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ABSTRACT

The paper presents an overview of specific scale effects encountered in the cavitation experi-
ments with marine propeller models. These scale effects result from unavoidable dissimilarity
between model and full scale flow phenomena. They may influence first of all inception
of different forms of cavitation, but they also are visible in development and desinence of
cavitation on propeller blades. These scale effects may be divided into five main categories,
which are described in detail. The influence of these five categories of scale effects on the
different aspects of cavitation performance of marine propellers is discussed.

Keywords: cavitation, marine propellers, model experiments, scale effect

INTRODUCTION

Model experiments with marine propellers are still an
important element of the process of marine propeller design.
A meaningful proportion of these experiments are devoted to
cavitation phenomena themselves and to different consequences
of cavitation. Marine propellers exhibit a variety of specific
forms of cavitation, shown schematically in Fig.1. The main
forms include sheet, bubble, vortex and cloud cavitation. All
forms of cavitation are as a rule unsteady and during propeller
blades motion they undergo a process of inception, develop-
ment and desinence, either related to the unsteadiness of flow
around the propeller or resulting from the inherent unsteadiness
of the cavitation phenomena themselves. They may lead to
many negative consequences, such as pulsating pressure field,
hydro-acoustic signals, erosion etc. It is important that predic-
tions of full scale cavitation behaviour of a propeller, made on
the basis of model experiments, are realistic and accurate. This
requires detailed knowledge of specific scale effects related to
cavitation phenomena.
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Fig. 1. Different forms of cavitation encountered on marine propellers .

With an exception of a few depressurized model basins,
majority of model experiments with marine propellers are
conducted in cavitation tunnels. As a rule these experiments
are based on fulfilling two simple similarity criteria. The first
criterion requires equality of model and full scale advance
coefficients:
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where :
A% — propeller advance velocity
n — propeller number of revolutions
D — propeller diameter
index S — full scale (ship) values

index M — model values.

This criterion ensures similarity of the basic kinematics of
model and full scale flow around the propeller blades. How-
ever, this does not imply full similarity of flow in model and
full scale, because Reynolds numbers in these two situations
are markedly different. This leads to formation of different
boundary layers in model and full scale. As a routine in the
course of experiments it is only ensured that flow on the blades
of'a propeller model is supercritical, selecting sufficiently high
number of propeller model revolutions to fulfil the following
condition :
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where :

¢ — blade section chord length
at non-dimensional radius 0.75
v — kinematic viscosity coefficient of water.

Full scale propeller Reynolds numbers are in the range Re =
= 107. In practice condition (2) does not always ensure fully
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turbulent flow in model scale and regions of laminar flow may
still be present on model propeller blades, especially near the
hub. In full scale the flow is always turbulent from the leading
edge. Other consequences of difference in model and full scale
Reynolds numbers demonstrate themselves as differences in
boundary layer separation or laminar/turbulent transition. These
differences lead to the difference in open water characteristics,
which require corrections [5] and they also have an influence on
cavitation behaviour of the model and full scale propellers.

The second criterion requires equality
of model and full scale cavitation number :
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where :
p, — atmospheric pressure in full scale
p — water density
g — acceleration of gravity
h — immersion of the point where cavitation number is
defined
p, — critical pressure of water
Pyyy — tunnel pressure at the point where cavitation number
is defined
V. — reference velocity, either equal V or equal nD

The second criterion is expected to ensure the similarity of
inception, growth and desinence of different cavitation pheno-
mena present on marine propeller blades. However, it is known
for many years now that cavitation phenomena are far too
complex to be scaled properly by a single simple parameter like
the cavitation number. Fulfilling relation (3) leaves a number
of important scale effects due to the following reasons :

difference in static pressure distribution between the model
and full scale propeller

difference in water quality — first of all in nuclei content
difference in boundary layer phenomena

difference in time and velocity scales

difference in size between model and full scale propeller.

¥* ¥ ¥ K ¢

These effects and their consequences are discussed in detail
in the following sections. It is demonstrated that these scale
effects may seriously affect the accuracy of full scale prediction
of marine propeller cavitation performance made on the basis
of model experiments.

THE EFFECT OF THE STATIC
PRESSURE DISTRIBUTION

The typical scale coefficients of marine propeller models
are in the range A = 20 — 30. Let us consider for example a ty-
pical medium size propeller having the diameter D, = 6.0 [m]
and its shaft centre submerged at 9.0 [m] below free surface.
Its model may have the diameter D, = 0.25 [m]. It is obvious
that criterion (3) may be fulfilled exactly only at one selected
depth. Usually either shaft centre or blade tip in upper posi-
tion are selected for this purpose. This situation is explained
in Fig.2, where an exemplary distributions of model and full
scale cavitation numbers along propeller blades are calculated
assuming o, = 6, at blade tip.

As may be seen in Fig.2 there are quite meaningful differen-
ces in the distribution of cavitation numbers along the blades
in vertical position, resulting from the different static pressure
distribution in model and full scale. These differences may
result in discrepancies between model and full scale cavitation
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Fig. 2. Distribution of cavitation numbers along the blades
of full scale and model propellers .

pictures on the blades in vertical positions and also in the time
history of unsteady cavitation associated with blade motion in
the non-uniform ship wake velocity field. In order to provide
an assessment of importance of this effect Fig.3 shows two

Fig. 3. Comparison of cavitation extent observed at :
a) o, = o, (blade tip) and b) o,, = o (shafi centre).



photographs of cavitation extent on a model propeller blade in
two conditions, namely with criterion (3) fulfilled at blade tip
and at shaft centre. As may be seen in this figure, the difference
is quite substantial. The expected full scale cavitation extent
at blade top position should be somewhere in between the two
pictures shown in Fig.3. Of course as in most cases cavitation
phenomena are concentrated near the blade tip, the picture in
Fig.3a may be regarded as closer to full scale reality. However,
if the sheet cavity extends along most of the blade leading edge
or we are specifically interested in the hub vortex formation,
these effects may be decisive in proper scaling of the results.
The influence of static pressure distribution on the unsteady
cavitation associated with blade rotation may be elucidated by
comparing the variation of blade tip cavitation number with blade
rotation in model and full scale, as shown in Fig.4. It may be seen
in this figure that the rate of change of the cavitation number with
blade position angle is much higher in full scale than in model
scale. This may lead to a smaller angular extent of the cavitation
phenomena on the blade in full scale than in model scale.
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Fig. 4. Variation of the tip cavitation number with blade position angle .

0 =315 [deg]

-6 =0 [deg]

In order to demonstrate the importance of this effect, cavi-
tation sketches for different blade positions taken at different,
appropriately chosen cavitation numbers are shown in Fig.5.
In this figure three blade positions are shown, namely 315 [deg],
i.e. 45 [deg] before reaching top, 0 [deg] and 45 [deg] after pas-
sing top. The upper row shows sketches at cavitation numbers
corresponding to full scale at the respective blade positions,
while the lower row shows sketches corresponding to model
experiment with condition (3) fulfilled at blade tip in top position.
These sketches should be of course treated only as a quasi-ste-
ady approximation of the real processes, but still it gives some
idea about possible differences in scaling to full scale.

The scale effect discussed in this section may also influence
other important cavitation characteristics of marine propellers,
for example the propeller induced pressure pulsations, which
are routinely measured in the cavitation tunnel and scaled for
full scale. In this case setting condition (3) either at the blade
tip or at the shaft centre leads to markedly different results
which are shown in Tab.1. This table includes the amplitudes
of the first three harmonics of pressure pulsations, given in
[kPa] and starting with blade frequency. The pressure pulsations
were measured in the cavitation tunnel and re-calculated into
full scale values. The measurements refer to the point located
immediately above propeller in the ship plane of symmetry. It
may be seen that the alternative choice of setting condition (3) at
blade tip or shaft centre produces almost 80 per cent difference,
what correlates well with the pictures of cavitation in Fig.3.
The true full scale prediction should be placed somewhere in
between the two sets of values given in Tab.1, perhaps closer
to the data for “blade tip” criterion.

Tab. 1. Pressure pulsations amplitudes inf/kPa]

Harmonic no. | 6, = 6, blade tip | 6, = o, shaft centre

1 405 235
2 155 94
3 122 67

0 =45 [deg]

Fig. 5. Variation of sheet cavity with angular blade position observed in model scale (lower row) and simulated for full scale (upper row) .
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THE EFFECT OF THE WATER QUALITY
— NUCLEI CONTENT

From the point of view of cavitation the water quality in the
experimental installation or at sea is described primarily by the
dissolved air content, nuclei content and its previous history.
In general there are meaningful differences in these parameters
between the laboratory and full scale situations, which are the
source of specific scale effects. These effects affect first of all
the inception of cavitation, but they also have some influence on
further development and desinence of cavitation. The detailed
mechanisms of these scale effects are described below.

The classical cavitation similarity criterion (3) is based on
the assumption that the critical pressure p, i.e. pressure at
which the liquid starts to rupture under tension and cavitation
develops, is equal to the vapour pressure of the liquid p,, . How-
ever, it is known for quite a long time that the amount of tension
that a liquid may withstand is substantial and it depends first
of all on the dissolved gas content, nuclei content and previous
history of the liquid. All these three factors are strongly inter-
-related with each other. Consequently, p.,, in most practical
situations is not equal p,, and the cavitation number for inception
of cavitation should be written in the following form :

_ Pruox—=Pcr _ Pruon—@v—=P1) _
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where :

p, — tensile strength of the liquid

©, — inception cavitation number.

Then the cavitation inception condition
should take the following form :
-C =0

pmin 1

)

where : Cpmin is the non-dimensional minimum
pressure coefficient on the tested object.

It would be very convenient if the value of p, could be
related directly to the nuclei content of the water. However,
due to the complicated physics of cavitation inception this is
not possible. Some guidance concerning this relation may be
obtained from a simple condition for the stability of a single
spherical vapour bubble, which is developed from the well-
-known Rayleigh Plesset equation [1] :

45
Pr=3gp (6)
where :
S — surface tension of water
R — bubble radius.

Equation (6) shows that smaller bubbles can withstand
higher tension and vice versa. In case of a random distribution
of real nuclei the value of p_ may be either negative or positi-
ve, or in particular cases equal to zero. The liquid containing
large bubbles exhibits negative tension strength in the sense
that bubbles may grow due to diffusion without applying any
tension to the liquid at all. On the contrary, liquid containing
only a few small nuclei exhibits quite high positive tension
strength. The dramatic effect of p_ on the cavitation phenomena
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may be seen in Fig.6, showing cavitation phenomena on a wing
at high positive p, , at p, = 0 and at negative p, .

Fig. 6. Cavitation phenomena on a wing at high p . (a),
at p, = 0 (b) and at negative p,. (c), quoted from [3] .

As the value of p, depends strongly on the nuclei content of
the water and also on the dissolved air content, these two para-
meters should be controlled during experiments in the cavitation
tunnel in such a way that consistent results are obtained and
reliable scaling of the results into full scale is possible. Nuclei
content in tunnel water may vary considerably, what is shown
in Fig.7 taken from [1].

The influence of the nuclei distribution in water is visible
first of all in determining the inception conditions for different
forms of cavitation. This effect is illustrated in Fig.8, showing
the variation in the cavitation inception number o, with nuclei
concentration for three forms of cavitation: tip vortex cavita-
tion, sheet cavitation and bubble cavitation. The effects shown
in this figure may be explained in the following way :

> bubble cavitation is generated by rather small tension di-
stributed widely over the central part of the propeller blade.
This tension is able to destabilize only relatively large and
sparsely distributed nuclei, hence its strong dependence on
nuclei concentration

> sheet (surface) cavitation is generated by strong tension
located in a narrow zone near the blade leading edge. This
tension destabilizes even the smallest nuclei, hence its
dependence on nuclei concentration is much weaker



< tip vortex cavitation is initiated in a small volume around the
centre of the vortex. Its inception depends on the probability
of nuclei of suitable size flowing into that volume. This
probability is the direct function of nuclei concentration,
hence the dependence is strong.
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Fig. 7. Distribution of nuclei in water in three stages of degassing [1] .
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Fig. 8. Influence of the nuclei concentration on the inception cavitation
number for three forms of cavitation [2] .

The influence of dissolved air on the cavitation inception
condition may be qualitatively illustrated by Fig.9 showing
experimentally obtained curves for inception of tip vortex, hub
vortex, sheet (surface) and bubble cavitation for two concen-
trations of dissolved air.

c[]

Cavitation inception

Blade surface cavitation

Bubble cavitation

3 ppm
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Fig. 9. Influence of dissolved air on cavitation inception
on a marine propeller model [2] .

The above described scale effect in cavitation experiments
with marine propeller models is especially important for naval
and other special applications. In these applications ensuring
a completely cavitation-free operation is essential because of
acoustic emission. It requires very precise knowledge about
scale effects important for scaling cavitation inception condi-
tion. This implies, among other things, information about nuclei
content in sea water. Measurements of such nuclei content were
conducted for example by the French Navy [2]. Results of the
assessment of sea water tensile strength at different depth are
shown for example in Fig.10. These results may serve as certain
guidance in scaling of the results of model experiments with
marine propellers into full scale.
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Fig. 10. Results of measurements of sea water tensile strength
at different depths [2] .

In case of typical cargo ship propellers it is generally ac-
cepted that routine guidelines for degassing water in cavitation
tunnel and keeping the dissolved air content below about 30 per
cent of saturation are sufficient to ensure the model cavitation
test results corresponding to full scale situation. However, it
is still important to know the nature of the scale effect due to
the water quality.
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THE EFFECT OF THE BOUNDARY
LAYER PHENOMENA

The boundary layer phenomena depend primarily on the
value of the Reynolds number. This number is composed of the
characteristic velocity, characteristic dimension and viscosity
coefficient. However, in the case of cavitation scaling it may
be distinguished between Reynolds number effect (strictly
linked to the boundary layer phenomena) and separate effects
of the flow velocity and object size, which have a completely
different physical mechanism and are discussed separately in
the following sections.

In turn the “pure” Reynolds number effect may be divi-
ded into (1) a difference in quasi-steady pressure distribution
between model scale and full scale propeller blades and (2)
unsteady velocity/pressure fluctuations inside the boundary
layer. The first of these two effects is of lesser importance,
but nonetheless it should be taken into account. The limited
relative importance of this effect may be assessed on the basis
of lift-related scale effect corrections for marine propellers as
discussed for example in [7].

The second effect is much more important, particularly from
the point of view of cavitation inception scaling. According to
[6] pressure fluctuations inside the boundary layer on a blade
section profile may reach quite high amplitudes, comparable
with the mean value of pressure in the vicinity of the leading
edge. These fluctuations may be added to the distribution of
mean pressure along the blade section profile.
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Fig. 11. Pressure fluctuations inside the boundary layer
on a blade section in model scale and full scale .

These fluctuations reach maximum amplitudes in the region
of laminar/turbulent transition. Due to the difference between
model and full scale Reynolds numbers this region of transition
is located differently on the model scale blade section profile
and in corresponding full scale situation (cf. Fig.11). In full
scale this region is located close to the leading edge, where the
point of minimum of the mean pressure coefficient C is also
located if the profile operates at an angle of attack. In model
scale this region is located further downstream, where the mean
pressure on the suction side of the profile is already markedly
higher. Consequently, at the value 6, of the local cavitation
number inception may take place in full scale, but not in model
scale. Typical frequency of pressure/velocity oscillation in the
transition zone is of order 1 [kHz], while the own oscillation
frequency of cavitation nuclei between 20 and 50 microns (most
frequently encountered in real flows) is of order 50 [kHz]. From
this we may conclude that any of these micro-bubbles reaching
the laminar/turbulent transition zone will be destabilized by the
pressure pulsations and may cause inception of cavitation. If
the local cavitation number is sufficiently low, say equal to o, ,
inception and development of cavitation will be experienced
both in full and model scale.
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THE EFFECT OF THE TIME
AND VELOCITY SCALES

It is generally accepted that inception of cavitation takes
place when cavitation nuclei present in the flow are destabili-
zed by the flow conditions and they undergo dynamic growth
[5]. In order to achieve this, the nuclei must be acted upon by
a sufficiently low pressure during a sufficiently long time. This
situation is illustrated in Fig.12. In this figure C, is the non-
-dimensional pressure distribution along a blade section profile
and o, means the theoretical cavitation inception number, based
on the assumption p_, = p,, . Due to the above described effect,
the actual inception cavitation number will be lower and equal
G?. It may be assumed that a certain value C of the multiple of
mean pressure difference between local pressure and vapour
pressure Ap and time At is required to initiate cavitation. This
parameter C is inversely proportional to the typical size of
cavitation nuclei (compare Eq. 6), so it may be assumed that
its value is similar in model and full scale. Then the following
relation may be developed:

L  x
C=ApAt=2VIAC,—AZ =
p 2 0 P VO L
X, /L (7)
P T 4 X
=5 Vil [(Ce- Gl)d(f)
x;/L
where :
V, — characteristic velocity of flow at the blade section
L - length of the blade section
AC, — non-dimensional pressure difference (cf. Fig.12).
S
AC
; fres
-CP
o Cp
V
_o,
0 / X1 Xy X
T T L

Fig. 12. The effect of time and pressure difference on cavitation inception .

The following observations
may be made from the form of equation (7) :

» the same object tested at different velocities will have dif-
ferent values of the actual inception cavitation number ;
this value will be smaller for smaller velocity; on the other
hand it will be closer to o, for larger velocity

» for two geometrically similar objects of different sizes tested
at the same velocity the smaller object will exhibit smaller
value of 6|

» two geometrically similar objects of different sizes tested at
the same value of VL will exhibit identical values of o7.



If the relation (7) is applied to the situation of the model
and full scale marine propeller, it may be concluded that the
characteristic velocity V  in full scale is about twice the model
value and the characteristic length L in full scale is about 25
times the model value. Consequently, the actual inception ca-
vitation number o will be visibly higher in full scale than in
model scale. As a result, cavitation inception in full scale may
happen earlier than indicated by the model experiments. This
effect may be illustrated by the photographs shown in Fig.13.
In these photographs cavitation on the so called Schiebe body
is shown at two different flow velocities but at the same value
of the cavitation number.

Fig. 13. Schiebe body tested at the same cavitation number
butatV, =8 [m/s] (a) and at V, = 14 [m/s] (b), quoted from [3] .

THE EFFECT OF THE OBJECT SIZE

One could assume that if the scale effect due to the differen-
ce between model and full scale Reynolds number is properly
taken into account, then there is no need to analyse separately
the effect of object size. However, the complicated nature of
cavitation leads to a separate scale effect of the object size. This
may be justified by the following reasoning :

= two geometrically similar objects of different sizes will
exhibit similar regions of low pressure having size propor-
tional to the object size

= if the same distribution of the cavitation nuclei in the onco-
ming flow is assumed in both cases, then more nuclei will
enter the low pressure region around the larger object

= consequently, the probability of destabilization of nuclei
and cavitation inception is higher for a larger object.

This effect may be illustrated by the photographs shown in
Fig.14. However, it should be kept in mind that in the laboratory
experiments there are always many different factors influencing
the results at the same time. The results shown in Fig.14, but
also in Fig.13 may be the joint consequence of effects mentio-
ned in this section and in two preceding sections together.

Fig. 14. Three geometrically similar Schiebe bodies
of different sizes tested at the same cavitation number :
a) diameter 15 [mm], b) diameter 30 [mm],
¢) diameter 60 [mm], quoted from [3].

CONCLUSION

The above presented analysis of the specific scale effects,
influencing full scale predictions of the marine propellers
cavitation behaviour made on the basis of model experiments,
leads to the following conclusions :

O most of the specific scale effects are more important for
inception of cavitation on marine propellers and less
important for the fully developed cavitation phenomena;
consequently, these scale effects are more important for
design of “silent propellers” (naval, research, passenger
ships etc.) than for routine cargo ships propellers

O the unavoidable effect of static pressure distribution may
affect both inception and development of cavitation; it
may also generate meaningful differences in the propeller
induced pressure pulses; the influence of this scale effect
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may be minimized by proper selection of the cavitation
number in model experiments

O the water quality effect, in particular the distribution of ca-
vitation nuclei in the experimental facility and at sea, is the
source of important scale effect on cavitation inception; at
present it can not be fully taken into account during scaling
of the model results due to the lack of information about
true full scale situation

O the boundary layer scale effect may lead to meaningful
under-prediction of the cavitation inception condition in
full scale

O the velocity and time scale effect may also lead to under-
-prediction of the full scale cavitation inception condition

O the effect of object size also points to a possibility of under-
-prediction of the full scale cavitation inception condition

O consequently, the results of model experiments performed
for prediction of cavitation inception on full scale propellers
must be taken with special care and the designers should be
aware of the fact that all specific scale effects cause the full
scale propeller cavitation behaviour visibly less optimistic
than indicated by model experiments.

NOMENCLATURE

- blade section chord length

- non-dimensional pressure coefficient

- minimum value of the non-dimensional pressure coefficient
- non-dimensional pressure difference

- propeller diameter

- acceleration of gravity

- immersion of point where cavitation number is defined
- propeller advance coefficient

- characteristic length

- propeller number of revolutions

p, - atmospheric pressure

Ap - difference between local pressure and vapour pressure
Pep - critical pressure

D, - cavitation inception pressure

p, - tensile strength of the liquid
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Py - Pressure inside cavitation tunnel
p, - vapour pressure
R - cavitation bubble radius

Re - Reynolds number

- surface tension of water

- time necessary for cavitation inception
- propeller advance velocity

- characteristic velocity

- reference velocity

<zw
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- non - dimensional coordinate along profile chord

- propeller blade position angle

- model scale coefficient

- kinematic viscosity coefficient

- density of water

- cavitation number
6 - change in cavitation number due to tensile strenght of water
- inception cavitation number

- inception cavitation number including water tensile strength
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Miscellanea

TOP KORAB 5

Every year the Polish Society of Naval Architects and
Marine Engineers, TOP KORAB, traditionally arranges,
apart from its current activity, open meetings during which
are discussed topics in advance announced dealing with
shipbuilding and maritime economy.

In the year 2005 the following problems were dealt with
by Gdansk Division of the Society :

* Prospects of Polish shipbuilding industry in taking
advantage from the current boom in the worldwide
market

Drilling unit equipment made in Poland

Fuel system blocks for ship diesel engines

The fastest-in-the-world computers and their techno-
logical trends

To day and to morrow of the firm Hydrobudowa
S.A.

And in Szczecin Division of the Society :

L

Optimization models for engineering and economy
Organization of the Conference on : Past, present and
future state of Polish shipbuilding industry

++

In 2005 the most important event for the Society was
the signing of the agreement on establishment of RINA/
KORAB Joint Branch. The agreement was signed on
behalf of TOP KORAB by B. Banach, its Chairman and
J. Czuczman, its Vice-chairman, and on behalf of RINA
by T. Blakeley, RINA Chairman. The document was also
signed by Prof. J. W. Doerffer, Honorary Member of TOP
KORAB, Fellow Member of RINA.




