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SUMMARY

Mathematical analysis of cavitation inception is an important topic for naval engineering, but several circumstances make it 
difficult. First, cavitating flows are substantially multi-zone flows, where the appearing cavities are incomparably smaller than 
a cavitating body is. Second, inception is substantially influenced by the characteristics of the inflow and of the body surfaces. 
Third, validation of employed mathematical methods by comparison with experimental data is a non-trivial task because of 
the complexity of experiments themselves and scale effects. This paper is emphasized on multi-zone quasi-steady approaches 
for prediction of cavitation inception and desinence numbers. The obtained computational results are compared with the 
known experimental data for sheet cavitation, vortex cavitation and cavitation behind surface irregularities. Procedures for 
scaling of cavitation inception number and the eventual combinations of various CFD solvers are also discussed.

NOMENCLATURE

C Hydrofoil chord 
Cp Pressure coefficient
D Body diameter (m)
H Size of roughness element (m)
N Normal to the flow boundaries
Nx Component of N
P0 Ambient pressure (Pa)
PC Pressure in cavity (Pa)

 p Pressure pulsation (Pa)
R Radius of vortex viscous core (m)
RC Radius of a bubble (m) 
Re Reynolds number

0U  Inflow speed (m/s)
U Dimensionless water velocity
<u/v/> Reynolds stress (m2/s2)
V̂  Variation of the cavity volume (m3)
ν* Friction velocity (m/s)
w Circumferential velocity(m/s)
X1, X2 Abscissas of the cavity edges 
y0 Ordinate of “a virtual wall” (m)
Γ Vortex intensity (m2/s)
a Inflow air content 
δ Boundary layer thickness (m)
δ* Thickness displacement (m)
χ Surface tension coefficient (H/m)
σ Cavitation number
σD Cavitation desinence number
σI Cavitation inception number
σvapor Vapour cavitation number
ρw Density of water (kg/m3)
ν Water kinematic viscosity (m2/s)

1. INTRODUCTION

The main incentive for studies of cavitation inception 
has been the accompanying jump of flow-induced noise 

(illustrated here by Figure 1 with the data from the Blake’s 
(1986) book). Prediction of cavitation inception in marine 
engineering has been associated with the necessity to 
predict the silence operation speeds for military vehicles 
(an interest to the environmental impact of such a jump 
appeared more recently). Determination of such a 
speed has been traditionally based on the model tests in 
hydrodynamic facilities (mainly in water tunnels) with 
the similarity criterion ( ) 1 2

0 02σ ρ− −= − c wP P U . Usually, the 
test results must undergo an extrapolation to the ranges of 
Reynolds numbers that are much greater than the model 
test values of Re. 

Figure 1. Noise of two propellers. Rhombi and  
dashed curve relate to different propellers.

Meanwhile, the earliest reviews on cavitation inception 
published by Lindgren and Johnson (1966) and by Acosta 
and Parkin (1975) manifested that even for the same body 
there is no a general trend σi(Re) for cavitation inception 
number σi (for the value of σ corresponding to appearing/
disappearing cavitation). Some data from the first of 
these reviews are shown in Figure 2 to support the above 
sentence. No computational analysis of such experiments 
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appeared at the time of these reviews. One can recall 
the pessimistic tone of Birkhoff’s (1971) review of the 
state-of-the art in mathematical analysis of cavitation 
published at that time. Cavitating flows have been studied 
then exclusively in the framework of ideal fluid theory. 
Moreover, the main mathematical tool has been inversion 
of variables with the following use of some hodograph 
planes. Such a tool works well for bodies of simple 
shapes (like flat plate, wedges, etc.). However, as shown 
in Figure 3, even for a hydrofoil the image of its wetted 
part in a hodograph plane is very complex. Therefore, 
it was too difficult to find the corresponding conform 
mapping.

Figure 2. Vapour cavitation inception number for  
bodies with hemispherical heads. Symbols marked as 

T-0.09-0.2 show data for the body of diameter D=0.09m 
in Tokyo water tunnel with air content 0.2 of saturation, 
similarly marked symbols R show data for Rome water 

tunnel, PS show data for Penn State water tunnel, 
DTMB for David Taylor Model Bassin water tunnel.

Figure 3. Flow boundaries around cavitating  
foil OK2003 in planes {x, y} and {U, NX}.

The following decades have been distinguished by the 
noticeable successes in the development of computational 
tools for cavitating flows. Now there The following 
decades have been distinguished by the noticeable 
successes in the development of computational tools 
for cavitating flows. Now there are two major groups of 
such tools applicable to marine engineering. One group is 
based on the iterative methods for nonlinear free-surface 
problems of ideal fluid described by Ivanov (1980), 
Ulhman (1987), Pelone and Rowe (1988). This group also 
allows for employment in viscous-inviscid interaction 
procedures with implementation of the multi-zone model 
(MZM) considering sheet cavitation as a specific kind of 
viscous separation. Another group is based on employment 
of solvers for fully turbulent flows described by Kunz et al 
(2000), Ahuja et al (2001), Singhal et al (2002), Coutier-
Delgosha et al (2007). This group considers flows of 
a single medium of the variable density (MVD) instead 
of flows of a liquid with cavities of certain borders. The 
advantage of the contemporary solvers of this group is the 
possibility to obtained computational results for various 
3D body shapes. Both groups have been employed in the 
attempts to predict cavitation inception. 

Though recently the spectrum of scientific interest to 
cavitation inception is not limited by maritime applications 
(as one can find in the review by Caupin and Herbert 
(2006), this happened even for water flows) this paper 
is limited by them. Moreover, only studies emphasized 
on determination of cavitation inception number (silent 
operation speed) will be considered here. 

2. EXPLANATION OF DEFINITIONS

Paradoxically two substantial issues related to 
mathematical analysis of cavitation inception are the 
issues of definitions. The first issue is the definition of 
cavitation number. The majority of experimental results 
were presented with employment of vapour cavitation 
number σvapor calculated using vapour pressure instead of 
the actual pressure in the cavity. This replacement takes 
place because the actual pressure is difficult to measure. 
However, as shown in Figure 4 with the data of Arndt and 
Keller (1992) for the hydrofoils NACA4412, Kopriva et al 
(2008) for the hydrofoil OK2003, Wade and Acosta (1966) 
for a convex hydrofoil, Ganesh et al (2016) for a wedge, 
the ratio σvapor/σ is significantly differs from 1.0. 

The second issue is in the diverse definitions of cavitation 
inception. The oldest of them consists of observation 
of smallest cavities. There are two methods to find 
such a cavity in experiments. The first one is based on 
a gradual decrease of σ in cavitation-free flows. This 
method provides just cavitation inception number, but the 
inception phenomenon is quite random, the discrepancy of 
σI is relatively high and often observation of the smallest 
cavity is difficult because its location can be initially 
unknown. The second one is based on a gradual increase of 



TRANS RINA, VOL 164, PART A4, INTL J MARITIME ENG, OCT-DEC 2022

©2022: The Royal Institution of Naval Architects A-387

σ in cavitating flows. Disappearance of the existing cavity 
allows for determination of cavitation desinence number. 
Its values have a lower discrepancy (as seen in Figure 5 
with Katz (1984) data). Also, it is easier to observe the 
cavity collapse at its known location. The second method 
has been used in the majority of known experiments and 
most frequently just the values of σD have been reported 
as cavitation inception numbers. Nevertheless, there is 
the uncertainty in the definition of σD caused by impact of 
the size of disappearing cavity on the values of σD. This 
impact (illustrated by Figure 6 copied from Amromin’s 
(2016) paper) complicates validation of numerical results 
because information on the cavity size corresponding to its 
desinence usually absents in published papers.

Figure 5. Observed cavitation inception (circles) and 
desinence (triangles) numbers for a body with  

hemispherical head.

Figure 6. Impact of cavity size (shown at the curves) on 
computed cavitation desinence numbers for ridges in 

flows without pressure gradient; rhombi – experimental 
data. Numbers at curves show the cavity size.

Besides, because of the effect of surface tension, a smallest 
cavity may exist not at the greatest cavitation number. 
An example of such a situation with Amromin (2021) 
computations and measurements of Ceccio and Brennen 
(1992) is provided in Figure7. The decreasing computed 
dependency X2(σ)-X1(σ) relates to cavitation desinence, the 
increasing dependency relates to its inception.

Figure 7. Squares and triangles show maxima and minima 
of observed cavity length over a body with hemispherical 

head, lines show its computed time-average value.

Another definition of inception is associated with counting 
of the inception events (as described by Waniewski and 
Brennen (1999), f. e.). However, it is difficult to distinguish 
the smallest cavities from the cavitation nucleus and no 
link between the number of events and σi was suggested. 
There is also a possibility to detect inception acoustically 
because the jump of flow-induced noise is directly 
proportional to variations of the cavity volume V̂  because 

2 2ˆ~ /p d V dt . However, as pointed out by Vrijdag (2009), 
“studies on the systematic difference between the acoustic 
and the visual inception bucket have never been published 
in the public domain”. 

In the computational results presented in this paper 
cavitation inception will be defined by the maximum value 
of σ in cavitating flows. This definition corresponds to the 
experimental determination of σD.

3. STUDY OF SHEET CAVITATION

Cavitation can appear in various forms. Sometimes it starts 
in the form of traveling bubbles, but more frequently the 
cavities appear at the body surface (as sheet cavitation) or 
within big vortices near it. As discovered by Arakeri (1975), 
sheet cavitation is a special kind of viscous separation. The 
scheme of flow invented for its analysis by Amromin (1985) 
and employed in his MZM computations is shown in Figure 
8. A comparison of pressure distributions in cavitating 
flows of ideal fluid (ideal cavity) and of viscous fluid is 
given in Figure 9. One can see there that in viscous fluid 
the pressure minimum takes place upstream of the cavity 
(not at the cavity boundary, as was accepted a half century 
ago). For the same cavitation number, the ideal fluid theory 
predicts larger cavities. As was shown by Pelone and Rowe 
(1988), shape of these cavities substantially depends on X1. 
However, X1 cannot be determined by that theory.

Figure 4. Cavitation number versus vapour  
cavitation number for various models.
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The presented MZM results on cavitation inception 
were obtained with employment of a viscous-inviscid 
interaction procedure. Let us remand that this procedure 
divides the entire flow into a viscous part and an inviscid 
part with an initially unknown boundary between them. 
Their interaction is based on two effects. First one is the 
influences of pressure gradient on thicknesses of boundary 
layers. Second one is pressure variation as a result of 
variation of this thickness. Such a mutual influence 
requires iterations in the solving procedures.

In 2D or axisymmetric problems on sheet cavitation, it is 
convenient to order the cavity edges X1, X2 and Re. The 
intermediate flow characteristics (in particular, the edges 
of viscous separation zones surrounding the cavity), the 
cavity shape, the corresponding values of σ and D (or C ) 
can be determined in iterations using BEM for the inviscid 
flow and integral relationships for the viscous flow in tours, 
as made by Amromin (1985, 2014, 2021). The important 
feature of these relationships is employment of the special 
velocity profiles across recirculation (separation) zones; 
these profiles are adjusted to the existence of reverse flow 
in these zones and to the absence of logarithmic sub-layers 
there (unlikely to known MVD solvers (as one can see 

from the data of Gonsales and Patella (2009) in Figure 
10). Recently Zhang et al (2020) presented more results 
on dissimilarity of velocity profiles in cavitating and 
cavitation-free flows. 

Computation of boundary layers in MZM starts from 
laminar boundary layers and transition. There is no 
continuity of velocity profiles from one zone to another, 
but the mass and momentum conservation laws across the 
viscous part of the flow are kept. The boundary between 
inviscid and viscous parts of flow over separation zones 
is a free boundary which shape depends on the pressure 
profiles along them. The pressure profiles are adjusted to 
the criteria of boundary layer separation and reattachment. 
These criteria include semi-empirical coefficients (on the 
other hand, the numerical tools of one-zone RANS and 
LES models operate with much more complex equations 
that include numerous empirical coefficients; in particular, 
the simplest RANS Spalart-Allmaras model for the attached 
turbulent flows uses at least 17 empirical and tuning 
coefficients). The distance from the free boundary to the 
body surface over the attached boundary layer equals to δ*.

Figure 10. Comparison of measured (circles) and 
computed using MVD (lines) velocity profiles across 
a section of the cavity; diverse lines correspond to the 

diverse assumptions on the cavity content (sound speed in 
two-phase medium inside the cavity); Re=2.7·106.

Figure 8. Scheme of meridian section of the cavity and its vicinity; boundary layer separates from the body surface at 
x=X0 and reattaches to the cavity surface at x=X*; further this layer separates from the cavity trailing edge at x=X2 and 
reattaches to the body at x=X3; x=X1 is the cavity detachment point. Meridian sections of S are shown by dashed lines.

Figure 9. Comparison of pressure distributions  
around the cavity in cavitating flows of ideal and of 

viscous fluid (CCVL line).
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A comparison of cavitation inception and desinence 
numbers for hydrofoil CAV2003 computed using MZM 
and MVD with the experimental data is given in Figure 
11. It is necessary to point out that the presented MVD 
results of Coutier-Delgosha et al (2007) are the best 
results on cavitation inception or desinence obtained 
using MVD models. One can see that both models 
provide the close values of σD. These values are within 
the discrepancy of experimental data. However, MZM 
provides the much more accurate cavity location (the 
smallest computed cavities are compared in Figure 12). 
So, consideration of diverse flow zones appears to be 
more important than a more detailed description of the 
flow in each zone.

Figure 11. Cavitation inception and desinence numbers 
for hydrofoil CAV2003 versus its angle of attack;  

dotted lines show σD computed by Coutier-Delgosha  
et al (2007), symbols show their measurements of σD 
(squares) and σI (rhombs), solid line and dashed line  

show σD and σI computed by Amromin (2014).

The impact of water tunnel walls was taken into account 
during computation of the inviscid part of flow. The effect 
of surface tension on the cavity shape in the vicinity of 
X1 is also taken into account in MZM model (unlikely to 
computations with MVD models). On the other hand, the 
cavity content was not considered in the versions of MZM 
employed for prediction of cavitation inception. 

The predictions presented in Figure 13 relate to the 
Reynolds number effect on cavitation inception for the body 
already considered in Figures 2,5,7. The computational 
results were obtained using the viscous-inviscid interaction 
procedure for MZM model (the corresponding algorithm 
was described by Amromin (2021) in more detail). The 
experimental data were obtained by Katz (1984), Holl and 
Billet (1981), and Gorshkov and Kalashnikov (1970) in 
various facilities. 

The gradual increase of cavitation inception and desinence 
numbers with an increase of Re is seen in Figure 13. 
However, Arakeri and Acosta (1976) obtained another 
trend σI(Re) for the same body with a trip installed on 
its nose for enhancing laminar-turbulent transition. 
Relaminarization of boundary layer behind the trip took 
place in their experiment at Re<4×105. As shown in Figure 
14, σI(Re) goes down for greater Re in their experiment 
and Amromin (2021) computations captured this trend. 
So, the significant effect of laminar-turbulent transition on 
inception of sheet cavitation can be predicted.

Figure 13. Cavitation inception and desinence  
numbers for bodies with hemispherical heads;  

symbols for experimental data from Holl and Billet 
on σI are marked as 5HB, for data from Gorshkov and 
Kalashnikov on σd as 12GG and 40GG, for data from 

Katz as 5K. Number at symbols and at Amromin’s 
computational curves show values of D (in cm).

Figure 12. Cavity shapes and locations computed by 
Amromin (A, in the bottom) and by Coutier-Delgosha 

et al (C-D, in the top) superimposed on their photo.
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Figure 14. Computed dependency σi(Re) for the body 
with hemispherical head with trip (curve) and observed 

value of this body (segments).

As mentioned above, comparisons of computed results 
with the experimental data have been affected by the 
difference dσ=σ-σvapor. As noted by Arndt et al (1979), 
this difference is proportional to a/U0

2. As pointed out by 
Kabayashi et al (2021), this difference is bigger for smaller 
cavities. The effect of the Amromin (2016) correction to 
σvapor on comparison of his computational results with the 
experimental data of Arakeri and Acosta (1976) for the 
same body without the trip is shown in Figure15. 

Figure 15. Computed and measured cavitation inception 
numbers for a body with hemispherical head.

The improvement of agreement of theory and experiment 
is clearly seen there. A similar improvement due to 
this correction is shown in Figure 16 for the hydrofoil 
NACA16012 tested by van Meulen (1980). Fluid-
structure interaction also influences cavitation inception 
and desinence, as it is shown in Figure 17 with the results 
of Amromin (2017). Generalization of this version of 
MZM model for marine propeller blades cavitation was 
also successful, as manifested by Amromin et al (1995). 
Meanwhile, it is necessary to note that usually the inflow 
for them is not curl-free because of the hull wakes and such 
an inflow must be determined outside of MZM model. 
Also, pattern of small partial cavities could be successfully 
determined with MVD models (like done by Bensow and 
Bark (2010); but they did not study cavitation inception). 

4.  CAVITATION  INCEPTION  IN  VORTEXES

Meanwhile, cavitation of marine propellers frequently 
starts in tip vortexes. McCormick (1962) combined his 
pioneer experimental study of tip vortex cavitation with 
the attempt to find a single trend for the dependency σI(Re). 
However, as one can see in Figure 18 plotted with his 
experimental data, there are very different trends for greater 

Figure 18. Approximations (solid lines) of the  
experimental data (rhombi) for hydrofoil tip  

vortex cavitation inception.

Figure 16. Effect of correction for σ on agreement of 
computed and measured cavitation inception number for 

hydrofoil NACA 16012 at 6º angle of attack.

Figure 17. Cavitation inception and desinence numbers 
for aluminium and steel Cav2003.



TRANS RINA, VOL 164, PART A4, INTL J MARITIME ENG, OCT-DEC 2022

©2022: The Royal Institution of Naval Architects A-391

Re and for smaller Re. His attempt has been unsuccessfully 
revived by numerous researchers, but finally it became 
clear that the trend difference is caused by the difference 
in the kinds of boundary layers around the tip vortexes in 
the different ranges of Re. So, usually full-scale vortex 
cavitation cannot be predicted by scaling the results of 
the tests of small size model. Hsiao and Chahine (2008)] 
captured the high-Re trend with their original multi-zone 
computational model of vortex cavitation in turbulent flow 
and found that σI~Re0.23.

Meanwhile, as seen in Figure 19 with the results of Savio 
et al (2008), the well-known MVD solvers are unable to 
satisfactory predict vortex cavitation inception. Some more 
recent MVD studies of vortex cavitation did not compare 
their results with experiments (like Chen et al (2019), f. e.) 
and cannot be evaluated.

Figure 19. Ratio of computed with ANSYS RANS and 
measured by tip vortex cavitation inception numbers for 

two values of the angle of attack α at Re~106

The substantial specific of vortex cavitation neglected in 
the majority of its studies is in the particular velocity profile 
in the vortex viscous core in turbulent flows. It is different 
from broadly used Rankine (laminar) profile. As derived 
by Amromin (2007) from Reynolds equation written in 
polar coordinates with the assumption about insignificant 
variations of ' 'u v around the vortex axis, this profile is

 ( ) ( )1 ln / /= −w r r R r R  (1)

Here the radius r is counter from the vortex axis, 
/ ' 'ν π= Γ −R u v . Comparison of Eq. (1) with the 

experimental data of Arndt et al (1991), Castro et al 
(1997) and with the velocity in the laminar core in Figure 
20 manifests the incomparably better agreement of Eq. (1) 
with experimental data.

Figure 21. Comparison of the pressure drop within 
laminar and turbulent cavitation-free vortex cores  
(solid lines) and within a cavity of the radius r in 
turbulent core (dashed line); ( ) ( )= −dP P r P R .

A cavity in the vortex core appears as a chain of bubbles. 
Therefore, the corresponding value of cavitation inception 
number depends on the bubble radius RC as

2

2' ' 4
2

χσ
ν ρ

−
  
 = − − 
   

i C P
w C

u v
R R U C

R
 (2)

RC must deliver a minimum for the right-hand side of Eq. 
(2). As shown in Figure 21, such a minimum exists at RC>0. 
The employment of Eq. (2) allowed for the significant 
improvement of the agreement of prediction of vortex 

Figure 20. Theoretical (curves) and measured (symbols) 
velocities in vortex cores.

Figure 22. Comparison of experimental data for vortex 
cavitation behind a propeller blade (triangles) with 

computations carried out with using Rankine core (filled 
squares) for determination of vortex pressure and using 

Eq.(2) for its determination (empty squares).
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cavitation inception with experimental data of Chesnakas 
and Jessup (2003), as was proven by Agrawal (2010) and 
can be seen in Figure 22 among with the results obtained 
using Rankine vortex core. 

Figure 23. Cavitation inception numbers  
versus Reynolds number for disks.

The same Eq. (2) was used for determination of cavitation 
inception numbers behind blunt bodies. An example of 
this was provided by Amromin (2019) in comparison 
with Arndt (1978) experimental data is shown in Figure 
23. However, it is necessary to point out that integral 
relationships employed to obtain the presented numerical 
results cannot provide values of Γ and <u/v/>. These values 
were obtained using some approximations of known data 
for suitable flows. However, contemporary solvers for 
turbulent flows could be also used for this. 

5. CAVITATION INCEPTION BEHIND 
SURFACE IRREGULARITIES

The above-considered flows take place around bodies 
of smooth surfaces. The practically important problem 
of prediction of cavitation inception behind surface 
irregularities has not been popular in computational 
studies of cavitation. Cavities near irregularities mounted 
over surfaces appear in vortexes drifting in separation 
zones created by irregularities themselves (like in the flow 
sketch in Figure 24). 

The velocity profile (1) is also applicable to these 
vortexes. The mentioned viscous-inviscid interaction 

 procedure can be also applied to computation there. How-
ever, the inflows for them are not uniform and it is not 
curl-free (this situation is similar to existing for marine 
propeller blades). Nevertheless, an account of the inverse 
influence of variations of separation zone thickness on 
pressure distribution along it can be carried out using a 
potential of velocity perturbations, as was already used by 
Amromin (2016, 2019). This computational procedure was 
used for the example of cavitation behind solitary irregu-
larities in 2D flows presented in Figure 6 (for ridges tested 
by Arndt et al (1979)), in Figure 25 (for a small backward 
facing step tested by Katz (1984)), in Figures 26 and 27 
(for triangles tested by Arndt et al (1979) and by Holl et al 
(1986)). The mentioned correction on inflow air content 
was used in preparation of Figure 26.

Figure 25. Comparison of computed cavitation  
inception numbers with measurements for a body  

with a backward step behind the hemispherical head.

Computations for slots and other irregularities located 
below the wall level have been carried out with taking into 
account that for the ratio of slot length to its depth L/H~1, 
the slot bottom vicinity has a little influence on the other 
parts of flow (and these parts even were excluded from the 
measurements of Liu and Katz (2008)).

Figure 26. Computed (lines) and measured  
by (symbols) cavitation desinence numbers for  

triangles in flows without pressure gradient.  
Number at curves show U0 values.

Figure 24. Sketch of flow with vortex cavitation  
behind a surface irregularity.
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Figure 27. Effect of pressure gradient on  
cavitation desinence numbers for triangles. Computed 

dependencies for various U0 are shown by lines, 
experimental data–by symbols.

On the other hand, cavities in slots appear in vortices of 
the relatively stable location near the trailing edge of the 
slop. Examples of comparison of computed by Amromin 
(2019) results for cavitation inception in slots with the 
experimental data of Liu and Katz (2008) are provided 
in Figures 28. The computed results in these figures (as 
well as in Figure 6) were obtained for the initially selected 
values of RC that do not provide the maxima of the right-
hand side of Eq. (2). One can see there that the value of 
RC significantly affects such results. Also, the impact of 
inflow gas content is emphasized in Figure 28. Explanation 
of the physics of this impact remains to be a challenge. The 

authors of many studies have tried to explain the inflow air 
content effects on the cavity expansion by consideration 
of air diffusion to the cavities. However, the differences 
of their predictions with the experimental data were too 
high (with data of Yu and Ceccio (1997), it was more 
than 4 times).

On the other hand, Amromin (2018a) tried to explain this 
expansion considering the bubble drift from liquid to the 
cavity surfaces under impact of the pressure gradient. 
Comparison of his estimate of air entrainment by cavities 
with the measurements of Lee et al (2016)] in Figure 29 
looks satisfactory, but there is the necessity in the additional 
experimental proofs for such an explanation.

Figure 29. Impact of inflow air content on the  
ratio of air entrainments by a partial cavity.

There are also other unresolved issues for predictions 
of cavitation inception in full-scale conditions. One 
of practically important situation with cavitation over 
distributed surface irregularities is associated with the 
blade biofouling (as one can find more detail in the paper 
by Sezen et al (2021) in particular).  Computations for 
cavitation inception over the walls with distributed surface 
irregularities are more complex. 

( ) ( )0* ln * / /ν κ = + + u y v y y v B  (3)

The velocity along the wall is also linked to the friction 
velocity ν*, but the coefficients B and y0 depend on the 
parameter � � �HU dU dx1

/  there. Besides, the sizes and 
distributions of irregularities are not uniform. So, now this 
problem is not solved and seems to be too difficult even for 
formulation.

6. THE NEXT STEPS FOR FULL SCALE 
FLOWS

Predictions of cavitation inception in marine engineering 
are aimed on full-scale flows that significantly differ from 
the flows in the testing facilities. Inventions in model tests 
may reduce this difference. For example, it is possible to 
increase cavitation inception number up to its full-scale 
value by seeding additional cavitation nuclei in the inflow 
of the water tunnel, as was described in the compendium 

Figure 28. Comparison of computed and observed 
cavitation inception number for slots. Lines 1 and 2 

provides maximum and minimum of observed σI for the 
basic level of dissolved oxygen, triangles show average σI 
for fivefold higher oxygen level. Line 3 shows computed 

σI for Rc=0.1mm, line 4 –for 0.15mm. Line 5 shows 
σI+dσ fitted to the basic oxygen level using line 4, line 6 

shows σI+dσ recalculated from line 4 for fivefold its level.
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edited by Dern et al (2015); however, there will be an issue 
of determination of seeding concentration. Moreover, the 
water tunnel flows have the specific features that are not 
typical for the full-scale ship flows, as patch cavitation 
analysed by Amromin (2020). So, some employment 
of computational tools for prediction of cavitation 
inception is rather unavoidable. Here it is appropriate to 
recall that for diverse kinds and stages of cavitation the 
diverse flow models and computational tools are suitable. 
For supercavitation, the body surface and boundary 
layer characteristics are secondary, whereas the cavity 
content may be important. The situation is opposite for 
determination of cavitation inception.

The presented achievements in prediction of cavitation 
inception were obtained mainly using MZM. Let us point 
out that the used muli-zone model includes up to 8 diverse 
zones along viscous part of the flow and up to 3 free 
surfaces along the boundary of inviscid flow. However, 
the described MZM results were obtained with viscous-
inviscid interaction methods employing integral boundary 
layer equations. It would not be realistic to expect an 
extensive spread and amelioration of such methods in the 
near future. 

It would be more realistic to seek modifications of 
existing RANS or LES solvers to allow for the multi-zone 
analysis of cavitation and for the more accurate analysis 
of its effects. The important issue relates to the use of such 
solvers is that flow in the vicinity of wall in separation 
zones does not yield to Eq. (3). The wall functions in these 
zones would be better defined with the use of Simpson 
et al (1981) experimental data for separated flows, but 
there is no hope to take such functions from the solvers for 
fully turbulent flows because, as pointed out by Raiesi et al 
(2011) and Liedrand et al (2021), these solvers were tuned 
with the data sets for separation-free one-phase flows. Also, 
there is no hope to obtain such wall functions from DNS 
because, as emphasized by Barenblat et al (2014), nothing 
substantial in turbulence theory was derived directly from 
Navier-Stokes equations. 

The most promising path of prediction of cavitation 
inception over complex shape bodies and ship elements 
in the high-Re 3D flows is to combine the multi-zone 
multi-scale quasi-2D analysis of incipient cavitation 
with employment of existing RANS or LES solvers 
for cavitation-free flows. Their employment should be 
considered as determination of the unperturbed initial 
(unperturbed) approaches for the following determination 
of characteristics of cavitation-induced perturbations 
using MZM methods. Such an employment would 
be similar to the use of a BEM method as the initial 
approach by Amromin et al (1990, 1995), but RANS or 
LES unperturbed approach would give a more accurate 
unperturbed results because of an account of viscous 
effects on hydrodynamic loads. Fortunately, these loads 

and streamlines upstream the cavities are insignificantly 
affected by incipient cavitation. Therefore, quasi-2D 
MZM methods can be employed then for determination 
of relatively small cavity-induced perturbations and 
cavitation inception numbers. 

It is also important to pay more attention to validation of 
the developed solvers. In particular, the frequent use of 
experimental data of Rouse and McNown (1948) obtained 
at Re<3×105 for validation of solvers developed for fully 
turbulent flows looks as a paradox. Validation for full-
scale condition is a hard task because usually the sea test 
of one ship gives one experimental point only, whereas the 
measurement discrepancy can be quite high (one can see 
Vriidag (2009), f. e.). 

Finally, cavitation inception in full-scale conditions is 
basically a random phenomenon. Its randomness takes 
place not only because of the substantially stochastic nature 
of full-scale turbulent flows (perfectly emphasized by 
Harsha (1977) many decades ago). The ocean environment 
is always substantially stochastic due to the impact of 
waves. It would be desirable to operate with mathematical 
expectancies of characteristics of cavitation, but such an 
approach does not exist yet.

7. CONCLUSIONS

Cavitation inception is a complex phenomenon because it 
appears on ship elements and their models in various forms 
and it is affected by various physical factors. Some of them 
substantially complicate extrapolations of the model test 
outcomes to the full-scale conditions. This complication 
amplifies the importance of computational analysis of 
cavitation inception.

Such an analysis was too difficult for classical mathematical 
methods, but the contemporary development of theoretical 
models and computational tools made it possible to 
predict cavitation inception numbers at least for the forms 
most usual for both full scale and model test conditions. 
The more successful predictions were achieved with 
employment of multi-zone model of cavitation (MZM) 
and with the solution for velocity in the vortex core in 
turbulent flows. The achievements in predictions for sheet 
cavitation of smooth hydrofoils, bodies and for cavitation 
behind various surface irregularities are presented in this 
paper with the explanation of the employed computational 
models, whereas readers are addressed to already published 
papers for more detail on the employed algorithms. 

On the other hand, employed in MZM computational tools 
are insufficient for studying complex 3D flows. The most 
promising paths of employment of the developed models to 
3D flows and the opportunities of a combined employment 
of MZM models with contemporary CFD solvers for fully 
turbulent cavitation-free flows.
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