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1 Introduction

This report describes an experimental dataset on marine propeller hydrodynamics that is under de-
velopment by INSEAN, the Italian Ship Model Basin, in the framework of various research programs.
Related research was started in 1997 and is continuously carried on by INSEAN researchers.

The dataset described here is named INSEAN E779A after the reference code used to identify the
propeller model utilized for all the experimental activity.

The dataset includes a thorough description of propeller performance and of propeller-induced flow-
field and pressure field over a variety of flow conditions realized during open water as well as cavi-
tation tunnel tests. Propeller slipstream flow is characterized by means of advanced LDV and PIV
techniques, whereas cavitation patterns are described via an innovative digital technique. Operat-
ing conditions include propeller in uniform flow and propeller in non-uniform inflow generated by a
suitable wake generator device.

In view of its completeness, the INSEAN E779A Propeller dataset represents a unique source of
data for the validation of CFD codes. This report is intended to provide adequate description of
the dataset in order to evaluate the selection of the dataset as a major test case for the validation
of propeller cavitation codes that are under development in the framework of the research project
'VIRTUE".

In the present report, the dataset content is described and partially presented through pictures and
tables where measured physical quantities and testing flow conditions are specified. In addition, mea-
surement techniques and testing facilities are described, and a complete description of the propeller
model geometry is given.

In order to facilitate the utilization of the dataset content for both validation and benchmarking
activities within the VIRTUE project, experimental data are made available to partners via a CD-
ROM, whose structure is illustrated in Appendix C.

2 Content of the INSEAN E779A Dataset

The INSEAN E779A dataset represents an extensive documentation of experimental activity aiming
to determine propeller performance and to characterize the flowfield around the propeller under
different conditions.

Three different operating conditions are considered:

e single propeller in uniform flow;

e single propeller in artificially generated wake;

The model propeller used during all the experimental activity is depicted in Fig. 1. It is a four-
bladed, fixed-pitch, right-handed propeller characterized by a nominally constant pitch distribution
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and very low skew. Propeller drawings and a complete definition of the propeller geometry is given
in Appendix A.

Figure 1: The INSEAN E779A propeller: bronze model and mathematical description (IGES).

An accurate description of the model geometry has been obtained through a three-dimensional
mapping using a digital topometry technique developed by GOM m.b.H. (Germany). This technique
allows to determine the shape of an arbitrary three-dimensional object with a very high precision. For
the present case, a model propeller with diameter D ,, = 227.27mm, the model surface is determined
with a tolerance of £0.01mm. Such tolerance allows to describe important shape details as the blade
leading edge, trailing edge and tip with a sufficient precision. As a result of the digital mapping, a
mathematical description of the 3D surface of the propeller in IGES format has been obtained. The
propeller geometry descriptions in Appendix A have been determined by a post-processing of the 3D
description in the IGES format. The IGES file of the propeller geometry is included in the INSEAN
E779A CD-ROM, see Appendix C.

The experimental activity originating the INSEAN E779A dataset is being performed by INSEAN
researchers in two facilities:

e INSEAN medium-size towing tank: open water curves;

e [talian Navy cavitation tunnel (CEIMM): all other quantities.

For completeness, a description of these two facilities is given in Appendix B.

3 Propeller in uniform inflow

Experimental data on the INSEAN E779A model propeller in uniform flow conditions include:

INSEAN - Propulsion and Cavitation Lab Page 2
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open water characteristics
velocity distribution in the propeller wake

pressure fluctuations

e cavitation inception, extent and character

3.1 Open water characteristics

Single propeller open water curves are obtained by tests performed at the INSEAN medium-size
towing tank (see Appendix B for details). Testing conditions are given in Table 1.

Propeller revolution rate  11.7881 [rps]

water temperature 16.0 °C
water density 102.6 [Kg s?/m?]
water viscosity 1.1099x 1076 [m?/s]

Table 1: Testing conditions for open water propeller measurements in the INSEAN towing tank.

Measured propeller thrust and torque coefficients

T .0
T pn2D4’ Q pn2D3,

(1)

are given in Table 2 and plotted in Fig. 2 (both raw data and sixth-order polynomial fits are presented).

J
Ky
Kq

0.000 0.099 0.149 0.199 0.249 0.298 0.348 0.397 0.447
0.533 0508 0.491 0472 0452 0.430 0.408 0.387 0.363
0.0871 0.0829 0.0800 0.0771 0.0739 0.0707 0.0674 0.0641 0.0608

J
K
Kq

0498 0546 0596 0.646 0.695 0.747 0795 0.845 0.895
0.340 0317 0.292 0.269 0.245 0.222 0.198 0.174 0.150
0.0574 0.0541 0.0506 0.0472 0.0438 0.0405 0.0368 0.0332 0.0294

J
Ky
Kq

0945 0946 0970 0995 1.020 1.045 1.094 1.145 1.194
0.124 0.125 0.111 0.098 0.084 0.072 0.046 0.017 -.012
0.0254 0.0255 0.0234 0.0215 0.0194 0.0176 0.0135 0.0088 0.0040

ag ai ag as Q4 as

Kr | 053304 -0.19001 -0.76203 1.00701 -0.63301  0.14061
Kqg | 0.087171 -0.036009 -0.101168 0.156295 -0.113664 0.028527

Table 2: INSEAN E779A open water chracteristics: measured loads (top) and coefficients of poly-
nomial fit f(z) = ap + a1J + a2J? + ...a5J° (bottom).

Propeller thrust and torque are determined after zero balance values are obtained subtracting thrust
and torque measured on a bladeless hub running at identical rotational speed.
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Kr, 10*Kq

Figure 2: Open water characteristics of the INSEAN E779A propeller.

Different values of the advance coefficient have been obtained varying the towing velocity and keeping
the propeller rotational speed constant, n = 11.79 rps. These testing conditions correspond to a
constant Reynolds number, Re,, = 5.49 X 10°, where Re,, = nDi/y denotes the Reynolds number
based on propeller rotational speed and diameter.

Additional tests were performed in order to quantify the effect of the Reynolds number on measured
loads. In particular, for a fixed value of the advance coefficient, J = 0.873 £ 0.002, measurements
were repeated for different values of propeller rotational speed, and compared with measurements at
higher rps performed in the cavitation tunnel (see Section 3.3, below). Measured thrust coefficients
are compared in Table 3, where also the Reynolds number based on total inflow velocity at 70%

blade radius is considered: Regrp = C’O.7R/y\/(27m0.7RP)2 + U2, where Cy7p is the lenght of
blade chord at 70% radius (Co.7r = 0.086 m for the INSEAN E779A model propeller).

facility n [rps] J Ren, x 1075 Reg7px1076 K. K,

towing tank 5.94 0.873 0.276 0.247 0.154 0.0300
towing tank 11.79 0.874 0.549 0.491 0.159 0.0310
towing tank 17.73 0.875 0.825 0.739 0.159 0.0311
cav. tunnel 36.00 0.871 1.841 1.647 0.165 0.0329

Table 3: Comparison of propeller loads at different Reynolds number in the range J = 0.873 +0.002.
(Different values of kinematic viscosity are used: v = 1.1099 x 10=% [m?/s] for towing tank data
and v = 1.01 x 1075 [m?/s] for cavitation tunnel data.)

This analysis shows that Reynolds number effects are not negligible in the range of propeller rotational
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speed used during open water tests. This is due to the laminar portion of the boundary layer at the
blade leading edge. Its extension depends on the local Reynolds number and in particular is reduced
as Re,, tends to increase. A typical means to limit this effect consists in using turbulence stimulators
at the blade leading edge to force transition of laminar into turbulent flow. Such technique is not
used in the experimental activity here described.

The variability of propeller thrust and torque with respect to Reynolds number is typically encountered
during open water tests in towing tanks on medium size propeller models. Some comments on this
subject may be found, i.e., in the Report of the Propulsion Committee of the 237 | TTC [12].

3.2 Velocity distribution in the propeller wake

The INSEAN E779A dataset includes an extensive documentation of the propeller wakefield using
advanced velocimetry techniques. Both Laser-Doppler Velocimetry (LDV) and Particle-Image Ve-
locimetry (PIV) have been used. Details on the application of LDV techniques to propeller flow
measurements at INSEAN are given e.g., in references [2] and [3], whereas PIV techniques are de-
scribed e.g., in [4] and [8]. In addition, references [9] and [10] present a comparison between LDV
and PIV methodologies.

The aim of these types of measurements is to provide a thorough investigation of the flow in the
slipstream of a propeller. In particular, the dynamics of the vorticity generated on propeller blades
and responsible for thrust generation can be described with high accuracy.

Velocimetry techniques like LDV and PIV allow to describe the propeller tip vortex flow, the slipstream
contraction downstream the propeller, and the interaction among trailing vortices shed by different
blades. The effect of viscosity-induced diffusion of trailing vorticity can also be accurately described.

Propeller flow measurements using LDV and PIV are described in the following two subsections. For
convenience, both a cylindrical coordinate system (z, 7, 6) and a Cartesian coordinate system (z, y, 2)
are introduced.

In particular, x is the longitudinal coordinate, aligned with the propeller axis and pointing downstream.
The propeller disc plane is located at x = 0. The coordinate z is vertical and pointing from bottom
to top, and y is defined in order to let (x,y,z) be a right-handed orthogonal coordinate system.
Radial and tangential coordinates r, 6 are defined on planes that are normal to the propeller axis
(transversal planes). The radial coordinate r is pointing from propeller hub to tip, whereas the
tangential coordinate 6 is clockwise oriented as seen from downstream and is § = 0 in the twelwe
o'clock position.

3.2.1 Propeller wake flow measurements using LDV

Laser-Doppler velocimetry has been largely used to characterize the the propeller wake flow through
measurements at the CEIMM cavitation tunnel.

Available data for non-cavitating propeller in uniform inflow are summarized in Table 4.

Velocity is measured on five transversal planes downstream the propeller. On each transversal plane,
measurement points are distributed on a polar grid.

INSEAN - Propulsion and Cavitation Lab Page 5
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flow conditions Uso =5 m/s, n=25rps (J =0.88)
(Uso measured by pitot-probe upstream the test section)
Measured region 5 transversal planes: z/R, = 0.20,0.65,1.15,1.65,2.15
spanned area: 0.25R, < r < 1.05R, (approximately)
Measured quantitities axial, radial, tangential velocity components
Derived quantitities root mean square (RMS) of axial, radial, tangential velocity
components

Table 4: LDV measurements of propeller wake (non-cavitating, uniform flow)

On the three planes closer to the propeller disk, /R = 0.20,0.65,1.15, a total of 2160 points

are distributed along 12 circumferences at radial positions between » = 0.25R, and » = 1.05R,
(R, =D,/2=113.635 mm).

On the other two planes, /R = 1.65,2.15, 1980 points are distributed along 11 circumferences at
radial positions between r = 0.25R , and r = 1.0R ..

In all five planes, 180 points are distributed on each circunference with constant angular distance of
Af = 2 degrees.

The LDV technique used allows to measure three components of the flow velocity:

U, [m/s]: total velocity in axial direction, positive if pointing downstream;
U, [m/s]: total velocity along radial direction, positive in direction of increasing r;

Uy [m/s]: total velocity in tangential direction, positive in counterclockwise direction as seen
from downstream.

Velocity values are obtained by averaging over a very large number of data samples. Specifically,
up to 103 pointwise raw data per propeller revolution are obtained, and acquisition is repeated for
several propeller revolutions. Sampled data are tagged with blade angular position and allocated into
angular slots of width Afg,; = 2°. Then, velocity values at a measured point identified by cylindrical
coordinates (z,,7,,0,), are obtained by averaging all data samples tagged into the angular slot
centered at 6, and delimited by 0, — 050:/2 < 0 < 6, + O5101/2.

Statistical analysis on measured raw data allows to determine mean values as well as root mean
square (RMS) values of the three velocity components. Mean value U, and RMS U, of the velocity
component U, are evaluated using the following definitions:

_ 1 Ns R 1 Ns — 5
U, = J\@;Ux"; U, = NS;\/(% ~U,)7, (2)

where Ny is the number of data samples tagged with each slot. Similar definitions apply for mean
values and RMS of velocity components U, and U..

The RMS of velocity components have an important physical meaning in that they represent velocity
fluctuations and can be related to the turbulent nature of the flowfield.

INSEAN - Propulsion and Cavitation Lab Page 6
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Figure 3: LDV measurements: distribution of u on transversal planes at varying axial distance

RMS
from the propeller plane (plane axial location increases from left to right, top to bottom).

After processing of raw data, all the three velocity components are made non-dimensional with respect
to the nominal inflow speed, U,,. Measured velocity field is then presented as non-dimensional
perturbation velocity components,

axial velocity: u, = (U — Ux)/Uso

radial velocity: u, = U, /Ux

tangential velocity: ug = Up/Uso

As an example, the distribution of u,,,; at all the five planes is presented here through contour
plots, see Fig. 3. The measurement grid is also shown in the Figures above.

Description of LDV data in the CD-ROM

In view of the large amount of data corresponding to LDV measurements of the propeller wake flow,
these data are collected into the INSEAN E779A dataset CD-ROM (see Appendix C) and are not
repeated in the present report.

INSEAN - Propulsion and Cavitation Lab Page 7
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Three different types of LDV data files are presented in the INSEAN E779A dataset CD-ROM. Raw
data are given in text files and layouts ready for contour plots using TECPLOT®10 are also given:

o files with extension " .dat"
formatted text files where raw data of measured quantities are stored. A TECPLOT®©10 header
is included. Each ".dat” files provides the following quantities:

— 'teta’, angular position 6, clockwise oriented as seen from downstream and zero in the
twelve o'clock position;

— 'r/R’, adimensional radial position r/R,,, pointing from propeller hub to tip;

— 'U’, non-dimensional total velocity in axial direction U,, and positive if pointing down-
stream;

— 'V, non-dimensional perturbation velocity in radial direction w,, (see above definition)
and positive if pointing from propeller hub to tip;

— 'W’, non-dimensional perturbation velocity in tangential direction ug, (see above defini-
tion) and positive in counterclockwise direction as seen from downstream.

— 'RMS(U)’, that represents the root mean square of axial velocity component, non-dimensional;

— 'RMS(V)’, that represents the root mean square of radial velocity component, non-
dimensional;

— 'RMS(W)’, that represents the root mean square of tangential velocity component, non-
dimensional;

o files with extension ".lay"
, TECPLOT®10 files created to present data in graphical format; these files read " .plt" files
in input;

e files with extension " .plt"
, TECPLOT® 10 unformatted, binary files; these files contain in a different format the infor-
mation contained in " .dat” files.

Using TECPLOT®10 layouts, the user should take care of adjusting contour levels when changing
the plotted quantity.

3.2.2 Propeller wake flow measurements using PIV

Particle-Image Velocimetry measurements of the propeller wake flow documented in the INSEAN
E779A dataset are summarized in Table 5.

Measurement planes (x,r,6,) are equally spaced in circumferential direction between 6y = 0° and
015 = 85°, with angular step A6 = 5°.

On each plane, measurement points are uniformly distributed on rectangular areas corresponding to
the interrogation windows that are processed in one step by the PIV set-up cameras (see details in [4]).
Throughout these windows, measurement points are equally spaced with Ax = Ar = .007189R ,,
corresponding to pixel size.

INSEAN - Propulsion and Cavitation Lab Page 8
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Flow conditions three values: J = 0.748,0.88,1.012

Measured region 18 longitudinal planes (x,r,#6,) at different 6,, locations (all
J values)
(spanned area: see details below)

Measured quantitities axial, radial velocity components

Derived quantitities root mean square (RMS) of axial, radial velocity components

vorticity component in the (x,r,6,) plane

Table 5: PIV measurements of propeller wake (non-cavitating, uniform flow)

A total of 45764 pixels distributed on three interrogation windows have been considered to study the
two cases J = 0.748 and J = 1.012, whereas 76276 pixels distributed on five interrogation windows
have been considered at J = (0.88. This corresponds to the following extension of the measured
regions on each plane:

o J=0.748 and J =1.012:
0.1225R, < x < 2.8022R,; 0.16R, < r < 1.05R, (approximately);

e J=0.288:
0.1225R, < x < 4.5824R ; 0.16R, < r < 1.05R, (approximately).

A small blank area is present between two successive interrogation windows. In addition, windows
are not exactly aligned, and a small shift in radial direction is present. Length of both axial and
radial shifts are of the same order of magnitude as the pixel size.

Pointwise velocity values are obtained as an average of the flow velocity within control areas whose
area equals the pixel size and are associated to measurement points that are defined as the centroids
of the control areas.

Acquisitions for each interrogation window are repeated to perform statistical analysis on data. Mean
values and root mean square (RMS) values of the following in-plane velocity components are then
provided (see description of LDV data elaboration):

e u,: non-dim. perturbation velocity along axial direction, positive if pointing downstream;

e u,: non-dim. perturbation velocity along radial direction, positive in direction of increasing r.

As a post-processing, also the in-plane vorticity component wy is determined by taking finite differ-
ences of measured velocity components u, and w,. Although vorticity wy is not a direct output of
measurements, it still represent a highly reliable information in that velocity data are provided on a
fine grid and hence numerical errors related to finite differencing of data from direct measurements
introduce a small error.

As an example, the distribution of u ,,, at a representative plane (6 = 0) is presented here through
contour plots, see Fig. 4.
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Description of PIV data in the CD-ROM

In view of the large amount of data corresponding to PIV measurements of the propeller wake flow,
these data are collected into the INSEAN E779A dataset CD-ROM (see Appendix C) and are not
repeated in the present report.

Similarly to LDV data, three different types of PIV data files are presented in the INSEAN E779A
dataset CD-ROM:

e files with extension " .dat”
formatted text files where raw data of measured quantities are stored. A TECPLOT®©10 header
is included. Each ".dat” files provides the following quantities:

'x/R’, non-dimensional axial position x/Rp, positive in downstream direction;
- 'y/R’, non-dimensional radial position /R, pointing from inner to outer radii;

— 'U/Uinf’, non-dimensional total velocity in axial direction U, /U and positive if pointing
downstream;

— 'V/Vinf', non-dimensional perturbation velocity in radial direction U, /U, and positive if
pointing from propeller hub to tip;

— 'RMS(U)/Uinf’, root mean square of axial velocity component, non-dimensional with
respect to U,

— 'RMS(V)/Uinf’, root mean square of radial velocity component, non-dimensional with
respect to Uxo;

— 'vorticity', in-plane vorticity component wy (this quantity is set equal to zero).

o files with extension ".lay"
, TECPLOT®10 files created to present data in graphical format; these files read " .plt” files
in input;

o files with extension " .plt"
, TECPLOT©10 unformatted, binary files; these files contain in a different format the infor-
mation contained in " .dat” files.

Using TECPLOT®10 layouts, the user should take care of adjusting contour levels when changing
the plotted quantity.

INSEAN - Propulsion and Cavitation Lab Page 10



INSEAN Technical Report 2006-085
Description of the INSEAN E779A Propeller Experimental dataset

-

j.d‘!.-' -

1 L 1
G 1

1
o
xR

Figure 4: PIV measurements: distribution of u ,,, on longitudinal plane § = 0° at different advance
coefficients: from top to bottom J = 0.748,0.88,1.012.
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3.3 Cavity pattern

The experimental investigation of cavitation on the INSEAN E779A model propeller represents a
major contribution of the present dataset. Experimental data include both uniform flow conditions
(discussed here below) as well as propeller in artificially-generated wake, as described in Section 4.
The experimental analysis of propeller cavitation has been performed at the ltalian Navy cavitation
tunnel (CEIMM, see Appendix B).

A complete characterization of cavitation phenomena over a wide range of propeller operating condi-
tions is achieved using high-speed camera visualizations combined with propeller loads measurements
and (only for unsteady flow analysis) propeller-induced noise measurements.

An advanced digital image processing technique is then used to provide quantitative information on
blade cavity location and extension. Details on the digital image technique are given in [14] and [15].

Considering a propeller in uniform inflow, different operating conditions are obtained varying both
the advance coefficient J and tunnel pressure. Two adimensional parameters are used here to define
pressure conditions: cavitation number o, based on propeller rotational speed, and cavitation number
oo based on freestream axial velocity,

:poo_pv

Poo _pv
, = Do "Dy 3
3p(nD)? ®)

On 1
3PU%

a0

In Eq. (3), poo and p, denote, respectively, free-stream pressure (measured upstream the tunnel
test section) and vapour pressure (referred to tunnel operating conditions). Recalling J = Uy /nD,
yields og = 0,/ J>.

Testing at different J and o, allows to investigate the effect of blade loading and field pressure on
cavitation, and a variety of two phase flow appearances are observed. This is reflected in Fig. 5,
where different types of cavitation observed are associated with corresponding flow conditions in
terms of J and o,,.

Typical cavitation trends of old-design propellers having low skew and loaded blade tip are recov-
ered. It can be noted that both bubble cavitation, attached sheet cavitation (partial cavitation) and
supercavitation is present. Vaporization occurs only on the blade suction side: no face cavitation is
documented. In most cases, the sheet cavity attached to the blade surface merges at the blade tip
with a vaporized region which developes into a cavitating tip-vortex. At relatively high pressure and
light loading conditions, leading edge cavitation is observed. Some streak cavitation occurrences at
very low pressure are observed at mid span. These features are likely related to local shape defects
at the blade leading edge of the aged model propeller used.

Among all the flow conditions observed, a representative number of cases have been selected and
described in detail in the present report. The following quantities are given:

e propeller rotational speed n [RPS], freestream velocity Uy, [m/s], advance coefficient .J;

e cavitation number o,,, Reynolds number Regrr = Co7rVo.7r/V;
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Figure 5: Map of cavitation types on the INSEAN E779A propeller.

e propeller thrust T, torque Q and corresponding coefficients K7, Kg;
e cavity area A (mean value and standard deviation, see Eq. (4));

e high-resolution pictures of blade cavitation.

Experimental results are given in the INSEAN E779A dataset CD-ROM (see Appendix C). Here,
some representative data are summarized in Table 6, and in Fig. 6.

Three values of advance coefficient, J = 0.83, 0.77, 0.71 are obtained by varying the inflow speed
whereas the propeller rotational speed is kept almost constant at 36 rps; the corresponding Reynolds
number Reg.7g is slightly varied between 1.60 and 1.62 millions (kinematic viscosity of water v =
1.01 x 1076 m?/s).

For each value of J, pressure is varied from non-cavitating conditions (highest o,, value) to strong
cavitation (lowest o, recorded values). Lower pressure conditions than those indicated in Table 6
have not been studied because of difficulty to achieve stable and repeatable conditions in the tunnel.

Cavity area is determined using the digital image processing technique described by Pereira et al.
in [14]. For each flow condition, a preliminary observation of cavity patterns on the four blades is
made and the blade presenting the most repeatable behaviour is chosen as the reference blade. This
allows to avoid measurement uncertainty related to differences among propeller blades.

Once the reference blade is tagged, about 150 digital images are taken and processed to perform a
statistical analysis on measured data. Cavity area mean value A, and standard deviation A are
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defined as (N, denoting the number of data samples):

i LN A LN —
A, = FZAC’”; Ao = FZ Y (Acn _Ac) (4)
S n=1 S n=1

Both mean values and standard deviation are then adimensionalized with respect to a reference area,
Ay, defined as the area of the propeller blade back side between radial section at /R, = 0.36 and
blade tip (Ao = 0.460R2.), see Fig. 6.
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Figure 6: Measured extension of sheet cavity on the INSEAN E779A propeller: cavity area
Ac is presented as a fraction of a blade surface reference area, Ag = 0.460Ri.

Propeller thrust and torque measurements performed at varying cavitation number allow to describe
cavitation-induced loads breakdown under very low pressure conditions.

Measured K, and K are corrected in order to take into account flow confinement effects in
the cavitation tunnel. Recalling the INSEAN E779A propeller model has R, = 0.11364 m, a
blocking factor b = TrR%)/Ammel = 0.11 is obtained. Under these testing conditions, a correction
of measured propeller loads to eliminate flow confinement effects is applied in the range of 2-3%,
or (Kr)ow. = 0.97 =+ 0.98(K7)tunnei- It is worth to stress that all the experimental data from
tunnel tests documented in the present report include such a confinement effect correction based on
approximated theoretical assumptions, see e.g., [11].

In view of the correction applied, K, and K, values at highest o, presented in Table 6 (corresponding
to cavitation-free conditions) are comparable to open water measurements at the same advance
coefficient presented in Section 3.1. Discrepancies between these two sets of data are motivated by
the fact that measurements have been obtained running the propeller model at different Reynolds
numbers. In particular, open water curves in Section 3.1 correspond to Re, = 5.49 x 10°, whereas
K, and K, values at highest o,, from Table 6 correspond to Re,, = 16.75 x 10°. In such a range
of variation of the Reynolds number, viscosity effects on measured propeller loads are not negligible,
as illustrated in Table 3 (see, e.g. [12]).
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4 Propeller in artificially generated wake

Recent experimental activity on the INSEAN E779A model propeller has been primarily devoted to
complete the characterization of the propeller flow considering non-uniform flow conditions.

Measurements include:

inflow to propeller

propeller loads

e cavitation patterns

pressure fluctuations

A major feature is that quantitative measurements of the cavity pattern on the propeller blades are
correlated with syncronized measurements of induced pressures on tunnel walls and in the slipstream.

As in the case of uniform flow studies, the facility used for this activity is the ltalian Navy cavitation
tunnel (CEIMM, see Appendix B), which is characterized by a relatively small test section.

A non-uniform inflow similar to the wake downstream of a single-screw ship hull has been simulated
using a wake generator. Two types of wake generators are typically used for similar applications:
wire screens and plate arrays. For the present activity, the second option was chosen. In particular,
a wake generation device was realized that follows closely the design described by Huse (1996) in
the recommendations notes of the International Towing Tank Conference on measurements of hull
pressure fluctuations [13].

The set-up realized at the CEIMM cavitation tunnel is sketched in Fig. 7. The wake generator device
is composed of five plates spaced 20 mm apart from each other and assembled together to form an
array 86 mm thick and 300 mm long. The rack is fixed to the ceiling of the test section, upstream
the propeller. A complete description of the wake generator and of the propeller set-up is given in
Appendix B.

The inflow to the plate-array can be considered as uniform. The wake generated by the plate-array
is measured using a LDV technique (see details in Pereira et al. [15]). In particular, the axial velocity
distribution is measured over a transversal plane upstream the propeller at a distance d = 0.52R
from the propeller disc plane. Two configurations are considered: without propeller (nominal wake),
and with propeller. In the latter case, the measured velocity field includes both the plate-array
wake and the propeller-induced perturbation (total wake). No information about the 'effective’ wake
incoming to the propeller is then available from the present dataset.

All the LDV measurements above are performed at atmospheric pressure, i.e., under cavitation-free
conditions.

The two measurements corresponding to upstream velocity Us, = 6.22 m/s and propeller rotational
speed n = 30.5 rps are shown in Fig. 8. Measurement points are distributed over a Cartesian grid
with some refinement in the region where maximum velocity defect is expected. Due to limitations in
the optical access, measurements are not given over a longitudinal stripe on the measurement area.
However, such portion is outside the area where the plate-array wake impacts the measurement plane.
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Wake generator

Figure 7: Sketch of the set-up with wake generator, propeller and pressure sensors: pressure trans-
ducers (P1, ..P4) and hydrophones (H1, ..H4).

Nominal wake Total wake

Figure 8: Axial velocity distribution by LDV in the wake generated the plate array. Nominal wake
(left) and total wake (right).

Thus, the information given by the LDV analysis is deemed sufficient to adequately characterize the
inflow to the propeller.

Figure 8 clearly shows that the plate array generates an intense axial velocity defect that is almost
constant within a large portion of the upper half of the propeller disc plane. An approximated
averaged value of the velocity defect is u,/Us = 0.60 in the nominal wake, and u; /Uy = 0.75 in
the total wake, where the propeller suction effect is present. The edges of the wake are very sharp
and hence high tangential and radial gradients of the axial velocity are expected.
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Testing conditions are adjusted to match thrust identity between propeller in wake field and single
propeller in uniform flow as described in Section 3. Specifically, the propeller in wake field is tested
at Uy, = 6.22 m/s and n = 30.5 rps, which corresponds to J = 0.897, and Reg7r = 1.40 x 106
(kinematic viscosity of water v = 1.01 x 1076 m?/s).

In the above flow conditions at atmospheric tunnel pressure, measured thrust on the propeller gives
K, =0.175, and KQ = 0.0334. From open water curves (towing tank data, see Section 3.1), such
loading condition corresponds to a 'thrust-identity’ equivalent advance coefficient equal to 0.85, i.e.,
Jow = 0.85.

Six different tunnel pressure conditions are considered, corresponding to:
e 09 =2.5,3.5,4.5,5.5,6.5,7.5.

For each flow condition, the following propeller cavitation observations and measurements are doc-
umented:

o freestream velocity U, [m/s], propeller rotational speed n [RPS], advance coefficient J
cavitation number o, Reynolds number, Reg 7R;

o.w.?!

e cavity area A¢ for 13 blade angular positions, with angular step of Af = 5° (mean value and
standard deviation, see Eq. (4));

e high-resolution pictures of blade cavitation;

e pressure signals from 4 pressure transducers flush mounted on tunnel walls and from 4 hy-
drophones immersed into the propeller slipstream (Fourier harmonics, see Eq. (5)).

Attached cavity area measurements are determined applying the same digital image processing tech-
nique used to study the propeller in uniform flow and described by Pereira et al. in [14]. As in the
case of the analysis in uniform flow, a reference blade (key-blade) is chosen in order to eliminate
uncertainty related to different cavity patterns on blades having (small) shape differences. Mean
values and standard deviation are calculated over a very large number of samples that are taken
when the reference blade is in the same angular position 6.

A total of 13 angular positions is then analysed: —40° < 6 < 20°, with A§ = 5°, and § = 0
corresponding to key blade in the twelve-o'clock position looking from downstream the propeller (see
Fig. 7). The angular position of the blade is referred to the blade reference line and is determined
through a practical technique in use during model testing that is affected by an uncertainty of + 1
degrees.

The distribution of cavity area mean value and standard deviation (see Eq. (4)) as a function of the
blade angular position 6 and of the cavitation number o, is plotted in Fig. 9.

Results in Fig. 9 show that cavity inception and desinence during a revolution occur outside the
analysed interval. It may be also noted that even at the highest pressure conditions, o9 = 7.5, a
small sheet cavity is present on the blade surface. As a consequence, fully cavitation-free conditions
are not documented.

Pressure measurements are performed using both pressure transducers and hydrophones. The set-up
is briefly described here, whereas more details are given in [15].
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Figure 9: Attached cavity extension (mean value and fluctuations) referred to blade angular posi-
tion 6: low tunnel pressure conditions (left) and high tunnel pressure conditions (right). Cavity area
Ag is presented as a fraction of a blade surface reference area, Ag = O.460Ri.

Four pressure transducers are flush mounted to the test section walls in correspondence of the
propeller disc plane, as indicated in Fig. 7. These pressure transducers are labelled as P1, P2, P3
and P4, and are respectively placed at 8 = 270°,0°,90°, 180°.

Next, four hydrophones are mounted on a vertical streamlined strut immersed into the propeller
slipstream, at distance /R, = 1.0 from the propeller disc plane (see Fig. 7). The four sensors are
labelled as H1, H2, H3, H4, and are located in a radial plane at distance, respectively, » = 80 mm,
r = 100 mm, r = 120 mm, and r = 200 mm. Sensors H1 and H2 are within the slipstream, H3 is in
the propeller tip-vortex region, whereas H4 is in a non-perturbed region and may be used to provide
background noise information.

Calibration of both pressure transducers and hydrophones have been performed as described in [15].
Pressure transducers output presents an error between measured and actual pressure levels that is
below 0.5% of the full pressure range that can be measured. Hydrophones measurement uncertainty
is of £1.5 dB re pPa in the range 10 — 80000 Hz, and a flat frequency response in the range
0.1 — 20000 Hz with uncertainty of —1.5 to +1 dB re uPa.

The pressure and noise signals are sampled at a rate of 100 KHz per channel and recorded for 30
seconds. At a propeller revolution speed of 30 rps, this corresponds to acquisition of one samples
from each sensor approximately every 0.11° of propeller rotation.

Raw pressure signals are then processed in the frequency domain and Fourier coefficients are deter-
mined. By this procedure, high-frequency components related to background noise are filtered.

Denoting by p(t) the time hystory of pressure recorded by any of the 8 sensors, the following equivalent
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representations in terms of truncated Fourier series are considered

Np,

p(t) = po(t) + ch cos(2mkf,t) + Spsin(2wkf  t); (5)
k;\zl

Bt) = Po(t) + > Apcos(2rkf t+ ép),
k=1

where f, = n = 1/T denotes the propeller revolution frequency and N, is the number of harmonics,
po(t) is the mean pressure averaged through a propeller revolution period, and

A = \/C} + S ¢r = —arctan (Si/Ch) . (6)

The INSEAN E779A dataset CD-ROM provides for all the 8 sensors a representation of quantity
p(t) — po(t) through coefficients Cy, Sk, and Ay, ¢y (with & = 1,...48, corresponding to Nj, = 48, in
Egs. (5)).

Using all the 48 coefficients, filtered pressure signals p(t) having a frequency content between about
30 Hz (propeller frequency, f,) and about 1460 Hz are obtained. Different filtering can simply be
achieved limiting the number of harmonics that are taken into account in the right-hand side of
Egs. (5).

In view of the large amount of data corresponding to LDV measurements of the propeller wakefield,
of cavity pattern and pressure signal measurements, the complete set of data is collected into the
INSEAN E779A dataset CD-ROM (see Appendix C).

For the sake of completeness, Fourier coefficients of pressure signals from the pressure transducers
P1 to P4 are shown in Fig. 10. Specifically, the amplitudes Aj of the first four Propeller Blade
Frequency (PBF) harmonics are plotted for six different values of the cavitation number oy.
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Figure 10: Pressure transducers P1, P2, P3, P4:
harmonics and 2.5 < g¢ < 7.5.
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amplitudes Ay from Eq. 6 for the first four PBF

INSEAN - Propulsion and Cavitation Lab

Page 22



INSEAN Technical Report 2006-085
Description of the INSEAN E779A Propeller Experimental dataset

References

[1]

2]

Bl

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

VIRTUE Project, Work Package 4. 'Review of Existing Datasets for Validation and Selection of
Test Cases.’ Deliverable D4.1.2, January 2006.

Stella, A., Guj, G., Di Felice, F. (2000). ‘Propeller Wake Flowfield Analysis by means of LDV
Phase Sampling Techniques. Experiments in Fluids, Vol. 28, pp. 1-10.

Felli M., Tamburini L., Camussi R., Guj G. (2006). ‘Analysis of the propeller wake evolution at
different blade number by LDV and high speed stereo visualizations. Proceedings of the 12nd
Symposium on Flow Visualization, Goettingen, Germany.

Di Felice F., Romano G.P., Elefante M. (2000). ‘Propeller wake analysis by means of PIV.’
Proceedings of the Twenty-third Symposium on Naval Hydrodynamics, Val de Reuil, France,
2000.

Di Florio, D., Di Felice, F., Romano, G.P, Elefante, M. (2001). " Propeller Wake Structure at
Different Advance Coefficients by means of PIV". Proceedings of the PSFVIP-3, Maui, Hawaii,
U.S.A., March 18-21, 2001.

Di Felice, F., Felli, M., Giordano, G., Soave, M. (2003). " Pressure and Velocity Correlation
in the wake of a Propeller”. Proceedings of the Propeller Shafting, Virginia Beach, Norfolk,
September 2003.

Di Felice, F., Di Florio, D., Felli, M., Romano, G.P. (2004). ‘Experimental Investigation of the
Propeller Wake at Different Loading Conditions by Particle Image Velocimetry.” Journal of Ship
Research, Vol. 48, no.2, June 2004, pp. 168-190.

Felli M., Di Felice F., Guj G., Camussi R. (2006). ‘Analysis of the Propeller wake evolution by
pressure and velocity phase measurements.’ Accepted for publication on Experiments in Fluids.

Felli M., Di Florio D., Di Felice F., Calcagno G. (2001). ‘Propeller wake visualization by laser
anemometry.’” Proceedings of the Sixth Asian Symposium on Visualization, Pusan, South Korea,
2001

Felli M., Di Florio D., Di Felice F. (2002). ‘Comparison between PIV and LDV techniques in
the analysis of a propeller wake." Journal of Visualization, Vol. 5, no.3, 2002.

Glauert, M. A. (1926). ‘The Elements of Aerofoil and Airscrew Theory." Cambridge University
Press, London, U.K., 1926.

Report of the Propulsion Committee. Proceedings of the 23rd International Towing tank Con-
ference, Vol. |. Venice, Italy, September 2002.

Huse, E. (1996). ‘Measurements of Hull Pressure Fluctuations.” In: Report of the Specialist
Committee on Cavitation. Proceeding of the 21st International Towing Tank Conference, Vol.
I. Trondheim, Norway.

INSEAN - Propulsion and Cavitation Lab Page 23



INSEAN Technical Report 2006-085
Description of the INSEAN E779A Propeller Experimental dataset

[14] Pereira, F., Salvatore, F., Di Felice, F. (2004). ‘Measurement and Modeling of Propeller Cavi-
tation in Uniform Inflow." Journal of Fluids Engineering, Vol. 126, July 2004, pp. 671-679.

[15] Pereira, F., Salvatore, F., Di Felice, F., Soave, M. (2004). "Experimental Investigation of a
Cavitating Propeller in Non-Uniform Inflow”. Proceedings of the 25th Symposium On Naval
Hydrodynamics, St. John's, Newfoundland, Canada, August 2004.

INSEAN - Propulsion and Cavitation Lab Page 24



INSEAN Technical Report 2006-085
Description of the INSEAN E779A Propeller Experimental dataset

A The INSEAN E779A model propeller

The INSEAN E779A is a four-bladed, fixed pitch, right-handed propeller, originally designed in 1959
for a ferry, and never built in full-scale.

Propeller geometrical characteristics are given in Tables 7 to 11.

Propeller diameter D, = 22727 mm
Number of blades Z =4

Pitch ratio (nominal) P/D,=1.1

Skew angle at blade tip 0" = 4°48' (positive)
Rake (nominal) i = 4°35" (forward)
Expanded area ratio EAR = 0.689

Hub diameter (at prop. ref. line) D, =45.53 mm

Hub length L, =68.30 mm

Table 7: Basic geometrical data of the INSEAN E779A model propeller.

The model propeller is bronze-made, the hub is tapered and suitable for testing with the propeller
driven from upstream. Boss diameter at downstream end is Dgf) = 38.3 mm, at a distance l(j) =31.9
mm from the propeller reference line; boss diameter at upstream end is D(:) = 50.9, at a distance
l%‘) = 36.4 mm from the propeller reference line. During model testing with propeller driven from
upstream, as in the case of cavitation tunnel tests, a boss cap is mounted downstream the propeller
boss. The cap has a parabolic profile, with maximum diameter equal to model propeller boss diameter
D(;f{l) = 38.3 mm, and cap length is equal to 43 mm.

The blade shape is defined through 11 radial sections between r/R, = 0.264 and r/R, = 0.9988.

Blade planform data are given in Table 8, where c is blade chord, =, . and 2, . denote, respectively,
distance of blade leading edge from blade reference line and distance of maximum thickness abscissa
from blade reference line; t,,,4, is the sectional maximum thickness. The propeller rake is positive if
backward (i.e., blade tip away from the ship hull). All quantities in Table 9 are nondimensional.

Blade sectional offsets are given in Tables 9 to 11. Specifically, 28 stations along the chord are
considered; chordwise abscissa £ is defined along the chord, with £ = 0 denoting section leading edge
and £ = 1 denoting section trailing edge. Sectional offsets of blade suction side (back) are denoted
by v, and sectional offsets of blade pressure side (face) are denoted by y,.. Offsets are measured
in millimeters and referred to a nominally flat face side: positive as well as negative values of face
side offsets and positive values of back side offsets are given.

Propeller blade drawings are given in Fig. 11: expanded outline (left) and developed sectional profiles
at correct pitch and rake (right).

Geometrical data described in the present Section have been obtained through a direct measurement
of the model propeller using a digital topometry technique. This approach is highly accurate and
hence geometrical data reflect the real shape of the propeller model, taking into account both
manufacturing and finishing details, as well as shape deviations from original design due to ageing
effects.
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r/R, P/D, ¢/D, x,,/D, twmew/D, =z, /c rake/D,
0.2640 1.11179 0.27838 0.16044 0.04033 0.17633 -0.00601
0.3520 1.12039 0.30799 0.17083 0.03124 0.10466 -0.01072
0.4400 1.12021 0.33571 0.18019 0.02565 0.08674 -0.01437
0.5280 1.11671 0.36001 0.18718 0.02119 0.06993 -0.01794
0.6160 1.11467 0.37666 0.18966 0.01672 0.10353 -0.02158
0.7040 1.11728 0.37841 0.18489 0.01293 0.03860 -0.02501
0.7920 1.11738 0.36335 0.16954 0.00967 0.01661 -0.02876
0.8800 1.11024 0.31704 0.13451 0.00626  -0.07573 -0.03267
0.9680 1.11789 0.19174 0.05974 0.00388 -0.18842 -0.03644
0.9900 1.12612 0.11574 0.01621 0.00328 -0.45992 -0.03756
0.9988 1.12612 0.04906 -0.02073 0.00185 -0.97258 -0.03835

Table 8: Blade characteristics of the INSEAN E779A model propeller.

120 ,
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Figure 11: INSEAN E779A model propeller drawings. Left: expanded outline; right: developed
sectional profiles at correct pitch and rake. Dimensions in millimeters.
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B Description of experimental facilities

Two facilities have been used by INSEAN researchers and technicians to perform the experimental
analysis collected into the INSEAN E779A dataset. Basic characteristics of these facilities are
described here below in some detail.

B.1 The towing tank

Open water propeller tests by INSEAN are usually performed in the towing tank No. 2. This is a
medium-size longitudial tank, whose characteristics are summarized in Table 12.

length: 220 m.
width: 9.0 m.
depth: 3.5 m., constant
maximum towing carriage speed: 10 m/s

Table 12: Main characteristics of INSEAN Towing Tank No. 2.

The tank is equipped with wave generators for both regular and non-regular wave patterns for
seakeeping and ride comfort tests. Main characteristics are: maximum wave length = 10 m, maximum
wave height = 0.5 m.

Open water propeller testing is performed mounting the propeller on a streamlined dummy model.
The propeller axis depth is 1.5 propeller diameters with respect to calm water free surface level.
Propeller rotational speed and towing carriage speed are varied in order to keep the Reynolds number
Reg.7r close to 5 x 10°, for model propellers of diameter 20-25 cm.

Propeller revolution rate is measured using an optical encoder. Thrust and torque are measured
using a REM H29 balance (max. thrust is 392.4 N, max. torque is 147.15 Nm).

B.2 The cavitation tunnel
Most part of the experimental activity documented in the INSEAN E779A dataset is carried out at
the Italian Navy cavitation facility (CEIMM), located in the area of INSEAN premises.

The tunnel, a Kempf & Remmers closed type circuit, has a 0.6m x 0.6m x 2.6m square test section,
with rounded corners of radius R, = 0.10 m. The resulting nominal cross section area is Ay, =
0.3514 m?2. Optical access to the test section is possible through large Perspex windows.

Main characteristics are summarized in Table 13.

Propeller testing can be performed using different devices:

e J15 dynamometer: only tests with horizontal propeller shaft are possible

e H40 dynamometer: propeller shaft can be rotated in a vertical plane

INSEAN - Propulsion and Cavitation Lab Page 30



INSEAN Technical Report 2006-085
Description of the INSEAN E779A Propeller Experimental dataset

test section width and height: Wiun = Hiyn = 0.6 m
geometric test section area 0.3514 m? (corner rounding R, = 0.10 m)
test section length: 2.6 m
nozzle contraction ratio: 5.96:1
maximum water speed: 12 m/s
maximum free stream turbulence: 2% (averaged)
0.6% in the propeller disc area
flow uniformity: 1% (axial vel.); 3% (vertical vel.)
minimum pressure: 0.07 atm
maximum pressure: 1.50 atm

Table 13: Main characteristics of the Italian Navy cavitation tunnel (CEIMM).

In both cases, the propeller is driven upstream. This configuration allows to easily test propeller
rudder assemblies.

The inflow to the tunnel test section has been characterized in order to determine the velocity
perturbation induced by the wake generated by the balance devices. At standard operating conditions,
the turbulence level of the inflow to the test section is between 1.5 and 2.0%. See [2] for details.

B.2.1 Description of wake generator for transient cavitation studies

Non-uniform flow propeller cavitation studies described in Deliverable D4.1.3 have been performed
using a wake generator represented by an array of thick plates mounted to the CEIMM tunnel top wall.
This kind of set up is described by Huse (1996) in the recommendations notes of the International
Towing Tank Conference on measurements of hull pressure fluctuations [13].

The wake generator is depicted in Fig. 12, whereas Figs. 13 provide details of shape and dimensions
of the wake generator and of its set-up within the tunnel test section. In bottom Fig. 13, the drawing
is qualitative and horizontal and vertical dimensions are not correctly scaled. Only indicated measures
are correct.

The tunnel has a test section with square cross section 600 mm wide, whereas the INSEAN E779A
model propeller has D, = 227.27 mm. Tunnel corners have rounding radius of 100 mm.

The wake-generator device is composed of five plates spaced 20 mm apart from each other and
assembled together to form an array 86 mm thick and 300 mm long. Each plate is 6 mm thick and
plate leading and trailing edges are rounded (with 6 mm round-edge diameter). The rack is fixed to
the ceiling of the test section, upstream the propeller.

The plates are 232 mm high and are hung to the tunnel ceiling through a a rack. The rack is
fixed to the ceiling of the test section, upstream the propeller. The thickness of the rack is 15 mm.
Considering that each plate fits into the rack 2 mm deep, the total height of the wake generator
including the rack is 245 mm.

There is an extra 30 mm spacer between the wake generator and the ceiling of the test section,
which puts the bottom of the wake generator at 275 mm from the top wall. Recalling the tunnel
test section is 600 mm high, the propeller/dynamometer shaft axis is 25 mm below the bottom
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Figure 12: Tunnel set-up with propeller and wake generator.

of the wake generator. The dynamometer shaft diameter is 45 mm. A fairing ring is fitted on
the dynamometer shaft in order to have a smooth transition from shaft diameter to propeller boss
diameter. The fairing ring length is 60.0 mm.

The trailing edge of the wake generator plates is located 101 mm upstream the propeller disc plane
(corresponding to axial location /R, = —0.89). The wake generated by the plate array is measured
59 mm upstream the propeller disc plane (corresponding to axial location /R, = —0.52).

INSEAN - Propulsion and Cavitation Lab Page 32



INSEAN Technical Report 2006-085
Description of the INSEAN E779A Propeller Experimental dataset

side view front view top plate
, 300 20 o
20
| I | 7 &
g W o e —
2 g =t —
)
——g@!z— E —@—% BN
i E Pl N
c @ )
0J __g_é_ - @_% el e e s i_ il
™ o T
o | | = o
@ & djiamefer 8.5 mm | :, =
I s
2 il 8 === e - —F -
: round edge with diameter 6 mm =
¢ & & IEi=i==lEE—
= || 14 I
o ] o L
30 | 90 | 150 | 20 gg .
KX A
126 mm =1.11R \
|
! s top plate c €
101 mm =0.8$1R ; | £ £
N 'K @ & Lg E
76 mm =0.67R o N
. &25 mm
BT |
: A |
1
12
'@
'a
‘0 flow
1@ 4—
=
1

59 mm =0.52R

Figure 13: Sketch of wake generator: details of plate rack (top) and set-up with propeller (bottom).
The lower drawing is qualitative and horizontal and vertical dimensions are not correctly scaled; only
indicated measures are correct.

INSEAN - Propulsion and Cavitation Lab Page 33



INSEAN Technical Report 2006-085

Description of the INSEAN E779A Propeller Experimental dataset

C The INSEAN E779A Dataset CD-ROM

Part of the data described in the INSEAN E779A dataset are provided through a CD-ROM that is
given as an annex to the present report.

Reflecting the different flow conditions described in the Report, the CD-ROM content is organized
through the following directory tree:

e E779A Geometry

— Standard tables and IGES file

e E779A Uniform Flow

— Open Water

— Slipstream Flow by LDV
— Slipstream Flow by PIV

— ET779A Steady Cavitation

*

*

*

Pattern Photo at J=0.71
Pattern Photo at J=0.77
Pattern Photo at J=0.83

e E779A Non Uniform Flow

— Inflow by LDV
— Unsteady Cavitation (J=0.90)

*
*
*
*
*

*

Pattern Photo at Sigma=2.50
Pattern Photo at Sigma=3.50
Pattern Photo at Sigma=4.50
Pattern Photo at Sigma=5.50
Pattern Photo at Sigma=6.50
Pattern Photo at Sigma=7.50

— E779A Pressure Fluctuations

*

Fourier Coefficients

e E779A Reports

All data are stored in files of different format:

e Text files (extensions "TXT' and 'COF’)
e MS-Office Excel spreadsheet (extension 'XLS’)
e Photoghaphs (extensions 'TIF' and "JPG’)

e Velocimetry raw data, formatted files (extensions 'DAT’)
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e Velocimetry contour plot files for TECPLOT® (extensions 'LAY' and 'PLT")

Reference should be made to the present Report to have a complete explaination of the meaning of
physical quantities provided, of conventions used etc.

INSEAN - Propulsion and Cavitation Lab Page 35



