittu. 

Työn lopussa on selitetty syitä kokeellisten ja laskennallisten tulosten vastaavuuksiin ja 
eroihin. Tärkeimmät syyt tulosten eroihin ovat levykavitaation synnyn viivästyminen 
kokeissa lavan johtoreunalla ilmenevän laminaarisen virtauksen johdosta sekä simuloin-
nissa käytettyjen turbulenssi- ja kavitaatiomallien rajoitukset. 
 

Avainsanat Cavitation, CFD, hydrodynamics, propeller, RANS, simulation, tip vortex, turbulence 
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List of symbols 

Latin symbols 

a Radius of the viscous core of a vortex 

A Area 

 ሚ  Jacobian of a flux vector based on Roe’s averageܣ

AE Expanded area ratio 

AP Multiplier in the Rhie-Chow interpolation method 

A0 Propeller disk area 

c Speed of sound; chord length 

cp Specific heat at a constant pressure; sectional pressure coefficient 

cμ Coefficient in the k-e model 

c1 Coefficient in the k-e model 

c2 Coefficient in the k-e model 

C Integral constant; constant to reduce dissipation in the Rhie-Chow interpola-
tion; constant in the turbulence energy spectrum in the inertial subrange; con-
stant in the Antoine equation 

Cdest Evaporation constant in the mass transfer model 

CFL Courant number, uΔt/Δx 

CG Correction factor for error estimates related to grid convergence 

Ci Correction factor for error estimates 

Ck Coefficient in limiting k between iteration cycles 

CL Lift coefficient, ௅
భ
మఘ௤

మ஺
 

Cp Pressure coefficient,  ௣ି௣ಮభ
మఘ௤

మ  

Cprod Condensation constant in the mass transfer model 
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CS Smagorinsky coefficient 

Cε Coefficient in limiting e between iteration cycles 

dh Hub diameter 

D Propeller diameter; mass diffusion rate; function in the k-e model; measured 
value of an integral variable 

Dij Divergence term in the Reynolds stress model 

err Error between results calculated from different grid resolutions 

E Total internal energy; energy spectrum of turbulence; function in the k-e mod-
el; error between measured and simulated value of an integral variable 

EC Error between measured and corrected simulated integral value 

f Frequency; weighting function, ߩ௩ + ቀఘೡିఘ
ఘೡିఘ೗

ቁ
௡

௩ߩ) −  (௟ߩ

fμ Function in the k-e  model 

f1 Function in the k-e  model 

f2 Function in the k-e  model 

F  Pressure function at infinity; inviscid flux vector in the x-direction in the 
RANS equations 

 Force; flux ܨ⃗

Fv  Viscous flux vector in the x-direction in the RANS equations 

݃⃗ Body force 

G Filter function; inviscid flux vector in the y-direction in the RANS equations 

Gv Viscous flux vector in the y-direction in the RANS equations 

h Pressure function; enthalpy; turbulence length scale 

hDI Turbulence length scale at the border of the dissipation range and the inertial 
subrange 

hEI Turbulence length scale at the border of the energy containing range and the 
inertial subrange 

hs Smagorinsky length scale, ܥௌ߂ 

h0 Length scale of the largest visible turbulence eddies 

H Inviscid flux vector in the z-direction in the RANS equations 

Hv Viscous flux vector in the z-direction in the RANS equations 

i Individual cell; grid level 

ଓ⃗ Unit vector in the x-direction 
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௛೔శభܫ
௛೔  Interpolation operator between two multigrid levels 

ଔ⃗ Unit vector in the y-direction 

k Kinetic energy of turbulence 

ሬ݇⃗  Unit vector in the z-direction 

kr Residual kinetic energy of turbulence 

K Constant in the McCormick rule 

Kg Gas constant 

l Length 

݈⃗ Curvilinear path 

L Lift 

݉̇ Mass flux 

n Rotational rate of the propeller; iteration cycle; constant in the weighting func-
tion f 

ሬ݊⃗  Unit normal vector 

N Number of cells 

p Local pressure; order of accuracy of a numerical simulation 

p´ Pressure correction 

pest Estimated order of accuracy 

pdif Pressure difference 

peff Effective pressure, ݌+ ଶ
ଷ
݇ߩ = ௗ௜௙݌ + ஶ݌ + ଶ

ଷ
 ݇ߩ

pv Vapour pressure 

p∞ Pressure in undisturbed flow 

P Production of turbulence; forcing function in algebraic multigrid method; pitch 

Pij Production term in the Reynolds stress model 

Pr Prandtl number, ߤ ௖೛
ఒ

 

q Reference velocity; heat 

 Heat flux ݍ⃗

Q Source term vector in the RANS-equations 

r Radial distance; grid refinement ratio 

 Radial vector; distance vector ݎ⃗
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ri Grid refinement ratio 

R Propeller radius; bubble radius; residual 

Rc Residual of the continuity equation 

RE Residual of energy  

Rh Residual of enthalpy  

Rk Residual of turbulent kinetic energy 

RM Residual of momentum  

Rt Transfer of the residual in the algebraic multigrid method 

R* Recalculated residual in the algebraic multigrid method 

Re Reynolds number, ௎ಮ௟
ఔ

 

s Distance between neighbouring cell centres 

 Unit vector between neighbouring cell centres ݏ⃗

S Surface tension of a bubble; area in a vortex sheet; area of a cell face; simulat-
ed value of an integral variable 

ܵ⃗ Boundary 

ܵ̅ Characteristic filtered rate of strain, ൫2ܵ௜̅௝ ܵ̅௜௝൯
ଵ/ଶ

 

ܵ௜̅௝  Filtered rate-of-strain tensor, ଵ
ଶ
൬డ௨ഥ೔
డ௫ೕ

+ డ௨ഥೕ
డ௫೔
൰ 

Sc Schmidt number, ఔ
஽

; corrected simulated value of an integral variable 

SC,f Extrapolated scalar value at an infinitely dense grid 

St Strouhal number, ௙௟
௎ಮ

 

t Time 

T Temperature; arbitrary function 

u Velocity component in the x-direction 

u´ Velocity correction; velocity fluctuation 

uτ Wall velocity, ඥ߬௪ ⁄ߩ  

U Variable vector in the RANS equations, (ߩ, ,ݑߩ ,ݒߩ ,ݓߩ ,݇ߩ,ܧ ,ߝߩ -୘; uncer(	߶ߩ
tainty of an integral variable 

UD Uncertainty in measurements 

UG Uncertainty in grid convergence 

Ui Uncertainty of numerical error 

UI Uncertainty related to iteration unsteadiness 
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USN Numerical uncertainty in simulation 

Ut Transfer of the residual in the algebraic multigrid method 

UV Validation error 

U+ Corrected variable after multigrid iteration  

U∞ Inflow speed 

v Velocity component in the y-direction 

 Velocity in a fixed coordinate system ݒ⃗

V Volume 

VA Advance speed of a propeller 

ሬܸ⃗௥ Velocity in a rotating coordinate system 

w Velocity component in the z-direction 

x Local coordinate direction; fluid quality 

X Global coordinate direction 

y Local coordinate direction 

Y Global coordinate direction 

y+ Wall distance, ݕ௡
ఘ௨ഓ
ఓ

 

yn Normal distance from wall 

z Local coordinate direction 

Z Number of propeller blades; global coordinate direction 

 

Greek symbols 

a Void fraction, ௏ೡ
௏ೢ

; dot product of a surface normal and a connection vector 
between neighbouring cell centres, ሬ݊⃗ ௜ାଵ/ଶ ∙  ௜ାଵ/ଶ; under-relaxation factorݏ⃗

b Exponent variable in Burgers vortex equation, γ/4ν 

γ Vorticity; Stretching; Exponent constant in the equation of an isentropic pro-
cess 

G Circulation; mass transfer 

௜௝ߜ  Kronecker delta 

∗௜,ଵߜ  Corrected error estimate at the infinitely dense grid 

ோா೔,భߜ
∗  Error estimate at the infinitely dense grid 

D Filter length 
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  General measure of discretization,  

  Dissipation of turbulence; small constant 

ij  Dissipation term in the Reynolds stress model 

  Vorticity, ×  

  Kolmogorov length scale 

  Wave length of a turbulent eddy, 2 /h 

  Thermal conductivity 

  Dynamic viscosity,  

T  Turbulent viscosity 

  Kinematic viscosity 

r  Residual eddy viscosity 

  Skew angle 

  Density of a fluid 

  Cavitation number,  

  Coefficient in the k-  model 

ij  Stress tensor 

  Anisotropic residual-tress tensor 

  Residual-stress tensor 

  Wall shear stress 

  Velocity potential; scalar variable 

ij  Pressure-strain term in the Reynolds stress model 

  Turbulence frequency, /k 

  Rotating velocity 

  Rotational rate 

 

Subscripts 

B  Bubble 

c  Critical 

C  Corrected value 

dif  Difference 
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e  Equilibrium 

eff  Effective 

g  Gas 

.   Grid level 

.   Finest grid level 

i  Inception; inner 

j  Cell face 

k  Kinetic energy of turbulence 

max  Maximum 

p  Pressure 

r  Radial 

RE  Richardson extrapolation 

sat  Saturation 

surf  Surface 

t  Turbulent 

tun  Cavitation tunnel 

u  Velocity 

v  Vapour phase; viscous component 

w  Water phase 

x  Axial 

0  Initial condition 

  Dissipation of turbulence 

  Azimuthing 

  Scalar 

  Ambient condition 
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Abbreviations 

ARSM   Algebraic Reynolds Stress Model 

ASME   American Society of Mechanical Engineers 

BEM  Boundary Element Method 

CEIMM  Italian Navy cavitation facility 

CFD  Computational Fluid Dynamics 

CICSAM   Compressive Interface Capturing Scheme for Arbitrary Meshes 

CNR  National Research Council of Italy 

CPP  Controllable Pitch Propeller 

CPU  Central Processing Unit 

DES  Detached Eddy Simulation 

DNS  Direct Numerical Simulation 

EARSM   Explicit Algebraic Reynolds Stress Model 

FPP  Fixed Pitch Propeller 

fps  Frames per second 

HUT  Helsinki University of Technology 

INSEAN   Italian Ship Model Basin 

ITTC  International Towing Tank Conference 

LDV  Laser Doppler Velocimetry 

LES  Large Eddy Simulation 

PHV  Propeller-Hull Vortex 
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RANS  Reynolds-Averaged Navier-Stokes 

rpm  Rounds per minute 

RSM  Reynolds Stress Model 

SGS  Subgrid Scale 

SVA  Potsdam Model Basin 

TEM  Transport Equation-based Method 

URANS  Unsteady Reynolds-Averaged Navier-Stokes 

VoF  Volume of Fluid 
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1. Introduction 

Cavitation can occur in a wide range of technical applications involving fluid flow, such as 
ship propellers and hull appendages, pumps, diesel engine injection valves, and bearings. 
The phenomenon can also occur in human tissues. Often, the characteristic crack of a knee 
when bent suddenly is, in fact, the sound is emitted from a collapsing cavitation bubble. 
Cavitation is also used in medical science to break kidney stones, for example (Brujan, 
2011). Cavitation is also utilized in under-water cleaning, in which the implosions from 
cavitation caused by the strong jets remove fouling from ship hulls. 

The high pressure pulses emitted by collapsing cavitation bubbles cause several well-
known, but not necessarily fully understood, phenomena. The collapsing cavitation bub-
bles emit broadband noise to the environment. In a case where the bubbles collapse in the 
vicinity of a solid surface, cavitation may cause damage to the material near nearby. Ex-
tensive dynamic cavitation can emit high pressure pulses from collapsing bubbles that may 
excite vibrations in neighbouring structures. Extensive cavitation also alters the main flow 
field. If the cavitation advances beyond a certain limit, hydrofoil lift is suddenly signifi-
cantly reduced. Cavitation represents an interesting avenue of research due to the wide 
range of dynamic phenomena related to it.  

This thesis focuses on the numerical simulation of cavitating flows on ship propellers. 
The contents of the thesis are as follows.  The introduction given in Section 1 covers the 
main physical phenomena related to cavitation and its special aspects in the maritime field. 
The introduction also covers the methods of predicting turbulence in viscous flows. The 
methods and models used to study cavitation are also presented in the introduction. Section 
2 introduces the utilized numerical models and their implementation in the FINFLO code. 
The validation cases are described in Section 3, and the results of the simulations are given 
in Section 4. The discussion of the quality of the simulation results is given in Section 5. 
Possible explanations for the similarities and differences between the simulation results 
and the experiments are also discussed. The conclusions and directions for future research 
are given in Section 6. 

1.1 Cavitation physics 

This chapter discusses the physics behind the phase transition between liquid and gaseous 
phases. Whereas the fluid dealt within this thesis is water, the same physical background 
holds also for other fluids. 
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1.1.1 Phase transition 

Water, as any other pure substance, can exist in three phases: solid, liquid and gas. If the 
gas temperature of the substance is below its critical temperature, the gas phase is called 
vapour. Two or more phases can exist simultaneously in a volume. In such cases, the fluid 
is called a mixture. In phase transition from gas to liquid, from liquid to solid and from gas 
to solid, heat is released. In phase transition in the opposite direction, heat is absorbed. 

Figure 1 shows a three-dimensional surface representation of the quasi-steady processes 
of a pure substance based on the p,V,T coordinates, where p is pressure, V is volume, and T 
is temperature. All possible phases and their mixtures are shown in the figure. The three 
phases are in equilibrium at the triple line between points A and B. In the small extension 
of the triple line to the left of point A, the vapor+solid and liquid+solid phase pairs are in 
equilibrium. The plane to the right of the isotherm is the gas phase. The vapour phase is 
present at temperatures below the critical temperature in the regions depicted by V. The 
“shoe tongue” shaped region on the surface contains both the liquid and vapour phases. To 
the left of the “shoe tongue” is the pure liquid phase, a mixture of liquid and solid phases, 
and the pure solid phase. Below the triple line is the equilibrium region of the solid and 
vapour phases. In all mixture regions the isotherms are parallel to the V axis, i.e. the pres-
sure depends only on temperature. 

Figure 1 also shows projections of the three-dimensional surface in the pT and pV 
planes. In the pT planes the mixture phase regions on the three-dimensional surface are 
reduced to lines at which equilibrium exists. The triple line is reduced to a singular point. 
The boiling line ends at the critical point above which only the gas phase exists. In the pV 
projection, the region of the mixture of liquid and vapour phases is delimited by the satu-
rated liquid and saturated vapour curves (curves I and II, respectively), and by the triple 
line.  

The phase transition from liquid to vapour is evaporation, and the transition from va-
pour to water is condensation. Figure 2 illustrates the difference between cavitation and 
boiling. If the phase transition from liquid to vapour is driven by temperature increase, the 
phenomenon is called boiling. In a case where evaporation is driven by a pressure de-
crease, the phenomenon is called cavitation. However, the delimitation between boiling 
and cavitation is not always clear; evaporation in heat exchangers may be influenced by 
both pressure and temperature variations. In the marine context, evaporation is driven by a 
local pressure decrease in water due to induced high velocities on the lifting surfaces. 

As seen from Figure 1, the vapour pressure of a fluid varies as a function of tempera-
ture. Figure 2 shows the correlation between vapour pressure pv and temperature T as 
recommended by the International Towing Tank Committee (ITTC, 2011). 
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Figure 1. Pressure-Volume-Temperature surface representation of a pure substance. G, L, 
S and V depict the gas, liquid, solid and vapour phases of the substance, respectively. The 
critical point is depicted by C. Projections of the surface give the p-T diagram on the left 
and the p-V diagram to the rear. (Figure reproduced from Hemilä & Utriainen [1991].) 

 

Figure 2. Correlation between vapour pressure and temperature of water as recommended 
by the ITTC. The delimitation between boiling and cavitation is also illustrated. 
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Cavitation is often related to a violent behaviour of fluids due to the very rapid processes 
involved in the evaporation and condensation of cavitating bubbles. The dynamics of 
cavitation are several magnitudes faster than those of the mean flow.  

The growth and collapse of bubbles emit very high pressure peaks in the cavitation re-
gion. The cavitating flow structures can travel with the bulk flow to the high pressure 
regions where large numbers of cavitating bubbles collapse violently and simultaneously. 
The local velocity of the collapsing bubbles is high enough to exceed the speed of sound in 
the mixture and shock waves are generated in the fluid. 

The speed of sound in a mixture of water and vapour is significantly lower than that in 
pure water or pure vapour. The speed of sound c is calculated as a function of the void 
fraction av as (Wallis, 1969): 

ଵ
ఘ௖

= ఈೡ
ఘೡ,ೞೌ೟(்)௖ೡమ

+ ଵିఈೡ
ఘ೗,ೞೌ೟(்)௖೗

మ (1) 

where rv,sat and rl,sat are the saturated densities of the vapour and liquid phases, respective-
ly. The void fraction is the relation between volumes of vapour Vv and liquid Vl in a specif-
ic region, i.e. ߙ௩ = ௏ೡ

௏೗
. At a 25 °C temperature the speed of sound is shown as a function of 

the void fraction in Figure 3. As the figure shows, the speed of sound is very low between 
the void fraction av = 0.05…0.95. The speed of sound in a mixture is at its lowest cm = 4 
m/s at av = 0.5.  The speed of sound in pure water (av = 0) is  cl = 1542 m/s, and in pure 
vapour (av = 1) cv = 420 m/s. 

 

Figure 3. Speed of sound in a mixture of water and vapour as a function of void fraction. 

1.1.2 Bubble dynamics 

Cavitation does not incept in pure fluids. This is because pure water can sustain even 
tension (Brennen, 1995) due to the mutual attraction of the water molecules, i.e. cohesion. 
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The experiments conducted by Briggs (1950) showed that pure water can resist close to 
260 bars of tension at 10 °C. However, pure water exists in virtually no practical engineer-
ing applications. 

Cavitation bubbles are formed from cavitation nuclei, i.e. from tiny bubbles filled with 
vapour or gas or a combination of these. Water can also contain solid contaminants on 
which cavitation nuclei can attach. The number of small nuclei in a fluid is higher com-
pared to larger nuclei. This is due to the more stable nature of small bubbles caused by 
their higher surface tension.  

Water also contains dissolved air. Dissolved air has a minimal effect on the cohesive 
forces of water and thus, in turn, has only a limited effect on the cavitation inception prop-
erties of water. 

Rayleigh (1917) derived a function for a single collapsing cavitation bubble containing 
pure vapour. Plesset (1949) later generalized this formulation to also include gas inside the 
bubble. This formulation is called the Rayleigh-Plesset equation and is referred to in nu-
merous publications dealing with the dynamics of cavitation bubbles, such as Kuiper 
(1981), Matusiak (1992), Carlton (1994) and Hallander (2002), to mention a few. The 
derivation of the Rayleigh-Plesset equation below is done following Matusiak (1992). 

For a flow with spherical symmetry, the continuity and momentum equations of the 
Navier-Stokes equations in the differential form are as follows: 

డఘೢ
డ௧

+ ଵ
௥మ

డ(௥మఘೢ௩ೝ)
డ௥

= 0 (2) 

and 

ௗ௩ೝ
ௗ௧

= − ଵ
ఘೢ

డ௣
డ௥

 (3) 

where t is time, r is the radial distance, ݒ௥ is the radial velocity, and p is pressure. The fluid 
is irrotational due to the radial symmetry of the flow. The body forces are neglected. 

By using the relation of the material derivative 

ௗ௩ሬ⃗
ௗ௧

= డ௩ሬ⃗
డ௧

+ డ
డ௥
ቀ௩ሬ⃗

మ

ଶ
ቁ (4) 

the momentum equation in Eq. (3) can be expressed as 

డ௩ೝ
డ௧

+ డ
డ௥
ቀ௩ೝ

మ

ଶ
ቁ+ ଵ

ఘೢ

డ௣
డ௥

= 0 (5) 

The velocity potential f is defined so that 
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ݒ⃗ = ∇߶  (6) 

By introducing also a pressure function h(p) 

ℎ(݌) = ∫ ௗ௣
ఘೢ(௣)

௣
௣ಮ

 (7) 

one can present Eq. (5) in the form 

డథ
డ௧

+ ଵ
ଶ
ቀడథ
డ௥
ቁ
ଶ

+ ℎ =  (8) (ݐ)ܨ

where F(t) = ௣ಮ(௧)
ఘೢ,ಮ

 and h = ௣
ఘೢ(௣). The external pressure ݌ஶ(ݐ) far from the bubble is time-

dependent. The external pressure consists of atmospheric, static, and dynamic pressures, of 
which the latter is time-dependent and induced by the motions of the body in the fluid 
domain.  

In a case of an incompressible flow, the continuity equation and Eq. (8) simplify, re-
spectively, to 

డ(௥మ௩ೝ)
డ௥

= 0  (9) 

and 

డథ
డ௧

+ ଵ
ଶ
ቀడథ
డ௥
ቁ
ଶ

+ ௣
ఘೢ

=  (10) (ݐ)ܨ

Integrating Eq. (9) gives the relation 

௥ݒ = ஼
௥మ

 (11) 

here C is an integration constant determining the boundary conditions of the problem. At a 
spherical bubble wall r = R the radial velocity is the same as the bubble wall velocity. This 
gives the boundary condition to define C as 

ܥ = ܴଶܴ̇ (12) 

and 
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௥ݒ = ோమோ̇
௥మ

 (13) 

By integrating the radial velocity, the velocity potential of the bubble becomes as follows: 

߶ = ∫ ோమோ̇
௥మ
ݎ݀ = − ோమோ̇

௥
+  (14) (ݐ)݂

where the integration function f(t) is set to zero. 
The pressure inside the bubble is calculated as a function of the radial extent of the 

bubble radius by Eq. (10): 

,ݎ)݌ (ݐ = ௪ߩ ቆ
ோ̇ோమାଶோோ̇మ

௥
− ଵ

ଶ
ோ̇మோర

௥ర
+  ቇ (15)(ݐ)ܨ

On the bubble surface r is equal to R and Eq. (15) becomes 

ܴܴ̈ + ଷ
ଶ
ܴ̇ଶ = ௣ೢ,ೞೠೝ೑

ఘೢ
 (16) (ݐ)ܨ−

where ݌௪,௦௨௥௙ is the pressure in the fluid at the bubble surface.  
 

 

Figure 4. A spherical bubble in a fluid domain. 

Figure 4 shows a sketch of a bubble in a fluid domain. In a case of an equilibrium condi-
tion the pressure inside the bubble is constant. The net force generated by the pressure 
difference inside the bubble and just outside the bubble is 
(ݐ)௣ܨ = ൫݌௜ −  ଶ. This must be compensated by the surface tension S(ݐ)ܴߨ൯(ݐ)௪,௦௨௥௙݌
integrated around the bubble circumference as ܨௌ(ݐ) = -In equilibrium condi .(ݐ)ܵ(ݐ)ܴߨ2
tions, the following thus holds: 
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௜݌ − (ݐ)௪,௦௨௥௙݌ = ଶௌ(௧)
ோ(௧)   (17) 

The pressure inside the bubble forms from the vapour pressure and the partial gas pressure: 

௜݌ = ௩݌ +  ௚  (18)݌

It is often acceptable to assume that the gas inside the bubble behaves like an ideal gas. 
Thus, the pressure changes as a function of volume as 

௚ܸఊ݌ = ௚,଴݌ ଴ܸ
ఊ   (19) 

where the initial condition is depicted by the subscript 0 and g is the constant of the isen-
tropic process. For an ideal gas g = 1.4. 

Now, the pressure on the bubble wall is written as 

(ݐ)௪,௦௨௥௙݌ = ௩݌ + ௚,଴݌ ቀ
ோబ
ோ(௧)ቁ

ଷఊ
− 2 ௌ(௧)

ோ(௧)   (20) 

The bubble motion in an incompressible fluid in Eq. (16) is written in its final form as 

(ݐ)ܴ̈(ݐ)ܴ + ଷ
ଶ
ଶ(ݐ)ܴ̇ + 2 ௌ(௧)

ோ(௧) = ௣ೡି௣(௧)
ఘೢ

+ ௣೒,బ

ఘೢ
ቀ ோబ
ோ(௧)ቁ

ଷఊ
   (21) 

The above equation is the Rayleigh-Plesset equation, from which the growth and collapse 
of a cavitation bubble can be determined. A more general form of the Rayleigh-Plesset 
equation including also the thermal and viscous terms of the liquid is found in Brennen 
(1995) and Hammit (1980), among others. 

1.1.3 Bubble stability 

The Rayleigh-Plesset equation given in Eq. (21) can also be used to determine the stability 
of an individual cavitation nucleus. Bubble stability is an essential factor regarding cavita-
tion inception. As presented in Brennen (1995), for example, in a case of a small perturba-
tion in bubble size from R = Re to R = Re(1+e), where e is a small constant e <<  1,  the  
bubble faces two possible outcomes. 

In the first outcome, the partial gas pressure remains the same in the bubble. The per-
turbation is generated over a long period of time and mass diffusion is allowed between the 
fluid and the bubble to maintain the partial gas pressure inside the bubble. This phenome-
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non  is  not  of  key  interest  from  the  cavitation  point  of  view,  although  it  does  affect  the  
number and size of the cavitation nuclei in a fluid. 

In the second case, the change in the bubble size is rapid so that the mass and tempera-
ture of the gas remain the same in the bubble. The gas term in the Rayleigh-Plesset equa-
tion then becomes ݌௚ = ௣೒,೐

ఘೢ

ோ೐
యം

ோయം
. By substituting this with R = Re(1+e) into the Rayleigh-

Plesset equation one gets the following form of equation: 

(ݐ)ܴ̈(ݐ)ܴ + ଷ
ଶ
ଶ(ݐ)ܴ̇ = ఌ

ఘೢ
ቂଶௌ
ோ೐
−  ௚,௘ቃ   (22)݌ߛ3

Here ε has the same sign as the term in the brackets in the case where 

ଶௌ
ோ೐

>  ௚,௘. (23)݌ߛ3

This means that the velocity and/or acceleration of the bubble radius has the same sign as 
the perturbation in the case that the inequality in Eq. (23) holds. The equilibrium is unsta-
ble, since the initial motion causes the bubble to grow further from R = Re. In the opposite 
case, the equilibrium is stable. 

In an equilibrium condition where the change in bubble size is fast enough for gas dif-
fusion to be neglected, the stable equilibrium requires that 

௚,௘݌ = ௠೒ ಳ்௄೒
ర
యగோ೐

య > ଶௌ
ଷఊோ೐

 (24) 

where TB is the temperature in the bubble and Kg is the gas constant. The critical bubble 
size Rc for a given mass of the gas is now determined as 

ܴ௖ = ටଽఊ௠೒ ಳ்௄೒
଼గௌ

 (25) 

The bubbles of radius Re < Rc are stable, and the bubbles of radius Re > Rc are unstable. 
The critical size of the bubble can be reached by decreasing the ambient pressure in the 
fluid domain. The critical pressure p∞,c is determined based on Eqs. (17) and (25) as fol-
lows: 

ஶ,௖݌ = ௩݌ −
ସௌ
ଷ ට

଼గௌ
ଽఊ௠೒ ಳ்௄೒

 (26) 

This pressure is called the Blake threshold pressure. Figure 5 shows the isothermal equilib-
rium cases for various fixed masses in bubbles with a fixed surface tension. The maxima 
of the curves form the critical  radii  of  the bubbles with different amount of gas in them. 
This line is depicted by the dashed line in the figure. It separates the stable and unstable 



1. Introduction 
 

26 

equilibriums. The equation of the dashed line is ݌௩ − ஶ݌ = ସௌ
ଷோ೐

. As the figure shows, at 
pressures below the critical pressure the bubble radius increases or decreases according to 
changes in the ambient pressure. At the critical pressure, the bubble radius increases re-
gardless of changes in the ambient pressure. 

 

Figure 5. Radii of stable and unstable equilibriums as a function of the difference between 
vapour and ambient pressures for various masses of gas in a bubble. The stable and unsta-
ble equilibriums are separated by the dotted line. (Figure taken from Daily & Johnson 
[1956].) 

In a case of turbulent flow, the bubbles are under the influence of pressure fluctuations. If 
the mean pressure is close to the critical pressure, the bubble radius can momentarily 
exceed the critical radius due to pressure oscillations. The bubble then continues to grow 
explosively without shrinking even if the pressure increases again above the critical pres-
sure. For this reason, cavitation incepts earlier in turbulent flows compared to laminar 
flows. 

1.1.4 Noise and erosion 

The noise emitted from cavitation can be divided into the low- and high-frequency noise 
bands. The low-frequency noise is caused by the volume fluctuations of the glassy sheet 
and tip vortex cavitations. These volume fluctuations are mainly induced by changes in 
ambient pressure. The frequency of these pressure fluctuations is the blade passing fre-
quency and its harmonics in the propeller application. The natural shedding of the sheet 
cavities also alters the size of the vaporized regions on the hydrofoils. 
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The final stage of collapse of the cavitation bubbles is violent and forms narrow and 
high pressure pulses in the surrounding medium. The collapses form a continuous noise 
spectrum that is dominant at the high-frequencies. Cavitation bubbles may form when the 
sheet cavity is cut off by the re-entrant jet and convected downstream with the bulk flow. 
The bubbles may also tear off at the trailing edge of the sheet cavity.  

Cavitation bubbles play important role in noise emitted from vortex cavitation. Even 
though vortex cavitation seems to be glassy, there are bubbles at the outer edges of the 
cavitating vortex core causing high-frequency noise. 

Matusiak (1992) models the high frequency noise emitted by a group of collapsing cav-
itation bubbles. In the Matusiak model, the cavity is disintegrated into a group of cavities 
using a model for the collapse of individual cavities, and the bubbles tear off from the 
trailing edge of the sheet cavity. The bubble sizes are statistically determined in the model. 
The volume rate of the forming bubbles is identical to the reduction in sheet cavitation 
volume. Hallander (2002) includes the interaction of the cavitation bubbles in his high-
frequency noise model. 

Cavitation erosion is related to the collapse of cavitation bubbles near a material sur-
face. Van Terwisga et al. (2009) conducted a review of the physical mechanisms and 
models related to cavitation erosion, and it is this review that is mainly referred to below. 
Hammit (1963) postulated that cavitation erosion incepts when the potential energy of the 
shed cavity exceeds the damage threshold of a skin. The damage threshold is determined 
by the properties of the material exposed to cavitation collapse. The potential energy of the 
cavity turns into an accumulating kinetic energy which converts into acoustic energy at the 
final point of the bubble collapse. The shock waves then radiate into the material surface 
causing erosion. Figure 6 shows an example of propeller blade erosion caused by cavita-
tion. 

 

Figure 6. Cavitation erosion damage caused by root cavitation and cavitation cloud col-
lapse near the trailing edge of a propeller blade. 
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The cavitation damage is proportional to the energy emitted by cavitation to the material. 
The cloud cavities that occur due to the break-up of the sheet cavitation are actually a 
mixture of cavitating vortices (Foeth, 2008). The vortices are of the ring-vortex type. As 
they convect close to a solid surface they turn into horseshoe vortices (Kawanami et al., 
2002). The bubbles in the horseshoe vortices are concentrated to the material surface 
through the vorticity that is directed towards the surface. This leads to a concentration of 
the pressure pulses emitted from the collapsing cavitation bubbles near to the material 
surface and, potentially, erosion. Since the shedding of sheet cavitation is usually regular 
in time and space the erosion damage on a material surface can become serious over a long 
period of time. 

Another source of cavitation erosion is related to tip vortex cavitation. In a case where 
the cavitating tip vortex breaks up close to a material surface, the vortex diverges into 
cloud and ring vortex cavitations. Near a material surface the ring vortices deform into 
horseshoe vortices and cavitation erosion may form in the same way as in the shedding of 
sheet cavitation. The tip vortices usually hit the material surface in a certain limited area. 
The cavitation erosion is thus focused on a relative small region over a long period of time, 
which makes cavitation erosion related to tip vortices potentially severe. It is generally 
assumed that stable tip vortex cavitation does not cause cavitation erosion, since there is no 
local concentration of potential energy of the cavity due to the absence of horse shoe vorti-
ces. 

To mention some erosion risk models, those presented by Bark et al. (2004) and Fortes-
Patella et al. (2004) are based on the transfer of energy from collapsing vapour clouds into 
acoustic energy emitted from the collapsing micro bubbles. Bark et al. (2004) identifies 
bubble rebound as an indicator of aggressive cavitation that may lead to erosion. The 
method introduced by Fortes-Patella et al. (2004) determines the damage rate based on the 
flow aggressiveness potential and the pressure wave power induced from macroscopic 
vapour cloud collapses. The most critical parameters in this model are the distance from 
the centre of the vapour cloud collapse to the material surface, and the hydrodynamic 
characteristics such as the reference velocity and cavitation number. The cavitation cloud 
extent, calculated from CFD calculations, can also be used as an input in the cavitation 
erosion models discussed above. 

The cavitation erosion model of Kato et al. (1996) takes into account the cavity genera-
tion rate and the number and size of the bubbles in the cavity cloud. Only the bubble col-
lapses that occur inside a specific effective layer are taken into account. The spatial distri-
bution of the bubbles and the initial gas pressure inside the bubbles are disregarded. This 
model does not take into account that the bubbles gather in horseshoe vortices near the 
material surface. 

1.2 Cavitation in marine applications 

Cavitation was first discovered in the marine context in connection with the famous steam 
ship Turbinia. The vessel’s inventor, Sir Charles Parsons, performed a revolutionary sur-
prise demonstration of the vessel at the annual fleet review of the Royal Navy at Spithead, 
Great Britain, on June the 26th, 1897. In front of a prestigious audience of royal and naval 
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dignitaries, the experimental vessel, which had reached over 30 knots in sea trials, proved 
itself to be by far the fastest ship of its day by easily outmanoeuvring all other ships at the 
review. 

Parsons faced the cavitation phenomenon in developing the propulsion for the Turbinia. 
The vessel was first equipped with a single propeller with a 1750 rpm rate of rotation. 
However, with this arrangement a maximum speed of only slightly below 20 knots could 
be achieved. Parsons altered the propeller geometry without success until he finally de-
duced that the poor performance of the ship might be caused by the formation of “vacuous 
cavities” behind the propeller blades. He increased the blade area to decrease the loading 
per propeller area ratio by introducing three shafts in the Turbinia and by installing three 
propellers on each shaft, giving a total of nine propellers sharing the power of the steam 
turbines. After tuning the propeller geometry, the vessel reached a world record speed of 
over 34 knots (Anonym, 1981). 

Cavitation has ever since remained a focus of key interest and research in the maritime 
field. In addition to the propulsion devices, cavitation also incepts on other submerged 
appendages of the ships, such as fins and keels. 

Cavitation is the cause of three key detrimental phenomena acting on ships and other 
marine structures. Firstly, cavitation is a source of underwater noise, which is emitted into 
the sea environment and to the interior of the ship. Cavitation noise has a detrimental 
impact on marine fauna as well as on passengers and crew on board. In the naval context, 
cavitation noise is utilized to detect enemy ships. Secondly, cavitation also induces vibra-
tion of ship structures, which can be disruptive to people on board and, in severe cases, can 
inhibit the task of the ship. The third detriment is cavitation erosion. If the dry-docking 
interval must be shortened due to erosion damage, considerable additional costs are in-
curred by the ship owner. 

Despite its drawbacks, cavitation can sometimes be utilized in ship propulsion. In the 
highly loaded propellers, where cavitation inception cannot be avoided, the cavitation 
behaviour of the foil is designed so that sheet cavitation extends from the leading edge of 
the blade over the trailing edge. This is achieved by decreasing the propeller diameter and, 
thus, increasing its loading. By using special section profiles on the blades, fully cavitating 
conditions over the blade are ensured. The lift force in these supercavitating blades is 
provided by the vapour pressure on the suction side and the overpressure on the pressure 
side of the blade. Viscous drag is lower on supercavitating propellers compared to conven-
tional propellers, but the benefit of drag reduction is lower than the detriment of losing lift 
force (Matusiak, 2000). Super cavitation helps to avoid large fluctuations in the volume of 
the cavitation region and related large pressure pulses, vibration excitations, and possible 
erosion problems. 

1.2.1 Cavitation types on marine propellers 

Cavitation in the marine context can be divided into five categories according to the ITTC 
(2002). The cavitation categories are listed and briefly described below in accordance with 
the ITTC descriptions. 
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Sheet cavitation or attached cavitation is usually thin, smooth and transparent. It initi-
ates from the leading edge of a blade or hydrofoil as the local pressure reaches the critical 
pressure. The liquid flow separates at the blade and a region of vapour is formed between 
the water and the blade. Sheet cavitation is often foamy in appearance. It is generally 
suspected that sheet cavitation is erosive when occurring on the pressure side of a blade. 
The phenomenon is common with controllable pitch propellers (CPP) when using low 
pitch and a high rate of revolution. 

Cloud cavitation occurs in regions with a large number of complex vortical structures 
of vapour bubbles. It is formed from the break-up of unsteady sheet cavitation. The de-
tached sheet cavities convect downstream with the local flow field. If the cloud cavities 
collapse near a material surface they can be erosive. 

Bubble cavitation forms on blades having so-called “new blade sections” that do not 
produce a low pressure peak at the leading edge of the blade. The bubbles appear as small, 
rapidly growing cavitation nuclei. Small bubbles are formed at a sectional Reynolds num-
ber of about Re0.7R > 106 and large bubbles at about Re0.7R < 106. The sectional Reynolds 
number is defined as 

ܴ݁଴.଻ோ =
ට௏ಲమା(଴.଻గ௡஽)మ௖బ.ళ

ఔ
 (27) 

where VA is the advance speed of the propeller, n is the propeller rate of revolution, D is 
the propeller diameter, c0.7 is the chord length at radius r/R = 0.7, where R is the propeller 
diameter, and n is the kinematic viscosity of water. 

Streak cavitation is a form of bubble cavitation. Bubble cavitation forms first at isolat-
ed roughness spots on the leading edge of the blade or at imperfections on the blade sur-
face, and develops then as isolated narrow streaks, often present in parallel on the blade. 

Root cavitation is a thick three-dimensional cavity that incepts at the blade root. Root 
cavitation is potentially erosive. It is common on CPPs. 

Vortex cavitation forms at the low-pressure core of vortices. The ITTC (2002) divides 
vortex cavitation into the following detailed categories: 

– Trailing tip vortex cavitation incepts downstream from the blade tip. 
– Leading edge vortex cavitation incepts along the leading edge due to high loading 

conditions at the leading edge. 
– Attached tip vortex cavitation incepts very close to the blade tip and is often at-

tached to the blade. 
– Propeller-Hull vortex (PHV) forms at high loading conditions at low vessel speeds. 

The collapse of a cavitating PHV can excite severe vibrations in the ship hull. 
– Hub vortex cavitation is developed at the trailing edge of a propeller hub. It can ex-

cite vibration and erosion of the rudder. 
– Ducted propeller tip gap leakage vortex cavitation is present at the gap between 

the blade and the duct inner face. Cavitation can induce vibration and erosion of the 
duct. In severe cases, a hole can be eroded though the inner surface of the duct. 
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CPP blade bolt cavitation incepts on the blade bolts and in their holes in CPP applica-
tions. 

Shear cavitation incepts in regions of high shear vorticity. The pressure drops below 
vapour pressure in rotational structures. Shear cavitation can be found in the separated 
flow regions that develop on blades with a high angle of attack and in the wakes of hydro-
foils. 

Figure 7 shows photographs of the different cavitation types on propeller models in 
cavitation tunnels. The top left photograph shows a few large cavitation bubbles con-
vecting downstream on the propeller surface. The streak cavitation incepting at the leading 
edge of the blade forms sheet cavitation that is foamy at the rear part of the cavity. A 
strong root cavity is also present. 

The top right photograph in Figure 7 shows streak cavitation forming at some distance 
from the blade leading edge and merging into sheet cavitation. The blade section is more 
heavily loaded at the mid-chord since the leading edge is free of cavitation. The sheet 
cavity spreads as bubble cavitation into the propeller wake field. The propeller tip is free 
of cavitation, which indicates that the tip of the blade is unloaded. 

The photograph at the bottom left of Figure 7 shows glassy sheet cavitation at the mid 
radii of the blade leading edge. A leading edge vortex develops along the highly skewed 
leading edge and develops finally to a leading edge – tip vortex slightly below the blade 
tip. Close examination of the blade tip reveals that an attached tip vortex is also present. 
The attached tip vortex cavity extends to the propeller slipstream. Root cavitation is also 
present on the blade. The photograph at the bottom right shows a cavitating detached tip 
vortex and root cavitation. 
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Figure 7. Top left: leading edge streak cavitation forming as sheet cavitation, large bubble 
cavitation, and root cavitation. Top right: streak cavitation and small bubble cavitation. 
Bottom left: leading edge sheet cavitation, leading edge vortex cavitation, leading edge – 
tip vortex cavitation, attached tip vortex cavitation, and root cavitation. Bottom right: 
detached tip vortex cavitation and root cavitation. (Photographs at the top and bottom left 
taken from the ITTC [2002]; photograph at bottom right taken from Heinke [2011].) 

1.2.2 Dynamics of sheet cavitation 

Arakeri (1975) used spheres, cylinders, and ogival bodies in his investigations of the in-
ception of attached sheet cavitation. Arakeri found that the attached sheet cavity incepts 
after a small laminar separation bubble. The flow is laminar from the stagnation point to 
the laminar separation point. In the transcritical region the laminar flow mutates into turbu-
lent flow just after the separation point. The turbulent flow reattaches to the body and a 



1. Introduction
 

33 

small laminar separation bubble is formed between the separation and reattachment points. 
Sheet cavitation is known to incept at the trailing edge of the laminar separation bubble. 

Water is at a metastable state between the low pressure peak and the laminar separation 
point. The laminar separation bubble detaches the streamlines from the body surface, 
enabling the cavity to remain attached to the surface. The attached sheet cavity would be 
washed away with the main flow if  no laminar separation bubble was located in front of 
the cavity. 

Frank and Michel (1985) made similar observations as Arakeri (1975) regarding sheet 
cavities on hydrofoils. Frank and Michel (1985) found that the inception of sheet cavita-
tion follows the location of the transition region from laminar to turbulent flow on the 
hydrofoils. A sketch of a laminar separation bubble on a hydrofoil is shown in Figure 8. 
The location of the laminar separation point is independent of the Reynolds number. 

 

Figure 8. Pressure distribution on the suction side of a hydrofoil and laminar separation 
bubble dividing the flow regime into laminar and turbulent regions. 

A laminar separation bubble in front of the sheet  cavity is  shown in Figure 9.  The sheet  
cavity is very thin at its leading edge. The surface tension between the water and vapour 
forms a radius of curvature on the leading edge of the sheet cavity, as shown in Figure 9. 
The radius of curvature depends on the surface tension of water and vapour, and the loca-
tion of the cavity leading edge. The passing streamlines on top of the separation bubble 
induce circulation inside the laminar separation bubble. 

To form an attached sheet cavity, the cavitation nuclei must not activate between the 
low pressure peak and the laminar separation bubble. This requires the water to be deaerat-
ed. This is the case, for example, in cavitation tunnels if no nuclei seeding is performed. 
The nuclei are trapped by the laminar separation bubble. The nuclei grow slowly by diffu-
sion of dissolved air in the laminar separation bubble (Franc & Michel, 2004). The cavita-
tion bubbles then merge behind the laminar separation bubble and form an attached sheet 
cavity. 

At higher Reynolds numbers and low angles of attack,  the boundary layer turns from 
laminar to turbulent upstream of the possible laminar separation point. The flow remains 



1. Introduction 
 

34 

attached to the foil or separates at the turbulent separation point, which is located signifi-
cantly downstream of the laminar separation point. In that case, cavitation appears as 
separate transient bubbles or as three-dimensional vapour structures attached to isolated 
roughness elements. 

Kuiper (2011) explains that travelling cavitation bubbles can also induce attached cavi-
tation. The cavitation bubbles start growing in the transition region. Depending on the 
pressure gradient, the cavitation bubbles can move with the flow or they can expand in the 
upstream and downstream directions and form an attached sheet cavity. The formed sheet 
cavity induces a laminar separation bubble in front of itself, which prevents the wetted 
flow from flushing away the cavity. 

With ship propellers, the low pressure peak on the suction side of the blade is located 
close to the leading edge. The transition zone is very short due to the strong adverse pres-
sure gradient close to the leading edge. Consequently, the cavitation inception can be 
assumed to take place very close to the low pressure peak at the blade leading edge. At the 
model scale, laminar separation can be considerable and modify the observed cavitation 
extension drastically. 

The dynamics of sheet cavitation are determined by the re-entrant jet that penetrates in-
side  the  cavity  along  the  foil  surface  from  the  trailing  edge  of  the  cavity.  The  pressure  
inside the cavity is the vapour pressure. Since the pressure in the liquid domain is higher 
than that inside the cavity, the streamlines tend to bend towards the cavity. 

 

Figure 9. A two dimensional sheet cavity near the leading edge of a hydrofoil. The lami-
nar separation bubble is also shown. 

Figure 9 shows a sketch of a two-dimensional sheet cavity forming close to the leading 
edge of a hydrofoil. A dividing streamline travels over the vaporous region and forms a 
stagnation point behind the cavity. The streamlines travelling between the dividing stream-
line and the cavity bend upstream along the foil surface under the cavity and form a re-
entrant jet. The thin layer of liquid travels upstream until it bends up and breaks off a part 
of the sheet cavity. In an extreme case, the re-entrant jet travels upstream to the leading 
edge of the cavity and detaches the entire sheet from the foil. 

Le et al. (1993) and De Lange and de Bruin (1998), among others, have experimentally 
investigated the shedding mechanism of thick sheet cavitation on a two-dimensional hy-
drofoil. A schematic view of their observations is given in Figure 10. At the first stage, the 
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cavity starts to grow following the break-off of the sheet. After the cavity has extended to 
its ultimate length, a strong re-entrant jet develops at the closure of the cavity. The re-
entrant jet penetrates the sheet cavitation some distance upstream from the cavity closure. 

 
1 
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Figure 10. The shedding mechanism of sheet cavitation. The flow is from left to right. 
(Figure reproduced from De Lange & de Bruin [1998].) 

Based on the potential flow theory, the velocity of the re-entrant jet is equal to the flow 
velocity on top of the cavity, i.e.	ܷஶඥ1 +  ௩, where ܷஶ is the inflow velocity and theߪ
cavitation number ߪ௩ is defined as: 

௩ߪ = ௣ಮି௣ೡ
భ
మఘ௎ಮ

మ  (28) 

In practice, the velocity of the re-entrant jet is slightly smaller than that of the free-stream 
velocity (Kawanami et al. [1998] and Franc & Michel [2004]). 

As the re-entrant jet breaks off from the sheet cavity, a cloudy cavity formed of bubbles 
develops from the rear part of the sheet. The momentum of the re-entrant jet causes the 
cloudy cavity to circulate in a direction opposite to the main flow. The cloud then advects 
downstream with the main flow to a high-pressure region where it collapses violently 
causing noise and, possibly, erosion. The shedding cycle starts after the re-entrant jet 
severs part of the sheet cavity. It is to be noted here that the shedding of the sheet cavita-
tion occurs also in uniform inflow conditions. 

If the sheet cavity is thick, the natural oscillations are periodic with relatively constant 
shedding frequency. In cases where the sheet cavity is thin, i.e. at low angles of attack, the 
re-entrant jet does not have enough momentum to penetrate far upstream from the closure 
of the cavity. The chordwise location of the break-off varies between shedding cycles due 
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to wavy disturbances in the re-entrant jet and the sheet cavity. The cloudy structures are, 
naturally, smaller in the case of thinner sheet cavities. At smaller Reynolds numbers, the 
viscous forces are higher and the momentum of the re-entrant jet is decreased. 

Regular shedding of the sheet cavity is represented by the non-dimensional Strouhal 
number, St, defined as: 

ݐܵ = ௙௟
௎ಮ

 (29) 

where f is the frequency of shedding, l is the maximum length of the sheet cavity, and U∞ 
is the main inflow velocity. The Strouhal number is constant at varying inflow speeds 
within reasonable limits. The Strouhal number for natural shedding of sheet cavities is St = 
0.25 … 0.35. One of the reasons for the large deviation in the observed Strouhal numbers 
is the difficulty in determining the maximum length of the cavity. 

The effect of the three-dimensionality of the re-entrant jet is discussed in a number of 
papers, for example Duttweiler and Brennen (1998), De Lange and de Bruin (1998), 
Laberteaux and Ceccio (2001a and 2001b), Foeth and van Terwisga (2006), and Huuva 
(2008). De Lange and de Bruin (1998) predicted that the re-entrant jet simply reflects from 
the cavity closure line. This prediction was based on the assumption that the pressure 
gradient at the cavity closure line is zero. As a consequence, the tangential component of 
the velocity along the closure line remains the same. The reflection of the re-entrant jet at 
the normal and inclined cavity closure lines is shown in Figure 11. Dular et al. (2007) 
verified the assumption of the reflection of the re-entrant jet both experimentally and 
numerically. 

 

Figure 11. Behaviour of the re-entrant jet at the cavity closure line at the normal incidence 
(left) and oblique (right) incidence angles. (Figure reproduced from de Lange & de Bruin 
[1998].) 

The cavity closure line on the ship propellers is practically always inclined due to the 
skewed leading edge and the varying pitch of the blade. Also, the non-uniform inflow to 
the propeller affects the incidence angle of the re-entrant jet. As a consequence, the re-
entrant jets are not parallel on the propeller blades and they collide under the sheet cavity. 
At the collision point, the re-entrant jets are directed upwards and an additional complex 
shedding phenomenon, called secondary shedding, is introduced into the main shedding 
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cycle. The shedding of the cavity sheet has been investigated intensively in recent years. 
References of note for further reading include the doctoral theses of Aït-Bouziad (2006), 
Foeth (2008), Huuva (2008), and Koop (2008), which focus on the numerical and experi-
mental investigation of sheet cavity shedding mechanisms. 

1.2.3 Dynamics of tip vortex cavitation 

Tip vortices are developed in the slipstream of lifting surfaces. In the ship context, typical 
lifting  surfaces  are  propellers,  rudders,  fins,  and  skegs.  Tip  vortices  develop  due  to  the  
pressure difference between the pressure and suction sides of the lifting surfaces. At the 
tips of the lifting surfaces the pressure difference forces the flow to rotate from the pres-
sure side to the suction side of the foil, thus forming the tip vortices. 

The generation of tip vortices can be explained according to the potential flow theory in 
the following manner. Kelvin’s theorem states that the circulation G around any closed 
material curve is constant in time, i.e.: 

߁ = ∮ ఊ(௧)ݒ⃗ ∙ ݈݀⃗ (30) 

where (ݐ)ߛ is the vorticity, and d݈⃗ is a length element in a curvilinear path ݈⃗. According to 
the Stokes theorem, the circulation can also be expressed as the spread vorticity ⃗ߞon a 
material surface S: 

߁ = ∬ ߞ⃗ ∙ ሬ݊⃗ ݀ܵௌ  (31) 

where ሬ݊⃗  is a unit normal vector. The vorticity is defined as 

ߞ⃗ = ∇ ×  (32) ݒ⃗

Since the circulation is constant also the vorticity flux must be constant. 
The Helmholtz theorem states that a vortex line is a material line. The same holds also 

for a vortex sheet, which is a surface comprising all vortex lines passing through a closed 
curve (ݐ)ߛ. Regarding the conservation of mass and the circulation in an element of length 
dl and area dS, it holds that in a vortex sheet ߩ	δ݈	δܵ = constant and ⃗ߞ	δܵ = constant. 
Thus the ratio ఍

ሬ⃗

ఋ௟
 remains  constant.  If  the  vortex  sheet  is  stretched,  the  cross-section  is  

decreased and the vorticity increases in this section. 
Vorticity can be divided into bound and free vorticity. Bound vorticity carries the load 

on the hydrofoil. Free vorticity does not carry load but is responsible for the induced drag 
of the flow field. 

A three-dimensional flow around an elliptical hydrofoil has its maximum circulation 
Gmax at the mid-span. The circulation decreases gradually towards the tips of the foil where 
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the circulation is zero, see for example Sánchez-Caja (2010). The circulation on a high-
aspect ratio wing can be presented using the horseshoe vortices of semi-infinite length as 
shown in Figure 12. The free vortices of the hydrofoil roll up forming two tip vortices in 
the slipstream of the foil. The roll-up process is driven by the self-induced velocities of the 
free vortices in the slip stream. The circulation in the tip vortices is progressively increased 
in the slip stream as the roll-up process develops. Far downstream from the hydrofoil the 
circulation in the tip vortices reaches its maximum G=Gmax. 

The tangential velocity inside a two-dimensional vortex is calculated by the formula: 

(ݎ)ఏݒߞ⃗ = ௰
ଶగ௥

. (33) 

However, this formula gives unrealistically high velocities close to the core of the vortex 
and a singularity at the origin of the vortex. In real flows, viscosity has a major role in the 
dynamics near the origin of the vortex. The vortex can be divided into two zones. In the 
inner zone the vorticity is approximately uniform and the viscous forces are dominant. In 
the outer zone the vorticity is small and the fluid can be considered inviscid. 

 

Figure 12. A schematic view of the wake roll-up into the tip vortices of an elliptical plan-
form. The direction of free vorticity of the horseshoe vortices is also shown. 

The Rankine vortex model (Rankine, 1869) treats the viscous inner core as a solid body. 
The tangential velocity inside the viscous core is determined as 

(ݎ)ఏݒ = ௰
ଶగ௔మ

 (34) .ݎ
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where a is the radius of the viscous core of the vortex. At the radii outside the viscous core 
the velocities are calculated with Eq. (33). The tangential velocity has its maximum in the 
core at the radius r = a. 

Another model for predicting the behaviour of a turbulent vortex was presented by 
Burgers (Burgers, 1948). This model takes into account the diffusion of the vorticity in the 
fluid and also the stretching of the vortex, i.e. the axial velocity in the vortex depends on 
the axial position in it. The steady equations of the Burgers model for the axial, tangential, 
and radial velocity components are given as follows (e.g., Wu et al., 2006): 

(ݔ)௫ݒ =  (35) .,ݔߛ

(ݎ)ఏݒ = ௰
ଶగ௥

൬1− ݁ିఉቀ
ೝ
ೌቁ

మ

൰	 (36) 

(ݎ)௥ݒ = − ఊ
ଶ
	ݎ (37) 

where ߚ = ఊ
ସఔ

. The stretching g can be a constant or a variable. 
The Oseen-Lamb vortex model (Oseen, 1912 and Lamb, 1932) does not take into ac-

count the vortex stretching. The dissipation of the vorticity is, however, involved in this 
model. The tangential velocity component is calculated as (e.g. Wu et al., 2006): 

(ݎ)ఏݒ = ௰
ଶగ௥

൬1− ݁ିቀ
ೝ
ೌቁ

మ

൰	 (38) 

where the viscous core radius a is calculated by the formula: 

ܽ = 	ݐߥ4√ (39) 

The Oseen-Lamb vortex has the same solution as the Burgers vortex if the time is frozen at 
t = 1/g. At that moment the radial flow brings the far-field vorticity to the vortex core at a 
rate that compensates the diffusion of the vorticity at the core of the Burgers vortex. 

By choosing the factor b = 1.256 in the Burgers vortex model the velocity maximum is 
located at the same position as in the Rankine vortex. The differences in the velocity dis-
tributions between the Rankine and Burgers models are compared in Figure 13. The veloc-
ity distribution of a potential vortex is also given for comparison in the figure. 

As the figure shows, the maximum velocity distribution induced by the Burgers vortex 
is about 0.715 times that induced by the Rankine vortex. The velocity distribution in the 
Burgers vortex is close to that in the Rankine vortex near the rotational core and at radii 
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r/a > 2.0. The velocity distributions of the Rankine and Burgers vortices are close to the 
potential vortex solution at radii r/a > 2.0. The velocity distribution of the Rankine vortex 
has a singularity point at the outer side of the rotational core. 

The Rankine vortex must fulfil the Bernoulli’s equation at the outer irrotational core: 

݌ + ଵ
ଶ
ఏଶݒߩ = ݌ + ଵ

ଶ
ߩ ቀ ௰

ଶగ௥
ቁ
ଶ

= 	.ݐݏ݊݋ܿ (40) 

By taking the conditions far from the vortex core as reference the following formula is 
derived: 

ஶ݌ + ଵ
ଶ
ቀߩ ௰

ଶగ௥
ቁ
௥→ஶ

ଶ
= ݌ + ଵ

ଶ
ߩ ቀ ௰

ଶగ௥
ቁ
ଶ
	 (41) 

and further 

݌ − ஶ݌ = − ఘ
ଶ

௰మ

ସగమ௥మ
	 (42) 

It is seen that the pressure is an inverse of the distance from the core squared. 
The Euler equations give in the rotational core at a steady state: 

ଵ
ఘ
డ௣
డ௥

= ௩ഇ
మ

௥
	 (43) 

The velocity equation in the inner zone of the Rankine vortex is now substituted in the 
above equation: 

డ௣
డ௥

= ߩ
ቀ ೨
మഏೌమ௥ቁ

మ

௥
= ఘ௥௰మ

ସగమ௔ర
	 (44) 

Integrating this with respect to r yields: 

݌ = ఘ
ଶ

௰మ

ସగమ௔ర
ቀ௥
௔
ቁ
ଶ

+ 	ܥ (45) 

where C is an integral constant. The pressure rises in the rotational core by the square of 
the radius. The integral constant C is determined based on the fact that the pressure must 
be continuous at the outer radius of the rotational core r = a, as follows: 

ܥ = ஶ݌ − ఘ௰మ

ସగమ௔మ
	 (46) 
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The complete equation for the pressure inside the rotational core is then: 

݌ − ஶ݌ = ఘ
ଶ
ቀ ௰
ଶగ௔

ቁ
ଶ
൤ቀ௥

௔
ቁ
ଶ
− 2൨ .	 (47) 

The determination of the pressure distribution inside a two-dimensional Burgers vortex 
follows the same principles as those utilized for the Rankine vortex. The tangential veloci-
ty distribution inside the vortex is substituted in Eq. (43). The integral constant is deter-
mined by using the far-field pressure	݌ஶ as the reference pressure. The final equation for 
the pressure distribution inside the Burgers vortex is therefore: 

݌ − ஶ݌ = ߩ− ቀ ௰
ଶగ
ቁ
ଶ
∫

ቆଵି௘షഁቀ
ೝ
ೌቁ
మ
ቇ
మ

ቀೝೌቁ
య dݎஶ

௫ 	 (48) 

The equation above can be solved numerically. Rott (1958) conducted a detailed analysis 
of the pressure equation of the Burgers vortex. The solutions for pressure distribution in 
the Rankine and Burgers vortices are shown in Figure 14.  The pressure distribution in a 
potential vortex is also shown for comparison in the figure. 

As the figure shows, the minimum pressure in the Burgers vortex is about 0.8706 times 
that of the Rankine vortex. The pressure in the potential vortex drops to the negative infini-
ty at the origin. The pressure distribution in the Burgers vortex meets the potential vortex 
at an approximate radius of r/R = 2.0. This is the same radius at which the induced velocity 
profile of the Burgers model meets the velocity profile induced by the potential vortex. 
The pressure distribution of the Rankine vortex differs from the potential vortex solution at 
the rotational core of the vortex. 

The Burgers vortex model assumes that  the vortex is  rotationally symmetric.  This as-
sumption is, however, not wholly correct in the case of propeller tip vortices, especially 
close to the blade tip. Nevertheless, the Burgers model agrees closely with the experi-
ments. Fruman et al. (1992) compared the measured tangential velocity distribution of a tip 
vortex to the Burgers model. They calculated the vortex strength based on the angular 
momentum outside the rotational core of the vortex and compared the measured and calcu-
lated velocity distributions inside the vortex. The agreement was found to be good. 

Fruman et al. (1992) also observed that the rotational core of the vortex is at its smallest 
at about 10% of the chord length downstream from the tip of the hydrofoil. This indicates 
that the pressure inside the tip vortex is at its minimum in this region. The cavitation tests 
show that the cavitation of the tip vortex incepts some distance downstream from the 
blade. 
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Figure 13. The azimuthing velocities induced by the Rankine, Burgers, and potential 
vortices. 

 

Figure 14. The non-dimensional pressure distributions in the Rankine, Burgers, and poten-
tial vortices. 

McCormick  (1962)  studied  the  disagreement  in  the  size  of  the  viscous  tip  vortex  core  
predicted by the potential flow theories and the observations made in cavitation tests. The 
size  of  the  vortex  core  in  the  observations  was  calculated  from  the  minimum  pressure  
inside the vortex core, see Eqs. (47) and (48). The minimum pressure was determined from 
the cavitation inception in the tip vortex. 

McCormick made the assumption that the rotational boundary layer on the pressure side 
of  the  foil  convects  into  the  tip  vortex  and  thus  enlarges  the  size  of  the  rotational  core.  
Since the boundary layer on the hydrofoil is dependent on the Reynolds number, McCor-
mick found the following scaling law between the Reynolds number and the cavitation 
inception point ߪ௩௜ : 
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௩௜ߪ = 	௅ଶܴ݁కܥܭ (49) 

where K and ξ are constants and CL is the lift coefficient calculated as: 

௅ܥ = ଶ௰೘ೌೣ
௎ಮ௖೘ೌೣ

	 (50) 

where cmax is the maximum chord. 
Based on the experiments McCormick determined the value ξ = 0.35 for the constant in 

the power of the Reynolds number. Later on, slightly different scaling factors have also 
been suggested. Fruman et al. (1992) proposed the value ξ = 0.40. The coefficient K is 
dependent on the cross-section of the foil.  It  should be noted that  the scaling law in Eq. 
(49) holds only for small and moderate values of the lift coefficient. 

As stressed by Franc and Michel. (2004), cavitation affects the dynamics of the tip vor-
tex significantly. The diameter of the vortex core during cavitation inception is typically 
one millimetre. Due to the conservation of mass, it holds that the ratio between the diame-
ters of the wetted and cavitating vortex cores must be: 

ௗೢ
ௗೡ

= ට
ఘೡ
ఘೢ
	 (51) 

The water particles that lie at the outer border of the incepting cavitating vortex core, that 
is  at  a radius of 0.5 mm, were at  a radius of about 4 μm from the vortex core before the 
inception. Since the phase transition occurs within a very short period of time, in the order 
of tens or hundreds of micro seconds, the radial velocity of the water particles in the vortex 
core is significant (Franc & Michel, 2004). 

Cavitation also affects the pressure distribution in the tip vortices, since the pressure 
cannot fall below the vapour pressure. In addition, cavitation also has an influence on 
vorticity stretching in the tip vortices. The rotational rate of a wetted vortex increases when 
it is stretched. This is contrary to cavitating vortices. The angular momentum in cavitating 
vortices remains the same as in pure liquid vortices, but the inertia is changed. 

Cavitating tip vortices are subject to changes in length and ambient pressure. If the am-
bient pressure is kept constant, vortex stretching increases the rotational velocity of the 
vortex, thus increasing the size of the vaporous core of the vortex. If the vortex length is 
constant and the ambient pressure varies, a twofold phenomenon develops. An increase in 
ambient pressure decreases the size of the vortex. This consequently increases the rate of 
rotation which, in turn, increases the size of the cavitating core of the vortex. The latter 
secondary effect raises the natural oscillations of the isolated vortices (Franc & Michel, 
2004). 

Cavitation affects the behaviour of the vortices significantly through the multiple phe-
nomena discussed above. Consequently, cavitating vortices cannot be used as a visual 
indicator of the behaviour of fully wetted vortices. At best, the very first cavitation events 
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can be used as a qualitative indication of the rotational structures present in the vortices in 
wetted conditions. 

If the sheet cavity attaches to the tip vortex, practically all vapour can escape from the 
hydrofoil blade through the cavitating tip vortex. This is true especially when the leading 
edge of the blade or a foil is skewed so that the re-entrant jet reflects towards the tip of the 
blade or the foil. In these cases, sheet cavitation may be predominantly steady. Photo-
graphs of sheet cavitation attached to tip vortex cavitation on skewed propellers and hydro-
foils can be seen, for example, in Pereira et al. (2004a, 2004b), Foeth (2008), and Heinke 
(2011). 

1.3 Turbulence investigation 

The fluid flows can be divided into laminar and turbulent flows. In turbulent flows the 
velocity fluctuates randomly around its average value. The average value can be steady or 
it can change slowly compared to the turbulent fluctuations. In the laminar flows the ran-
domly fluctuating nature of the flow is absent. 

The presence of laminar or turbulent flows is characterized by the Reynolds number of 
the flow. The Reynolds number is a ratio between the inertia and viscous forces in the flow 
field.  If  the  viscous  forces  are  large,  the  flow remains  laminar.  In  the  opposite  case,  the  
flow becomes turbulent. There is no exact Reynolds value that indicates whether or not the 
flow is turbulent. Furthermore, the transition from laminar to turbulent flow is precipitated 
by an adverse pressure gradient or by wall roughness, for example. 

Turbulence  has  a  major  effect  on  flows.  Compared  to  laminar  flows,  turbulent  flows  
have significantly higher capability to transport and mix different fluids and reactants. This 
plays an important role in combustion devices, for example. 

Turbulence also effectively mixes the momentum of fluids. As a result, the wall shear 
stress increases in the turbulent flows, which also increases viscous drag. On the other 
hand, turbulent flows do not separate readily from a body, thus decreasing the pressure 
drag. 

As mentioned earlier, the inception of sheet cavitation on propeller blades requires a 
turbulent flow field due to the favourable effect of pressure fluctuation on cavitation incep-
tion. Another hypothesis is that the cavitation nuclei are advected by turbulence closer to 
the blade surface into the boundary layer where the flow velocities are lower (Kuiper, 
2011). There, the nuclei have more time to grow above the critical size threshold and form 
a sheet cavity. 

In the naval context, practically all flows are turbulent at the full scale. However, at the 
model scale, the flow can remain laminar over a significant proportion of the model-sized 
hull or propeller. For this reason, turbulence stimulators are used at the bow of the model 
in hull model tests, and propeller model tests are performed using as high a rate of revolu-
tion as possible to increase the Reynolds number and to decrease the laminar flow region 
on the propeller. Empirical corrections are still needed to adjust the model test results to 
the full scale. 
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1.3.1 Trubulence scales 

The well-known Navier-Stokes (N-S) equations for an incompressible Newtonian fluid are 
as follows: 

∇ ∙ ݒ⃗ = 0			 (52) 

and 

ߩ ୈ௩ሬ⃗
ୈ௧

= +݌∇− ∇ ∙ ߬௜௝ + 	⃗݃ߩ (53) 

where ݃⃗ represents a body force. The shear stress tensor ߬௜௝  is defined as: 

߬௜௝ = ߤ ൬డ௨೔
డ௫ೕ

+ డ௨ೕ
డ௫೔
൰ − ଶ

ଷ
ߤ డ௨೗
డ௫೗

௜௝ߜ 	 (54) 

where ߜ௜௝  is the Kronecker delta. Eq. (52) represents the continuity equation and Eq. (53) 
the momentum equation. 

In turbulent flows the velocity fluctuates randomly around its average value. The veloc-
ity can be split into average and fluctuating components ݑത and u´, respectively: 

(ݐ)௜ݑ = ത௜ݑ + 	(ݐ)௜ᇱݑ (55) 

The fluctuating nature of the turbulent flows is caused by the eddies that have multiple 
scales in a flow field. The length scale of the turbulent eddies can be divided into an ener-
gy-containing range and a universal equilibrium range (Pope, 2000). Furthermore, the 
universal equilibrium range is split into an inertial subrange and a dissipation range. The 
largest visible turbulent eddies with a length scale of h0 belong to the energy-containing 
range. 

In the energy-containing range the bulk of the energy is contained in the large eddies. 
The energy-containing range covers eddies within a length scale, h, of between hEI = 1/6h0 
< h <  6h0, where hEI is the dividing scale between the energy-containing range and the 
inertial subrange. The turbulent flow motions in the energy-containing range are strongly 
influenced by the geometry of the flow. In the energy-containing range eddies control 
processes such as transport and mixing (Pope, 2000). 

According to Kolmogorov’s hypothesis of local isotropy, eddies with a length scale h > 
hEI are anisotropic, whereas eddies with a length scale h < hEI are isotropic (Pope, 2000). 
The production of turbulence occurs in the energy-containing range. The energy-
containing range is also called the integral scale of turbulence. 
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The energy in turbulent eddies is transferred to successively smaller eddies in the iner-
tial subrange, which is also called the (intermediate) Taylor scale. The energy spectrum in 
the inertial subrange is: 

(ߢ)ܧ = 		ହ/ଷିߢଶ/ଷߝܥ (56) 

where C=1.5 is a universal constant, e is the dissipation rate of the turbulence, and k=2p/h 
is the wave number of the eddies. The equation above is generally known as the Kolmogo-
rov spectrum. It states that the energy content of eddies in the inertial subrange decreases 
with decreasing eddy size. The inertial subrange is located between the dissipation range 
and the energy-containing range at the length scales hDI < h < hEI, where hDI depicts the 
upper limit of the dissipation range. 

The turbulent eddies are transformed into smaller eddies by inviscid processes until 
they reach the size at which viscous effects become important. The dissipation range co-
vers this part of the eddy length scales. The eddy length scale in the dissipation range is 
below the limit h < 60h, where h is the Kolmogorov length scale: 

ߟ = ଷߥ) ⁄ߝ )ଵ/ସ	 (57) 

The motions in the dissipation range are responsible for all essential dissipation in a flow 
field. 

1.3.2 Direct numerical simulation 

In direct numerical simulation (DNS) all turbulence scales, from the energy-containing 
range down to the Kolmogorov scales, are simulated. In order to also resolve the smallest 
eddies, the grid must be extremely dense and the time-step extremely small. These re-
quirements make the calculation extremely expensive and time consuming, even at moder-
ate Reynolds numbers, and limit the practical use of DNS in engineering. On the other 
hand, the results  of DNS are extremely accurate and DNS is an excellent  tool  for turbu-
lence research at relatively low Reynolds numbers. The results of DNS also provide valua-
ble validation data for turbulence modelling. 

1.3.3 Large eddy and detached eddy simulation 

In large eddy simulation (LES), the large-scale eddies of the turbulence spectrum are 
simulated and the smaller eddies are modelled. This allows the use of significantly larger 
cell sizes and longer time steps in LES than in DNS, which makes LES calculations clearly 
less expensive than those performed by DNS. 

The large anisotropic turbulent eddies containing most of the energy in the turbulence 
spectrum are simulated in LES. The smaller isotropic eddies are modelled using so-called 
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subgrid-scale models (SGS). This methodology improves the accuracy of the calculations. 
In practice, the velocities are filtered in space in LES and the filtered velocities are solved 
by the Navier-Stokes equation. The filtering operation can be written formally as follows 
(Pope, 2000): 

,ݔ⃗)ݒ̅⃗ (ݐ = ,ݎ⃗)ܩ∫ ݔ⃗)ݒ⃗(ݔ⃗ − ,ݎ⃗ 	ݎ⃗݀(ݐ (58) 

where G represents a filter function and ⃗ݎ the distance from the origin of the filtering 
operation. The integration is taken over the whole computational domain. The filter func-
tion must satisfy the condition: 

,ݎ⃗)ܩ∫ ݎ⃗݀(ݔ⃗ = 1	 (59) 

The filter can be homogeneous in the simplest case, i.e. it is independent of ⃗ݔ. In the prac-
tical calculations the filter must have a finite length D. The residual field is defined as: 

,ݔ⃗)ᇱݒ⃗ (ݐ = ,ݔ⃗)ݒ⃗ −(ݐ ,ݔ⃗)ݒ̅⃗ 	(ݐ (60) 

so that the velocity can be decomposed to: 

,ݔ⃗)ݒ⃗ (ݐ = ,ݔ⃗)ݒ̅⃗ (ݐ + ,ݔ⃗)ᇱݒ⃗ 	(ݐ (61) 

The filtered N-S equations can be written in the form (Pope, 2000): 
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where ߬௜௝௥  represents the anisotropic residual-stress tensor defined as: 

߬௜௝௥ = ߬௜௝ோ −
ଶ
ଷ
݇௥ߜ௜௝	 (64) 

with ߬௜௝ோ = −ఫതതതതതݑపݑ  ത௝ being the residual-stress tensor analogous to the Reynolds-stressݑത௜ݑ
tensor and ݇௥ = ଵ

ଶ
߬௜௜ோ  representing the residual kinetic energy of turbulence. The aniso-

tropic part of the residual-stress tensor has to be modelled in LES using a sub-grid model. 
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There are several ways to model ߬௜௝௥ . The simplest way is to use an eddy viscosity model. 
Smagorinsky’s model (Smagorinsky, 1963) belongs to the eddy viscosity models and is 
one of the most widely used models in the field of LES (Pope, 2000). The anisotropic part 
of the residual-stress tensor is modelled as: 

τ௜௝௥ = ̅	௥ܵߥ2− (65) 

where ߥ௥ is the eddy viscosity of the residual motions and ܵ̅ is the characteristic filtered 
rate of strain ܵ̅ = ൫2ܵ௜̅௝ܵ௜̅௝൯

ଵ/ଶ
 with ܵ௜̅௝  being the filtered rate-of-strain tensor: 

ܵ௜̅௝ = ଵ
ଶ
൬డ௨ഥ೔
డ௫ೕ

+ డ௨ഥೕ
డ௫೔
൰	 (66) 

The residual eddy viscosity is calculated as: 

௥ߥ = ℎ௦ଶܵ̅ = 	,ଶܵ̅(߂ௌܥ) (67) 

where hs is the Smagorinsky length scale defined through the Smagorinsky coefficient CS. 
For a more detailed description of the model, see for example Pope (2000). 

Close to a solid wall the eddies are very small. The grid should have a very high resolu-
tion in all directions to simulate an appropriate amount of the turbulent energy spectrum in 
the near wall regions. This can be avoided by using some functions of the law-of-the-wall 
that take into account the viscous effects of solid boundaries, see for example Fureby and 
Grinstein (2002). 

Another method to solve the problem of the wall effects is to use detached-eddy simula-
tion (DES), which is a combination of the LES and Reynolds-averaged Navier-Stokes 
(RANS) equations. In the DES approach the whole turbulence spectrum is modelled near 
the  solid  surfaces.  In  the  other  parts  of  the  domain  the  flow field  is  solved  by  means  of  
LES. This enables the use of reasonable size grids with good accuracy also in the near-wall 
regions. 

1.3.4 Reynolds-averaged Navier-Stokes simulation 

In Reynolds-averaged Navier-Stokes simulations the whole turbulence spectrum is mod-
elled. In cases where the boundary conditions are steady, a steady-state solution for the 
flow field can be found since the effect of turbulence is modelled as an average over time. 
In unsteady RANS (URANS) simulations the largest eddies in the energy-containing range 
of the turbulence spectrum are simulated. The rest of the turbulence spectrum is modelled. 

The RANS equations can be written in the form: 
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డ௨ഥ೔
డ௫೔

= 0	 (68) 

ߩ డ௨ഥ೔
డ௧

+ ߩ డ௨ഥ೔௨ഥೕ
డ௫ೕ

= − డ௣̅
డ௫೔

+ డ
డ௫ೕ

൤ߤ ൬డ௨ഥ೔
డ௫ೕ

+ డ௨ഥೕ
డ௫೔ೕ

− ଶ
ଷ
௜௝ߜ

డ௨೗
డ௫೗
൰൨+ ߩ డ

డ௫ೕ
൫−ݑi

ᇱݑj
ᇱതതതതതത൯+ ௜݃ߩ 	 (69) 

where the velocity and pressure terms are time-averaged. The Reynolds stress component 
 ఫᇱതതതതതത is modeled in the RANS approach. The Reynolds stresses can be solved by an eddyݑపᇱݑ−
viscosity approach or by modelling the Reynolds stresses. 

In the eddy viscosity approach the Reynolds stresses are calculated using the Bous-
sinesq hypothesis: 
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here the eddy viscosity is depicted by ߤ௧ and the kinetic energy of turbulence by k. The 
two-equation turbulence models are most widely used in practical engineering problems. 
In these models, turbulence is modelled with the help of two equations; one for the kinetic 
energy of turbulence and one for the dissipation of turbulence. A widely used two-equation 
turbulence model is the k-e model, which is also used in the simulations presented in this 
thesis and is described in more detail in Chapter 2.2.2. Another widely used two-equation 
turbulence model belongs to the k-w models. In these models an equation for turbulence 
frequency w = e/k is applied instead of e. It is generally known that the k-w models pro-
duce less eddy viscosity than the k-e models. A widely used k-w model is the one present-
ed by Menter (1994). 

The two-equation models are isotropic, i.e. ߤ௧ is the same in all directions. The Reyn-
olds stress models (RSM), on the other hand, are anisotropic. They attempt to model the 
components of the Reynolds stresses using differential momentum equations. The Reyn-
olds stress models are complex, but have the potential to describe the effects of turbulence 
more precisely than the eddy viscosity models. The Reynolds stresses can be written in the 
form (Hellsten, 2004): 

ߩ
డ௨i

ᇲ௨j
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డ௫ೖ
= ௜ܲ௝ − ௜௝ߝ +߶௜௝ ௜௝ܦ+ 	 (71) 

where ௜ܲ௝ , ௜௝ߝ , ߶௜௝ , and	ܦ௜௝ depict the production term, the dissipation term, the pressure-
strain term, and the divergence term, respectively. The terms are calculated as follows: 

௜ܲ௝ = ௞ᇱതതതതതതݑఫᇱݑߩ− డ௨ഥ೔
డ௫ೖ
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డ௫ೖ

,	 (72) 
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Due to its complexity, the RSM equations are generally used as research tools and not in 
engineering applications. 

Algebraic Reynolds stress turbulence models (ARSM) are simplified alternatives to 
RSMs that use simplified transport terms. The ARSM model can also be closed explicitly, 
giving an explicit algebraic Reynolds stress model (EARSM). In such a case, the ratio P/e 
is calculated by a two-equation turbulence model and the Reynolds stress tensor is pro-
duced by means of ARSM. The ARSM and EARSM turbulence models are anisotropic. A 
comprehensive overview of the alternative approaches to simulate turbulence in RANS is 
given, for example, by Hellsten (2004). 

In the RANS approach, the flow equations can be solved to the wall by using a heavy 
clustering of computational cells towards the viscous walls. This allows accurate model-
ling of the boundary layer flows also in the presence of high pressure gradients that may 
lead, for instance, to separation of the flow. The accuracy of the calculation is, naturally, 
limited by the accuracy of the turbulence model. 

An alternative means of calculating the flow equations to the viscous walls is to use 
wall functions. These are designed to take into account the viscous effects inside the loga-
rithmic layer of the boundary layer. The benefit of this approach is that the calculations 
can be performed with a significantly lower number of cells, since no heavy clustering of 
cells is needed in the boundary layer. The drawback is that the wall functions do not al-
ways work well in the presence of high pressure gradients. 

1.4 Cavitation investigations 

Cavitation tests performed in cavitation tunnels have been used for decades to investigate 
the phenomena related to cavitation and to validate the design of ship propellers and other 
turbo pumps. Recently, CFD-based methods have been introduced to model cavitation. 
Evaporation and condensation of water and vapour are modelled by introducing a mass 
transfer term into the Navier-Stokes equations. The main aspects related to the experi-
mental and CFD-based numerical methods are discussed in this chapter. The cavitation 
models based on the potential-flow assumption are not included in the scope of this thesis 
and are only briefly discussed here. 
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1.4.1 Relevant results of the cavitation investigations 

Vapour pressure is usually representative of the pressure inside cavities in marine applica-
tions. The gas pressure in cavitation bubbles is neglected. Thus, the cavitation number s 
can be expressed as follows (ITTC, 2011): 

௜ߪ = ௣ಮି௣ೡ
భ
మఘ௤

మ + ௣೎ି௣ೡ
భ
మఘ௤

మ = ௩ߪ + 		ߪ∆ (76) 

where q is the reference velocity and ∆ߪ is the difference in cavitation number due to the 
pressure increase in the critical pressure compared to the vapour pressure. The reference 
velocity can be determined in a number of ways. The ITTC (2011) lists the following 
alternatives for the reference velocity: U∞, VA, nD, wR, and ඥ ஺ܸ

ଶ + (ܴ߱)ଶ, where w = 2pn 
is the angular velocity of the propeller. 

If the critical pressure is close to the vapour pressure, cavitation incepts when the local 
pressure in the flow domain drops slightly below the vapour pressure. The difference 
between the pressure in an undisturbed flow and the local pressure in the flow field are 
non-dimensionalized in the same way as the cavitation number: 

௣ܥ = ௣ି௣ಮ
భ
మఘ௤

మ 	 (77) 

This gives the following relation to cavitation inception: 

௣ܥ = ௜ߪ− 	 (78) 

The ITTC recommends that the inception of tip vortex cavitation is Reynolds number 
scaled according to Eq. (49). The scaling of other cavitation types is not recommended 
unless reliable scaling data is available. 

Cavitation inception on a propeller is usually plotted as the cavitation inception number 
versus the thrust coefficient KT or propeller advance coefficient J. The different cavitation 
types are determined in the diagram. An example cavitation inception diagram is given in 
Figure 15. The operation region inside the innermost curves is free of cavitation. This 
region is called the cavitation bucket. 

In reporting the cavitation behaviour of propellers, still figures or sketches of the cavita-
tion patterns should also be included at the relevant operation points and at the different 
blade positions, and the fluctuations and unsteadiness of the cavity patterns should be 
discussed. Special types of cavitation, such as root or induced rudder cavitation, should be 
highlighted. Video recordings give a clear visual presentation of cavitation dynamics. It is 
also important to discuss the level of accuracy of the cavitation investigations. 
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Figure 15. A cavitation inception diagram for a propeller. 

The pressure fluctuations induced from a cavitating propeller are interesting from the ship 
design point of view. The pressure fluctuations should be determined from the rear hull 
with an appropriate resolution in space around the propeller. Low-frequency pressure 
fluctuations are presented as pressure pulse spectra in which the frequency is presented as 
multiples of the blade pass frequency. If the higher harmonics are of interest the spectra 
can be presented as a 1/3 octave band plot. The peaks in the pressure pulse spectra should 
then be connected to the cavitation phenomena around the propeller. 

When observing cavitation noise, it should be noted that the environment has a signifi-
cant influence on the noise behaviour. Acoustic waves reflect from the hull, the free sur-
face, and the bottom of the sea. In addition, in test facilities the tunnel walls also reflect the 
acoustic waves. These factors must be taken into account when determining the noise 
emitted from the propeller or ship. The classification societies have detailed procedures for 
measuring the noise emitted from vessels. 

1.4.2 Experimental methods 

Experimental cavitation investigations are performed in cavitation tunnels or depressurized 
towing tanks, where the static pressure of the facility can be adjusted. The goal is to match 
the cavitation numbers applied in the tests to those relevant in full-scale applications. 

A sketch of a cavitation tunnel is shown in Figure 16. The main parts of the cavitation 
tunnel are the propeller test section, honeycomb, impeller, propeller motor, vacuum pump 
and the instrumentation for measuring propeller thrust and torque. The propeller model and 
possible hull model are installed in the test section. 

The test section is equipped with windows to enable visual observation. In many cases 
the propellers in cavitation tunnels are driven from the upstream of the test section. This 
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allows the inclusion of a rudder in the test configuration. The size of the test section is 
often limited. The wake to the propeller is generated by foreshortened models, wire 
frames, or plate arrays. An inclined shaft configuration can be considered in cases where 
the wake is weak at the propeller plane and variations in the angle of attack on the blades 
are caused mainly by oblique inflow to the propeller. 

The flow in the cavitation tunnels is driven by an impeller, and a vacuum pump is used 
to adjust the pressure inside the tunnel. A honeycomb is located in front of the test section 
to straighten the flow field. Both the dissolved air and the air bubble concentration can be 
controlled by a dedicated device installed in the tunnel. The water quality should be moni-
tored regularly throughout the cavitation tests to ensure steady and repeatable conditions. 
In depressurized towing tanks, the nuclei can be created by electrolysis in front of the 
propeller. 

 

Figure 16. A sketch of a cavitation tunnel. (Figure taken from Harvald [1983].) 

The main uncertainties in the model-scale cavitation tests are related to Reynolds number 
scaling and the size and distribution of the cavitation nuclei. At the full scale, the cavita-
tion inception pressure is close to the vapour pressure. Keeping the difference between the 
vapour pressure and inception pressure the same at the model scale as at the full scale 
would cause the size of the cavitation nuclei to become visible and thus distort the obser-
vation of cavitation inception (Kuiper, 2011). Fortunately, the bubble size versus tension 
slope is not steep near the boundary of the stable and unstable equilibrium, as seen in 
Figure 5. This means that bubble size is not that critical from the cavitation inception point 
of view. 
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The density of the largest nuclei is smaller at the model scale than the full scale. If the 
nuclei density is insufficient, cavitation inception can be delayed significantly and incep-
tion can be intermittent. On the other hand, the largest nuclei can grow by gas diffusion, in 
which case the observed cavitation would be due to gaseous cavitation, not vapour cavita-
tion. For this reason, it is recommended to measure the inception at a set interval, such as 1 
or 10 seconds between events (ITTC, 2008). 

The transition from laminar to turbulent flow can be enhanced by gluing roughness par-
ticles to the leading edge of the blade. The particles destabilize the boundary layer causing 
the transition to occur earlier. Local low pressure peaks also form around the roughness 
particles and tiny spots of cavitation occur even when the pressure outside the boundary 
layer is above the vapour pressure. The spots of cavitation grow suddenly as the pressure 
outside the boundary layer reaches the vapour pressure. The roughness elements also 
produce cavitation nuclei on the boundary layer. This improves the correlation of the 
bubble cavitation inception and the cavitation behaviour between the model scale and full 
scale (Kuiper, 2011). 

Cavitation observations are traditionally conducted using still photographs, standard 
video recordings using a stroboscopic light, and high-speed video recordings. The strobo-
scopic light helps to give an impression of the cavitation extent at different blade positions 
in the wake field and of the deviation of the cavities between propeller revolutions. It must 
be noted that the dynamics of the cavities cannot be observed with a stroboscopic light. 

The dynamics of cavitation is studied by high-speed video recordings. Bark et al. 
(2004) recommend that the frame rate in the high-speed video recordings should be be-
tween 3,000 and 10,000 frames per second in commercial testing. At lower frame rates 
blurring becomes significant, and with higher frame rates light levels become problematic. 
A recording time of one to two seconds has been found to be sufficient. Detailed examina-
tion of bubble collapse and rebound requires more than 100,000 frames per second (Bark 
et al., 2004). 

The paint method is a commonly used method of investigating cavitation erosion. In 
this method, the propeller is painted with a soft paint and run for an appropriate time in a 
cavitation tunnel. The paint wears off at the locations where the cavitation bubbles col-
lapse, thus indicating regions of potential cavitation erosion in full-scale applications. 

Observation of cavities and related dynamics are traditionally limited to the cavity sur-
faces. However, Foeth (2008) applied particle image velocimetry (PIV) to study the dy-
namics of sheet cavitation also inside the vaporized structures. Foeth concluded that the 
use of PIV for cavitating flows requires the reflecting particles to be fluorescent in laser 
light. Image pre-processing is needed to reduce errors related to light reflection at the 
vapour–water phase transition boundary. 

As regards full-scale cavitation analysis, vibration measurement signals, pressure pulses 
and noise are linked to visual observations of cavitation phenomena around the propeller 
and at the rear of the ship. Typically, a small hole is drilled in the bottom of the rear of the 
ship. A borescope is penetrated through the hull and the observations are recorded by a 
standard or high-speed video camera. Sunlight may provide adequate lighting for the 
recordings, although light enhancement is usually needed to ensure sufficient illumination. 
Clear water is required. The viewing angle of a borescope is 360 degrees. The borescope 
can be installed while in harbour, thus reducing investigation costs significantly. 
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1.4.3 Numerical models 

The cavitation models used in codes based on lifting surface and boundary element meth-
ods (BEM) are usually capable of predicting sheet and tip vortex cavitation. The sheet 
cavitation extent is not known a priori and is determined iteratively so that the pressure in 
the cavity is uniform and equals the vapour pressure. The potential flow based methods 
cannot predict pressure side sheet cavitation in many cases. 

Geurst (1961) developed a linearized, two-dimensional, and quasi-steady model based 
on the potential flow theory. Geurst’s model predicts the cavity length and cross-section 
area over an infinitely thin camber line. Separate models are derived for partial and fully 
cavitating foils and the models are connected by a cubic spline fit in the transitional zone. 
Matusiak (1992) combined Geurst’s cavitation model with a lifting surface theory of pro-
pellers. In the Matusiak model, the propeller is split into chordwise strips and the instanta-
neous cavitation extent is calculated from the angle of attack and the unsteady portion of 
the sectional load of each strip. 

In the lifting surface methods the detachment point is located either at the leading edge 
of the foil or at the low pressure peak near the leading edge. Kinnas et al. (1998) developed 
an iterative method to predict the detachment point based on boundary layer separation. 
The cavity thickness is assumed to be zero at the closure of the sheet cavity. The linear 
cavitation theory predicts that the extent and volume of cavitation increase with increasing 
blade thickness. This is contrary to the results from experiments and non-linear cavitation 
methods. Kerwin et al. (1986) generalized the leading edge correction for cavitating pro-
pellers that was developed for cavitating hydrofoils by Kinnas (1985). The predicted cavi-
tation extent was improved compared to predictions made with the panel code by decreas-
ing the cavitation extent. The prediction of tip vortex cavitation inception is based on 
simplified vortex models, such as the Rankine vortex model, and on empirical data. 

The  BEM  methods,  also  known  as  the  panel  methods,  take  more  accurately  into  ac-
count the complex geometry of the propeller. In particular, the pressure peak at the leading 
edge of a blade is more accurately determined. The sheet cavitation inception point is 
predicted with the same assumptions as with the lifting surface method. The cavity surface 
is represented by a free streamline with a constant pressure. 

The closure of the sheet cavity can be modelled in several ways. In the closed models 
the streamlines touch the foil behind the cavity and there form a stagnation point. This 
contradicts the assumption of constant pressure along the streamlines. Some improvements 
to the closed model can be made by introducing a near wake model at the trailing edge of 
the cavity. The near wake models remove the stagnation point at the closure of the cavity, 
but some empirical tuning of the models is needed, see, for example, Lemonier and Rowe 
(1988). 

In the open models, the streamlines do not hit the foil surface. The rear thickness of the 
cavity can be imposed or it can be determined as function of the flow conditions. De Lange 
et al. (1996) calculated unsteady sheet cavitation with a BEM code by applying kinematic 
and dynamic boundary conditions on the foil and cavity surfaces. They succeeded in mod-
elling the cavity growth, the re-entrant jet, and the break-off of the sheet cavity. The calcu-
lation stopped as the re-entrant jet touched the upper cavity interface. 
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Lee and Kinnas (2004) showed that coupling the modelling of sheet and tip vortex cavi-
tation improves the correlation between the observed and calculated sheet cavitation near 
the tip of a propeller blade. If the modelling of the tip vortex cavitation was not utilized, 
the predicted sheet cavitation extent was too large at the tip region. 

The methods based on potential flow theory have the clear drawback that they either 
neglect the effect of viscosity, or viscous drag is added by an empirical method. Including 
viscosity in the models also improves prediction of the dynamics related to the natural 
shedding of the sheet and tip vortex cavities. Friction can be included in the cavitation 
models by solving the Navier-Stokes equations. The evaporation and condensation of the 
liquid and vapour phases are modelled by a mass transfer term. 

Two-phase modelling brings additional complexity in solving the Navier-Stokes equa-
tions. The water phase is nearly incompressible, whereas the vapour phase is highly com-
pressible. The flow regimes of the two phases cannot always be distinguished clearly. The 
individual cavitation bubbles are too small and their number is too large to be modelled 
separately. The grid resolution has to be high in order to accurately model the dynamics 
related to the cavitating structures and to keep the numerical diffusion of the mixture with-
in reasonable limits. 

The Euler and Navier-Stokes equations, coupled with a transport equation for the void 
fraction or with two-phase flow equations or other cavitation closure model equations, 
were developed in the 1990s. The ITTC (1999) has categorized the cavitation models into 
four groups: interface tracking methods, volume of fluid methods, discrete bubble meth-
ods, and two-phase flow methods. The same categories are referred to in the studies by 
Koop (2008) and Lu (2010). The groups are described in brief below. The two-phase flow 
methods are given more attention as the cavitation model used in the present work belongs 
to this group. An extensive list of references of the different cavitation model groups has 
been presented by the ITTC (1999) and Koop (2008). The descriptions of the cavitation 
models given below refer primarily to these sources. 

Interface tracking methods track the interface between the liquid and vapour phases. 
The level set, marker particles, and surface piercing methods belong to this group of La-
grangian methods. Cavitation is assumed to have a constant pressure equal to the vapour 
pressure, and the cavity is determined on a distinct streamline. As with the potential flow 
based methods, the fore body of the cavitation is generally well defined. The closure of the 
sheet cavity must be modelled with a wake model due to the natural unsteadiness of the 
cavity closure regime. These methods are limited to predicting the extent of the sheet 
cavity. They cannot predict the re-entrant jet or shedding of the cavity. 

The volume of fluid method (VoF) was first introduced by Hirt and Nichols (1981). 
The method is traditionally used for free surfaces without a phase transition, such as air 
bubbles or surface waves. The method includes a transport equation for the void fraction 
that  has  a  value  of  one  or  zero.  The  interface  between  the  two  mediums  must  be  kept  
sharply defined. One alternative is to use a combination of upwind and downwind 
weighting to calculate the convective fluxes. One such method is the Compressive Inter-
face Capturing Scheme for Arbitrary Meshes (CICSAM) developed by Ubbink (1997). To 
calculate cavitating flows, a mass transfer term must be included in the volume of fluid 
methods. Dieval et al. (1998) developed such a method with which they could predict the 
re-entrant jet and the natural shedding of a sheet cavity over a two-dimensional venturi 
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duct and a sharp step in geometry of an industrial component. Yuan et al. (2001) also 
combined a model for bubble dynamics with the VoF method. 

The discrete bubbles method models the dynamics of a single bubble or a group of 
bubbles travelling through a pressure field. The applications also cover the collapse of a 
bubble cloud and the interaction of the bubbles and the bubble clouds with shock waves. 
Plesset and Prosperetti (1977) were the first to analytically describe the collapse and 
growth of individual vapour bubbles. Since then, intense research has been carried out to 
numerically investigate the dynamics of single and multiple cavitation bubbles. 

Two-phase flow methods can be split into two main categories. The first is the multi-
component method (or multiple species method), in which a full set of equations is used 
to describe the vapour and liquid phases. These include continuity, momentum, and energy 
conservation equations. Sometimes, the inert gas phase is modelled with its own set of 
equations. Such models can be used to study the behaviour of explosives, for example. The 
multi-component methods enable mechanical and thermal non-equilibrium to be taken into 
account. The two-phase flow modelling considerations are used to derive appropriate 
transfer relations in order to couple the different phases. These methods are assumed to be 
more general since they include more physics, but they are also computationally more 
expensive. To mention some references, Baer and Nunziato (1986) developed such a 
method for detonation waves in granular explosives; and Saurel and Lemetayer. (2001) 
proposed a compressible method that is hyperbolic, which they validated for various appli-
cations such as the interfaces between compressible materials, shock waves in condensed 
multiphase mixtures, homogenous two-phase flows (bubbly and droplet flows) and cavita-
tion in liquids. 

Homogeneous-mixture methods form the second main category of two-phase flow 
methods. These methods average the properties of a fluid containing multiple phases or 
components. The density and viscosity of the homogeneous mixture, for example, vary 
greatly in the fluid domain. It can be split into three subcategories: transport equation-
based models (TEM), barotropic-flow methods, and homogeneous-equilibrium methods. 

Transport equation based methods model the transport equation between the vapour 
and liquid phases for the volume or mass fractions. These methods assume that the pres-
sure, velocity, and temperature of the phases are equal. This refers to the homogeneous 
mixture assumption. The source terms in the transport equations model the transition from 
one phase to the other. The methods take into account the physical rate of the processes 
through empirical laws for the source terms. A wide variety of proposed relationships 
exists in the literature. The transport equation models can be divided into bubble two-
phase transport models and mass transfer rate models. 

Bubble two-phase transport models were first introduced by Kubota et al. (1992). 
The density of the mixture was related to the motion of the bubbles and the related dynam-
ics in the flow. The bulk flow contains cavitation nuclei that grow and collapse according 
to the Rayleigh or Rayleigh-Plesset equations in the surrounding conditions, such as pres-
sure and temperature. Among many others, Aït-Bouziad (2006), Yuan et al. (2001) and 
Sauer and Schnerr (2000) have adopted this method. Singhal et al. (2002) and Zwart et al. 
(2004) have implemented empirical parameters in their models in order to model the pro-
duction and destruction of vapour. 
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The mass  transfer  rate  model, based on pressure-driven evaporation and condensa-
tion, was developed by Merkle et al. (1998). The evaporation and condensation source 
terms take into account the mass transfer rate between the vapour and liquid phases. The 
model has been used in modified and extended forms by several authors. Neaves and 
Edwards (2006) used the method with Euler equations, Huuva (2008) applied it to large 
eddy simulations, and Kuntz et al. (2000), Senocak and Shyy (2004a and 2004b), Saito et 
al. (2007), and many others to RANS equations. 

The transport equation based methods can be considered as non-equilibrium methods. 
These methods are based on thermodynamic considerations of the source terms, as shown 
by Iben et al. (2002) and Berg et al. (2005). The methods presented in those papers include 
a full set of equations for the continuity, momentum, and energy conservation of liquid and 
vapour. An equation of state for the pure phases and the mixture must be added to enclose 
the system of equations. 

Barotropic flow models couple the density of a mixture to pressure by means of a ba-
rotropic law r = r(p) ranging from liquid density through a transitional zone to vapour 
density. The production of vorticity is an important aspect of the cavitating flows, especial-
ly in the closure region of the sheet cavity. Senocak et al. (2004a) noted that the vorticity 
production is a consequence of the baroclinic generation term ∇ ଵ

ఘ
×  If an arbitrary .݌∇

barotropic equation is used, then the density gradients are parallel and the baroclinic torque 
is zero. This suggests that the physical models that utilize a barotropic equation fail to 
capture an experimentally observed characteristic of the cavitating flows. However, in the 
TEM approaches density is a function of the transport process. As such, the gradients of 
density and pressure are not necessarily parallel. TEM can therefore produce the baroclinic 
vorticity. The barotropic models have been used, among others, by Reboud and Delannoy 
(1994), Arndt et al. (2000), and Coutier-Delgosha (2007). 

Homogeneous equilibrium models treat the pure water and pure vapour phases with 
suitable equations of state so that the equations are hyperbolic in space and time. The two-
phase flow regime is forced to be in thermodynamic and mechanical equilibrium. A full set 
of continuity, momentum, and energy conservation equations are needed to model the 
equilibrium, as shown, for example, by Schmidt et al. (2006). The model returns the bulk 
density of the mixture based on the implemented temperature-related saturation-state 
relations. The phase transition, condensation shocks, and other multi-phase features can be 
captured with this method, although non-equilibrium effects cannot be captured. Two-
phase wave propagation can, however, be studied by this method. The models are inde-
pendent of empirical parameters other than the equations of state for the pure phases. 
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2. Numerical methodology 

The numerical methodology used in the cavitating ship propeller calculations are explained 
in this section. The content of this section refers to the FINFLO User Guide (FINFLO, 
2012) and Siikonen (2011), unless otherwise stated. A short general description of the code 
is given first. Then a more detailed explanation is given of the solution algorithm of the 
single- and multi-phase flows. 

2.1 FINFLO code 

The calculations presented in this thesis were performed with FINFLO, a general-purpose 
CFD code. The code development started in the late 1980s at the Helsinki University of 
Technology (HUT) (Siikonen et al., 1990). The code has been extensively validated and 
utilized also for propeller flows (Pylkkänen et al., 1998, Sánchez-Caja et al. 2006a, 2006b, 
and Martio et al., 2011, among others). The code also includes a method for calculating 
free-surface flows (Mikkola, 2000 and Li et al., 2001). The development work for the code 
still continues, and the Fluid Dynamics Unit of Aalto University recently implemented a 
cavitation model in FINFLO. The validation calculations of the cavitation model for ship 
propeller flows were performed at VTT and published by Sipilä and Martio (2008), Sipilä 
et al. (2009, 2011), and Sipilä and Siikonen (2012). 

The flow simulations presented in this thesis are based on the solutions of the RANS 
equations using the pressure correction method. The volume of fluid method is applied to 
determine the cavitating regions in the calculation domain. The method belongs to the 
homogeneous mixture models, and the mass transfer rate model of Merkle et al. (1998) is 
implemented in the code to model the phase transitions. An equation of state has also been 
introduced in the code to determine the saturation pressure as a function of flow tempera-
ture (psat = p(T)). The cavitation model assumes that the flow is incompressible. 
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2.2 Single-phase flow 

2.2.1 Flow equations 

The RANS equations, the equations for turbulent kinetic energy k and dissipation of turbu-
lence e, and the scalar transport equation can be written as follows: 

డ௎
డ௧

+ డ(ிିிೡ)
డ௫

+ డ(ீିீೡ)
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+ డ(ுିுೡ)
డ௭

= ܳ	 (79) 

where ܷ = ,ߩ) ,ݑߩ ,ݒߩ ,ݓߩ ,݇ߩ,ܧ ,ߝߩ  ୘. F, G, and H represent the inviscid fluxes and(	߶ߩ
Fv, Gv, and Hv the viscous fluxes. The inviscid fluxes are written as follows: 
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The velocity is ⃗ݒ = ଓ⃗ݑ + ଔ⃗ݒ + ሬ݇⃗ݓ  with ଓ⃗, ଔ⃗	and	ሬ݇⃗  representing the unit vectors in the x-, y-, 
and z-directions, respectively. The scalar variable is depicted by f. The total internal ener-
gy E is defined as 

ܧ = ݁ߩ + ఘ௩ሬ⃗ ∙௩ሬ⃗
ଶ

+ 	݇ߩ (81) 

where e is the specific internal energy. The source term Q has non-zero components for the 
equations of turbulence and possibly for the scalar equation. The viscous fluxes are written 
as follows: 
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The viscous stress tensor involves both laminar and turbulent components. As the fluid is 
assumed to be Newtonian, the laminar stresses are modelled using the Stokes hypothesis. 
The Reynolds stresses ݑߩ௜ᇱᇱݑ௝ᇱᇱare included in the stress tensor ߬௜௝  as follows: 
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The last term in the brackets is zero for incompressible flow. The calculation of Reynolds 
stresses is performed with a turbulence model in the RANS approach. 

The turbulent kinetic energy ଶ
ଷ
௜௝ߜ݇ߩ  and the pressure are connected and appear in the 

inviscid part of the momentum and energy fluxes. The diffusive part is connected with the 
viscous fluxes. The heat flux can also be written with laminar and turbulent parts as: 

ݍ⃗ = ߣ)− + ܶ∇(௧ߣ = −ቀߤ ௖೛
௉௥

+ ்ߤ
௖೛
௉௥೟
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where ߣ and ߣ௧ are the molecular and turbulent thermal conductivity, respectively. The 
viscosity and Prandtl numbers are given as ߤ ,ߤ௧, Pr, and Prt for the laminar and the turbu-
lent parts, respectively. The specific heat at a constant pressure is given as cp. The Prandtl 
numbers are defined as (White, 1991): 

ݎܲ = ߤ ௖೛
ఒ
	 (85) 
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The diffusion of the turbulent and scalar variables are modelled as: 
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߶ߘథߤ = ቆߤ +
்ߤ
ܵܿథ

ቇߘ߶	 (89) 

where ߪ௞, ߪఌ, and ߪథ are the appropriate Schmidt’s numbers. The turbulent Schmidt num-
ber is the ratio between the turbulent viscous diffusion rate and the turbulent mass diffu-
sion rate, i.e.: 
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ܵܿ௧ =
௧ߥ
௧ܦ

.	 (90) 

An equation of state is needed to close the equation system in a case where the energy 
equation is included. The pressure, velocity and temperature are solved. The density is 
calculated from r = r(p,T) and the specific internal energy from e = e(p,T). Viscosity and 
heat conductivity are assumed to be functions of temperature. 

The pressure correction approach for incompressible flows is used to solve the RANS 
equations. The presentation of pressure in Eq. (80) is clumsy with respect to the pressure 
correction method. Instead, an effective pressure can be introduced: 

௘௙௙݌ = ݌ +
2
݇ߩ3 = ௗ௜௙݌ + ஶ݌ +

2
	݇ߩ3 (91) 

where ݌ௗ௜௙  refers to the difference between the local pressure and the pressure in an undis-
turbed flow. A buoyancy term can be added to the above pressure equation if necessary. 

2.2.2 Turbulence modelling 

The turbulence model used in the present work is Chien’s low Reynolds number k-e turbu-
lence model (Chien, 1982). The model has been traditionally used in propeller analyses 
performed at VTT. The correlation between the calculations and the model test results has 
been good, at least when comparing the global performance characteristics of the propel-
lers. 

The source term Q is given for Chien’s model near a viscous surface as follows: 
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where yn is the normal distance from the wall and y+ is the non-dimensional wall distance, 
defined as: 

ାݕ = ௡ݕ
ఛݑߩ
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the so called wall velocity is depicted by ݑఛ = ඥ߬௪ ⁄ߩ  and ߬௪  is the shear stress on the 
wall. The production term of the turbulent kinetic energy is modelled as: 
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where the Boussinesq approximation is used for the Reynolds stresses. The eddy viscosity 
is calculated in the k-e model from: 

௧ߤ = ఓܿ
ଶ݇ߩ

ߝ 	 (95) 

The production of turbulence is limited as: 

ܲ = min(ܲ, 	(ߝ10 (96) 

This prevents unphysical growth of eddy viscosity near the stagnation point, but does not 
affect the flow in the well-behaving regions of the flow field. 

The equations for k and e in the small Reynolds number k-e model can be presented in 
two-dimensions as (FINFLO User Guide, 2012): 
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where ߝ = ̃ߝ + ܲ ,ܦ = ௧ߥ ൬
డ௨೔
డ௫ೕ
൰
ଶ
, ௧ߥ = ఓܿ ఓ݂

௞మ

ఌ
, ଵܿ = 1.44, ܿଶ = 1.92, ܿଷ = 0.0, and 

ఓܿ = 0.09. Furthermore, the additional functions are defined for Chien’s low Reynolds 

number model as ఓ݂ = 1− ݁ି଴.଴ଵଵହ௬శ, ଵ݂ = 1, ଶ݂ = 1− ଶ
ଽ
݁ିቀ
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, and 

ܧ = −2 ఓఌ෤
௬೙మ
݁ି଴.ହ௬శ. 

2.2.3 Spatial discretization 

The code uses a finite volume technique. The flow equations are presented in an integral 
form as: 
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for an arbitrary fixed region V with a boundary S. The flux is calculated in the normal 
direction of the boundary, i.e. dܵ⃗ = dܵ ሬ݊⃗ , where ሬ݊⃗  is a unit normal vector of the face. The 
integration for an individual cell, i, becomes: 

௜ܸ
݀ ௜ܷ

ݐ݀ = ෍ ෠ܨܵ− +
௙௔௖௘௦

௜ܸ ௜ܳ 	 (100) 

where the sum is taken over all faces of the cell. The flux through a face is calculated as: 

෠ܨ = ݊௫ܨ + ݊௬ܩ + ݊௭ܪ	 (101) 

2.2.4 Flux calculations 

The viscous fluxes present in Fv, Gv, and Hv include derivatives on the cell surfaces. The 
derivatives are defined as follows: 

∇ ௜ܶାଵ/ଶ ≈ ∇ ௜ܶାଵ/ଶ − ൬∇ܶതതതത௜ାଵ/ଶ ∙ ݏ⃗ −
߲ܶ
൰ݏ߲ 	ݏ⃗ (102) 

where the lower index (݅ + 1/2) refers to the face between the nodes (i) and (i+1), 

തതതത௜ାଵ/ଶܶߘ =
1
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and ⃗ݏ is a unit vector along a line connecting the two neighbouring cells. The derivative 
∂ܶ ⁄ݏ∂  is calculated using the distance Ds between the two cells.  By using the finite vol-
ume and the tensor forms, the calculation of the derivatives on a cell surface (i+1/2) can be 
written as: 

ሬ݊⃗ ௜ାଵ/ଶ ∙ ௜ାଵ/ଶ(ܶߘ) ≈ ߙ ௜ܶାଵ − ௜ܶ
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where ߙ = ሬ݊⃗ ௜ାଵ/ଶ ∙  ௜ାଵ/ଶ. The derivatives at the cell centroids are calculated utilizing theݏ⃗
Gauss theorem. With an orthogonal grid ሬ݊⃗ ௜ାଵ/ଶ ≡ ߙ ௜ାଵ/ଶ andݏ⃗ = 1. The equation above 
simplifies then to the form: 

ሬ݊⃗ ௜ାଵ/ଶ ∙ ௜ାଵ/ଶ(ܶߘ) ≈
௜ܶାଵ − ௜ܶ

ݏ∆ 	 (105) 

The discretization of the convective fluxes differs between the compressible and incom-
pressible solutions. Approximate Riemann solvers contain intrinsic dissipation owing to 
the upwind interpolation methods. In the case of Roe’s method (Siikonen, 1995) the con-
vective fluxes are calculated as: 
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ሚห( ௜ܷାଵ − ௜ܷ),	 (106) 

where F is the flux vector in the x-direction and ܣሚ is the Jacobian of the flux vector based 
on the Roe’s average. The equation above takes of the coupling of the solution between the 
neighbouring points. For the solution, Eq. (24) is applied in the direction of the surface 
normal of the cell. A second-order accuracy is obtained by replacing the cell values with 
the extrapolated values Ul and Ur on both sides of the cell face. Eq. (106) is fairly compli-
cated, but it takes of the coupling of the solution between the neighbouring points. The 
amount of dissipation depends on the interpolation method; with central differencing the 
dissipation term drops out. 

In the case of an incompressible flow, additional dissipation is added to the solution to 
prevent a checkerboard solution in the collocated grids. A Rhie and Chow type method has 
been implemented in the code in the simplified form presented by Johanssen and Davidson 
(1995). The dissipation is added to the cell-face mass flux by approximating the pressure 
derivatives along the grid coordinate directions: 

ത௜ାଵ/ଶݑ =
1
2

ത௜ାଵݑ) + ܥ−(ത௜ݑ ௜ܵାଵ/ଶ

௉,௜ାଵ/ଶܣ4
௜ାଶ݌) − ௜ାଵ݌3 + ௜݌3 − 	(௜ିଵ݌ (107) 

where ݑത is the convective velocity ݑത = ሬ݊⃗ ∙  that is based on the normal vector on the cell ݒ⃗
surface	݅ + 1/2. The constant C is used to reduce the dissipation, and the multiplier AP 
comes from the original Rhie and Chow interpolation (Rhie & Chow, 1983). The factor of 
4 can be combined with the constant C. The dissipation term is of fourth order and the 
truncation error of second order. The multiplier ܣ௉ is calculated as ܣ௉ = -ஶ for a oneܷߩܵ
dimensional case. The original calculation of Ap included a dependence on the time step 
Dt. The time derivative is simply left out in some implementations. The constant C has a 
value C < 0.1. Sometimes a larger value is utilized. The absolute pressure present in Eq. 
(107) is replaced by the pressure difference compared to a reference pressure. 
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2.2.5 Pressure correction method 

The pressure correction method is applied at the implicit stage. The method implemented 
belongs to the coupled pressure correction methods. The continuity and momentum equa-
tions are coupled and the residuals are calculated simultaneously. In the traditional segre-
gated approach the equations are solved in series and the Poisson equation is solved for the 
pressure corrections or the pressure. The residuals are calculated at different stages of the 
algorithm. 

The flow equations must be presented in a linearized form. The x-momentum equation 
is linearized as: 

௜ܸ
(௜ݑ௜ߩ)ߜ
ݐ߂ = −෍݉̇௝

௡ାଵ

௝

௜௡ାଵ−෍ݑ ௝ܵ݊௫,௝݌௝௡ +
௝

෍ ௝ܵ൫ሬ݊⃗ ௝ ∙ ߬௜௝൯௫,௝
௡ାଵ

௝

	 (108) 

where j refers to the surfaces of a computational cell and n refers to the iteration cycle. The 
continuity equation is linearized as: 

௜ܸ
ߩߜ
ݐ߂ = −෍݉̇௝

௡

୨

−෍̇݉ߜ௝
௝

= ܴ௜௖ −෍̇݉ߜ௝
୨

	 (109) 

where ܴ௖ is the residual of the continuity equation from the n:th  iteration  cycle.  In  an  
incompressible case δߩ is the imbalance in mass flows at the time step n. The momentum 
flux is linearized as ݉̇௝

௡ାଵݑ௝௡ାଵ ≈ ݉̇௝
௡ݑ௝௡ + ݉̇௝

௡ݑߜ௜ +  ௝. The friction term is linearizeḋ݉ߜ௜ݑ
using the approximation of Eq. (105). Linearizing the x-momentum equation and taking 
into account the linearized continuity equation can be done by dropping out the term 
∑ ൫ݑ௜ − ௝௝̇݉ߜ௝൯ݑ  as follows: 

௜ܸߩ௜
௜ݑߜ
Δݐ + ܴ௜௖ݑߜ௜ = ܴ௜

ெೣ − ௜ܴ௜௖ݑ −෍݉̇௝ݑߜ௝
୨

+෍ ௝ܵߤ௝
Δݏ௝௝

൫ݑߜ௝ − 	௜൯ݑߜ (110) 

where ܴெೣ  is the residual of the u-momentum equation from the n:th iteration cycle. Fur-
ther simplification is achieved by using a first-order upwind method for the linearized 
convection term and dividing the mass flows into groups in and out of the computational 
cell. By applying the definition of the mass imbalance ܴ௜௖ +∑ ݉̇௝௢௨௧ = −∑ ݉̇௝௜௡ , the final 
form of the linearized x-momentum equation is obtained: 

ቌ ௜ܸߩ௜
Δݐ −෍݉̇௝

௝

+෍ ௝ܵߤ
Δݏ௝௝

ቍݑߜ௜ + ෍݉̇௝ݑߜ௝
௜௡

−෍ ௝ܵߤ௝
Δݏ௝

௝ݑߜ
୨

= ܴ௜
ெೣ − ௜ܴ௜௖ݑ .			 (111) 
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The viscosity m is replaced by (m + mT) for the turbulent flows. The term δݑ௝ contains the 
unknown velocities from the neighbouring cells behind the cell-surface j. The resulting 
equation has a recalculated residual on the right-hand side. In a traditional pressure correc-
tion method the residual of the continuity equation is zero. The effect of the mass imbal-
ance of the present method is filtered away by the modified residual in the above equation. 

Compass directions offer a convenient means of representing the implicit stage. For a 
three-dimensional structured grid the following matrix components can be written: 

ܽ௜,௜ିଵ 						≡ ௐ,௜ܣ = −max൫݉̇௜ିଵ/ଶ , 0൯ − ቂௌఓ
∆௦
ቃ
௜ିଵ/ଶ

ܽ௜,௜ାଵ 						≡ ா,௜ܣ = −max൫−݉̇௜ାଵ/ଶ , 0൯ − ቂௌఓ
∆௦
ቃ
௜ାଵ/ଶ

ܽ௜,௜ି௜௠௔௫ ≡ ௌ,௜ܣ = −max൫݉̇௝ାଵ/ଶ , 0൯ − ቂௌఓ
∆௦
ቃ
௝ିଵ/ଶ

ܽ௜,௜ା௜௠௔௫ ≡ ே,௜ܣ = −max൫−݉̇௝ାଵ/ଶ , 0൯ − ቂௌఓ
∆௦
ቃ
௝ାଵ/ଶ

ܽ௜,௜ି௜௠௔௫×௝௠௔௫ ≡ ௜,்ܣ = −max൫−݉̇௞ାଵ/ଶ , 0൯ − ቂௌఓ
∆௦
ቃ
௞ାଵ/ଶ

ܽ௜,௜ା௜௠௔௫×௝௠௔௫ ஻,௜ܣ = −max൫−݉̇௞ାଵ/ଶ , 0൯ − ቂௌఓ
∆௦
ቃ
௞ାଵ/ଶ

ܽ௜,௜ 											≡ ௉,௜ܣ = ௏೔ఘ೔
∆௧

ௐ,௜ܣ− ா,௜ܣ− ௌ,௜ܣ− − ே,௜ܣ +
௜,்ܣ− ஻,௜ܣ− + ௤,௜ܣ

	 (112) 

where a possible contribution of a source term linearization Aq,i is added to the diagonal 
term ܣ௉,௜. Similar equations are obtained for the other momentum equations. After solving 
the equations above, the intermediate velocities are obtained from ݑ∗ = ௡ݑ +  .Eq .ݑߜ
(111) and the other corresponding equations are solved by an algebraic multigrid method. 
The equations are normalized so that the diagonal term AP = 1 to improve the convergence. 
The scalar equations become similar to Eq. (111) after linearization. 

There is also an option to calculate the energy equations in the code. However, as heat 
transfer is not significant in propeller applications the energy equations are not utilized in 
the present work. 

The pressure correction method is based on the SIMPLE approach. The velocity correc-
tions are calculated as: 

௜ାଵ/ଶݑ
ᇱ = − ௜ܵାଵ/ଶ݊௫,௜ାଵ/ଶ

௉,௜ାଵ/ଶܣ̅
௜ାଵᇱ݌) − 	(௜ᇱ݌ (113) 

where ݊௫ is the x-component of the surface normal. The corrections for the other velocity 
components are calculated similarly. The coefficient ̅ܣ௉,௜ାଵ/ଶ is calculated as: 

1
௉,௜ାଵ/ଶܣ̅

=
1
2ቆ

1
௉,௜ାଵܣ̅

+
1
௉.௜ܣ̅

ቇ	 (114) 
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As the pressure corrections are computed the pressures are updated with: 

௡ାଵ݌	 = ௡݌ + ᇱ݌௣ߙ ,	 (115) 

where ߙ௣ is an under-relaxation coefficient. The needed under-relaxation is high, typically 
௣ߙ < 0.05. This is due to the flat cells related to the low Reynolds number approach uti-
lized to solve the boundary layer flow. The convergence is, however, more dependent on 
the local time-step size, which is calculated from the Courant number ܮܨܥ =  The .ݔΔ/ݐΔݑ
velocity corrections are finally made for the cell centres and obtained in the x-directions as 
follows: 

௜ᇱݑ = −
1
௉,௜ܣ̅

෍ ௝ܵ݊௫,௝݌௝ᇱ
௝

,	 (116) 

where the pressure at the cell surfaces is calculated as the average of the neighbouring 
cells. The corrections for the other velocity components are calculated similarly. The 
velocities are updated finally as: 

௡ାଵݑ = ௡ݑ + 	ᇱݑ௨ߙ (117) 

where the under-relaxation factor for the velocity is of the order of ߙ௨ = 0.5. The veloci-
ties do not fulfil the continuity equations exactly but the mass balance converges with the 
other balances during the simulation. 

2.2.6 Turbulence equations 

The turbulence equations were solved similarly to the other scalar equations. The source 
terms are non-linear and thus require special consideration. The turbulence equations give 
the eddy viscosity, which affects the whole solution. 

The negative source terms were linearized only to improve the stability of the calcula-
tions. The terms related to the wall distances were not linearized. The dissipation term in 
the k-e turbulence model is written in the k-equation as: 

ߝߩ− = − ఓܿ

்ߤ
	ଶ(݇ߩ) (118) 



2. Numerical methodology 
 

70 

The production term is positive and cannot be linearized. There is a strong coupling be-
tween the flow field, turbulent viscosity, and the production term P. Consequently, to 
reduce the stiffness of the equation set, the following was introduced: 

߲ܲ
߲ܷ = −

߲ܲ
|∆ܷ௠௔௫|	 (119) 

The maximum change in U caused by P is then limited to |∆ܷ௠௔௫|. The resulting Jacobian 
of the source term then becomes: 

߲ܳ
߲ܷ =

⎝

⎜
⎛−

|ܲ|
|(∆݇)௠௔௫|− 2

ߝߩ
݇ 0

0 −
|ܲ|

−|௠௔௫(ߝ∆)| 2ܿଶ
ߝߩ
݇ ⎠

⎟
⎞
	 (120) 

where the maximum changes are evaluated using the present values of k and e as: 

|(∆݇)௠௔௫| =
݇
௞ܥ

|௠௔௫(ߝ∆)| =
ߝ
ఌܥ
	 (121) 

The  constants  are  set  to ఌܥ  = 5 and ܥ௞ =  ఌ. The turbulent kinetic energy may growܥ2
faster than its dissipation, resulting in unphysical high values of turbulent viscosity. This 
can especially take place close to the stagnation point. To prevent unphysical growth of 
turbulent viscosity, a maximum value was set for mT. 

2.2.7 Multigrid methods 

The multigrid method implemented in the code follows the principles of Jameson and 
Yoon (1986) with a simple V-cycle method. With the structured grids the coarser grid 
levels were obtained by taking into account every second grid point in each direction 
compared to the finer level grid. The steps in the multigrid method are described below. 
The grid level is depicted by ℎ௜ with ℎଵ being the finest grid level. 

1. Calculate the residual vector ܴ௛భof all equations to be solved on the finest grid 
level. 

2. Perform the implicit phase and update the solution. 

The previous steps do not differ from the procedure performed with a single grid. The 
following steps are repeated until the coarsest grid level is reached. 

3. Recalculate the residual ܴ௛೔షభ on the previous grid level. 
4. Calculate a new residual using the forcing function ௛ܲ೔షభ as: 
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ܴ௛೔షభ
∗ = ܴ௛೔షభ + ௛ܲ೔షభ	 (122) 

There is no forcing function on the second grid level. The residual is then ܴ௛೔షభ
∗ =

ܴ௛೔షభ 
5. Transfer the residual ܴ௛೔షభ

∗  and the variables from grid ℎ௜ିଵ to the next coarser grid 
ℎ௜. Transfer of the variables and the residuals is performed as: 

ܷ௛೔
௧ = ෍൫ ௛ܸ೔షభ ௛ܷ೔షభ ௛ܸ⁄ ൯	 (123) 

and 

ܴ௛೔
௧ = ෍ܴ௛೔షభ

∗ 	 (124) 

The sum is taken over the cells that approximately cover the cell on the coarse 
grid. 

6. alculate the residual ܴ௛೔  on the new grid level using the transferred values of 
ܷ௛೔
௧ .kjlö 

7. Calculate the forcing function from: 

௛ܲ೔ = ܴ௛೔
௧ − ܴ௛೔	 (125) 

8. Recalculate the residual from: 

ܴ௛೔
∗ = ܴ௛೔ + ௛ܲ೔	 (126) 

9. Perform the implicit phase using  ܴ௛೔
∗  as a residual and update the solution ܷ௛೔ on 

grid ℎ௜. 

After the coarsest grid level is reached, the corrections are transferred back to the finer 
levels. Let ܷ௛೔శభ

ା  be the final value of ܷ௛೔శభ resulting from the correction calculated on grid 
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ℎ௜ାଵ and the correction transferred from grid ℎ௜ାଶ. The final value ܷ௛೔
ା 	at grid level ℎ௜ is 

then calculated as: 

ܷ௛೔
ା 	 = ܷ௛೔ + ௛೔శభܫ

௛೔ ൫ ௛ܷ೔శభ
ା −ܷ௛೔శభ

௧ ൯	 (127) 

where ܫ௛೔శభ
௛೔ is the interpolation operation that transfers the difference ܷ௛೔శభ

ା −ܷ௛೔శభ
௧  from 

the coarse grid level to the appropriate fine grid. The calculation on the coarse grid levels 
is performed similarly to the fine grid level, except the first-order discretization is applied 
on the coarse grid levels. The solutions on the coarse grid levels are based on the residuals 
of the first grid level. The first-order discretization in the coarser grid levels does not affect 
the accuracy of the solution. The low-level discretization on the coarse grid levels im-
proves the stability of the calculation and decreases the computational effort. It also allows 
the use of larger time steps at the coarser grid levels, which accelerates the convergence of 
the solution. 

Regarding the turbulence calculations, some modifications were made to the multigrid 
methodology to increase the stability of the convergence. The solution of the turbulence 
equations is more non-linear than that of the laminar flow. The k- and e-corrections be-
tween the grid levels are limited in the multigrid method. The turbulent viscosity was 
calculated only at the finest grid level due to its non-linear dependence on the turbulence 
quantities and the shape of the boundary layer. 

In the case of multi-phase flows, the modifications to the multigrid methodology are 
similar to those in the turbulent flows. The transfer of the mass transfer term from the 
coarser grid levels is limited. The multigrid method has, however, been shown to be unsta-
ble in the multi-phase simulations. For this reason, the algebraic multigrid method was not 
utilized in the present cavitation simulations. 

The code also includes the so-called full multigrid method. In this method, the simula-
tions are performed first at the coarser grid levels. The result of the simulation at the coars-
er grid level is then interpolated to the finer grid level and used as the initial guess for the 
simulation. This accelerates the convergence at the finer grid levels significantly. An addi-
tional benefit of the full multigrid method is that the quality of the results at the coarser 
grid levels can be estimated before performing the heavy calculations at the finest grid 
levels. 

2.2.8 Rotating reference frame 

A quasi-steady solution can be found for the flows in a rotating motion in cases where the 
geometry of the problem is symmetric in a rotating coordinate system (or a rotating refer-
ence frame). An example of such a problem would be a ship propeller in a uniform axial 
inflow. The flow equations must be transported to the rotating coordinate system if a qua-
si-steady solution is preferred. 
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The velocity components can be presented in a fixed inertial coordinate system even if 
the coordinate system is rotating. The rotating velocity of the coordinate system (or the 
grid) is ሬ߱ሬ⃗ = ሬ⃗ߗ ×  ௥ݒ⃗ The connection between the velocity in a rotating coordinate system .ݎ⃗
and in a fixed coordinate system ⃗ݒ is expressed as: 

௥ݒ⃗ 		 = ݒ⃗ − ሬ⃗ߗ × 	ݎ⃗ (128) 

The left-hand side of the momentum equations can be written as (Siikonen & Pan, 1992; 
Siikonen, 2006): 

߲
ݐ߲

(ݒ⃗ߩ) + ߘ ∙ (ݒ௥⃗ݒ⃗ߩ) ሬ⃗ߗ+ × 	,ݒ⃗ (129) 

The only change in the momentum equation in a rotating and a fixed coordinate system is 
that the convective velocity ⃗ݒ is replaced by ⃗ݒ௥ and a centrifugal force term ߗሬ⃗ ×  is added ݒ⃗
to the equation. The convective velocity must be changed also in other flow equations. The 
inviscid flux term in the x-direction becomes then: 

௥ܨ =

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎛

௥௫ݒߩ

௥௫ݒݑߩ + ݌ +
2
݇ߩ3

௥௫ݒݒߩ
௥௫ݒݓߩ

൬ܧ +
2
௥௫ݒ൰݇ߩ3 + ݑ݌

௥௫݇ݒߩ
ߝ௥௫ݒߩ
߶௥௫ݒߩ ⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎞

	 (130) 

where ݒ௥௫ refers to the x-component of ݒ௥. Similar modifications hold also for the other 
velocity components. It is to be noted that pressure in the energy equation is not a convec-
tive quantity but only the total internal energy. 

The other equations remain the same in a rotating coordinate system as in a fixed coor-
dinate system. The rotating coordinate system does not affect the viscous fluxes or the 
pressure gradient. 
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2.3 Multi-phase flow 

Many of the procedures used to calculate a single-phase flow are valid also for multi-phase 
flow calculations. Some modifications to the calculation procedure are nevertheless need-
ed, as discussed in the following. 

2.3.1 Flux calculation 

The momentum flux can be calculated in a similar manner in the present homogeneous 
multi-phase flow model as in the case of a single-phase flow. The implementation is done 
for the liquid and gas phases separately.  The mixture equations are obtained as a sum of 
the individual phase balances. 

The mixture density is calculated as: 

	ߩ = ௩ߩ௩ߙ + (1− ௟ߩ(௩ߙ ,	 (131) 

The void fraction ߙ௩ is used in the flux calculation instead of the fluid quality x, which is 
significantly smaller compared to α as seen from the relation ߩߙ௩ =  due to the fact that ߩݔ
the vapour density is very small. The MUSCL formula is applied to calculate the void 
fraction for the mass flux. The nodal average values of the void fraction are used for the 
pressure gradient, heat flux, and viscous terms. The pressure is also calculated as an aver-
age in the momentum and energy equations. 

The convective velocity is calculated similarly to the single-phase flow. The mass flux-
es are calculated separately for the individual phases as ݉̇௞ =  ത, where k = v or l andݑ௞ߩ௞ߙ
 ௞ is MUSCL-interpolated. The mass fluxes are then applied in the calculation of theߙ
momentum and energy fluxes. The homogeneous mixture of the phases is used to solve the 
momentum equations and the calculation procedure is the same as in the case of a single-
phase flow. 

2.3.2 Cavitation model 

The cavitation model implemented in the code is based on two continuity equations and on 
the momentum and turbulence equations for the mixture, see also Siikonen (1987). The 
model is homogeneous and the pressure difference compared to the saturation pressure 
drives the mass transfer. The flow is assumed to be incompressible so the shock waves 
related to the collapse of the cavitation structures cannot be well predicted by the imple-
mented model. 

The continuity equations for the two phases contain source terms for the mass transfer, 
i.e. for evaporation and condensation. Since the pressure difference to the saturation pres-
sure  drives  the  mass-transfer,  the  pressure  in  the  vaporised  regions  remains  close  to  the  
saturation pressure. In the evaporating regions the local pressure is slightly below the 
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saturation pressure and in the condensating regions slightly over the saturation pressure. In 
the present simulations, the local pressure difference is maximum few dozen Pascals below 
the saturation pressure in evaporating regions. The absolute difference between the local 
pressure and the saturation pressure is lower in condensating regions. In reality, pressure 
and temperature rise very rapidly inside collapsing cavitation bubbles. These phenomena 
cannot be predicted with the implemented cavitation model. 

The vapour properties in the code are evaluated by curve fits to the experimental data. 
The saturation pressure and the saturation temperature are fitted with the semi-empirical 
Antoine equation: 

log(݌௦௔௧)	 = ܣ −
ܤ

ܥ + ௦ܶ௔௧
	 (132) 

where A, B, and C are empirical constants. Typical values for the parameters are A = 
5.40221 bar, B = 1838.675 bar°C, and C = -31.737°C (NIST Chemistry Webbook). The 
density of vapour is a function of both temperature and pressure. The density is determined 
from a linear combination of isobaric density curves as a function of temperature (Siikonen 
et al., 2008): 

௩ߩ 	 = ෍ߩ௩(ܶ)௜

௡

௜ୀଵ
௜݂(݌)	 (133) 

where the weighting function ௜݂ is determined as: 

௜݂(݌)	 = max ൤0, min൬
݌ − ௜ିଵ݌
௜݌ − ௜ିଵ݌

,
௜ାଵ݌ − ݌
௜ାଵ݌ − ௜݌

൰൨	 (134) 

where pi are the constant pressures at which the gas densities are determined. A second 
order polynomial fit is applied to the gas densities at constant pressure and varying tem-
perature: 

	௣|(ܶ)ߩ = ܽ଴ + ܽଵܶ+ ܽଶܶଶ	 (135) 

The formulation above allows direct calculation of ߲ߩ ߲ܶ⁄ |௣. For an isothermal density 
change discontinuities are present. The following approximation gives accurate results for 
a wide range of pressure and temperature: 
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ߩ߲
݌߲ |் 	 =

ߩ
݌ .	 (136) 

The gas continuity is written in terms of the mass quality (fraction) xg = x which leads to a 
simple implicit stage. The coefficients are the same as in Eq. (112). In calculating the mass 
flux, the mass quality is stored and used in the implicit solution. The gas quality equation 
does not have a diffusion term. Instead, an under-relaxation term is added on the diagonal 
of the solution matrix: 

௜ܸ|߁௜|
Δݔ௠௔௫

.	 (137) 

where the maximum change of quality is determined by: 

Δݔ௠௔௫ = ,ݔ)௫maxܥ 1− (ݔ + 	௫ߝ (138) 

with ܥ௫ = 0.05 and ߝ௫ = 1 × 10ି଺ being empirical constants. The value of ߝ௫  is deter-
mined based on numerical tests. The limiter above suppresses the maximum change in the 
gas quality to 5%. Due to the high difference in vapour and liquid water densities, the mass 
quality x =  0.5  refers  to  a  void  fraction  of  av > 0.999 at the atmospheric pressure. For 
higher void fractions more under-relaxation is given so that the void fraction can never 
exceed unity. 

The pressure correction equation for the multi-phase flow is derived from the continuity 
equations. To fulfil the continuity equation for the individual phases, the following linear-
ized form for the continuity equation of the multi-phase flow is applied: 

൥	 ௜ܸߩ௞,௜

ݐ∆
+෍ ௝ܵߩ௞,௜ݑത௝

୭୳୲

൩∆ߙ௞,௜ + ൥	 ௜ܸߙ௞,௜

ݐ∆
+෍ ௝ܵߙ௞,௜ݑത௝

୭୳୲

൩
௞,௜ߩ߲

݌߲ ௜ᇱ݌ +

+ ൥	 ௜ܸߙ௞,௜
ݐ∆

+ ෍ ௝ܵߙ௞,௜ݑത௝
୭୳୲

൩
௞,௜ߩ߲
߲ℎ௞

∆ℎ௞,௜ + ෍ ௝ܵߙ௞,௝ߩ௞,௝ݑത௝ᇱ
௝

= ∆݉̇௞,௜

	 (139) 

This equation is simplified significantly by dropping out the enthalpy term and the 
∑ −୭୳୲ sums. The change in the void fraction is eliminated by the fact that ∆av = -∆al. The 
equation above simplifies then to the form: 



2. Numerical methodology
 

77 

௜ܸ

௜ߩ ௜ܿ
ଶ∆ݐ

௜ᇱ݌ +
1
௞ߩ ,௜

෍ ௝ܵߙ௞,௝ߩ௞,௝ݑത௝ᇱ
௞,௝

= −෍
∆݉̇௞,௜

௞ߩ ,௜௞

	 (140) 

where c is the speed of sound in a two-phase mixture. The speed of sound is determined as 
1 ܿଶ ≈ ߩ߲ ⁄⁄݌߲ . In a mixture speed of sound is calculated using Eq. (1). The final form of 
the pressure correction equation can be written in the form: 

ቈ
݉ ௜ܸ

௜ߩ ௜ܿ
ଶ∆ݐ

+ ௜ܸ|߁௜|
௠௔௫݌߂

ቆ
1
௩,௜ߩ

−
1
௟,௜ߩ

ቇ቉݌௜ᇱ +෍ ௝ܵ
ଶ

௉,௝௞,௝ܣ̅
൫݌௝ାᇱ − ௜ᇱ൯݌

= −෍
∆݉̇௞,௜

௞,௜௞ߩ

	
(141) 

where ݌௝ାᇱ  is the pressure change in the cell on the other side of the face j, and m is the grid 
level applied in the multigrid algorithm. Pseudo-linearization is applied to the mass trans-
fer term. The maximum change in pressure caused by G is limited to: 

Δ݌௠௔௫ = ݌| − |௦௔௧݌ + 	௣ߝ (142) 

where the empirical constant ߝ௣ = 0.01	Pa is  used.  An  under-relaxation  factor  of  0.5  is  
applied to the change in the mass transfer term. 

The mass transfer model utilized in the present simulations is similar to that of Merkle 
et al. (1998). The mass transfer is modelled as: 

௟߁ =
݌,௟min[0ߙ௟ߩௗ௘௦௧ܥ − [௦௔௧݌

1
2ൗ ஶߩ ஶܸ

ଶ൫ܮ௥௘௙ ௥ܸ௘௙⁄ ൯
+
݌,௩max[0ߙ௩ߩ௣௥௢ௗܥ − [௦௔௧݌

1
2ൗ ஶߩ ஶܸ

ଶ൫ܮ௥௘௙ ௥ܸ௘௙⁄ ൯
	 (143) 

The empirical parameters Cdest and Cprod are utilized to tune the simulations. In most of the 
present simulations the parameters are set to Cdest = Cprod = 350. The influence of the em-
pirical parameters on the cavitating tip vortex is studied by systematically varying Cdest and 
Cprod. 

The implemented cavitation model also calculates heat transfer. However, in cavitating 
ship propeller flows heat transfer is not an important phenomenon and can be neglected. 
Thus, in the present calculations the energy residuals are calculated but are set explicitly to 
zero. 
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3. Validation cases 

The cavitation model was validated for propeller flows in a uniform inflow and in a wake 
field. The cavitation tests for the uniform inflow case were performed in Potsdam Model 
Basin (SVA) in Germany. The model tests were performed for the Workshop on Cavita-
tion and Propeller Performance held together with the Second International Symposium on 
Marine Propulsors (smp’11). The results of the full test programme for the analysed pro-
peller are presented by Barkmann (2011), Mach (2011), and Heinke (2011). 

The cavitation tests for the propeller working in a wake field were performed by the 
Italian Ship Model Basin CNR-INSEAN at the Italian Navy Cavitation Tunnel (CEIMM). 
The results of the cavitation tests were used as validation material also in the EU project 
VIRTUE under the 6th Framework Programme. The results of the extensive test pro-
gramme utilized for the analysed propeller have been presented by Pereira et al. (2004a 
and 2004b). 

3.1 Propeller in a uniform inflow 

The propeller investigated in uniform inflow conditions is the Potsdam Propeller Test Case 
(PPTC) propeller of SVA Potsdam. The propeller is a model-size controllable pitch propel-
ler with a diameter of 0.250 m. The five-bladed propeller has a right-handed direction of 
rotation. The skew of the propeller is moderate. Table 1 summarizes the main geometrical 
parameters of the PPTC propeller. A photograph of the propeller is shown in Figure 17. 

Table 1. Main geometric parameters of the PPTC propeller. 

Diameter D [m] 0.250 
Pitch ratio at r/R= 0.7 P0.7/D [-] 1.635 
Expanded area ratio AE/A0 [-] 0.779 
Chord length at r/R=0.7 c0.7/D [-] 0.417 
Skew Q [°] 18.837 
Hub ratio dh/D [-] 0.300 
Number of blades Z [-] 5 
Direction of rotation  [-] Right handed 
Type  [-] CPP 
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The test procedure for the PPTC propeller included the determination of global perfor-
mance curves in open water conditions. The tests were performed in a towing tank using 
the traditional approach in which the propeller is driven in a downstream configuration. 

The test programme also included further tests in the cavitation tunnel. Laser Doppler 
Velocimetry (LDV) measurements were performed in the slipstream of the propeller to 
determine the location and strength of the propeller tip vortex and blade wake. The LDV 
measurements were performed in non-cavitating conditions. Furthermore, cavitation tests 
at varying propeller loads and cavitation numbers were performed, and the cavitation 
extent and global performance characteristics were recorded. 

The propeller was driven in an upstream configuration in the cavitation tunnel. The cav-
itation tunnel has a square cross section with rounded edges. The test section width and 
height are both 0.600 m. 

 

Figure 17. A photograph of the PPTC propeller. (Figure taken from Barkmann [2011].) 

The propeller open water curves were calculated to validate the global performance predic-
tions of the propeller. The global performance was calculated between the advance num-
bers J = 0.6 … 1.4 with a step size DJ = 0.2. 

The calculated propeller wake field was compared to a measured wake field in wetted 
conditions at a given loading point. The comparison was made at the planes normal to the 
axial direction located at x/D = 0.1 and 0.2 downstream from the propeller plane. 

Finally, the simulated cavitation patterns at three operation points were compared to the 
observations. The velocity field behind the propeller was not measured in the cavitating 
conditions. The effect of cavitation on the velocities in the propeller tip vortices was inves-
tigated by comparing the numerical results in the wetted and cavitating conditions. The 
tests comprised three cavitation conditions: in the first case sheet cavitation together with a 
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strong tip vortex was observed; in the second case a detached tip vortex incepted; in the 
third case pressure side sheet cavitation existed.  

The simulations of propeller wake field velocities and cavitation behaviour predictions 
were performed according to the thrust identity in the wetted conditions. Small discrepan-
cies between the measured and predicted thrust and torque existed in the equal kinematic 
conditions. For this reason, the inflow velocity to the propeller was adjusted iteratively in 
the calculations to reach the thrust identity between the simulations and the measurements. 
Table 2 summarizes the flow conditions and the investigated phenomena of the tests. 

Table 2. Flow conditions of the undisturbed inflow. Calculations performed in the cavita-
tion tunnel (#2 and #3) according to the thrust identity. 

 Test Description  J KT,wetted n [rps] sn 

#1 
Global performance in 
open water 

0.6…1.4 – 15 – 

#2 
Velocities in the slip-
stream 

(1.253) 0.250 23 – 

#3.1 
Cavitation patterns 
(suction side sheet and 
tip vortex cavitation) 

(1.019) 0.387 25 2.024 

#3.2 Cavitation patterns     
(tip vortex cavitation) (1.269) 0.245 25 1.424 

#3.3 
Cavitation patterns 
(pressure side sheet 
cavitation) 

(1.408) 0.167 25 2.000 

3.2 Propeller in a wake field 

The INSEAN E779A propeller was used for non-uniform inflow tests. The propeller is a 
model-sized fixed pitch propeller (FPP) with a diameter of 0.227 m. The four-bladed 
propeller has a right-handed direction of rotation and light skew. Table 3 summarizes the 
main geometrical parameters of the propeller. 

An extensive test programme was conducted on the INSEAN E779A propeller, but on-
ly the wake field results are utilized here to validate the cavitation simulations in unsteady 
conditions. The wake field in the tests is created by mounting an artificial wake generator 
in front of the propeller as shown in Figure 18.The wake generator consists of five plates 
that are assembled parallel to the flow direction and joined together with 60 cylindrical 
bars. The width and the length of the plate array are 86 mm and 300 mm, respectively, and 
there is a 14 mm gap between the plates. The wake generator is mounted from the roof of 
the tunnel. The spacing between the bottom of the wake generator and the drive shaft is 2.5 
mm. The wake generator is located so that the trailing edge of the wake generator is at x/R 
=  -0.89  in  front  of  the  propeller  plane.  The  wake  from the  plate  array  mimics  that  of  a  
single-propeller vessel. The propeller is driven in an upstream configuration in the cavita-
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tion tunnel. The cavitation tunnel has a square cross section with rounded edges in the 
observation region. The width and height of the test section are 0.600 m. 

Table 3. Main geometric parameters of the INSEAN E779A propeller. 

Diameter D [m] 0.227 
Pitch ratio at r/R= 0.7 P0.7/D [-] 1.117 
Expanded area ratio AE/A0 [-] 0.689 
Chord length at r/R=0.7 c0.7/D [-] 0.104 
Skew Q [°] 4.480 
Hub ratio dh/D [-] 0.200 
Number of blades Z [-] 4 
Direction of rotation  [-] Right handed 
Type  [-] FPP 

 
The propeller is tested in the wake field at a fixed inflow speed and propeller rate of rota-
tion. The tunnel pressure is varied in the tests. One pressure level is adjusted in the numer-
ical simulations. Table 4 shows the flow conditions used in the simulations. 

The wake in the simulations was created by modelling the geometry of the wake gener-
ator in the calculation domain. The calculated total wake was compared to the measured 
wake between the propeller and the wake generator at x/R = -0.52. 

 

Figure 18. The INSEAN E779A propeller and the wake generator mounted in the cavita-
tion tunnel of CEIMM. (Photograph is courtesy of CNR-INSEAN.) 
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Table 4. Flow conditions for the propeller working in a wake field used for numerical 
simulations. 

 Test description V∞ [m/s] n [rps] sn 

#1 
Cavitation patterns in 
the wake field 

6.22 30.5 4.455 

3.3 Computational meshes and boundary conditions 

The local coordinate system (x,y,z) is the same in all calculations. The origin is located on 
the shaft line in the propeller plane. The x-axis is parallel to the axial direction pointing 
downstream; the z-axis is parallel to the blade generator line along the increasing radial 
direction; and the y-axis forms a right-handed coordinate system with the other axes. The 
local coordinate system rotates with the propeller. The tangential velocity is thus negative 
in the propeller rotational direction Qprop. 

A fixed global coordinate system (X,Y,Z) is introduced in the analyses of the propeller 
working in a wake field. The origin is located at the same point as that of the local coordi-
nate system. The X-axis is also the same as with the local coordinate system; the Z-axis 
points to the roof of the cavitation tunnel; and the Y-axis forms a right-handed coordinate 
system with the other axes. 

3.3.1 Propeller in a uniform inflow 

The PPTC propeller geometry is provided by SVA Potsdam in the Initial Graphics Ex-
change Specification (IGES) format and is available online (http://www.sva-
potsdam.de/pptc.html). The surface grid of the blades, hub, cap, and shaft are modelled 
according to the geometry IGES file. 

The calculation domain in the open water calculations is one fifth of a full cylinder in 
the circumferential direction due to the symmetry of the five-bladed propeller. The inlet is 
located five propeller diameters upstream from the propeller plane. The outlet is located 
ten propeller diameters downstream from the propeller plane. The domain extends four 
propeller diameters in the radial direction. The size of the calculation domain is large so 
that the effects of the domain boundaries are negligible. 

The blades, hub and cap are modelled as no-slip rotating surfaces. The axis is modelled 
as a no-slip stationary surface. A velocity boundary condition is applied at the inlet, and a 
pressure boundary condition is used at the outlet. The outer side of the domain has a free 
stream velocity boundary condition. At the longitudinal sides of the domain a cyclic 
boundary condition is applied. 

In the analyses performed inside the cavitation tunnel the propeller is driven in an up-
stream configuration. The grid near the propeller is the same in the open water and tunnel 
analyses. The geometry of the cap and the shaft in the tunnel analyses are done according 
to the IGES-geometry file. 

The square tunnel cross section is simplified to be circular in the analyses. The circular 
cross section allows the use of a quasi-steady approach due to the symmetry of the prob-

http://www.sva-potsdam.de/pptc.html
http://www.sva-potsdam.de/pptc.html
http://www.sva-potsdam.de/pptc.html
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lem. The tunnel radius is Rtun = 0.3385 m, which gives the same cross-sectional area as the 
actual tunnel. 

The distances of the inlet and the outlet from the propeller plane are the same in the 
simulations performed in the tunnel as in the open water simulations. The same boundary 
conditions are also used, but the tunnel roof is modelled as a slip solid surface. Figure 19 
shows the computational domain of the simulations performed in the cavitation tunnel. The 
calculations are performed at three grid levels in wetted and cavitating conditions. 

 

Figure 19. Calculation domain for the PPTC propeller analyses in the cavitation tunnel. 
The propeller and shaft are shown as black surfaces. The inlet is the blue face on the left 
and the outlet is the purple face on the right. The cyclic sides of the domain are green. The 
idealized cylindrical wall of the tunnel is the red face on top of the domain. 

The grid has an O-O topology around the propeller blades. The blocks in the exterior of the 
propeller have an H-H topology. A butterfly-type topology is applied behind the cap to 
prevent a singularity in the grid. The finest grid level consists of a total of 4.3 million cells 
in 18 blocks. The second and the third level grids consist of 534,000 and 67,000 cells, 
respectively. On the blade surface the finest grid level consists of 144 cells in the chord-
wise direction and 104 cells in the spanwise direction. 

The grid resolution around the blade leading edge is high. A strong pressure peak is 
present at the leading edge of the blade and a high resolution grid is needed to solve the 
peak pressure reasonably. At the finest grid level there are about 30 cells around the 
blade’s leading edge radius. Due to the O-O topology, the same resolution is applied also 
around the blade tip and the trailing edge. The grid is heavily clustered towards the viscous 
surfaces. The non-dimensional wall distance y+ is close to unity at the finest grid level. 
Table 5 gives a summary of the grid size details for the three grid levels. Figure 20 shows 
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the grid at three grid levels on the blade surface and around the leading edge of the blade at 
a constant grid index at a radius of about r/R = 0.7. 

The dissipation of the velocity and pressure gradients in the slipstream of the propeller 
presents an additional challenge for the simulations. The grid resolution must be high in 
the regions of the tip vortices and the wakes from the blade. Heavy numerical dissipation 
ruins the solution of the flow details if a proper grid density is not present in the regions of 
interest. The accuracy of the tip vortex and blade wake modelling has only a marginal 
effect on the propeller global performance predictions. Consequently, the propeller wake 
field does not need to be accurately modelled if information on propeller global perfor-
mance characteristics is only needed. 

At present it is not possible to fill the whole slipstream of the propeller with a very 
dense grid due to computing power limitations. The cells must be focused at the tip vortex 
and blade wake regions. The exact locations and shapes of the tip vortices and the blade 
wakes are not known before the calculations are started. For this reason, the grid must be 
created iteratively in the slipstream. The location of the tip vortex and the blade wake is 
searched from the initial grid. The grid in the slipstream is then adjusted to follow the pitch 
and contraction of the propeller wake. 

The topology of the structured grid in the slipstream becomes helical as shown in Fig-
ure 22. The grid resolution in the cross-section of the tip vortex is about 20 x 20 cells at the 
finest grid level. The grid resolution at three levels around the tip vortex is shown in Figure 
21. At the cross section of the blade wake the number of cells is about ten at the finest grid 
level. 

Table 5. Summary of grid size details at the three grid levels for the propeller in a uniform 
inflow case. The numbers of the surface cells are given on one side of the blade. 

 Fine grid Medium grid Coarse grid 

Total number of cells 4 269 568 533 696 66 712 
Surface cells in the 
chordwise direction 144 72 36 

Surface cells in the 
spanwise direction 104 52 26 

Cells around the blade 
leading edge radius 30 15 8 

Cells in the cross-
section of the tip vortex 20 × 20 10 × 10 5 × 5 

Cells across the blade 
wake 10 5 3 

 



3. Validation cases
 

85 

  

  

  

Figure 20. Grid resolution at three grid levels. In the left column: the surface grid on the 
blade.  In the right column: the grid near the leading edge of the blade at  a constant  grid 
index at a radius of r/R = 0.7. From top to bottom: first-level fine grid, second-level medi-
um grid, and third-level coarse grid. 
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Figure 21. Grid resolution at the tip vortex location at x/D = 0.2 in a wetted flow. From 
left to right: fine, medium, and coarse grids. The background colour is the pressure distri-
bution in Case 2 conditions. 

 

Figure 22. Surface grid on the blade and a slice of the grid in the slipstream, which has 
been adjusted to follow the wake of the blade. The colour on the axial grid slice is the axial 
velocity. The streamlines in the tip vortex are also shown.  

3.3.2 Propeller in a wake field 

The geometry of the INSEAN E779A propeller is provided by CNR-INSEAN as a tradi-
tional propeller drawing and also in IGES format. The surface grid of the blades, hub, cap 
and shaft are modelled according to the geometry in the IGES file. The geometry of the 
cavitation tunnel in the simulations mimics that of the test section in the CEIMM cavita-
tion tunnel. The geometry of the wake generator is created according to the technical 
drawing provided by CNR-INSEAN. 

The blades, hub and cap are modelled as no-slip rotating surfaces. The axis is modelled 
as a no-slip stationary surface. The plates and bars of the wake generator are modelled as 
no-slip surfaces. The walls of the tunnel are slip solid surfaces to reduce the total number 
of cells in the domain. A velocity boundary condition is applied at the inlet, and a pressure 
boundary condition is used at the outlet. 
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The computational domain has the same size and shape as the test section of the cavita-
tion tunnel. The length of the domain is 2.6 m and the height and width of the domain are 
0.6 m. The propeller is located in the middle of the tunnel. As the problem is not symmet-
rical, the complete tunnel must be modelled. The solution is unsteady and solved using the 
time-accurate approach. 

A part of the domain rotates at the rotational speed of the propeller. The upstream loca-
tion of the rotating domain is in the middle of the trailing edge of the wake generator and 
the propeller plane. The rotating domain extends to the outlet in the axial direction. In the 
radial direction the rotating domain extends to about the half way between the propeller tip 
and the tunnel roof. The rest of the domain is stationary. The sliding mesh boundary condi-
tion is applied at the interface of the rotating and stationary domains. Figure 23 shows the 
calculation domain used in the simulation. 

 

Figure 23. The computational domain of the INSEAN E779A propeller behind the wake 
generator in the cavitation tunnel. The propeller, shaft and wake generator are visualized in 
black. The inlet is depicted by the blue colour on the left. The outlet is the grey surface on 
the right. The green and purple colours show the stationary and rotating parts of the do-
main, respectively. 

The grid has an O-O topology around the propeller blades and the wake generator. The 
blocks in the exterior of the propeller have an H-H topology. A butterfly-type topology is 
applied behind the cap of the propeller axis. At the finest level grid the total number of 
cells is about 10.6 million in 132 blocks. At the second level medium grid the number of 
cells is 1.3 million. The wake generator itself consists of about 2.3 million cells at the 
finest grid level in 90 blocks. 

The grid resolution on the blades is similar to that of the PPTC propeller. The number 
of cells in the finest grid level on one side of the blade in the chordwise direction is 144 
and in the spanwise direction 104. The leading edge radius is covered by 20 cells at the 
finest grid level. The grid is made dense towards the viscous surfaces so that the non-
dimensional distance y+ is close to unity at the finest grid level. Table 6 summarises the 
grid size details. Due to the very high computational costs of the time-accurate method, the 
calculations are performed only in the second level medium grid. 

Accurate modelling of the tip vortex and the blade wake was of less interest in this 
case. The dynamic behaviour of the sheet cavity in altering inflow conditions was given 
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more focus.  The propeller  wake region is  modelled with a coarser grid compared to that  
used in the PPTC propeller case. Figure 24 shows the surface grid on the propeller and the 
wake generator at the finest level grid. Figure 25 shows the grid on a developed cylindrical 
surface near the propeller plane and the wake generator’s trailing edge at a radius of r/R 
=0.53. It can be seen that the grid follows the wakes of the blades some distance down-
stream from the propeller. Then the topology turns to the axial direction. The sliding mesh 
interface is also shown in the figure. 

Table 6. Summary of the grid size details of the two grid levels of the propeller in a wake 
field case. The numbers of the surface cells are given at one side of the blade. 

 Fine grid Medium grid 

Total number of cells 10 635 072 1 329 384 

Surface cells on a blade in 
the chordwise direction 144 72 

Surface cells on a blade in 
the spanwise direction 104 52 

Cells around the blade 
leading edge radius 20 10 

 
 

 

Figure 24. Surface grid at the finest grid level on the propeller, shaft, and wake generator. 
The inflow to the propeller comes through the wake generator. 
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Figure 25. The grid on a developed cylindrical surface of radius r/R = 0.53. The view is 
focused near the trailing edge of the wake generator and the propeller plane. The sliding 
mesh interface is highlighted in red. The flow is from left to right. The whole circumfer-
ence of the grid is not shown. 

3.4 Computer programs and computational arrangements 

Pre-processing of the present simulations was performed by VTT’s in-house program 
Plot3d. To visualize the created grids, the commercial IGG program was used. The RANS 
equations were solved with the FINFLO code. The convergence histories were investigat-
ed using the Guiconvergence program delivered with FINFLO. Post-processing was per-
formed by the commercial program Ensight. 

The CFD calculations were performed using two Intel Xeon X5650 2.66 GHz six-core 
processors in parallel. The computer system used was a Dell Precision T5500 64-bit with 
Windows 7 operating system. 

The wall clock time for the quasi-steady calculations of the propeller in the uniform in-
flow was about 48 hours per case. The time-accurate calculations for the propeller working 
in the wake field were about five days at the second-level medium grid. An estimated wall-
clock time for the calculations in the first-level fine grid is about one month with the same 
computational arrangement. 
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4. Results 

The same non-dimensional quantities were applied to both the uniform inflow case and the 
propeller in wake field case. The propeller advance number J was defined as: 

ܬ = ஺ܸ

	ܦ݊ (144) 

The propeller thrust T and torque Q were non-dimensionalized as is usual in the propeller 
field as: 

்ܭ =
ܶ

	ସܦଶ݊ߩ (145) 

and 

ொܭ =
ܳ

	ହܦଶ݊ߩ (146) 

The propeller open water efficiency is calculated from 

ைߟ =
ܬ

ߨ2
்ܭ
ொܭ
	 (147) 

The pressure coefficient was determined here by using the rotational speed of the propeller as: 
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௣ܥ =
݌ − ஶ݌

1
ଶ(ܦ݊)௪ߩ2

	 (148) 

where ߩ௪ refers to the density of water. The cavitation number is defined in a similar 
fashion: 

௡ߪ =
ஶ݌ − ௩݌

1
2 ଶ(ܦ݊)௪ߩ

	 (149) 

The sectional pressure distribution is non-dimensionalized as: 

ܿ௣ =
݌ − ஶ݌

1
)௪ߩ2 ஺ܸ

ଶ + (ଶ(ݎ݊ߨ2)
	 (150) 

The velocities are non-dimensionalized by the inflow velocity and the turbulent viscosity 
by the dynamic viscosity. 

4.1 Propeller in uniform inflow 

The results of the propeller in the uniform inflow conditions consists the numerical predic-
tions of the global performance characteristics of the propeller, the velocity fields in the 
propeller slipstream in the wetted and cavitating conditions, and the cavitation patterns 
around the propeller. The convergences of the calculations are investigated and the results 
are validated against the model test result. 

4.1.1 Convergence 

All simulations performed in the uniform inflow conditions were calculated with the same 
numerical methods and parameters. The Courant number in the simulations was CFL = 
0.25. The under-relaxation factor for the pressure was ap = 0.01 and for the velocity au = 
0.5. A third-order upwind-biased scheme was utilized for the discretization of the convec-
tion terms, while a second-order central-difference scheme was used for discretization of 
the diffusion terms. All simulations were performed with Chien’s low Reynolds number k-
e turbulence model. 

 
The  convergence  histories  of  the  L2-norms of the pressure correction and x-momentum 
residuals, and the total drag of the wetted and cavitating flow calculations are shown in 
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Figure 26. The convergence histories are given in Case 3.1. The flow conditions in Case 
3.1 are described in Table 2. The convergence histories at the three investigated grid levels 
are also presented. The convergence histories for the other cases are similar to the present-
ed cases. 

In the cavitating flow simulations no algebraic multigrid methods were used. In the 
wetted flow solutions the algebraic multigrid was used at the medium grid level and at the 
finest grid level in the first 5,000 iterations. Thereafter the multigrid was no longer used. In 
the cavitating condition, where the multigrid method is not used, the residuals are higher at 
the coarser grid levels. In the wetted flow simulation the residuals at the medium grid level 
are higher than at the coarsest grid level due to the multigrid method. 

The calculation of wetted flow converged faster at the coarse grid level than the cavitat-
ing flow simulation. The wetted flow converged after about 10,000 iterations at the coars-
est grid level, whereas the cavitating flow converged after 20,000 iterations. The calcula-
tions were continued for 30,000 iterations at the coarse grid level to ensure convergence. 
At the second-level grid, the wetted flow converged after about 2,000 iterations, while the 
cavitating flow converged after about 15,000 iterations. The calculations were continued 
for 20,000 iterations at the medium grid level. At the finest grid level the wetted flow 
converged after about 2,000 iterations. When the multigrid method was switched off at 
5,000 iterations, the convergence was re-attained at 30,000 iterations with an order of 
magnitude lower residual level. The multigrid method also has minimal influence on the 
total drag. The cavitating flow simulation converged after about 10,000 iterations at the 
finest grid level. The calculations were continued for 30,000 iterations at the finest grid 
level. 

The L2-norm of the residuals of the pressure correction is two orders of magnitude low-
er in the wetted flow calculations than in the cavitating flow calculations. The pressure 
correction residuals were nevertheless at a low level also in the cavitating flow calcula-
tions.  The  L2-norm of the x-momentum residuals was about the same in the wetted and 
cavitating flow calculations. The drag convergence history was smooth in the wetted and 
cavitating flow simulations. 
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Figure 26. Convergence histories of the L2-norm of the pressure correction and x-
momentum residuals, and the total drag of the simulation for the propeller in the cavitation 
tunnel in Case 3.1 conditions. The figures top to bottom on the left show the convergence 
histories of the wetted flow simulations. The figures top to bottom on the right show the 
convergence histories of the cavitating flow simulations. The convergence histories at the 
fine, medium, and coarse grid levels are depicted by #1, #2, and #3, respectively. 

4.1.2 Global performance 

Table 7 shows a comparison between the measured and calculated thrust, torque, and 
efficiency of the propeller at the three investigated grid levels at J = 1.0 in non-cavitating 
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open water conditions. The performance characteristics are given for the propeller blades 
only. The influence of the propeller hub and cap are subtracted from the open water results 
both in the measurements and in the calculations. As the table shows, the calculated thrust 
and torque are 1% lower and 1.5% higher at the finest grid level, respectively, compared to 
the measured values. The calculated efficiency is 2.4% lower than in the measurements. 
Figure 27 reveals that the good agreement between the measurements and the calculations 
are maintained over the whole investigated range of open water curves. 

Table 7. Global performance characteristics of the PPTC propeller in non-cavitating open 
water conditions at J = 1.0 calculated with three grid resolutions. The relative differences 
of the calculated figures compared to measured figures are also shown. Measured figures 
provided by SVA Potsdam. 

 KT DKT [%] 10 KQ DKQ [%] hO DhO [%] 
Coarse grid 0.375 -3.7 0.972 +0.7 0.609 -4.4 
Medium grid 0.383 -1.7 0.986 +1.2 0.619 -2.9 
Fine grid 0.386 -1.0 0.989 +1.5 0.622 -2.4 
Measurements 0.390 – 0.975 – 0.637 – 

 

Figure 27. Polynomial fits of the measured open water curves and the calculated figures 
from the finest grid level in non-cavitating conditions. Measured data provided by SVA 
Potsdam. 

The error estimate for global thrust and torque was made according to the Richardson’s 
extrapolation method, see also Mikkola (2009). For a general integral variable f the error 
on a grid level i > 1 is defined as: 
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(߶)௜ݎݎ݁ = |߶௜ −߶ଵ|	 (151) 

where ߶ଵis the intergral variable’s value on the finest grid level. 
The order of accuracy is evaluated from the one-term error estimation: 

(߶)௜ݎݎ݁ = 	෤௣ݔ߂ܽ (152) 

where ݔ߂෤ is a general measure of discretization, p is  the  order  of  accuracy,  and  a is a 
constant. The inverse of the cubic root of the number of elements Ni was used as the 
discretization measure. The parameters a and p were obtained by fitting the function to the 
numerical results. By solving the parameter p from the above equation it follows that for 
i > 1: 

థ݌ =
ln −(௜ିଵ߶)ݎݎ݁ ln (௜߶)ݎݎ݁

ln൫ඥ ௜ܰିଵ
య ൯ − ln൫ඥ ௜ܰ

య ൯
	 (153) 

The error estimates of the thrust and torque on the second and third grid levels with respect 
to  the  finest  grid  results  are  shown  in  Figure  28.  As  the  figure  shows,  the  slope  of  the  
curves connecting the error estimates, i.e. the order of accuracy of the thrust and torque are 
௧௛௥௨௦௧݌ =1.9 and ݌௧௢௥௤௨௘ =2.5, respectively. 

 

Figure 28. The thrust and torque convergence errors. The slopes of 1.9 and 2.5 are also shown. 
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Extrapolation of the simulated thrust and torque to the infinitely dense grid result was 
performed using the generalized Richardson’s extrapolation method described in the ITTC 
guidelines (ITTC, 2008). The error estimate ߜோா೔,భ

∗(భ)  is calculated using the equation: 

ோா೔,భߜ
∗ =

(߶)௜ݎݎ݁

௜ݎ
௣ഝ − 1

	 (154) 

where ri is the refinement ratio of the grid, i.e. ri = ݔ߂෤௜ିଵ/ݔ߂෤௜.  The ITTC (2008) recom-
mends that a multiplicative correction factor is used to take into account the effects of 
higher-order  terms,  and  for  the  estimation  of  errors  and  uncertainties.  The  error  is  then  
defined as: 

∗௜,ଵߜ = ோா೔,భߜ௜ܥ
∗ 	 (155) 

where the correction factor Ci is calculated as: 

௜ܥ =
௜ݎ
௣೔ − 1

௜ݎ
௣೔,೐ೞ೟ − 1

	 (156) 

The parameter pi,est is an estimate for the limiting order of accuracy of the simulation as the 
spacing goes to zero and the asymptotic range is reached so that Ci → 0. Here an estima-
tion of pi,est = 2 is utilized. The extrapolated result at the infinite dense grid is calculated by 
SC,f = S1 - ߜ௜,ଵ∗ , where S1 is the simulation result at the finest grid level. 

The uncertainty Ui of the error ߜ௜,ଵ∗  is calculated by the formula 

௜ܷ = (2|1− |௜ܥ + 1)หߜோா೔,భ
∗ ห	 (157) 

The outcome of the error estimation is summarized in Table 8. The figures presented in 
Table 7 were used to define the uncertainty analyses. It is seen that the estimated thrust and 
torque at an infinitely dense grid differ from the values predicted at the finest grid level by 
1.5 and 0.6%, respectively. The uncertainties of those integral values are 1.7 and 0.7%, 
respectively. 
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Table 8. Verification of the predicted integral variables in the simulations. 

f p ߜோா೔,భ
∗ ∗௜,ଵߜ ௜ܥ   [%] ௜ܷ [%] SC 

KT 1.9 -0.0060 0.9565 -1.5 1.7 0.3918 
10 KQ 2.5 -0.0050 1.1556 -0.6 0.7 0.9948 

 
The validation of the simulated integral values was also made according to the recom-
mended  procedure  of  the  ITTC (ITTC,  2008).  The  error  E between the measured D and 
simulated S = Si values is defined as: 

ܧ = ܦ − ܵ	 (158) 

The uncertainty of the validation is defined as: 

ܷ௏ = ට ௌܷே
ଶ + ܷ஽ଶ	 (159) 

where USN and UD are the uncertainties related to the numerical simulation and the meas-
urements, respectively. In the present case, the experimental uncertainty is not known. The 
experimental uncertainty was therefore approximated to be UD/D =  2%.  The  iterative  
unsteadiness UI was  found  to  be  very  small  at  all  grid  levels  (less  than  0.1%),  thus  the  
ambiguity related to the numerical simulation USN was estimated to consist only the grid 
convergence part UG, i.e. USN = UI + UG = UG. The uncertainty related to the grid conver-
gence is calculated as: 

ܷீ = หܥ௜ߜோா೔,భ
∗ ห+ ห(1−ܥ௜)ߜோா೔,భ

∗ ห	 (160) 

In this case Ci = CG since the iterative unsteadiness was assumed to be negligible. 
The validation study can also be performed with the corrected values for the infinitely 

dense grid. The error EC between measured and corrected simulated values are determined as: 

஼ܧ = ܦ − ܵ஼ 	 (161) 

The validation uncertainty ܷ ௏಴ is calculated from: 
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ܷ௏಴ = ට ௌܷ಴ே
ଶ + ܷ஽ଶ	 (162) 

where ௌܷ಴ே = ܷீ಴. The uncertainty related to the corrected grid convergence is calculated 
from: 

ܷீ಴ = ห(1−ீܥ)ߜோா೔,భ
∗ ห.	 (163) 

Table 9 summarizes the results of the validation activities performed with the values of the 
integral variables given in Table 7. The validation at the finest grid level and at the infi-
nitely dense grid is given in the table. As the table shows, in all cases the validation uncer-
tainty is higher than the discrepancy between the measured and simulated figures. Thus, 
validation has been achieved for the global performance characteristics from the program-
matic standpoint. 

Table 9. Validation of the predicted integral variables in the simulations. 

f E [%] UV [%] UD [%] USN [%] 
KT +1.0 2.1 2.0 0.6 
KT,C -0.5 2.0 2.0 <0.1 
10 KQ -1.4 2.1 2.0 0.7 
10 KQ,C -2.0 2.0 2.0 <0.1 

4.1.3 Propeller wake field 

To validate the simulation results of the propeller wake field, the numerical results were 
compared to the LDV measurements performed in the cavitation tunnel in wetted condi-
tions. The comparison between the LDV measurements and the simulation results was 
conducted on two planes located at x/D = 0.1 and x/D = 0.2 downstream from the propeller 
plane. The plane normals were parallel to the axial direction. The first plane was located 
very close to the trailing edge of the propeller. The second plane was located some dis-
tance downstream from the propeller. Figure 29 shows the locations of the measurement 
planes. 
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Figure 29. The locations of the wake measurement planes in the slipstream of the propeller. 

The calculations were made according to the thrust identity with the measurements. The 
advance speed in the calculations was iteratively adjusted so that the thrust in the calcula-
tions matched the measured thrust. The outcome of the iteration process is shown in Table 
10. As can be seen, the advance coefficient in the simulations is about 1.8% lower than in 
the measurements. 

Table 10. The global parameters used in the propeller wake field simulation case com-
pared to the values used in the measurements. The simulated figures are taken from the 
finest grid level. The measured figures are provided by SVA Potsdam. 

Case 2 
KT DKT 

[%] 
J DJ 

[%] 
10 KQ DKQ 

[%] 
hO DhO 

[%] 
Simulation 0.250 -0.3 1.253 -1.8 0.725 0.0 0.689 -2.2  
Measurements 0.251 – 1.275 – 0.725 – 0.704 – 
 
Figure 30 shows the axial component of the propeller wake field at x/D = 0.1 behind the 
propeller plane. The figure is focused on the tip vortex and the wake of the blade at the 12 
o’clock position.  The raw data of the LDV measurements and the RANS solution at  the 
finest grid level are given in the figure. The spatial resolution applied in the LDV meas-
urements is also shown. The resolution is 0.25 degrees in the circumferential direction. 
The radial resolution varies, being at its finest in the vicinity of the tip vortex. 

It can be seen from Figure 30 that the tip vortex location is slightly lower in the simula-
tions than in the measurements. The reason for this is not exactly known. It is, however, 
difficult to fully control the wake field of a propeller in experimental conditions, and there 
may have been a small inclined velocity component in the main flow in the tunnel. The 
propeller wake field may have been influenced slightly by this factor. 

To be able to compare the strength of the measured and simulated tip vortices, the cir-
cumferential distributions of the wake components were plotted at constant radii at the two 
measurement planes. The radii of the comparison sections were chosen so that they match 



4. Results 
 

100 

the maximum and minimum axial wake location in the tests and in the simulations. The 
corresponding radii at x/D = 0.1 were r/R = 0.995 and r/R = 0.973 in the tests, and in the 
simulations r/R = 0.995 and r/R = 0.963. In addition, the measured and simulated strengths 
of the blade wake were compared at a radius of r/R = 0.7. Figure 31 shows the wake com-
ponents at the investigated radii at x/D = 0.1 over one cyclic section of the whole circum-
ference of the domain. 

As can be seen, the shape of the tip vortex and the blade wake are relatively similar in 
the measurements and in the simulations. The tip vortex and the wake of the blade are, 
however, somewhat stronger in the simulations compared to the measurements. The dis-
tance between the maximum and minimum axial velocities in the simulations is slightly 
higher than in the measurements. The sharp peaks in the wake components are caused by 
the wake of the blade. These peaks are stronger in the simulations than in the measure-
ments. 
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Figure 30. The axial wake at a plane normal to the axial direction at x/D = 0.1. The upper 
figure shows the outcome of the LDV measurements together with the spatial resolution of 
the measurements. The lower figure shows the RANS analysis result for the finest grid 
level with the projected velocity vectors. The red radii depict the reference radii at the 
minimum and maximum axial wake locations, and the radius r/R = 0.7. The black radii at 
r/R = 1.0 and 0.97 are given for reference. Measured data provided by SVA Potsdam. 
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Figure 31. The axial, tangential, and radial wakes over a circumferential period of the 
wake at constant radii at x/D = 0.1. The thick lines are the RANS predictions at the finest 
grid level. The thin lines are the results of the LDV measurements. At the top: the radius of 
the minimum axial wake; in the middle: the radius of the maximum axial wake; at the 
bottom: the radius of r/R = 0.7. Measured data provided by SVA Potsdam. 
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Figure 32 shows the axial component of the propeller wake at x/D = 0.2 behind the propel-
ler plane. The tip vortex and the blade wake shown in this figure are from the preceding 
blade of the one at the 12 o’clock position. 

The circumferential distribution of the wake components were again compared at the 
radii of the minimum and maximum axial wake locations in the tip vortex, and at the 
radius r/R = 0.7. The minimum and maximum wake locations were at r/R = 0.988 and r/R 
= 0.966, respectively, in the measurements. In the calculations, the corresponding radii 
were at r/R = 0.973 and r/R = 0.930. Figure 33 shows the circumferential distributions of 
the wake components at the investigated radii. The distribution is given for one cyclic 
period of the whole wake field. 

The tip vortex and the blade wake had higher velocities in the simulations than in the 
measurements at x/D = 0.2. The tip vortex was wider in the simulations than in the meas-
urements. The roll-up of the blade wake into the tip vortex was evident from both the 
measurements and the simulations. The locations of the tip vortex and the blade wake were 
close to each other in the tests and the simulations. The blade wake near the tip vortex was 
seen clearer in the simulations than in the measurements. 

To gain an impression of the grid convergence of the simulation results, the velocity 
field calculated with the three grid resolutions are compared in Figure 34. The wake com-
ponents at x/D = 0.2 at the maximum axial velocity radius are shown at the three different 
grid resolutions. It can be seen that the coarse grid cannot solve the strength and the details 
of the propeller tip vortex. The medium grid solves the details of the tip vortex, but the 
magnitude of the tip vortex differs somewhat from the fine grid result. The location of the 
tip vortex is the same at all grid resolutions. 
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Figure 32. The axial wake at a plane normal to the axial direction at x/D = 0.2. The upper 
figure shows the outcome of the LDV measurements together with the spatial resolution of 
the measurements. The lower figure shows the RANS analysis result for the finest grid 
level with the projected velocity vectors. The red radii depict the reference radii at the 
minimum and maximum axial wake locations, and the radius r/R = 0.7. The black radii at 
r/R = 1.0 and 0.97 are given for reference. Measured data provided by SVA Potsdam. 
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Figure 33. The  axial,  tangential  and  radial  wakes  over  a  circumferential  period  of  the  
wake at constant radii at x/D = 0.2. The thick lines are the RANS predictions for the finest 
grid level. The thin lines are the LDV measurements. At the top: the radius of the mini-
mum axial wake; in the middle: the radius of the maximum axial wake; at the bottom: the 
radius r/R = 0.7. Measured data provided by SVA Potsdam. 
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Figure 34. The axial, tangential, and radial wake components over a circumferential peri-
od of the wake at a radius of the maximum axial velocity at x/D =  0.2.  The  results  are  
shown from the three grid resolutions. The thick solid, thin solid, and thin dashed lines 
represent the results of the fine, medium, and coarse grids, respectively. 

4.1.4 Cavitation patterns 

To validate the simulation results of the cavitating PPTC propeller, a comparison of the 
cavitation extent in the experiments and in the simulations was made at three different 
flow conditions. In one of the conditions a strong cavitating tip vortex was present. This 
case is studied in more detail. 

The cavitation tests were conducted according to the thrust identity in wetted condi-
tions. The inflow velocity was iteratively adjusted in the simulations to ensure that the 
propeller thrust in the simulations is the same as in the tests. The propeller thrust in the 
cavitating conditions was also measured. Table 11 shows the flow parameters and global 
performance characteristics. Table 11 also reveals the effect of cavitation on the global 
performance characteristics of the propeller. 

As the table shows, the thrust identities in wetted conditions are reached by increasing 
the advance number by a maximum of 1.4% from the values used in the tests. The calcu-
lated propeller torques and efficiencies in the wetted conditions are also very close to the 
measured ones. 

Cavitation had no significant effect on the thrust or torque in Case 3.1 in the tests and in 
the simulations. In contrast, cavitation induced a significant thrust breakdown in Cases 3.2 
and 3.3. The thrust breakdown was observed in both the tests and the simulations. The 
discrepancy between the measured and calculated global performance characteristics is 
slightly higher in the cavitating conditions than in the wetted conditions. 
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Table 11. The global performance characteristics of the cavitation investigation cases in 
wetted and cavitating conditions. The simulated figures are given from the fine grid re-
sults. The differences between the simulated and measured values are also shown. Meas-
ured data provided by SVA Potsdam. 

Case 
KT DKT 

[%] 
J DJ 

[%] 
10 KQ DKQ 

[%] 
hO DhO 

[%] 
#3.1 sn = 2.024         
Simul.(wetted) 0.388 0.3 1.025 0.6 0.988 1.3 0.640 -0.6 
Meas. (wetted) 0.387 – 1.019 – 0.975 – 0.644 – 
Simul.(cav.) 0.386 3.2 1.025 0.6 0.979 0.9 0.643 2.8 
Meas. (cav.) 0.374 – 1.019 – 0.970 – 0.625 – 
# 3.2 sn = 1.424         
Simul.(wetted) 0.245 0.0 1.286 1.3 0.708 0.0 0.707 1.2 
Meas. (wetted) 0.245 – 1.269 – 0.708 – 0.699 – 
Simul.(cav.) 0.202 -1.9 1.286 1.3 0.620 -1.7 0.666 1.0 
Meas. (cav.) 0.206 – 1.269 – 0.631 – 0.660 – 
# 3.3 sn = 2.000         
Simul.(wetted) 0.167 0.0 1.428 1.4 0.541 -0.7 0.700 1.9 
Meas. (wetted) 0.167 – 1.408 – 0.545 – 0.687 – 
Simul.(cav.) 0.142 4.4 1.428 1.4 0.496 1.4 0.650 4.3 
Meas. (cav.) 0.136 – 1.408 – 0.489 – 0.623 – 
 
Figure 35 shows the streamlines and the pressure distribution on a propeller blade, and the 
cavitation patterns in the Case 3.1 conditions. The results are shown at the three grid lev-
els. A sketch of the observed cavitation extent is also shown. The pressure distribution and 
surface restricted streamlines in non-cavitating conditions are also given for comparison. 

A strong cavitating tip vortex was present in both the cavitation tests and the simula-
tions. It is to be noted that the first mode of tip vortex was clearly visible both in the tests 
and in the simulations. Root cavitation was also present in both the tests and the simula-
tions. The extent of sheet cavitation was significantly greater in the simulations than in the 
tests. Sheet cavitation incepted at around radius r/R = 0.5 in the simulations, whereas in the 
tests the inception radius was about r/R = 0.9. 

The effect of the grid resolution on the cavitating tip vortex was very clear. At the 
coarsest grid level the cavitating tip vortex was not captured at all. At the medium grid the 
tip vortex was weaker compared to the finest grid solution. The sheet cavitation extent was 
not that strongly dependent on the grid resolution. 

The effect of the sheet cavitation on the surface restricted streamlines was significant. It 
can be seen in Figure 35 that the re-entrant jet reflects upwards at the closure line of the 
sheet cavitation. As a result, the vapour in the sheet cavity escapes through the tip vortex. 
As a consequence, the natural shedding of the sheet cavity did not occur and the cavity 
remained stable. In the wetted flow solution the streamlines travelled over the blade with 
nearly constant radii. 
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Figure 35. Cavitation extent in Case 3.1 conditions. The grey transparent isosurfaces 
depict the vapour volume fraction av = 0.5. At top: the wetted solution from the fine grid. 
Middle left: a sketch of the observed cavitation extent. Middle right: the fine grid solution. 
Bottom left: the medium grid solution. Bottom right: the coarse grid solution. The blade 
colour indicates the pressure difference. The surface restricted streamlines are also shown. 
The red lines depict the radius r/R = 0.7. Cavitation test data provided by SVA Potsdam. 

Table 12 shows the total vapour volume Vv,tot in the calculation domain calculated as 
௩ܸ,௧௢௧ = ∫ ,ݔ)௩ߙ ,ݕ dܸௗ௢௠௔௜௡(ݖ . It is seen that the total vapour volume in the domain in-

creases with increasing grid density. The simulation at the coarse grid level predicts about 
17 % lower vapour volume compared to the fine grid result. The simulation at the medium 
grid level gives about 6 % lower vapour volume content than the finest grid. 
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The pressure distribution on the blade surface at the radius r/R = 0.7 in Case 3.1 is visu-
alized in Figure 36. The pressure distribution is shown in wetted and cavitating conditions 
at the three investigated grid levels. As can be seen, there is a very strong and sharp pres-
sure peak in the wetted conditions. In the cavitating conditions, the low pressure peak is 
cut at the vapour pressure. The pressure on the blade is at the vapour pressure under the 
sheet cavity. The pressure in the wetted conditions is higher at the suction side of the blade 
behind the low pressure peak due to the absence of the cavity. There is a pressure peak at 
the closure of the sheet cavity where the wetted flow travelling over the cavity hits the 
blade, as illustrated in Figure 9. Outside the influence of the cavity the pressure distribu-
tion in the wetted and cavitating conditions are nearly identical. 

The magnitude of the low-pressure peak at the blade leading edge in the wetted condi-
tions is very sensitive to the grid resolution. The extent of the sheet cavity is also clearly 
dependent on the grid resolution, as seen from the sectional pressure distribution. The 
same holds also for the magnitude of the pressure peak present at the closure of the sheet 
cavity. Outside the above-mentioned regions, the pressure distributions predicted at the 
different grid levels are very close to each other. 

Table 12. Total vapour volume in the calculation domain at different grid resolutions in 
Case 3.1 conditions. 

 Total vapour 
volume [m3] 

Difference to the 
fine grid result [%] 

Coarse grid 1.334 × 10-6 -17.3 
Medium grid 1.514 × 10-6 -6.1 
Fine grid 1.613 × 10-6 – 

 
 

 

Figure 36. Pressure distributions on the blade surface at the radius r/R = 0.7.  The results  are 
shown for cavitating and wetted conditions at the three grid levels in Case 3.1 conditions. 
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Figure 37 reveals the vapour volume fraction and the evaporation rate inside the vaporous 
regions in the Case 3.1 conditions. The variables are visualized at the axial cuts of the 
cavity with a spacing of x/D = 0.05. It can be seen that the sheet cavity is thin and contains 
almost pure vapour. At the closure of the sheet cavity a mixture with a lower vapour con-
tent is present. At the tip of the propeller there are two separate regions of high vapour 
content in the cuts of the mixture. One is attached to the blade, the other is detached from 
the blade surface and is connected to the detached leading edge tip vortex. The core of the 
tip  vortex  is  filled  with  a  mixture  with  a  very  high  concentration  of  vapour.  In  the  root  
cavity the highest vapour concentration is present at the blade–hub joint. 

Evaporation is high at the leading edge of the sheet cavity, whereas condensation is 
high  in  the  closure  of  the  sheet  cavity.  At  the  outer  radii  of  the  cavitating  tip  vortex  the  
mixture condensates weakly. The core of the vortex evaporates due to the presence of low 
pressure. The diameter of the cavitating tip vortex varies along its helical path. Condensa-
tion is higher in the regions where the diameter of the tip vortex is wider, while evapora-
tion is stronger in the regions where the diameter of the tip vortex is smaller. 

 

 

Figure 37. Axial cuts of the cavity with a spacing of x/D = 0.05 in the Case 3.1 flow con-
ditions. At top: the vapour volume fraction is visualized inside the cavity isovolume of 
av >  0.01.  At  bottom:  the  evaporation  rate  [kg/(sm3)] is visualized. The negative values 
depict condensation and the positive values evaporation. 
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Figure 38 shows the pressure distribution, the axial wake together with the projected ve-
locity vectors, and the eddy viscosity at an axial cut at x/D = 0.2 for the wetted and cavitat-
ing  conditions  of  Case  3.1.  It  can  be  seen  that  the  size  and  shape  of  the  tip  vortices  are  
relatively similar in the wetted and cavitating conditions. The pressure in the cavitating tip 
vortex is cut at the vapour pressure. 

The axial wake distribution is slightly modified by cavitation in the core of the vortex. 
The roll-up of the turbulent wake of the blade into the tip vortex is clearly visible in the 
eddy-viscosity distributions. The eddy viscosity is significantly affected by cavitation in 
the vortex core. In the wetted flow the eddy viscosity is at its highest in the core of the tip 
vortex. In the cavitating conditions the eddy viscosity diminishes in the vaporized core of 
the vortex. It cannot be confirmed whether the latter is due to physical effects. 

Figure 39 shows a circumferential distribution of the pressure, the wake components, 
the eddy viscosity, and the vapour volume fraction over one circumferential period at x/D 
= 0.2 at the radius of the tip vortex core at r/R = 0.951. It can be seen that the pressure in 
the cavitating vortex core is cut at the vapour pressure. In the wetted flow the pressure is 
below the vapour pressure in the vortex core. Outside the vortex core the pressure distribu-
tions are close to each other in the wetted and cavitating conditions. 

Regarding the grid dependency, it can be clearly seen that the pressure peak in the vor-
tex core is highly dependent on the grid resolution. In the cavitating condition the pressure 
distribution at the finest and medium grid level are close to each other. The vortex core is 
in a slightly different position in the cavitating conditions compared to the wetted condi-
tions. 

The most significant difference in the wake distributions between the cavitating and 
wetted conditions are the additional peaks present in the cavitating conditions. The peaks 
are caused by the modified eddy viscosity due to the high vapour content in the tip vortex 
core. The eddy viscosity is seen to decrease dramatically as the vapour content exceeds 
about 50%. 

The gradient of the vapour volume fraction in the cavitating tip vortex is very deep. In 
the vortex core the fluid mixture is almost pure vapour. The separate peaks in the wake 
components and in the eddy viscosity at around the 20 degrees position are caused by the 
wake of the blade. 
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Figure 38. Axial cut of the flow field at x/D = 0.2 in the vicinity of the tip vortex in Case 
3.1 conditions. At top: the pressure distribution. Middle: the axial wake and the projected 
velocity vectors. At bottom: the eddy viscosity. Left top to bottom: wetted flow solution. 
Right top to bottom: cavitating flow solution. The red circles refer to the radius of the tip 
vortex core at r/R = 0.951. The black circles at the radii r/R = 0.97 and r/R = 1.00 are given 
for a reference. 
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Figure 39. Flow parameters in the Case 3.1 cavitating and wetted conditions over a cir-
cumferential period of the wake at x/D = 0.2 at the radius of the tip vortex core. At top: the 
pressure distribution calculated with three grid resolutions. Middle: the wake components 
at the finest grid level. At bottom: the eddy viscosity together with the vapour volume 
fraction at the finest grid level. 
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Figure 40. Influence of the empirical constants in Merkle’s model on the void fraction 
(top) and the evaporation rate (bottom) in the core of a cavitating tip vortex. The circum-
ferential distributions of the flow quantities in the propeller slipstream at x/D = 0.2 are 
presented. 

The  effect  of  the  empirical  constants  in  Merkle’s  mass-transfer  model  in  Eq.  (143)  was  
investigated by altering them systematically. The calculation matrix consisted of the values 
100, 350, and 1000 for both constants which gives total of 9 combinations. The results of 
the study are shown in Figure 40 in which the void fraction and the evaporation rate are 
plotted at the radius of the wetted tip vortex core at x/D = 0.2. The plotted distribution is 
limited in the vicinity of the tip vortex since no cavitation is present outside the vortex 
core. 

The figure shows that the simulation results are close to each other when the empirical 
constant Cprod is higher than 100. The other constant Cdest has only a small  effect  on the 
simulation results. The cavitating tip vortex does not converge well with the value of Cprod 
= 100 and the location of the tip vortex alters from its location in the wetted conditions. 
That is clearly seen in the circumferential distributions of the void fraction and the evapo-
ration rate. 
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The tip vortex core is filled with almost pure vapour. The evaporation rate is at its high-
est in the core of the tip vortex. At the outer side of the vortex core condensation takes 
place. The absolute rate of condensation at the outer side of the vortex is significantly 
smaller than the evaporation rate in the core of the vortex. It is seen that the higher values 
of Cprod and Cdest induce more evaporation in the vortex core and more condensation at the 
outer side of the core. The differences between the simulations with Cdest = 350 and Cdest = 
1000 are small. The evaporation rate in the simulations performed with Cdest = 100 differ 
significantly from the other simulations. 

Case 3.2

 

Case 3.3

 

  

  

Figure 41. Cavitation patterns in the Case 3.2 (left) and Case 3.3 (right) conditions. The 
pressure distributions on the blades and the surface restricted streamlines are also shown. 
At top: sketches of observed cavitation patterns in the tests. Middle: the suction side of the 
blade. At bottom: the pressure side of the blade. The isosurfaces of the vapour volume 
fraction av = 0.5 are shown. Cavitation test data provided by SVA Potsdam. 



4. Results 
 

116 

Figure 41 shows the observations made in the tests and the simulation results of the cavita-
tion extents in the flow conditions of Cases 3.2 and 3.3. The flow conditions of Cases 3.2 
and 3.3 are described in Table 2. The predicted cavitation extents are visualized with the 
isosurfaces of the vapour volume fraction av = 0.5. The surface restricted streamlines and 
the pressure distributions on the blade surfaces are also shown. 

In the Case 3.2 conditions, tip vortex cavitation exists without the presence of sheet 
cavitation in both the tests and the simulations. Tip vortex cavitation is continuous in the 
tests. The simulated isosurfaces with lower vapour volume fractions are also continuous. 
Root cavitation on the suction side of the blade is also present both in the tests and in the 
simulations. There is also sheet cavitation on the pressure side of the blade. Root cavitation 
exists also on the pressure side of the blade in the Case 3.2 conditions. Sheet and root 
cavitation were also observed in the tests on the pressure side of the blade, although these 
are not shown in Figure 41. 

Sheet cavitation is extensive on the pressure side of the blade both in the tests and in the 
simulations in the Case 3.3 conditions. The major difference between the simulations and 
the tests is that, in the tests, the sheet cavitation extends up to the tip of the blade and 
merges with the cavitating tip vortex. 

4.2 Propeller in a wake field 

The results of the propeller working in a wake field consist of numerical predictions of the 
global performance characteristics at the working point. The thrust and torque in the wet-
ted simulations are compared to the measurements, and the cavitation extents at the differ-
ent blade positions are compared to the observations. 

4.2.1 Convergence 

A propeller working in a wake field is an unsymmetrical problem. As such, a quasi-steady 
approach cannot be utilized. Instead, a time-accurate simulation was performed. The time-
step in the calculations is Dt = 45.54×10-6 s, referring to a half degree of propeller revolu-
tion. Eighty internal iterations were performed within each time step. The quasi-steady 
solution of the problem was used as the initial guess for the time-accurate simulations. 

The Courant number of the internal iterations within a time step was CFL = 1.0. The 
under-relaxation factors for the pressure and the velocity were ap = 0.01 and au =  0.5,  
respectively. A third-order upwind-biased scheme was utilized for the discretization of the 
convection terms, while a second-order central-difference scheme was used for discretiza-
tion of the diffusion terms. The simulations were performed with Chien’s low Reynolds 
number k-e turbulence model. 

The convergence history of the propeller thrust and torque, and the blade thrust in the 
time-accurate simulations in the wetted and cavitating conditions are given in Figure 42. 
As the figure shows, the propeller thrust and torque converged to their final periodic 
shapes after about half a propeller revolution. However, to ensure the convergence, the 
calculations were continued for two propeller revolutions. The period of the thrust and 
torque for the whole propeller is one quarter of a full propeller revolution due to the sym-
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metry of the four-bladed propeller. The period of a single blade thrust is one propeller 
revolution. 

It is seen that the average thrust and torque of the cavitating propeller in the cavitating 
condition are slightly below those of the fully wetted propeller. The amplitude of thrust 
and torque in cavitating conditions are also slightly below those in wetted conditions. 

 

 

Figure 42. Convergence histories of the propeller thrust and torque (top) and the individu-
al blade thrust (bottom) in the cavitating and wetted conditions. The quasi-steady solution 
is used as the initial guess in the time-accurate calculations. 

4.2.2 Cavitation patterns 

The average propeller thrust and torque were measured during the tests in the wetted con-
ditions. No thrust measurements were made in the cavitating conditions. The total wake 
between the wake generator and the propeller plane at x/R = -0.52 was also measured by 
means of LDV. The cavitation observations were photographed at the different blade 
positions in the wake field. 
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Table 13 shows the calculated thrust and torque for the propeller in the wetted and cavi-
tating conditions. The measured average values in wetted conditions are also shown. The 
relative peak-to-peak amplitudes of the calculated thrust and torque are slightly over 20% 
of the average values. The thrust amplitude in wetted conditions is slightly higher than in 
cavitating conditions, while the relative amplitude of the torque is practically the same in 
both conditions. The average thrust and torque in the cavitating conditions are slightly 
lower than in the wetted conditions. The calculated average thrust and torque are within a 
few per cent of the measured values in the wetted conditions. 

Table 13. Measured and calculated thrust and torque of the propeller working in the wake 
field. The mean value and peak-to-peak amplitudes of the calculated characteristics are 
given in wetted and cavitating conditions. The discrepancy between the measured and 
calculated global performance characteristics in the wetted conditions are also shown. 
Measured data provided by CNR-INSEAN. 

 
KT 

mean 
KT 

ampl.[%] 
DKT [%] 

mean 
10 KQ 
mean 

KQ 
ampl.[%] 

DKQ [%] 
mean 

Simul. (wetted) 0.170 23.3 -2.9 0.331 16.9 -0.9 
Simul. (cav.) 0.165 22.4 – 0.325 17.0 – 
Measurements 
(wetted) 

0.175 – – 0.334 – – 

 
Figure 43 shows the calculated and measured axial total wakes at the axial plane located 
between the wake generator and the propeller at x/R = -0.52. The spatial resolution applied 
in the LDV measurements is also shown in the figure. The circumferential resolution of the 
measurement points is ten degrees. 

The shape of the total wake is similar between the calculations and the measurements. 
The influence of the horizontal bars of the wake generator is clearly visible in the simula-
tion results. The experimental results do not show the details of the total wake distribution 
due to the relative coarse resolution applied in the LDV measurements. The simulated 
average total axial velocity at the wake measurement plane inside a circle delimited by the 
propeller radius is 5.8% lower compared to the measurements.  

The pressure distribution on a blade at the 12 o’clock position in the wetted conditions 
together with the surface restricted streamlines is shown in Figure 44. It can be seen that 
there is a very strong and narrow pressure peak at the leading edge of the blade. The lead-
ing edge vortex detaches from the leading edge of the blade at the outer propeller radii, as 
seen from the pressure distribution and the streamlines. Near the blade tip the streamlines 
are oriented nearly radially due to the high loading of the blade tip behind the wake generator. 
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Figure 43. The axial total wake between the wake generator and the propeller at x/D = 
-0.52. On the left is the calculation result. On the right is the result of the LDV measure-
ments together with the spatial resolution of the measurements. The red circles depict the 
propeller radius. Measured data provided by CNR-INSEAN. 

  

Figure 44. Propeller blade in wetted conditions at the 12 o’clock position. At left: the 
pressure distribution on the blade. At right: the surface restricted streamlines. 
 
The pressure distributions on the blade at different blade positions behind the wake genera-
tor are shown in Figure 45 together with the surface restricted streamlines and the isosur-
faces of the vapour volume fraction av =  0.1.  The  figures  are  given  between  the  blade  
angular positions of Qprop = -20° … +20° with a spacing of DQprop = 10°. The photographs 
from the cavitation tests at the corresponding blade positions are also shown. 

The low-pressure peak at the leading edge of the propeller is cut at the vapour pressure. 
The low pressure regions are wider in the cavitating conditions than in the wetted condi-
tions. The streamlines are directed towards the blade tip under the cavity due to the re-
entrant jet reflected from the closure of the sheet cavity. In the wetted conditions the 
streamlines stay more circular close to the tip of the blade. 

The simulated cavitation patterns agree well with the observations. The inception of the 
sheet cavity is close to that of the experiments. The predicted extents of the sheet cavities 
at different blade positions are close to the observations made in the tests. There is a weak 
cavitating tip vortex present at the blade positions of Qprop = +10° and +20° in the tests that 
is not present in the simulations. A very weak detached sheet cavity is present in the tests 
at the blade position of Qprop = +20° that is not found in the simulation. 
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Figure 45. Cavitating propeller at different blade positions behind the wake generator. At 
left: the pressure distributions on the blade. Middle: the surface restricted streamlines and 
the isosurfaces of the vapour volume fraction av = 0.1. At right: photographs of the cavitat-
ing propeller in the tests. The blade positions are from Qprop = -20° (top) to Qprop = +20° 
(bottom) with a spacing of DQprop = 10°. (Test photographs courtesy of CNR-INSEAN.) 
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5. Discussion 

The cavitation model implemented in FINFLO was validated for model-scale ship propel-
ler flows using the RANS approach. The flow equations were solved using the pressure 
correction method. The implemented cavitation model is homogeneous and the mass trans-
fer rate is driven by the difference between local pressure and vapour pressure. The 
FINFLO code solves the continuity equation for each phase and the momentum and turbu-
lence equations for the mixture of phases. The simulations were performed with Chien’s 
low Reynolds number k-e turbulence model. The mass transfer model used is similar to 
that of Merkle et al. (1998). 

The convergence of the pressure correction method in the wetted and cavitating condi-
tions is good. A minor drawback is that the multigrid method cannot be applied in the 
multiphase calculations. However, due to increased computing power, calculation time in 
quasi-steady cases is no-longer critical, even without the multigrid method. In time-
accurate calculations, the multigrid method is not that significant from the CPU time point 
of view. 

The results of the simulated global propeller performance characteristics agreed well 
with the experimental results in wetted open water conditions over a wide range of the 
investigated advance numbers. The global performance characteristics have traditionally 
been predicted well with FINFLO. An estimate of the order of accuracy of the numerical 
simulations was performed for the global performance characteristics of the propeller 
using the Richardson extrapolation method. The order of accuracy for thrust and torque 
were found to be 1.9 and 2.5, respectively. The verification and validation of the simula-
tions were carried out for the global performance characteristics in accordance with the 
ITTC recommended procedure. It was found that validation was achieved by the simula-
tions. 

A more challenging task was to accurately predict the propeller tip vortices and the 
wake field composed of the detached boundary layers of the blades. It was found that the 
wake field of the propeller dissipates too much unless an appropriate grid resolution is set 
for the regions of large velocity gradient, i.e. over the tip vortices and the blade wakes. A 
reasonable grid convergence is achieved when the resolution in the cross section of the tip 
vortex is about 20 × 20 cells. In the cross section of the blade wake about 10 cells are 
needed. 

The difficulty in simulating the wake field of a propeller is that the exact locations of 
the tip vortices and the blade wakes are not known before the simulations are performed. 
The entire slipstream of the propeller cannot be filled with a high resolution grid as this 
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would increase the calculation time excessively. Therefore, in the calculations presented in 
this thesis the slipstream grid is created iteratively. The pitch and contraction of the propel-
ler slipstream are first estimated. The exact locations of the tip vortices and the blade 
wakes are then determined from the initial simulations. The grid is then adjusted so that 
the high resolution regions of the grid match the locations of the tip vortices and the blade 
wakes. An alternative to focusing cells on the tip vortex and blade wake regions would be 
to use overlapping grids. This was not done here, although the method is implanted in the 
FINFLO code. 

The simulated tip vortices were more dissipative compared to the LDV measurements 
in the tests. Nevertheless, the circumferential distributions of the wake components in the 
tip vortex regions show that a reasonable agreement with the test measurements is 
achieved. It is generally known that the k-e turbulence models produce too much eddy 
viscosity in the flow field. The k-e model was chosen to be used in these initial validation 
calculations of two-phase flows due to VTT’s extensive experience of applying the model 
to single-phase propeller flows. Initial trials conducted with the SST k-w model gave less 
dissipation in the propeller tip vortices than the k-e model. Comparison of the turbulence 
models is omitted from the scope of this thesis. 

The predicted sheet cavitation on the suction side of the PPTC propeller was more ex-
tensive in the high propeller loading conditions of Case 3.1 than that observed in the tests. 
This discrepancy is likely to be caused by laminar separation of the flow at the leading 
edge of the blade in the experiments. The cavitation inception is delayed in the laminar 
flow conditions. 

Merkle’s mass transfer model activates as the pressure drops below the vapour pres-
sure. As the angle of attack of the flow is practically the same in both the experiments and 
the simulations, the low pressure peak at the leading edge of the blade should be about the 
same in the experiments and in the simulations. The absence of sheet cavitation in the tests 
at the lower blade radii is therefore most likely to be caused by laminar separation of the 
flow. 

The above assumption is confirmed by the fact that in the smp’11 workshop (Abdel-
Maksoud, 2011), at which PPTC propeller cases were studied, participants who utilized 
Singhal’s mass transfer model in their calculations predicted a similar sheet cavitation 
extent as observed in the tests. Singhal’s mass transfer model is activated only in a turbu-
lent flow regime. 

It can be further speculated that the experimental results would be closer to the simulat-
ed results if the tests were performed with a higher Reynolds number, or if turbulence 
stimulators were applied at the leading edge of the model propeller. At the full scale, the 
sheet cavitation extent is likely to be closer to the simulation result since the whole flow 
field would then be turbulent. 

The effect of sheet cavitation on the surface restricted streamlines under the cavity is 
clearly visible. The re-entrant jet is reflected at the closure line of the cavity to its normal 
direction. This phenomenon is in agreement with the experimental observations. In the 
wetted flow conditions the streamlines travel over the blade at almost constant radii. 

The sectional pressure distributions at radius r/R = 0.7 on the blade shows that the low-
pressure peak at the leading edge is cut at the vapour pressure in the cavitating conditions. 
Furthermore, a high pressure peak exists at the cavity closure line where the wetted flow 
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travelling over the cavity hits the blade surface, as explained in Chapter 1.2.2. It is also 
seen that the cavitation extent is sensitive to the grid resolution. This holds especially for 
tip vortex cavitation. 

The simulation results for the cavitating tip vortex do not seem to be very sensitive to 
the empirical constants in Merkle’s mass transfer model. A reasonable choice for the con-
stants seems to be between 350 and 1000. It was found that the convergences of the simu-
lations with higher constant values were less stable. 

One could expect that the natural shedding of the sheet cavity would occur at least at 
the lower propeller radii in the case where an extensive sheet cavity is present on the suc-
tion side of the blade. It is repeatedly reported that the RANS models are not capable of 
producing natural shedding of a sheet cavity due to over prediction of the eddy viscosity at 
the closure of the sheet cavity, see for example Reboud et al. (1998), Coutier-Delgosha et 
al., (2003), Goncalves et al. (2010), Hoekstra et al. (2011), and Bensow (2011). To over-
come this problem, Reboud et al. (1998) introduced the following ad hoc modification of 
the k-e turbulence model in order to reduce the eddy viscosity in a mixture: 

௧ߤ = ఓܥ(ߩ)݂
݇ଶ

ߝ 	 (164) 

where the weighting function ݂(ߩ) is defined as 
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with n being a large value. Parameter n has been given values from 10 to 1000 in the litera-
ture. The modified turbulence model described above is not used in the present simula-
tions, as implementing the modified model could induce natural shedding of the turbu-
lence. Moreover, the works of Bensow (2011) and Li and Grekula (2008), for example, 
have shown that the dynamics of the shedding mechanism can be predicted more precisely 
by means of LES or DES. 

The influence of varying eddy viscosity in the mixture on the flow velocity is also evi-
dent in the vaporous core of the propeller tip vortex. The altering eddy viscosity induces 
additional humps and hollows in the circumferential distribution of the wake components 
in the tip vortex region. In the wetted conditions, the eddy viscosity is at its highest at the 
centre of the core. In the cavitating conditions the eddy viscosity is at its highest around 
the region in the tip vortex with a vapour volume fraction of av = 0.5. The eddy viscosity 
decreases as the vapour volume fraction further increases in the vortex core. The vapour 
volume fraction is very close to unity in the core of the tip vortex. The slope of the vapour 
volume fraction is steep in the tip vortex. 

The first mode of the cavitating tip vortex in the simulation agrees well with the obser-
vations in the cavitation tests. The evaporation and condensation behaviours of the tip 
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vortex were also found to be qualitatively reasonable. The evaporation rate is high in the 
low-pressure core of the vortex, while the mixture condensates weakly at the outer radii of 
the tip vortex. Condensation is higher in the regions where the radius of the tip vortex is 
large, while the tip vortex evaporates more in the regions where the tip vortex diameter is 
small. 

The thrust break down is connected to the pressure side cavitation in the low-loading 
conditions in the tests and in the simulations. The simulated cavitation extent on the pres-
sure side of the blade agrees well with the observations made in the tests. 

The  cavitation  model  was  validated  also  for  a  case  where  a  propeller  is  working  in  a  
wake field. The wake field was created by an artificial wake generator. The geometry of 
the wake generator was modelled in the calculation domain. The simulated and measured 
total wakes between the propeller and the wake generator are similar in shape. The influ-
ence of the structural details of the wake generator on the total wake is more clearly visible 
in the simulations than in the tests. This is due to the rather coarse spatial resolution used 
in the LDV measurements. 

The cavitation extent on the propeller blades is rather small in the analyzed flow condi-
tions in the wake field. The thrust and torque variations are therefore rather similar in the 
wetted and cavitating conditions. The simulated averaged thrust and torque agree well with 
the measured results. 

The simulated cavitation inception location and cavitation extent on the propeller in the 
wake field are close to the observations made in the tests. The flow from the wake genera-
tor to the propeller is turbulent. This ensures that there is no delay in the cavitation incep-
tion in the tests due to laminar separation of the flow. The weak cavitating tip vortex pre-
sent in the tests was not found in the simulations. It can be expected that the cavitating tip 
vortex would have been found in the simulations if a denser grid had been utilized. 
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6. Conclusions and future work 

Based on the simulations presented in this thesis it is concluded that the cavitation model 
implemented in the RANS equation solver FINFLO gives a good estimation of cavitation 
inception and extent in propeller flows. The global performance characteristics in the 
simulations agree well with those measured in tests, both in the wetted and cavitating 
conditions. The validation of the simulated global propeller performance characteristics 
has been achieved according to the methodology recommended by the ITTC. The thrust 
breakdown  related  to  the  pressure  side  cavitation  was  observed  in  the  tests  and  in  the  
simulations. 

The tip vortices and the wakes from the blades must be covered with a dense grid in or-
der to solve them accurately. The entire slipstream cannot be filled with a high density grid 
due to the limitations in computing power. The cells must therefore be concentrated main-
ly over the tip vortices and the blade wakes to limit the total number of cells in the domain. 
The exact locations of the tip vortices and blade wakes are not known a priori, so that the 
grid must be created iteratively in the slipstream of the propeller. The simulation of the 
cavitating tip vortices is not very sensitive to the empirical coefficients in Merkle’s mass 
transfer model. The values of Cdest = Cprod = 350 seem to be a reasonable choice for the 
parameters. Lower values ruin the solution and higher values destabilize the convergence. 

It is important to also keep in mind the uncertainties related to the tests when compar-
ing the numerical results with the outcome of the experiments. The inception of sheet 
cavitation was significantly delayed in the tests conducted in a uniform inflow compared to 
the numerical results in one of the simulated cases. This can be attributed to laminar sepa-
ration of the flow at the leading edge of the model propeller in the tests. In the case where 
the propeller was working in a turbulent wake field, the observed and simulated cavitation 
inception points were similar. 

The high viscosity in the mixture at the closure line of the sheet cavity dissipates the re-
entrant jet and prevents the natural shedding of the sheet cavity that would have been 
expected in some of the simulated cases. The applied eddy viscosity turbulence model is 
known to overestimate the turbulent viscosity in a mixture of vapour and water. 

Regarding future work, a modified eddy viscosity model should be implemented in the 
code. The dynamics of the sheet and tip vortex cavitation could also be studied using a 
LES/DES approach. 
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RANS analyses of cavitating propeller flows  
 

Cavitation is an important and complex phenomenon in ship propeller 
flows. Cavitation induces vibrations to the ship structures, and noise to 
the interior of the ship and to the environment encumbering people on 
board and underwater fauna. Cavitation may also cause erosion to 
propellers, rudders, and other ship structures limiting the service time 
of vessels.

This publication discusses numerical modelling of cavitation incepting 
in propeller flows. The cavitation model implemented in FINFLO, a 
general purpose CFD code, has been validated for quasi-steady and 
time-dependent propeller flow problems. The validation of the numeri-
cal model has been performed against model test results performed in 
cavitation tunnels. The results of the implemented numerical model and 
the tests are found to have good correlation.

CFD-based methods give a way to understand the physics inside the 
cavities more deeply. Numerical investigations of cavitating propeller 
flows in the early propulsor and ship design stage help to decrease the 
noise and vibration levels of vessels.
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