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ABSTRACT

The present paper describes the preliminary design for the
upgrade of the test section of the large cavitation tunnel
at the Marine Technology center in Trondheim, Norway.
The paper covers all the aspects that have been taken in
to consideration during the preliminary design phase; i.e.
hydrodynamic, structure, instrumentation and optics. The
project is very challenging since it is retrofit of an existing
facility that has been designed in the 60s; moreover, it was
decided that the new test section, which is the main aspect
of the upgrade, should be changed from round to rectangular. The upgrade is part of a broader project of upgrade
of the existing laboratories that includes upgrades to the
towing tank and the ocean basin.
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1 INTRODUCTION

The Marine Technology Centre in Trondheim featured
among its facilities a cavitation tunnel since the 50ies. The
original cavitation tunnel from the ’50s is still operative and
is used for teaching purposes nowadays. In the ’60s a new
cavitation tunnel widened the capabilities in terms of cavitation studies of the centre. The designed was carried out
in the first part of the decade and the official opening ceremony took place in 1967. Ever since the cavitation tunnel
was commissioned, a large number of research and commercial projects were carried out in this facility. Nowadays
the cavitation tunnel, nicknamed KT2, is owned and maintained by NTNU, while SINTEF Ocean operates it. Recently, the facility was granted funding from the Research
Council of Norway to upgrade the test section as part of a
larger upgrade project of the laboratories of the center.
The paper covers the concept, the hydrodynamic, optical
designs and gives some insights regarding the instrumentation of the new test section. In order to give meaning to
the concept design that will be presented in the paper, it is
necessary to consider what the objectives for the new test
section are as opposed to the limitations that the current
section poses.
The current test section has a circular section that, which
on one hand offers good flow qualities, on the other hand
makes mounting models inside difficult. Moreover, the optical access to the test objects is limited to a rather small

region centered at the propeller location. Finally, it has to
be noted that the new test section will be mainly used for
research purposes and hence it should be possible to operate with limited personnel. The new test section shall
therefore have an easy way of installing models and offer
good optical access to the objects inside the section. The
three objectives that have been listed point in the direction
of a rectangular cross section with a large top hatch; a configuration that is encountered in many modern facilities.
The realization of the upgrade project poses a series of
challenges related to the fact that current cavitation tunnel
has a circular section, while the new test section should be
rectangular; it is necessary, therefore, to modify the existing structure upstream and downstream the new test section or more precisely in the nozzle and in the diffuser. The
whole that comprises the nozzle, the test section, the diffuser and the hatch is referred to as the test section assembly. It is evident that design of the new nozzle and diffuser
are particularly challenging tasks, even more so if the fact
that design of the rest of the cavitation tunnel was carried
out when limited knowledge about nozzles and diffusers
was available.
Finally, the long shaft that spans from the center of the test
section to a motor located down stream outside the cavitation tunnel that is used to drive the propellers and run the
instrumentation cables will be eliminated; therefore a new
system for driving the propellers and acquiring the signals
must the implemented.
2 THE EXISTING FACILITY

Figure 1: Overview of the existing cavitation tunnel show-

ing the support structure

The cavitation tunnel in its current layout allows for changing the test section by design, in fact, contrary to modern
design where the test section is a structural component of
the tunnel, the test section here is supported by two longitudinal beams that span from the upstream vertical arm to
the first bend after the test section, as depicted in Figure 1.
Finite element simulations of the existing facility showed
very low stress levels in the test section because most of
the load is taken by the support beams that run underneath
the test section. The possibility to change the test section
simplifies the upgrade work; however, it has to be noted
that in practice the test section has never been removed.

Figure 2: Structural stresses on the existing structure

2.1 Main features

The primary goal of the cavitation tunnel as it was designed
in ’64 was to study high speed propellers in uniform flow;
the main characteristics of the cavitation tunnel mirror this
very specific design goal. In fact, the maximum flow speed
is 18 m/s and the maximum operating pressure is 6 bar, as
given in Table 1. As a matter of fact, the cavitation tunnel,
instead, operates most of the time in speed range 0 to 8 m/s
and is seldom pressurized over 1.5 bar.

Most of the knowledge that is used nowadays for design of
closed loop water channels was developed in the 70’s and
early 80’s. Whilst the nozzle, although not having any standard shape, is not the subject of any concern, the diffusers
were identified as critical from the beginning of the project.
In fact, the configuration of the diffuser is rather peculiar;
the diffuser is split in three parts, with the first one being
placed right after the test section and the other two in the
V-shaped vertical arm that connects the test section with
the impeller. The literature on diffuser performances ( Blevis,1984) suggests that most likely all the diffuser may have
been in the condition of being stalled. Before significant
experimental campaigns were undertaken, it was common
knowledge that in order to avoid separation in the diffuser
its cone angle should be below 14; while it was found out
later that the driving parameters for diffuser stall are the inlet to outlet and the length to inlet diameter ratios. Because
of these concerns, it was decided to carry out CFD computation on the entire upper half of the cavitation tunnel.
The CFD analysis showed that the concerns were wellfounded and the second diffuser shows a large separation
region. The first diffuser was not subject to separation, but
that part of the tunnel will be changed as a result of changing the test section.
Figure 3 shows the separated region at the outlet of the simulation domain. Although addressing the problem of separation in the diffuser is not within the scope of the project,
it is, however, important avoiding worsening a situation
which is already not ideal. Therefore, it was decided to
include the entire upper part of the cavitation tunnel in the
subsequent computations.

Table 1: Main characteristics of the existing cavitation tunnel
Height between center lines

10 m

Width between center lines
Contraction area ratio
Diameter of working section
Length of working section
Type of working section
Maximum water velocity
Maximum propeller speed
Propeller motor power
Maximum working pressure
Minimum working pressure
Impeller motor power
Flow straightening

22.22 m
6.25
1.20 m
2.08 m
closed throat
18 m/sec
2100 rpm
300 HP
6.0 bar abs
0.1 bar abs
1700 HP
honeycomb

2.2 Flow characteristics

The cavitation tunnel was designed in 1964 based on the
knowledge of nozzles and diffusers available at the time.

Figure 3: Separation in the diffuser

3 FUNCTIONAL DESIGN OF THE SECTION

The analysis of the requirements for the new test section
led to the identification of the following list:
• The new test section shall have large windows to
allow for optical measurement techniques to be
adopted
• The new test section shall have a rectangular cross
section to allow for easy manufacturing of the models to be installed inside

• The new test section shall allow for installing comparatively larger model than those that are today installed
• The new test section shall have a large hatch on top
to allow for the models to be installed inside the test
section in an easy and safe way
From the requirements for the new test section and from
the limitations that are imposed by the existing facility the
functional design has been developed. The limitations that
in this case are imposed by the existing facility are dimensions, structure, machinery and layout. Figure 4 shows a
3D model of the existing facility where the blocks in blue
are parts that are not realistic to change, while the other
parts that have been colored not in blue are separate blocks
connected by flanges. The new test section has, obviously,
to span between two flanges. The nozzle is composed of
three parts that gradually take the diameter from 3 meters
after the settling chamber to the 1.2 m of the existing test
section. The first section of the nozzle has an inlet diameter of 3 meters and an outlet diameter equal to 2.43 meters
and weighs around 3000 kg; being a quite large, at least
compared to other parts of tunnel, piece of metal work, and
hence potentially expensive to change, it was decided early
in the project to keep it. Keeping the first section of the
nozzle means that the available length for the test section
is equal to 10.05 meters; in this length the nozzle, the test
section and the diffuser must be accommodated. Contrary
to standard designs where changes in shape are handled by
dedicated sections, the nozzle and the diffuser must both
serve their fluid dynamic function and connect the circular sections of the older tunnel with the new squared test
section.

Figure 4: Parts of the existing tunnel

3.1 3.1 Sizing of the Section

Having defined the total length of the assembly, the next
step was to define the dimensions of the cross section. In
order to define reasonable aspect ratios, i.e. the ratio between the width and the height of the test section, two parameters were used: nozzle contraction ratio and maximum
speed that could be achieved with the new test section. As

far as the contraction ratio is considered, it is generally assumed that contraction ratios larger than 4 lead to good flow
characteristics at the nozzle outlet; for what concerns the
maximum speed, it was deemed reasonable to reduce the
maximum speed of the flow in the test section as the cavitation tunnel is seldom operated at speeds higher that 10
m/s. All the geometric ratios that have been considered,
and that are reported in Table 2 where the height of the section is in the first column and the width in the first row, lead
to expected maximum velocities larger than 10 m/s.
Table 2: Contraction ratios for some geometric aspect ratios
A/a
h/b

1

1.1

1.2

1.3

1.4

1.5

0.7
0.8
0.9
1
1.1
1.2

10.10
8.84
7.85
7.07
6.43
5.89

9.18
8.03
7.14
6.43
5.84
5.35

8.41
7.36
6.54
5.89
5.35
4.91

7.77
6.80
6.04
5.44
4.94
4.53

7.21
6.31
5.61
5.05
4.59
4.21

6.73
5.89
5.24
4.71
4.28
3.93

The next aspect that was investigated was the influence of
the aspect ratio, defined as the width to height ratio, on the
flow quality of a model placed inside the test section. Since
at the stage when this study was carried out the design of
the nozzle was not yet started, the flow simulation with a
RANS model were carried by placing two hull shapes inside rectangular boxes having different aspect ratios, but
all with uniform flow velocities. The hulls that were chosen are the well known KRISO container ship (representing
the single screw vessel type) and the hull NB 107 (representing the class of offshore vessels with twin azimuthing
thrusters); the scale used for the simulations was 31.6 and
15.5 respectively. The two models are large compared to
the size of the cavitation tunnel for modern standards; however, given that the new test section shall be used mainly
for research purposes, the goal is to be able to generate
reasonable ship wakes rather than high quality approximations of full scale wakes. As the simulation will show this
goal can be achieved also in smaller facilities, especially
for twin screw vessels, as long as only half of the model
is used. The simulations were carried out using STARCCM+ 11.02.010 solver from Siemens. The mesh was of
the trimmed type with a target y + equal to 100. Turbulence
was simulated with the k − ωSST model.
The term of comparison was the wake field in the three
components, axial, tangential and radial at the propeller
disk and the streamlines along the hull. In order to have
a first sweep at the geometric ratios to understand whether
it was advisable to stick to ratios close to one, i.e almost
squared section, or to more rectangular ratios, i.e ratios
larger than one, three combination of width and height
where tested: 1.2 by 1.2, 1.4 by 1.0 and 1.6 by 0.9 meters. All the tested sections had a cross-sectional area close
to 1.4 m2 .

instead of the full model; in fact, the distortion caused by
the wall are significantly reduced in the case half model is
used.

Figure 5: Wake on the propeller plane

Figure 5 and Figure 6 show the wake for the KCS model at
the propeller plane at the 0.7 non-dimensional radius and
the streamlines along the hull for the considered geometric
ratios, respectively.
Together with the simulations inside the boxes, the results
from the model scale wake survey performed at KRISO
(Fujisawa, J. et al 2000) and the full scale CFD computation are presented. Unfortunately, there is no experimental
validation data for the NB107 hull. The simulations show
that the squared geometric ratio is the one that to some extent introduces the least distortion to the wake, both when
compared to the full scale simulations and the model scale
wake survey. The plot of streamlines along the hull reinforces the idea that the squared test section is preferable; in
fact, the streamlines are more spread on the bottom of the
hull for the rectangular sections than for the squared one.
However, the difference, albeit evident, between the 1.2 by
1.2 and the 1.4 by 1.0 sections is not so large that slightly
rectangular, i.e in the range 1 to 1.4, are to be avoided.

Figure 6: Stream lines on the KCS hull, from the top: Full

scale CFD without boundaries, 1.2 by 1.2 meters, 1.4 by
1.0 meters and 1.6 x 0.9
The CFD computations with the twin screw offshore vessel led to the conclusion that the half model should be used

Figure 7: Wake at the propeller plane ( non-dimensional ra-

dius 0.7): left with entire model and right with half model

Figure 7 shows the results for the entire model on the left
and for the half model to the right; the computation for the
entire model were performed in the following boxes: 1.4
by 1.0, 1.4 by 1.2 and 1.6 by 0.9 meters; while the computation for the half model were conducted in the following
boxes: 1.3 by 1.0, 1.3 by 1.1 and 1.3 by 1.2 meters. The results show that the half arrangement is not influenced considerably by the geometric aspect ratio of the cross-section
and that the results match closely the results obtained for
the same hull in full scale.
Based on the CFD computations and on considerations
about the installation of the models inside the test section,
it was decided to aim at either a 1.3 by 1.2 or a 1.2 by 1.2
meters configuration.
4 HYDRODYNAMIC DESIGN

The hydrodynamic design of the new test section assembly
was greatly influenced by the need to change shape from
circular to rectangular and then back again to circular. Due
to the space limitations it was not possible to opt for a traditional solution; i.e. the change in shape is carried out
by two elements other than the nozzle and diffuser; in this
case, both the nozzle and the diffuser must together with
their hydrodynamic function carry out the task of changing
the cross-sectional shape, resulting in the fact that the axial
symmetry of the cavitation tunnel is lost. The lack of axial
symmetry does not only have consequences for the hydrodynamic design, but it even requires different machining;
in fact, in case of axial symmetry the parts can be produced
by turning machining, while in this case milling is required.
One of the first question to be addressed was how much of
the length the new test section assembly is to be taken by
nozzle, diffuser and the test section with the goal of maximizing the latter and minimizing the former two, while at
the same time retaining good flow conditions inside the test
section. The above stated question could not be answered
easily because the lack of axial symmetry did not allow
for 2D computations to be carried out and the fear that the
change in shape might have introduced significant distortion to the flow that could not be captured by, for example,
2D CFD.
4.1 Shape generation

Most of the modern nozzles adopt the shapes that were proposed by Bell and Mehta (Bell & Mehta 1988); however,
the contraction shape of the existing nozzle was designed
in the 60’s and therefore does not match with any known
contraction shape. Moreover the shape of the current nozzle is known only by points; it was of vital importance to
be able to represent the contraction curve accurately at the
location where the flanges are since these are the points
where the new TSA will be connected to the existing one.
In fact, at the location of the flanges continuity of first and
second derivative between the old and the new shape must
be imposed. After some attempts to use lower order polynomials (Bell & Mehta curves are 5th order polynomial), it
was found out that the minimum order of the polynomial to
be used was ninth order like the one showed in Equation 1.
All the calculus of this section was carried out the by CAS
computer algebra software MAXIMA.
Y =1−

y − yi
= c9 x 9 + c8 x 8 + c7 x 7 + c6 x 6 +
yi − yo
c5 x 5 + c4 x 4 + c3 x 3
(1)

Where y is the radius at the non dimensional location x that
spans from the outlet, where it is equal to 0, to the outlet,
where it equal to 1; yi is the inlet radius and yo is the outlet radius. Equation 1 transforms into Equation 2 when the
conditions of zero first and second derivatives at the inlet
and outlet are imposed.
yi − y
Y =
= c9 x9 + c8 x8 + c7 x7 + c6 x6 +
yo − yi
(−15 c9 − 10 c8 − 6 c7 − 3 c6 + 6) x5 + (2)

An equation similar to Equation 2 can be written with the
condition that the first two derivatives (y1a,y2a) are imposed at a given non dimensional location a where the nondimensional nozzle diameter is Ya - the factors that make
the quantities non dimensional being the nozzle length and
the nozzle inlet diameter; however, the equation is very
lengthy and can be easily derived from Equation 2 with
the use of a CAS. This last equation is again a polynomial
where the coefficients c9, c8, c7 and c6 are unknown; these
4 parameters are those that are used to generate the shapes
of the contraction. The same curve can also be used for the
diffusor. In the following these curves will be referred to
as L1. The derivatives (y1a,y2a) are easily computed from
Equation 2, while the non-dimensional radius differce dY
is determined as Figure 9 depicts. In Figure 9 a section of
existing nozzle at a generic non dimensional location a is
plotted together with the shape of the new test section, the
old nozzle is represented by the black dotted line, while the
test section by the red dotted line. The non-dimensional radius Ya is the length that separates two points on the same
radial direction placed on the old nozzle and on the new
test section respectively.

dY

Z

(24 c9 + 15 c8 + 8 c7 + 3 c6 − 15) x4 +
(−10 c9 − 6 c8 − 3 c7 − c6 + 10) x3
Equation 2 was fitted to the known points of the nozzle
curve as shown in Figure 8; the vertical black lines show
the location of the flanges in the non dimensional coordinate x. The fitting is accurate, and given the polynomial
nature of fitting, smooth first and second derivatives are to
be expected.

Y

Figure 9: Definition of the non-dimensional radius at x =a

With the above defined parameters the L1 curves can be
calculated.
L1 = L1 (a, dY, y1a , y2a , [c1, c2, c3, c4])

(3)

Where the parameters with an a subscript are defined once
the parameter a is defined. Since the parameter a can only
assume two values, that is where the flanges are, but only
one of the flanges has diameter that is big enough for being the inlet to the new test section assembly, the parameter
a is hence fixed. The curves L1, as a consequence, have
5 free parameters. These free 5 parameters generate ω 5
curves among which suitable curves are to be found.The
following conditions were set for curves to be considered
suitable:
X

Figure 8: Original nozzle shape

1. The curve must not cross zero
2. The first derivative must not change sign
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In addition it was decided to limit the search for suitable
curves to curves that had the third derivative crossing zero
only once. The search for combinations of parameters that
would give curves that are compliant both with the conditions and with the limitation to one third derivative crossing
was performed in two steps; in the first step a rather large,
in terms of extension, but coarse, in terms of number of
points, point cloud was used. The search was performed for
different values of dY in the range that is encountered for
the current application. The result of the parameter search
is shown in Figure 10 for one dY.

milling machine is still quite long at this point, it was decided to stop the refinement of the point cloud at the second iteration and the attention was moved to how to select
good candidates for the curves L1 to be used in the surface generation. Figure 12 left and right show 836 curves
that were generated using the c coefficient from the second point cloud and the second derivative of these curves,
respectively.
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Figure 10: First iteration of the parameter search

A second search was performed using a different coordinate system for the parameters c1 to c4; the new coordinate
system was obtained by applying a Principal Component
Analysis to the first point cloud. The new coordinate system allowed for obtaining a much finer point cloud, but at
the same time limiting the search hyper-volume to a region
where the chances of finding feasible curves were high.

It is, however, difficult to select curves based on the plots
in Figure 12 and it is, at the same time, necessary to reduce
the number of curves to be tested, as the time required to
perform CFD computations and analyze the result would
not be compatible with the project timeline. Even more so
because each dY generate a set of curves. The process of
selecting the base curves to be used to generate surface is
still an ongoing process at the time this paper is written;
nevertheless, some first results can be shown here. In order
to have a first impression of how different the shapes could
be based on different curves L1, the 836 curves have been
graphically presented in terms of non-dimensional diameter, first, second and third derivative at two locations: x=0.3
and x=0.1. Since the third derivative at x=0.1 has little importance it was decided to opt for x=0, that is the outlet,
instead.
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Figure 13: Comparison of the L1 curves
Figure 11: Second iteration of the parameter search

The actual shape of this four dimensional cloud is rather
complicated, and changes in the parameter dY lead to some
modifications to the point cloud. But since the way to the

Further, three base curves were selected based on the diameter at the x=0.3 location so that they would represent,
possibly, quite different geometries. It is, in fact, extremely
important to remember that the fabrication method for large

object, such as the nozzle, does not allow for accuracy better than 2-3 mm; consequently, spending too long time in
fine adjusting a surface that is then subjected production
inaccuracies, would result more in an interesting exercise
than in a actual advantage for the new facility. The surface
generation process starts by selecting a L1 curve from the
point cloud relative to the lowest dY and then finding the
curves that have similar coefficients for the other dY . The
index of the first curve is called the seed. Figure 14 shows
three geometries that have been generated from three different seeds; the coloring of the figure is based on the Gaussian curvature of the surface. The three geometries do not
different considerably from each if not for a bulge on the
chamfer close to the test section inlet. The bulge is less evident for the geometry to the left. The geometry generation
process is rather efficient and a great number of geometries
may be eliminated simply by comparison of curvature.
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Figure 14: Three geometries generated from 3 different

seeds
The same procedure described for the nozzle can be repeated for the diffuser and hence the geometry of the new
test section assembly generated. It shall be noted that the
geometries described here can be stretched linearly along
the longitudinal direction so that it is possible to study the
effect of changing nozzle and diffuser lengths. In fact,
among the first topics to be addressed with the aid of CFD
computations there were variations of the nozzle and diffuser lengths, as the next chapter will explain.
5 CFD COMPUTATIONS
5.1 Setup

The hydrodynamic performance evaluation of the cavitation tunnel, starting from its current configuration, has
been done by means of full scale CFD simulations, using
RANSe methods (Reynolds Averaged Navier-Stokes equations). STARCCM+ 11.02.010 solver from Siemens PLM
Software was used for this purpose. The polyhedral mesh
type was considered the most suitable for the tunnel geometry because of the non-orthogonality of the different
tunnel sections the trimmer mesh type was excluded; the
complexity of the geometry, like the presence of several
turning vanes, made impracticable the use of direct meshing. The tunnel upgrade mainly consists in the modification
of the main test section, while the rest of the tunnel remains

unchanged. For this reason, to make more efficient the generation of a new mesh for each new test section geometry,
the tunnel was divided in different parts where only the part
corresponding to the test section needs to be re-meshed.
For this purpose the part-based meshing approach, available in StarCCM+, was very useful. It allows to manage,
in an automatic way, the geometry parts that compose the
model, including part substitutions, modifications, boolean
operations; all the operations are registered for the selected
geometry parts and they just need to be executed so that the
model used for the mesh generation is automatically updated and ready for use. The turning vanes were modelled
as baffles, i.e. surfaces without thickness, and included in
the computational mesh as internal interfaces. The modelling of the baffles required some manual operation (like
imprinting of the baffles edges to the external wall surface
of the tunnel), but it was done only once, because the sections including the baffles were divided in separate geometry parts and meshed once for all the following simulations. The honeycomb section also needed some special
attention; it was modelled as porous region. The details of
the geometric structure and the details of the internal flow
are not represented , because only the macroscopic effect of
the porous medium on the overall fluid flow is of interest
and it is defined using lumped parameters. These parameters are typically resistance coefficients for a source term in
the momentum equation, and they have to be set to reflect
the effect of the porous media on the flow downstream of
the porous section. The main values are the porosity (for
unsteady flows) which is the ratio of open volume to total
volume of the porous medium, and the inertial and viscous
coefficients that are required for the porous source term in
the momentum equation. It is also necessary to specify turbulence quantities directly when a turbulence model is active. For unsteady flow calculations, the porosity χ is used
to replace the fluid density ρ by the product ρχ in the time
derivative terms of the continuity equation. This substitution reflects the fact that the fluid occupies only part of the
volume. The porous inertial resistance tensor Pi and the
porous viscous resistance Pv are defined as tensor profiles.
For the case of a honeycomb material, the porous resistance
can be assumed to be non-isotropic or, better, orthotropic,
as the fluid in the porous region cannot flow in any direction other than the bulk flow (x-) direction.
If L is the length of the honeycomb section, the pressure
drop per unit length can be determined using the Equation 4:
∆P
= − (Pi |v| + Pv ) v
L

(4)

Where v is the superficial velocity through the medium and
Pi , Pv the inertial resistance and viscous resistance, respectively. Large values are assigned to the inertial and viscous
resistance components in the cross-flow directions (y- and
z- directions in this case). The values for the mainstream
direction are derived from experimental data. The k-w SST
turbulent model was used in the calculations. The height of
the first prismatic layer of cell was set to have a Y+ value

of the order of 1 , with special attention to the fluid domain
downstream the honeycomb section. The number of prismatic layers was set to 17 in the main fluid region, while 8
layers were set for the turning vanes. The total cell count
was about 11M for the fluid region and 125180 cells for the
porous region.

system.

5.2 Results

The surface geometry generation procedure allows to
change many parameters, not only the surface shape, but
also the relative length of the nozzle, test section and diffuser. Furthermore, the strategy adopted for meshing allows for changing quickly and easily the test section assembly geometry. The first problem was to minimize the
length taken by both the nozzle and the diffuser. Initially
the problem of the minimum diffuser length was considered. In order to do so, three different nozzles having the
same shape, but different stretching along the longitudinal
direction were considered. The length that were considered
are 500 mm, 1000 and 2000mm; from the CFD computations it was found that the first two configurations would
require inserting vanes in the diffuser to avoid separation,
while the third one would be a standard diffuser without
vanes. The third solution is preferable because the presence
of a model inside the test section leads to skewed inflow
condition on to the vanes, and hence the risk of cavitation
on the vanes. Figure 15 shows the streamlines in the test
section assembly with the 2000mm long diffuser.

Figure 16: Velocity plots at 4 meters from the nozzle inlet -

Nozzle geometry variations

The results were compared in terms of velocity√magnitude
of the in-plane components of velocity Vp = Vy2 + Vz2
∂V

z
and vorticity along X direction ωX = ∂zy − ∂V
∂y . All
computations presented here were performed at 1 m/s velocity at the nozzle inlet or, equivalently, at 4.5 m/s in the
test section; simulations at lower and higher speed did not
show any large influence of speed on the flow features.

Figure 15: Streamlines showing the flow in the test section

and 2000mm long diffuser
It may be possible to adopt slightly shorter diffuser, but
in this first attempt at the problem of finding reasonable
lengths for the diffuser or the nozzle the attention was
moved to the nozzle.
Here the first question to be answered was how influenced
is the flow by the nozzle shape; for that purpose the three
geometries already presented in Figure 14 were used. The
three shapes left to right are labeled 1001, 1002 and 1003.
The simulation on the above mentioned shapes were compared by defining 12 vertical planes, that is perpendicular
to the main direction of flow, spaced by 1 m and with the
first plane positioned at the inlet of the nozzle. The coordinate system is so that the longitudinal direction is X, Z
is vertical and Y is according to a right handed coordinate

Figure 17: Velocity plots at 7 meters from the nozzle inlet -

Nozzle geometry variations

Figure 16 and Figure 17 show plots of the in-plane velocity magnitude for the three different geometries (it shall be
noted that the two plots have a different scale) at two different longitudinal locations. The difference between the
three different geometries are very marginal. The same result was found for the vorticity field, and hence the plots
not presented.
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Figure 20: Velocity profiles for all the configurations along

the longitudinal direction

5.3 Possible Improvements of the Flow

Figure 18: Velocity plots at 4 meters from the nozzle inlet -

Nozzle length variation

The fact that the in-plane components of the velocity are
not strongly dependent on the shape of the nozzle, at least
within the set of shapes that can be generated with the procedure that has been previously described, means that any
of the three shapes can be chosen and scaled along the longitudinal direction in order to study the influence of the
nozzle length on the flow quality inside the test section.
The preliminary study regarding the nozzle length was conducted by scaling along the longitudinal direction geometry
1003; the two geometries that were generated are 1004 and
1005, where in the first one the nozzle was shortened by
10% and in the second one extended by 10%.

The large separation zone in the second diffuser is a concern since it comes right before a 90 degrees bend. The
flow was not simulated further since the scope of the
project is to change the test section. However, the turning vanes on the first bend, the one before the separation
zone, must be partly replaced since they are crossed by the
propeller shaft that will not be present in the new facility.
It is, consequently, under evaluation the idea to use a modified geometry of the vanes to reduce the separation zone.
Reducing the separation zone is believed to ultimately improve the inflow conditions to the impeller, and possibly
the overall performances of the tunnel.
6 OPTICAL DESIGN

The optical design part of the project focused on finding a
configuration of windows that would give some advantages
when optical measurement techniques are used, but at the
same time would allow for a flexible use of the tunnel.
In other words, the question that this chapter discusses is
whether there is an optimal window layout for the use of
optical measurement techniques, given the main dimensions of the tunnel and the structural layout. Further, it was
decided to consider also the case where the windows do not
all have the same size, but they comes in pairs of different
size. With reference to a typical stereo PIV setup as shown
in Figure 21, the convention used for naming the windows
was created: the two imaging windows are the windows on
the side, the imaging/illuminating windows is on the side,
while the illuminating windows is on the bottom of the test
section.

Figure 19: Velocity plots at 7 meters from the nozzle inlet -

Nozzle length variation

The simulations with the different nozzle lengths did not
show any large effect of flow quality inside the test section,
reassuring on the fact that the nozzle length can be varied
by as much as 10% without affecting the flow quality. In
general it was found that within the parameters that were
varied all the configurations gave flow patterns that were
acceptable, as for example the velocity profiles in Figure 20
along the test section show.

Figure 21: Sketch of window naming for the optics study

It is clear that the three dimensional problem of finding
where the black spots are, that is the areas that have a lim-

ited optical access, can also be tackled by a two dimensional approximation, where just an horizontal plane, perpendicular to the imaging windows and parallel to the illuminating windows, is considered. The above mentioned
plane is also shown in Figure 21 along with two cameras
represented by cones. For the preliminary study a matrix
of combinations of relative size for the illuminating and
imaging window was considered; both the illuminating and
imaging window were made vary between 0.4 m to 0.6 m
with 0.1 m interval, leading to a total of 9 configurations.
At the time when this study was performed the spacing between the windows needed for the support structure was
not known yet in detail, and hence a reasonable, but surely
not final, spacing of 0.2 m was assumed. Consequently,
the matrix of combination that at first sight might seem
coarse, is adequate for the level of detail of the preliminary
study. The visibility of a given point was assessed by creating a grid of points inside the area that can be illuminated
through the illuminating window. For each point forming
the grid a sheaf of lines constructed was created; the lines
from the sheaf are then intersected with the windows and
the points of the grid ranked based on how many lines of
sheaf intersect a window.
Since for any optical measurement techniques that uses triangulation having the cameras roughly oriented at 90 degrees with respect to each other is favorable, the sheaf is
constructed so that the lines cover a range of ±10 degrees
from 2 lines at 90 from each other. The sheaf of lines centered in one of the point, the windows and the target plane,
that is the 2 dimensional approximation that was previously
mentioned, are presented in Figure 22. Out of the six lines
of the sheaf five intersect one of windows, while one ends
up in the spacing between the windows; the point will be
therefore ranked to 5 as in the number of positive intersections.

sheaf is constructed and 1 means that the point is easily accessed by optical measurement techniques. The numbers
over each visibility plot are the size of the illuminating and
imaging window respectively.
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Figure 23: Visibility map

Figure 22: Sheaf of lines departing from a point of the grid

In what follows more than 6 lines per point will be used, but
the concept is the same: the goodness of the optical access
of a given point can be assessed by rank them according
to how many out of the total number of lines of sheaf have
an intersections with one of the windows. The number of
positive intersection can be normalized with the number of
lines in the sheaf to give the visibility maps shown in Figure 23 in which the range is from 0 to 1, where 0 means that
the point has no visibility whatsoever based on the way the

The first comment based on the visibility plots is that the
somewhat natural, but also in a way naive, idea that having
the largest possible windows, and all of them of the same
size, is the best option is proved to be, indeed, naive. In
fact for example, the 0.6x0.6 m configuration gives a good
90 degrees visibility in an area that is not in the center of
the test section and is not neither bigger nor better than the
0.4x0.6 m configuration, which on the contrary shows the
best visibility area centered in the middle of the test section.
Also considering a different configuration gives similar results. In the second example just two windows on opposite
sides of the test section are considered; on the contrary in
the first configuration all the windows were on the same
side.
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form experiments on propellers in open water, or behind
ship models. For the latter the modern solution is to install
the instrumentation inside the model; such solution has the
advantage that the model can be instrumented outside the
cavitation tunnel and then positioned inside the cavitation
tunnel; the drawback is that it requires using underwater
motors and equipment that may be difficult to buy off the
shelf. For the former a dynamo-meter driven by a motor
similar to those used for the model must the employed. The
standard instrumentation that provides readings of water
speed, pressure, dissolved oxygen content will be mounted
either on permanent plugs on the cavitation tunnel structure
or on metallic plates to be mounted on some of the window
openings.
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Based on the considerations that were presented in the
above sections of the paper the following configuration,
presented in Figure 25 has been selected to be basis for the
refinements needed to arrive to a design that is approved
for construction.

Figure 24: Second configuration of windows

Finally it should be noted that, with reference to the matrix of configurations presented in both Figure 23 and 24,
there are two types of configurations of the windows. If
all the windows share the same size, then the configuration lies on the diagonal of the matrix and hence one single
optical configuration is available; on the contrary, configurations which alternate windows of two different size does
not lie on the diagonal. The non diagonal configurations offer the advantage that two different optical configurations
are available in the cavitation tunnel depending on which of
the windows are used for illumination and which for imaging; the two configurations can be found on opposite side
of the diagonal. It is interesting to take into account also
the added flexibility given by non diagonal windows when
deciding the optical configuration of the test section.
7 INSTRUMENTATION

The main goal of the new test section is to provide the users
of the cavitation tunnel with a facility that is flexible and
can be used with a limited amount of human resources; the
instrumentation of the models is, therefore, central. At the
time this paper is written the instrumentation was not designed yet in detail, but a general overview of the plans can
be given. The current cavitation tunnel has a long shaft
that drives the propeller from an electric motor that is located outside the cavitation tunnel. The shaft is roughly
10m long and requires continuous and expensive maintenance; it is reliable, but after 50 years in service should
be changed along with the motor that drives it. Furthermore, the alignment procedure of the model with the shaft
is rather lengthy and difficult. Finally, having a test section that is free from a dynamo-meter enables using easily
the tunnel for tests that are other than propellers. Nevertheless, it should be possible in the new test section to per-

Figure 25: Preliminary design of the cavitation tunnel

In order to give a visual impression of how a model would
be installed inside the test new section, the half hull used
for the CFD computations is shown in Figure 26.

Figure 26: Twin screw vessel arrangement

CONCLUSIONS

The design of any experimental facility is a complicated
balance between understanding what is needed for researcher in the longest possible time perspective, the technical challenges and the economic aspects related to the
new construction. In a retrofit project the last two aspects
are possibly the most important. However, beside the limitations given by the existing facility and the budget that is
typically much lower for a retrofit than a new facility, many
interesting aspects about the design of a cavitation tunnel
can also be covered in a retrofit project. The clear goals
that were set for the new test section directed the design
towards flexibility of use rather than towards flow quality
or the ability of having extremely low cavitation numbers.
Following the same line of reasoning, reducing the noise
levels in the test section was considered to be a futile exercise when the rest of the facility, including auxiliary and
ancillary system, will only be marginally upgraded. On the
contrary, optical access to the test section was considered
ever since the original application was written to be a central design topic.
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Are measurements available upstream of the test section,
which were used as input or validation of the CFD calculations.
Author’s closure
The only measurements that were available upstream of the
test section are recording of pressure drop across the honeycomb at different speeds; these measurements were used
to calibrate the porosity model that was used to model the
pressure drop caused by the honeycomb.

