
Chapter 7

Types of cavitation: VISCOUS
EFFECTS ON INCEPTION OF
SHEET CAVITATION

Objective: Description of the effects of
the boundary layer on inception of sheet
cavitation.

Cavitation inception takes place when nu-
clei are exposed to a pressure lower than the
critical pressure. But the minimum pressure
around a foil or propeller blade occurs on or
close to a solid surface, where a boundary
layer exists. This boundary layer has an effect
on the pressures encountered by the nuclei.
These effects are summarized as viscous
effects on cavitation inception, because the
boundary layer is a viscous phenomenon.

7.1 Inception at the tran-

sition location

The blade sections of a ship propeller are thin
and the minimum pressure occurs at the lead-
ing edge with strong gradients, both favorable
(upstream of the minimum pressure point) and
adverse (downstream of the minimum pressure
point). At the stagnation point the boundary

Figure 7.1: The pressure distribution on a foil
with natural transition to turbulence

layer begins laminar, and after some distance
transition to turbulence takes place. The loca-
tion of transition depends on the flow velocity
(the local Reynolds number Rn = V.s

ν
, where s

is the distance along the body from the stag-
nation point). An adverse pressure gradient
stimulates transition and therefore it will of-
ten take place downstream of the location of
minimum pressure. This situation is sketched
in Fig 7.1.

This pressure distribution will generally lead
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to sheet cavitation when the minimum pres-
sure is lower than the critical pressure of the
nuclei in the flow. Sheet cavitation means that
the growing cavition bubbles induce separa-
tion of the flow and the cavitation becomes
attached to the foil over a certain length (see
chapter 6). However, when the pressure is be-
tween the minimum pressure and the pressure
at the transition location, no cavitation will
occur. When the pressure is lowered until be-
low the transition pressure, cavitation incep-
tion is found at the pressure in the transition
location [1].

On propellers the low pressure peak at the
leading edge is often sharp, and the loca-
tions of minimum pressure and transition are
very close together and difficult to distin-
guish.A simple body with an attached bound-
ary layer without laminar separation (like on
the hemispherical headform) is the cylindri-
cal Schiebe body (see Appendix B. At model
scale Reynolds numbers the transition region
from laminar to turbulent can better be distin-
guished from the minimum pressure location.

7.1.1 Boundary Layer Transi-
tion

Transition is a complicated process, which
is not yet properly understood or described.
This is the same for turbulence. Their main
features, relevant for cavitation research, are
briefly mentioned below.

In a turbulent flow the velocitie u(t) in a
certain location in a certain direction consists
of a mean velocity ū and a component u′

which varies in time. The turbulence in that

direction is then defined as 1
T

√∫ T

0
u′2dt. The

temporal velocity components u′ are assumed
to be chaotic and therefore have a stochastic
behavior. When in a flow all three velocity
components have the same magnitude the
turbulence is called homogeneous and the

turbulence level is 1
T

√∫ T

0
(u′2 + v′2 + w′2)dt

where u, v and w are the three velocity
components. The pressure in a turbulent
flow also exhibits temporal variations, so
p(t) = p̄+ p′(t). However, in a boundary layer
the turbulence is not homogeneous and may
consist of more deterministic isolated vortex
structures and the minimum pressure in the
boundary layer may depend on the minimum
pressure in the hairpin vortices.

Transition to turbulence occurs when a
laminar boundary layer with a certain velocity
profile develops into a turbulent boundary
layer with a turbulent velocity profile. In
boundary layers the first stage of transition is
the amplification of small disturbances from
the flow (flow turbulence) or from the wall
(roughness). Since the disturbances are small
they behave linearly. In two dimensional
boundary layers transition can be indicated
by the linear stability of the boundary layer.
Starting at the laminar Navier Stokes equa-
tions the laminar boundary layer equations
are found by linearizing all terms perpendic-
ular to the wall. Then the velocities and the
pressure are split into a mean and a time
varying part, as described above. The time
varying part is written as a Fourier series
in the form of u′ = u1e

iω(x−ct). This leads
to the ”Orr-Sommerfeld equations” for the
disturbance velocities. From stability consid-
erations it follows that only a small range of
frequencies ω are amplified. This leads to a
wave-like disturbance of the boundary layer,
the so-called Tollmien-Schlichting waves.
These waves are rapidly amplified and they
result in three-dimensional instabilities, which
by viscous decay develop into turbulence.
A simple criterion used for the definition of
transition is the magnification factor of an
initial disturbance. This magnification factor
can be calculated from the Orr-Sommerfeld
equations for each possible disturbance fre-
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quency. The frequency which is amplified
most is the frequency which is considered
crucial for turbulence. An often used criterion
for transition, based on experimental data,
is the value e9. The initial disturbance is
then amplified more than 8000 times. Am-
plification of a disturbance depends strongly
on the pressure distribution. A favorable
pressure gradient will damp the disturbances
and delay transition, an adverse pressure
gradient will stimulate the magnification of
disturbances and stimulate transition. For de-
tails see a handbook such as Schlichting ([44]).

When the mean pressure in Fig. 7.1 is
lowered until the pressure at the transition
location approaches the vapor pressure, cav-
itation will occur in the form of small local
bubbles. But when the pressure gradient in
the transition region is strong a sudden sheet
cavity may occur. This can be explained by
the fact that in the transition region strong
pressure fluctuations occur. The minimum
pressure is lower than the vapor pressure
and nuclei passing through that region may
reach their critical pressure and expand into
bubbles. Depending on the pressure gradient
these bubbles may move with the flow in
the boundary layer and collapse or they may
expand upstream and downstream to form a
sheet cavity.

The important aspects of this short descrip-
tion of turbulent transition for cavitation in-
ception are:

• The location of transition is not a single
location, but a range. The length of this
range depends on the pressure distribu-
tion.

• Transition requires an initial disturbance
such as flow turbulence. However, the
effectiveness of a disturbance depends
strongly on the frequency.

• The location of transition depends on
the Reynolds number. With increasing
Reynolds number the transition location
will move upstream.

• The location of transition depends
strongly on the pressure distribution.
An adverse pressure distribution will
stimulate transition. On a foil transition
will therefore occur downstream of the
minimum pressure location.

7.2 Inception at a Separa-

tion Bubble

Another common situation of the boundary
layer on a foil is sketched in Fig. 7.2. From the
stagnation point the boundary layer is lami-
nar, but downstream of the minimum pressure
point the adverse pressure gradient is so strong
that the boundary layer separates. The sepa-
rated surface is very unstable and will become
turbulent after a short time. The turbulent
free surface will reattach the boundary layer
to the wall, but after reattachment the bound-
ary layer is turbulent. The separation bubble
is a small region of constant pressure. When
the pressure gradient is very high a long sepa-
ration bubble may occur, but this is not very
common on foils.

When the mean pressure is lowered so that
the minimum pressure is below the vapor
pressure again no cavitation will occur due to
bubble screening. The very sharp minimum
pressure peak will make the effect of screening
even stronger. Only when the pressure at
the re-attachment region will reach the vapor
pressure inception will take place. In some
cases on a Schiebe headform the inception
could be localized as small bubbles in the
re-attachment zone. But when the pressure
is lowered only slightly the cavity becomes a
small sheet cavity, because the vapor fills the
separation bubble. Further lowering of the
pressure will increase the length of the sheet
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Figure 7.2: The pressure distribution on a foil
with a laminar separation bubble

cavity.

7.3 Examples

At model scale there is cavitation inception
when there is a laminar separation bubble
at the leading edge, and no inception when
the boundary layer in the low pressure region
remains laminar. An example of the described
phenomena on a model propeller is shown in
Fig 7.3. This is a propeller with an unloaded
tip, so the tip vortex cavitation is small.
The maximum loading is at 0.7R. But there
is no cavitation at that radius. The only
cavitation is in a small region between 0.8R
and 0.9R. The extreme length of the cavity
there illustrates that the minimum pressure
at the blade leading edge is far below the
vapor pressure. The shape of the leading edge
sheet at the leading edge indicates that there
is separation at the leading edge, probably
caused by the shape of the leading edge.

In commercial ship propellers, where the tip
loading is not strongly reduced, the low pres-

Figure 7.3: Cavitation on a propeller blade
with laminar flow and local separation

sure peak occurs at the outer radii of the pro-
peller. At model scale the inner part of the
sheet may then be absent, as shown in Fig. 7.4.
At the outer radii there is extensive sheet cav-
itation, caused by laminar separation at the
leading edge. At inner radii there is no cav-
itation. The minimum pressure there is very
much below the vapor pressure, but there is
no inception!

7.4 Reynolds Effects on

Inception of Sheet

Cavitation

Scale effects are defined as differences between
model and full scale. Since it is expected that
cavitation inception at full scale occurs at
the vapor pressure, scale effects on inception
can also be defined as deviations of the
inception pressure from the vapor pressure.
Since viscous scale effects are caused by a
lower Reynolds number at model scale, the
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Figure 7.4: Sheet cavitation at laminar sepa-
ration

usual method to reduce these scale effects
is to increase the Reynolds number of the
model tests. This also has the effect that
smaller nuclei are required. In a cavitation
tunnel the increase of the Reynolds number
is limited by the maximum tunnel velocity or
by the forces generated by increased tunnel
velocity. When a free surface is present there
is no choice and the Reynolds number is
determined because the Froude number is
maintained. Based on flat plate results the
ITTC has recommended some time to do
cavitation tests with a minimum Reynolds
number based on the propeller chord of 2∗105.

An increase of the Reynolds number will
move the transition region, as observed in
Fig. 8.2, towards the leading edge. However,
transition is not only determined by the
Reynolds number, but also by the pressure
distribution. The result of a paint test at
high Reynolds number on the paint pattern
of a propeller is shown in Fig. 7.5. ( Reynolds
number at 0.7R based on chordlength and
local inflow velocity is 6∗106!). The minimum
pressure in this condition is in the midchord
region. At a lower Reynolds number transi-

tion occurred in the midchord region over the
whole propeller blade ([34]). An increase of
the Reynolds number moves the transition re-
gion towards the leading edge, but it remains
far away from it. What is observed is the
occurrence of turbulent spots. These spots
originate on a fixed location on the blade and
caused by small surface irregularities. The
surface irregularities become effective when
the boundary layer becomes thinner at higher
Reynolds numbers.

The effect of turbulent streaks on cavitation
inception is the occurrence of cavitation spots,
as shown in Fig. 7.6 in the region where no
sheet cavitation is present due to a laminar
boundary layer. Generally such a region of
spots occurs at inner radii of a sheet cavity,
as shown in Fig. 7.9. Detailed observations
of such cavitation spots on a foil with varying
pressure are shown in Figs. 7.7 and 7.8.

An increase in Reynolds number makes the
boundary layer more susceptible to surface
irregularities, which result in turbulent streaks
in a laminar boundary layer. Such streaks do
not only affect sheet cavitation inception, but
also the inception and occurrence of bubble
cavitation. An effect of such a turbulent spot
on bubble cavitation is shown in Fig. 7.10.
The minimum pressure on this blade is in
the midchord region and the pressure in that
region is below the vapor pressure. There is
little or no bubble cavitation due to a lack
of nuclei. however, at certain spots, which
coincided with turbulent streaks in the paint
test, bubble cavitation is visible. An increase
in nuclei increases the occurrence of traveling
bubble cavitation in the midchord region,
as shown in Fig. 7.11, but the spot remains
unchanged. In Fig.7.10 the spot of bubble
cavitation has a sharp peak, indicating that
the surface irregularity which causes the spot
is located in the origin of the spot. This is
not necessarily so. The surface irregularity
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Figure 7.5: Paint pattern at high Reynolds
number

which creates the turbulent spot may be far
upstream of the low pressure region. This will
still result in inception of bubble cavitation
in the low pressure region, but with a less
pointed spot, as shown in Fig. 7.12

7.5 Reynolds Effects on

the inception of vortex

cavitation

attached and detached vortex cavitation. Re-
lation with boundary layer.

Figure 7.6: Cavitation Spots due to surface
irregularities

7.6 Nuclei and Viscous Ef-

fects

To complicate the phenomena observed in
this section it has to be kept in mind that
cavitation inception caused by laminar sepa-
ration or by turbulent boundary layers still
requires nuclei. It is possible to suppress
these effects when the nuclei content is very
low, as occurs e.g. in a depressurized towing
tank after a long standing time (weekends).
It seems that the viscous effects mentioned
here only decrease the required size of the
nuclei. And since smaller nuclei are more
abundant than larger ones, inception due to
viscous effects is less sensitive to the nuclei
content. So it is possible that sheet cavitation
in a region with laminar separation is absent
due to a very low nuclei content. Electrolysis
will then be effective. An example is the
observation of a propeller in the Marin De-
pressurized Towing Tank, given in Fig. 7.13.
There is no sheet cavitation on this blade,
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Figure 7.7: Cavitation spot near inception

Figure 7.8: Developed cavitation spot

but when electrolysis was applied the sheet
appeared (Fig. 7.14). Still from the structure
of the sheet it is visible that it originates at
a separation bubble because of its smooth
surface. Moreover, the spots at the inner radii
reveal laminar flow effects. Especially the
occurrence of cavitation spots as in Fig. 7.7
is often found to be stimulated by additional

Figure 7.9: Spots of cavitation in the inner
region of a sheet cavity

Figure 7.10: Bubble cavitation due to a tur-
bulent spot
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Figure 7.11: Bubble cavitation due to a tur-
bulent spot with electrolysis

Figure 7.12: Bubble cavitation due to a tur-
bulent spot with electrolysis

Figure 7.13: Propeller observation in the De-
pressurized Towing Tank without electrolysis

Figure 7.14: Propeller observation in the De-
pressurized Towing Tank without electrolysis

nuclei. Similarly it is possible to distinguish
from the structure of the bubble cavities in
Fig. 7.11 if the origin of the cavitation is in
free stream nuclei or in surface generated
nuclei.

The explanation of the phenomena observed
can only be described tentatively. Inception at
the reattachment point of a laminar separation
bubble and in the transition region of a bound-
ary layer has been attributed to local low pres-
sures in those regions. This would mean that
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small nuclei, which will not reach their critical
size in the mean flow, experience a lower pres-
sure locally and will grow. Wall pressure fluc-
tuations have been measured in the boundary
layer, but the pressures in the vortical struc-
tures may be lower than the wall pressures.
Another element is the mixing effect of turbu-
lent boundary layers, which causes nuclei from
the outer flow to be transported towards the
wall, where the local velocity is lower and the
residence time is longer. In laminar separation
bubbles nuclei can even be trapped for a longer
time and grow or coalesce with other nuclei.
From the Reynolds effects it became clear that
surface irregularities not only cause inception,
bit also that they were a source of nuclei which
could seed bubble cavitation downstream. Ap-
parently local surface irregularities create local
low pressures on a micro scale which in turn
generate nuclei. The free stream turbulence
will also affect transition and indirectly incep-
tion. It is known that an increase of the tur-
bulence level in a cavitation tunnel stimulates
inception [29]. On the other hand, when a
model propeller operates in the turbulent wake
of a model, laminar boundary layers occur fre-
quently and the turbulence is unable to cause
transition on the propeller blades. Apparently
the scale of the turbulence is also important.
When not only the minimum pressure is in-
volved, but also pressure fluctuations in the
boundary layer, even more mechanisms come
into play such as the resonance frequency of
the nuclei and rectified diffusion, which may
cause growth of nuclei.
It is also known that nuclei can also affect the
boundary layer and stimulate transition, espe-
cially when they are embedded in the bound-
ary layer.
All this is not well understood, and certainly
not quantified. The structure of turbulence in
transition and separation is a topic in fluid dy-
namics that is still being explored. This makes
that in cavitation inception after the fact there
are always factors that may tentatively explain

what happened. But prediction remains very
difficult.
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Appendix A

Air Content of Water

The amount of air dissolved in water α can
be expressed in many ways. The most common
ways in literature are

• the gas fraction in weight ratio αw

• the gas fraction in volume ratio αv

• the molecule ratio

• the saturation rate

• the partial pressure of air

A.1 Solubility

Air is a mixture of 21 percent oxygen, 78 per-
cent nitrogen and one percent of many other
gases, which are often treated as nitrogen. The
specific mass of gases involved in air are:

Oxygen (O2) 1.429 kg/m3

Nitrogen (N2) 1.2506 kg/m3

Air 1.292 kg/m3

The maximum amount of gas that can be
dissolved in water, the solubility), depends on
pressure and temperature. It decreases with
increasing temperature and increases with in-
creasing pressure. The solubility of oxygen in
water is higher than the solubility of nitrogen.
Air dissolved in water contains approximately
36 percent oxygen compared to 21 percent in
air.The remaining amount can be considered
as Nitrogen. Nuclei which are in equilibrium

with saturated water therefore contain 36 per-
cent oxygen. But nuclei which are generated
from the air above the water contain 21 per-
cent oxygen. Since the ratio between oxygen
and nitrogen is not fixed, it is difficult to re-
late measurements of dissolved oxygen (by os-
mose) to measurements of dissolved air (from
e.g a van Slijke apparatus).

The amount of oxygen dissolved in water at
atmospheric pressure at 15 degrees Celcius is
approximately 10 ∗ 10−6kg/kg. For nitrogen
this value is about 15 ∗ 10−6, so the solubility
of air in water is the sum of both: 25 ∗ 10−6.
Here the dissolved gas contents are expressed
as a weigth ratio αw.Air is very light relative
to water and the weight ratio is very small.
This ratio is therefore often expressed as parts
per million (in weight), which is 106 ∗ αw.

A.2 The Gas Fraction in

Volume Ratio

The volume of gas dissolved per cubic meter
of water depends on temperature and pres-
sure. Therefore this volume ratio is expressed
in standard conditions of 0 degrees Celcius and
1013 mbar (atmospheric conditions). The de-
pendency of the volume of water on tempera-
ture and pressure is neglected. The volume of
the dissolved air is then described by the law
of Boyle-Gay-Lussac:

69
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p ∗ V ol
273 + T

= constant (A.1)

The volume fraction at (p,T) can be related
to the volume fraction in standard conditions:

αv = αv(p, T )
273p

(273 + T )1013
(A.2)

The gas fraction in volume ratio is dimen-
sionless (m3/m3). Be careful because some-
times this is violated by using cm3/l (1000∗αv)
or parts per million (ppm) which is 106 ∗ αv.
αv is found from αw by:

αv =
ρwater
ρair

αw (A.3)

in which ρ is the specific mass in kg/m3. At
15 deg. Celcius and 1013 mbar pressure the
specific mass of water ρw = 1000kg/m3 and
the specific mass of air is 1.223kg/m3, so for
air αv = 813αw.

A.3 The Gas Fraction in

Molecule ratio

The dissolved amount of gas can also be ex-
pressed as the ratio in moles(Mol/Mol). Mo-
lar masses may be calculated from the atomic
weight in combination with the molar mass
constant (1 g/mol) so that the molar mass of a
gas or fluid in grams is the same as the atomic
weight.
The molar ratio αm is easily found from the
weight ratio by

αw = αm
M(water)

M(gas)
(A.4)

in which M is the molar weight, which is 18
for water, 16 for oxygen(O2) and 28 for Nitro-
gen (N2). For air a virtual molar weigth can

be defined using the ratio of oxygen and nitro-
gen of 21/79 this virtual molar weight of air is
about 29.

A.4 The saturation rate

The saturation rate is the amount of gas in so-
lution as a fraction of the maximum amount
that can go in solution in the same conditions.
Since the saturation rate is dimensionless. It is
independent of the way in which the dissolved
gas or the solubility is expressed. The satura-
tion rate is important because it determines if
and in which direction diffusion will occur at
a free surface. The saturation rate varies with
temperature and pressure, mainly because the
solubility of gas changes with these parame-
ters.

A.5 The partial pressure

Sometimes the amount of dissolved gas is ex-
pressed as the partial pressure of the gas (mbar
or even in mm HG). This is based on Henry’s
law, which states that the amount of gas dis-
solved in a fluid is proportional to the partial
pressure of that gas. In a van Slijke appa-
ratus a specific volume of water is taken and
subjected to repeated spraying in near vac-
uum conditions (a low pressure decreases the
solubility). This will result in collecting the
dissolved in a chamber of specific size. By
measuring the pressure in that chamber the
amount of dissolved gas is found. Note that
this pressure is not directly the partial pres-
sure. A calibration factor is required which
depends on the apparatus.



Appendix B

Standard Cavitators

A standard cavitator is a reference body
which can be used to compare and calibrate
cavitation observations and measurements.
Its geometry has to be reproduced accurately
and therefore an axisymmetric headform has
been used as a standard cavitatior.

Such an axisymmetric body has been in-
vestigated in the context of the ITTC (In-
ternational Towing Tank Conference).This is
a worldwide conference consisting of towing
tanks (and cavitation tunnels) which have the
goal of predicting the hydrodynamic behavior
of ships. To do that model tests and calcula-
tions are used. They meet every three years
to discuss the state of the art and to define
common problem areas which have to be re-
viewed by committees. The ITTC headform
has a flat nose and an elliptical contour [22].
Its characteristics are given in Fig B.1.

This headform has been used to compare
cavitation inception conditions and cavitation
patterns in a range of test facilities. The
results showed a wide range of inception
conditions and also a diversity of cavitation
patterns in virtually the same condition,
as illustrated in Fig B.3. This comparison
lead to the investigation of viscous effects on
cavitation and cavitation inception.

The simplest conceivable body to investi-
gate cavitation is the hemispherical headform.
This is an axisymmetric body with a hemis-
pere as the leading contour. Its minimum
pressure coefficient is -0.74. The hemisperical

Figure B.1: Contour and Pressure Distribu-
tion on the ITTC Headform [31]

headform was used to compare inception
measurements in various cavitation tunnels.
However, it was realized later on that the
boundary layer flow on both the ITTC and
on the hemisperical headform was not as
simple as the geometry suggested. In most
cases the Reynolds numbers in the investi-
gations was such that the boundary layer
over the headform remained laminar and the
pressure distribution was such that a laminar
separation bubble occurred, in the position
indicated in Fig. B.1. This caused viscous
effects on cavitation inception and made the
headform less suitable as a standard body.
Note that the location of laminar separation is
independent of the Reynolds number. When
the Reynolds number becomes high transition
to turbulence occurs upstream of the sep-
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Figure B.2: Contour and Pressure Distribu-
tion of the Schiebe body [31]

aration location and separation will disappear.

To avoid laminar separation another head-
form was developed by Schiebe ([43]) and
this headform bears his name ever since.
The contour and pressure distribution on
the Schiebe headform are given in Fig. B.2.
This headform has no laminar separation and
transition to a turbulent boundary layer will
occur at a location which depends on the
Reynolds number.

Many other headform shapes have been
investigated with different minimum pres-
sure coefficients and pressure recovery
gradients.(e.g.[20])
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Figure B.3: Comparative measurements of cavitation inception on the ITTC headform
source:ITTC
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Appendix C

Tables

T pv
Celcius N/m2

0 608.012
2 706.078
4 813.951
6 932
8 1069
10 1226
12 1402
14 1598
15 1706
16 1814
18 2059
20 2334
22 2638
24 2981
26 3364
28 3785
30 4236
32 4756
34 5315
36 5943
38 6619
40 7375

Table C.1: Vapor pressure of Water.
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Temp. kinem. visc. kinem. visc.
deg. C. fresh water salt water

m2/sec× 106 m2/sec× 106

0 1.78667 1.82844
1 1.72701 1.76915
2 1.67040 1.71306
3 1.61665 1.65988
4 1.56557 1.60940
5 1.51698 1.56142
6 1.47070 1.51584
7 1.42667 1.47242
8 1.38471 1.43102
9 1.34463 1.39152
10 1.30641 1.35383
11 1.26988 1.31773
12 1.23495 1.28324
13 1.20159 1.25028
14 1.16964 1.21862
15 1.13902 1.18831
16 1.10966 1.15916
17 1.08155 1.13125
18 1.05456 1.10438
19 1.02865 1.07854
20 1.00374 1.05372
21 0.97984 1.02981
22 0.95682 1.00678
23 0.93471 0.98457
24 0.91340 0.96315
25 0.89292 0.94252
26 0.87313 0.92255
27 0.85409 0.90331
28 0.83572 0.88470
29 0.81798 0.86671
30 0.80091 0.84931

Table C.2: Kinematic viscosities adopted by
the ITTC in 1963
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Rn Cf × 103

1× 105 8.333
2 6.882
3 6.203
4 5.780
5 5.482
6 5.254
7 5.073
8 4.923
9 4.797
1× 106 4.688
2 4.054
3 3.741
4 3.541
5 3.397
6 3.285
7 3.195
8 3.120
9 3.056
1× 107 3.000
2 2.669
4 2.390
6 2.246
8 2.162
1× 108 2.083
2 1.889
4 1.721
6 1.632
8 1.574
1× 109 1.531
2 1.407
4 1.298
6 1.240
8 1.201
1× 1010 1.17x

Table C.3: Friction coefficients according to
the ITTC57extrapolator.
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Temp. density density
deg. C. fresh water salt water

kg/m3 kg/m3

0 999.8 1028.0
1 999.8 1027.9
2 999.9 1027.8
3 999.9 1027.8
4 999.9 1027.7
5 999.9 1027.6
6 999.9 1027.4
7 999.8 1027.3
8 999.8 1027.1
9 999.7 1027.0
10 999.6 1026.9
11 999.5 1026.7
12 999.4 1026.6
13 999.3 1026.3
14 999.1 1026.1
15 999.0 1025.9
16 998.9 1025.7
17 998.7 1025.4
18 998.5 1025.2
19 998.3 1025.0
20 998.1 1024.7
21 997.9 1024.4
22 997.7 1024.1
23 997.4 1023.8
24 997.2 1023.5
25 996.9 1023.2
26 996.7 1022.9
27 996.4 1022.6
28 996.2 1022.3
29 995.9 1022.0
30 995.6 1021.7

Table C.4: Densities as adopted by the ITTC
in 1963.



Appendix D

Nomenclature

ρ density of water kg
m3 See TableC.4

Cg gas concentration kg/m3 see Appendix A
Dg diffusion coefficient m2/sec representative value 2 ∗ 109

D diameter m
Fd drag N
g acceleration due to gravity m

sec2
Taken as 9.81

Nd number density of nuclei m−4
pg gas pressure fracNm2

fracNm2

pv equilibrium vapor pressure
R radius m

µ dynamic viscosity of water kg
m∗sec

ν kinematic viscosity of water m2

sec
(ν = µ

ρ
)See Table C.2

s surface tension Nm for water 0.075
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