Chapter 5

Types of Cavitation: BUBBLE

CAVITATION

Objective: Description of the appearance
and behavior of bubble cavitation

When observed in white light cavitation is
only a hazy blur on a surface. As is often the
case (see the work of Parsons in chapter [2)
good observations in an adequate test setup
opened new perspectives. This was the case
with the first high speed observations in 1948
by Knapp and Hollander [26]. They investi-
gated a headform, which is a cylindrical body
with a certain contour. The contour they in-
vestigated was a hemispere, which at that time
was used as a standard body for the compar-
ison of cavitation and cavitation inception in
various facilities.

Knapp and Hollander observed cavitation in
the low pressure region of such a headform.
Instead of stroboscopic illumination, which re-
sulted in a series of unrelated observations of
bubble cavitation (Fig. [19]), they applied
a rotating mirror in combination with a film
camera to observe the cavitation. This was
the beginning of high speed observations. As
a result they could observe the growth and
collapse of bubble cavitation on the headform
(Fig[5.2)).

This made it possible to plot the bub-
ble radius over time. Knapp and Hollander
showed that the bubble growth could accu-
rately be described by the Raleigh Plesset
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Figure 5.1: Observations of Bubble Cavitation
on a Headform. From [27]

equation (eqi4.6)), as shown in Fig. [5.3

When a nucleus grows into a bubble cav-
ity the effect of the surface tension becomes
negligible, so the bubble motion is governed
by inertia. From Fig. [5.3] it can be seen that
the overshoot of the bubble radius is consid-
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Figure 5.2: High Speed Observations of Bub-
ble Cavitation on a Headform. From [27]
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Figure 5.3: Pressure and Bubble Response on
a Hemispherical Headform

erable: the bubble reaches its maximum size
when the pressure has already returned to the
undisturbed pressure. The potential energy
stored in the cavitation bubble is then con-

Figure 5.4: Bubble Cavitation on a 2D foil

verted into kinetic energy during the collapse
phase. This was used by Raleigh to formulate
in 1917 the collapse time of a bubble for a bub-
ble with radius R,,,, and zero internal pressure
(the vapor pressure is neglected, as well as the
gas pressure and the surface tension):

t = 0.91468 Ry | 22 (5.1)
p

o0

The collapse time is generally very short.
To get an idea: a cavitation bubble of 1
cm (0.0lm) in radius which returns from
the vapor pressure to atmospheric pressure
(pe = 10°Pa) takes only 1 millisecond to
collapse! However, on a propeller blade of
a model propeller at a fluid velocity of 10
m/sec this bubble will still move over 1 c¢m
in distance during collapse, which is not
negligible.

5.1 Bubble cavitation on a
foil

On a two-dimensional foil the appearance of
bubble cavitation can be observed in more de-
tail. An example is Fig.

In this situation the bubble cavities reach
a significant size, which indicates that the nu-
clei content is not very high. It is also observed
that the bubble cavities are no longer spheri-
cal. The streamwise pressure gradient causes
a flat part on the bubbles. Although not seen



Figure 5.5: Bubble Cavitation on a Propeller
Model

in this picture, the bubbles will also attach to
the surface and become non-sperical near the
wall. The shear in the boundary layer causes
a distortion of the cavity, which is apparent by
the small twin ”horns” which are directed up-
stream. At inception this deformation is not
yet present, so for nuclei the assumption of
spherical bubbles can be used.

5.2 Bubble cavitation on a
model propeller

The natural type of cavitation following from
expanding nuclei is bubble cavitation. When
the nuclei grow to visible size and larger due to
a low external pressure the gas content inside
the bubble as well as the surface pressure on
the bubble wall become insignificant and the
pressure inside the bubble will be close to the
vapor pressure. Fig. [5.5] shows bubble cavita-
tion on the model of a ship propeller.

The origin of each bubble in Fig[5.5fs a nu-
cleus which grows with decreasing pressure. It
should be kept in mind that when the bubbles
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Figure 5.6: Schematical Pressure Distribution
on a Foil with Bubble Cavitation

become visible the partial pressure of the gas
is already negligible and that the bubbles can
be considered as filled with vapor at the va-
por pressure. The pressure distribution on the
blade sections of Fig[5.5]is such that there is a
more or less gradual decrease of the pressure
from the leading edge, with a minimum pres-
sure between 30 and 80 percent of the chord,
after which the pressure increases again to the
undisturbed pressure, as sketched in Figl5.6,
The essential element of the formation of bub-
ble cavitation is that the bubbles have time to
grow without causing flow separation. The re-
sult is that the cavitation bubbles move with
the flow. Therefore this type of cavitation is
also called traveling bubble cavitation.

The extent of bubble cav-
itation

5.2.1

In Figlp.5| it can be seen that the maximum
size of the bubbles occurs at the trailing edge
of the cavitating region. This location is down-
stream of the minimum pressure location be-
cause of the overshoot of the bubble radius and
because of the interaction between the bubbles
and the pressure distribution. After reaching
the maximum size the bubbles are in a much
higher pressure than equilibrium and a rapid
collapse will follow. The chordwise extent of
bubble cavitation is therefore greater than the
area on the propeller at which the pressure is
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Figure 5.7: Estimate of cavity length from the
non-cavitating pressure distribution

below the vapor pressure! Limited cavitation
has no drastic effect on the lift of a section.
Using this a very rough estimate of the cavity
extent can be found from the non-cavitating
pressure distribution and the cavitation index.
The pressure increase due to cavitation has to
be compensated by a pressure decrease down-
stream, as shown by the red area in Fig. 5.7

5.2.2 Relation of bubble cavita-
tion with nuclei distribu-
tion

When a nucleus is in a region with a pressure
lower than the vapor pressure, it will grow in-
definitely. The mechanism to stop the growth
is interaction between the bubble and the sur-
rounding pressure field. The bubble growth
increases the surrounding pressure and the re-
sult will be that the pressure around the bub-
ble cavities rises until the vapor pressure is
reached. As can be seen in Fig[5.5] the bub-
bles coalesce and individual bubbles cannot be
distinguished anymore. Efforts to relate the

nuclei density with the amount of cavitation
bubbles are fruitless, because when the largest
nuclei begin to affect the flow, the smaller will
not grow anymore or even do not become un-
stable. The number of cavitation bubbles in
bubble cavitation only reflects a band of the
largest available nuclei. The width of that
band is very difficult to determine.

5.3 Inception of bubble
cavitation

The definition of inception of bubble cavita-
tion has been discussed in detail in section 4l
The conditions of the flow should be such that
no gaseous cavitation is present by limiting
the number and size of large nuclei in the
inflow. In general there is more risk of a lack
of nuclei, so that inception is detected too
late. The fact that bubble cavitation has the
reputation of being erosive may be due to the
fact that it was detected too late at model
scale.

A lack of nuclei density can be detected by
observing the size of nuclei at cavitation in-
ception. When nuclei are lacking the mini-
mum pressure on the blade sections will be
below the vapor pressure. When a single nu-
cleus becomes unstable at that pressure it will
grow rapidly and relatively unrestricted to a
significant size (Fig. [A.5)). Then it can be con-
cluded that the inception pressure is below the
vapor pressure. When the cavitation bubbles
are small at inception there are enough nu-
clei present. That does not yet mean that the
nuclei are large enough. The inception pres-
sure of small nuclei may still be much lower
than the vapor pressure, even when there are
enough of them. However, in general the nu-
clei density will decrease with increasing nuclei
size. So at inception there will be less bubbles
than at a lower pressure. Proper inception is
called when a few bubbles are visible just be-



fore inception and when the size of these bub-
bles is small.

5.4 The appearance of
bubble cavitation

When large nuclei are scarce the amount of
bubble cavities is small. In that case the in-
dividual cavities can grow to a large size un-
til their effect on the pressure is felt. When
many nuclei are present the same effect on the
pressure is felt by many smaller nuclei and the
maximum size of the cavities will thus remain
smaller. In the first three figures of Figl5.8|the
amount of nuclei in the incoming flow is grad-
ually increased. The observations are made in
uniform inflow and the increase in nuclei con-
tent is obtained by electrolysis upstream of the
propeller ([34].

The number of bubble cavities increases
when nuclei are generated, but the maximum
size is not so much different yet. When the
(local) nuclei density is drastically increased,
as is the case in the fourth picture of Fig. [5.8]
the maximum size decreases. The increase in
nuclei in this fourth picture has been obtained
by leading edge roughness, as will be discussed
later. The change in appearence of bubble
cavitation with incresing number of nuclei can
be extrapolated to full scale. At full scale an
abundance of nuclei is available and the maxi-
mum size of the individual bubble cavities will
be small. An observation of bubbly cavitation
at full scale is given in Fig. and the full
scale bubble cavitation is a fine mist of very
small cavitation bubbles.
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Figure 5.8: Bubble cavitation with increasing
nuclei content

Figure 5.9: Bubble Cavitation on a Propeller
at Full Scale
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5.5 Effects of leading edge
roughness on
tion of bubble cavita-

incep-

tion

Inception of bubble cavitation is controlled by
the nuclei spectrum in the bulk flow. However,
roughness elements may also serve as nuclei
generators. This is because cavitation has the
property of absorbing dissolved gases and af-
ter implosion these gases remain as free gas
nuclei nuclei in the flow, as can be observed in
Fig. [8.8on page [63] Downstream of the spots
a stream of gas bubbles can sometimes be ob-
served. (In fact such a bubble is a tiny sheet
cavity as will be discussed in chapter [6). Ex-
perience is that even when the roughness el-
ements are in regions with a mean pressure
higher than the vapor pressure, still nuclei are
generated by roughness. The precise mecha-
nism and required conditions are not yet clear,
but it seems that micro cavitation occurs in
low pressure locations in the roughened re-
gion, as sketched in Fig. [5.10] Since cavita-
tion causes diffusion of dissolved gas into the
micro-cavity, a small gas bubble is created by
the micro cavity. In this mechanism nuclei in
the bulk flow are still necessary for inception
of micro-cavitation, but the size of the nuclei
required is much smaller then for bubble cav-
itation in the free flow.

A mechanism which may enhance the presence
of nuclei near the turbulent boundary layer is
turbulent mixing, which may reduce the effect
of bubble screening. These phenomena still
have to be investigated further. The effects of
leading edge roughness on bubble cavitation
can be very significant, as shown in Fig.
The first three pictures show the effect of elec-
trolysis, so of an increasing amount and size of
bulk nuclei. The last picture shows the addi-
tional effect of leading edge roughness. In this
case the leading edge pressure is above the va-
por pressure and there is no cavitation on the
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Figure 5.10: Generation of nuclei in a bound-
ary layer with roughness

leading edge roughness. Still the roughness
particles generate an abundant amount of nu-
clei which alter the appearance of the bubble
cavitation at midchord completely.

5.6 Erosiveness of Bubble
Cavitation

The question is if it is necessary to scale
the amount of bubbles in model tests. A
reason would be to scale the erosiveness
properly. But erosiveness is not measured
up to now, apart from techniques such as
the paint technique (see chapter ?7. The
amount of energy in the collapse of a single
bubble and of a spherical cloud of bubbles
with the same radius is about the same. So
even when the number of bubbles in bubble
cavitation is different from full scale, the
erosion properties may still scale properly.
The noise properties are more difficult to scale
because of interaction between the bubbles.

Bubble cavitation has a longstanding
reputation of being erosive in all cases and
consequently propellers are generally de-
signed with a certain margin against bubble
cavitation. A consequence of that is that
it is difficult to find full scale observations



of bubble cavitation.however, the reason
why bubble cavitation is more erosive than
e.g. sheet cavitation is not obvious. Navy
propellers designed for maximum inception
speed often have bubble cavitation at full
power. But erosion problems have not yet
been encountered there, which may partly
be due to the fact that Navy ships do not
often run at full power for a long time. This
indicates that it is not necessarily the bubble
cavitation which is erosive, but that some
additional properties are required.

One of the reasons that bubble cavitation
has a reputation of erosiveness may be its late
detection. The amount of nuclei at model scale
is nearly always too low and when bubble cav-
itation is observed at model scale it may have
already a significant size at full scale.

A more physical explanation of the ero-
siveness of bubble cavitation is the location
where it normally appears: in the middle of
the blade sections at inner radii, as shown
in Fig. 5.5 Similar to sheet cavitation this
location of cavitation becomes more violent
when the propeller operates in a wake. The
dynamic behavior of bubble cavitation can be
such that when the area of bubble cavitation
is reducing during a blade revolution, the
amount of bubbles collapsing at the same
time increases, while the pressure outside the
collapsing bubbles increases also. Similar to
sheet cavitation this can lead to strong erosion.

These considerations have lead to a reassess-
ment of the erosion danger of bubble cavita-
tion. It seems that steady bubble cavitation
as such has no strong erosive properties. It is
the dynamic behavior, leading to a collective
focussed collapse, which seem responsible for
erosion. It is therefore important to observe
that on model tests. This requires a proper
amount of nuclei.
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Appendix A

Air Content of Water

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

e the gas fraction in weight ratio «,

the gas fraction in volume ratio a,

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 (O3) 1.429 kg/m?
Nitrogen (No)  1.2506  kg/m?
Air 1.292 kg/m?

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

69

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 % 1076, so the solubility
of air in water is the sum of both: 25 % 1076.
Here the dissolved gas contents are expressed
as a weigth ratio a,.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 10° x .

A.2 The Gas
Volume Ratio

Fraction 1n

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:
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p* Vol
2013+ T

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

= constant (A.1)

273p (
(273 +T)1013

Ay = Oév(p, T) AQ)
The gas fraction in volume ratio is dimen-

sionless (m?/m?). Be careful because some-

times this is violated by using cm? /1 (1000xav,)

or parts per million (ppm) which is 10° x a,.
a, is found from a, by:

Pwater
Ay = —Qyy

A3
Pair ( )

in which p is the specific mass in kg/m3. At
15 deg. Celcius and 1013 mbar pressure the
specific mass of water p, = 1000kg/m? and
the specific mass of air is 1.223kg/m3, so for
air o, = 813ay,.

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 «, is easily found from the
weight ratio by

Mwater)

Mgas] (A.4)

Qyy = Qi

in which M is the molar weight, which is 18
for water, 16 for oxygen(O;) and 28 for Nitro-
gen (Ny). 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 I'TTC 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
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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.I] 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-



72 G.Kuiper, Cavitation in Ship Propulsion, January 15, 2010

0.4

0.2 Schiebe Headform

—
— — —
——

-0.2

-
=
——F=F=f=
!

T
-~ \
~
\
| ]

\

contour
-0.4

-0.6

0.8

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.
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:I'TTC
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Appendix C
Tables

T Do
Celcius | N/m?
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.



76 G.Kuiper, Cavitation on Ship Propellers, January 15, 2010
Temp. | kinem. visc. | kinem. visc.
deg. C. | fresh water salt water

m?/sec x 10% | m?/sec x 10°
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 I'TTC in 1963
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Cf X 103

x 10°

x 106

x 107

x 108

x 107

HOO@HkMHOO@%MHOO@%MH@OO\]@OT%CO[\D)—‘@OO\IQOTHkOJ[\DH:U

x 1010

8.333
6.882
6.203
5.780
5.482
5.254
5.073
4.923
4.797
4.688
4.054
3.741
3.541
3.397
3.285
3.195
3.120
3.056
3.000
2.669
2.390
2.246
2.162
2.083
1.889
1.721
1.632
1.574
1.531
1.407
1.298
1.240
1.201
1.17x

Table C.3: Friction coefficients according to

the ITTC5H7extrapolator.
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Temp. density density
deg. C. | fresh water | salt water

kg/m? kg/m®

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

p density of water

Cy gas concentration

D,  diffusion coefficient

D diameter

Ey drag

g acceleration due to gravity
Nd  number density of nuclei
Dy gas pressure

fracNm?

Dy equilibrium vapor pressure
R radius

»w T T

surface tension

dynamic viscosity of water

kinematic viscosity of water

»

See Tabl
see Appendix

representative value 2 x 10q

Taken as 9.81

(v = £)See Table C.2
for water 0.075




	Types of Cavitation: Bubble cavitation 
	Bubble cavitation on a foil
	Bubble cavitation on a model propeller
	The extent of bubble cavitation
	Relation of bubble cavitation with nuclei distribution

	Inception of bubble cavitation
	The appearance of bubble cavitation
	Effects of leading edge roughness on inception of bubble cavitation
	Erosiveness of Bubble Cavitation

	Bibliography
	Air Content of Water
	Solubility
	The Gas Fraction in Volume Ratio
	The Gas Fraction in Molecule ratio
	The saturation rate
	The partial pressure

	Standard Cavitators
	Tables
	Nomenclature



