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Abstract
The wake flow behind a ducted azimuthing thruster was investigated, both in open water
conditions and with the thruster placed under a schematical barge. Model tests were carried out in
stationary conditions. The propeller thrust and torque were recorded and the velocities in the
wake of the thruster were measured using a PIV (particle image velocimetry) measurement
system. The results of these measurements are used to validate and improve CFD calculations of
the flow in the thruster wake. The measurements and CFD calculations are important to help
understand thruster-interaction effects.
Detailed PIV measurements were carried out on the wake flow behind the thruster in open water
conditions. The PIV system used can measure 3D velocities in a plane, illuminated by a laser
light beam. The flow velocities were measured in a large number of cross sections at different
distances from the thruster. In addition, velocities were measured in a longitudinal plane at the
thruster centre line. An example of these measurement results is shown in Figure 1 below.

Figure 1 - Measured Velocities in the Wake of an Azimuthing Thruster
The PIV measurements provide a detailed image of the flow velocities in the thruster wake,
showing the axial velocities, as well as the rotation and divergence of the wake. The measured
wake velocities are compared with CFD calculations and the velocities described by an empirical
model.
Subsequently, PIV measurements were carried out for the thruster placed under a barge. The
measurement results show a thruster wake deformed by the presence of the barge above the
thruster, as well as by the bilge radius of the barge. The bottom of the barge forms a flat plate
above the thruster, clearly flattening the cross section of the thruster wake. In addition, the wake
flow along the bottom and the bilge radius of the barge results in a low pressure region, causing
the wake flow to diverge up as it flows from under the barge into the open water. This
phenomenon is known as the Coanda effect and was clearly visible in the PIV measurements.
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Introduction
During DP operations the effective force generated by thrusters can be significantly smaller than
would be expected based on the thrusters’ open water characteristics. This is a result of thruster
interaction with the hull, current and the wake of neighbouring thrusters. The understanding and
quantification of thruster interaction (or thrust degradation) effects is essential for an accurate
evaluation of the station-keeping capabilities of DP vessels.
At present, thrust degradation effects can be only quantified using data available from literature,
or by carrying out dedicated model tests. Published data, for example References [1], [2] and [3],
can indeed give valuable insights in interaction effects. However, the data are often too general
and therefore not directly applicable to the specific design under consideration. Model tests, on
the other hand, do provide detailed results, but they are relatively expensive. In addition, model
test results often only become available relatively late in the design process, making it difficult to
incorporate the results in the design.
Detailed visualisations of the wake flow of a thruster can give valuable insights in the underlying
physics of thruster interaction effects. Furthermore, they can be used for validation of CFD
calculations. Wake velocity measurements have been carried out in the past, using either pitottube measurements or LDV measurements, see for example Reference [1]. In the present paper,
the application of PIV for the measurement of wake velocities is discussed. The main advantage
of this technology is that a complete velocity field can be measured in a cross section, rather than
a velocity vector in a single point, as is the case with pitot-tube or LDV measurements.
The application of CFD calculations for the analysis of thruster interaction effects is started to
being used in recent years, see for example Reference [4]. At present CFD calculations for a
complete vessel hull with all its thrusters, may seem too complex due to the large computational
grids and long calculation times required. However, suitable modelling methods for the thruster
geometry and propeller blades may significantly reduce the requirements for the grid. Still, a
thorough validation of CFD models against measurement results is required both at model-scale
and at full-scale.
The advantage of CFD is that it can give insight into flow details, most of which are not directly
revealed in a physical experiment. However, an appealing flow picture is not enough to prove the
quality of the results and a thorough verification and validation study is necessary. To gather
validation material for the development of CFD models, model tests have been conducted using
Particle Image Velocimetry. In these test, the outflow of a thruster below various geometries has
been measured.
In the following chapters of this paper, first the validation/benchmark cases will be introduced.
Subsequently the PIV measurements and CFD calculations are discussed. Then the results of the
measurements, the CFD calculations and an empirical model are compared. Finally, some
conclusions are presented regarding the model tests and CFD results.
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Model Test Seet-up / Casee Descriptioon
A seeries of scalee model testss on an azim
muthing thrusster were carrried out in M
MARIN's Deeepwater
Tow
wing basin (D
DT) in Octobber and Noveember of 20009. The veloccities in the tthruster wakee and the
geneerated thrust force were measured
m
in a number off stationary conditions. Thhe followingg test setups were construucted to carry
y out the measurements.
1. Thrusterr alone in opeen water connditions
2. Thrusterr under a barrge
3. Thrusterr under a barrge with a schhematic ponttoon
Thesse test set-upps are descrribed in morre detail in thhe followingg sections, inncluding thee thruster
prop
perties and the instrumeentation. Allso the moddel test scoppe is summaarized, but the PIV
meaasurements arre described in the next chapter.
c

Thrruster alonee in open waater conditiions
The first set-up consisted
c
of the azimuthiing thruster iin open wateer conditions.. In the tests MARIN
Proppeller No. 58810 was usedd, with Nozzlle No. 1393. The propeller diameter is
i 100 mm. In
I Figure
2 beelow, the thruuster is show
wn in the tesst set-up in open
o
water conditions.
c
T
The completee thruster
was rigidly connnected to the basin carriagge through a 6-componennt force fram
me.

Figure 2 - Test set-u
up with Azim
muthing Thrruster Alone
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Thruster under a barge
The second set-up consisted of the same azimuthing thruster, but now built into a rectangular
barge. The barge measured 1000 x 1800 x 500 mm, with a draft of 380 mm. At one side of the
barge, a bilge radius of 50 mm was present. The bilge radius was modelled on an exchangeable
insert, which makes it possible to investigate the effect of the bilge radius on the flow of the
thruster wake. In the tests the propeller was placed at a distance of 300 mm from the side of the
barge, with the propeller axis at 85 mm below the bottom of the barge. In Figure 3 below, the test
set-up with the azimuthing thruster under the barge is shown.

Figure 3 - Test set-up with Azimuthing Thruster under a Barge

Thruster under a barge with a schematic pontoon
The third set-up consisted of the same barge with the azimuthing thruster, but now with a
schematic pontoon added, at some distance away from the barge. The schematic pontoon was
instrumented, so that loads resulting from the thruster wake could be measured. The investigated
flow conditions are similar to what can be found on a semi-submersible with the azimuthing
thrusters oriented in a transverse direction. The cross section of the schematic pontoon measured
300 x 1800 mm, with a radius of 25 mm at all 4 corners. The horizontal distance between the
barge and the pontoon was 900 mm. In Figure 4 below, the test set-up with the azimuthing
thruster, the barge and the schematic pontoon is shown.
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Figure 4 - Test set-up with Azimuthing Thruster, Barge and Schematic Pontoon

Instrumentation
During the model tests the following signals were measured.
•
•
•
•
•

Thruster RPMs and azimuth angle
Propeller thrust and torque
Total thrust force (6 components)
Total force on the barge (6 components)
Total force on the schematic pontoon (6 components)

Test scope
The test scope is summarized in the table below.
Table 1: Test scope for the various cases
Thruster
Thruster
barge
Thruster
barge
pontoon

under
under
with

Vertical / longitudinal planes
1D, 2D, 3D, 4D, 5D, 6D, 7.5D
1D, 2D, 3D, 4D, 5D, 6D, 7D, 8D, 9D, 10D,
12.5D, 15D
1D, 2D, 3D, 4D, 5D, 6D, 7D, 8D, 9D, 10D,
12.5D, 15D
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The velocities in the wake of the thruster are presented at planes as represented in Figure 5 below.
The strut of the thruster is located at x=0. The axis of the thruster is at the height z=-0.85D. The
end of the nozzle is positioned at x=0.67D. The near wake and far wake regions are defined to be
located in the regions 1D<x<4D and x>7D, respectively. Note that the bilge of the barge is
positioned at 7D from the strut of the thruster.

Figure 5 - Location of planes (red lines) in the wake of the thruster under a barge (black line).
The blue line denotes the water surface.

PIV Measurements
Particle Image Velocimetry (PIV) is a method to determine the velocities in a fluid. The flow
measurement with PIV is based on the measurements of the displacement (∆x) of a particle in a
target plane between two successive light pulses with time delay (∆t). The flow is seeded with
particles and the target plane is illuminated with a light sheet. The particle positions are recorded
by two special digital cameras. Special image processing software analyses the movements of the
group of particles in subsections of the PIV-image using correlation techniques. By using two
cameras in a stereoscopic arrangement the instantaneous three velocity components are derived in
the measuring plane.
MARIN acquired a DANTEC stereo-PIV system which has been operational since September
2009. The power of the lasers is 200 mJ and 4M CCD cameras are mounted inside the probe. In
all configurations the generation of the laser sheet and cameras are combined in one probe
guaranteeing one rigid structure. This system is designed to operate in MARIN’s Deep Water
Towing Tank. More details of this PIV system and the various aspects of performing PIV tests in
towing facilities can be found in Reference [5].
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Figure 6 - PIV systeem mounted under traveersing system
m
mpaign a soo-called asym
mmetrical seet-up was appplied as prresented in Figure
F
7
For this test cam
beloow.

Camerra 2

Cameera 1

Figure 7 - PIV systeem mounted under traveersing system
m
The laser sheet and target plane
p
are perrpendicular to
t the camerra probe. Caamera 1 obseerves the
targeet plane undder an anglee of approxiimately 22° and cameraa B has an oobservation angle of
apprroximately 552°. The centtre of the tarrget plane is located at 1.21
1
m from the centrelinne of the
cam
mera probe. The dimennsion of thee measurem
ment plane in
i this connfiguration measures
m
apprroximately 320
3 mm by 230 mm witth up to 120000 velocity measuremennt points wiithin this
field
d. For each plane,
p
200 setts of images (800 photos of 4M each)) were gatherred at a rate of 7 Hz.
The model testss consist of vertical meaasurement pllanes at variious locationns behind a working
thruuster. The oriientation of most
m of the measuremen
m
nt planes wass perpendicuular to the ou
utflow of
the thruster (seee Table 1). However, some
s
measurrement plannes were in line with th
he in- or
outfflow (see Figgure 1). Besiddes the meassurement plaanes at a fixeed longitudinnal location, two
t tests
weree performed where the PIV
P system -while
capturring photos- was moved at a low fixed speed
usinng the traverssing system. This way, a whole scan of
o the outflow
w can be maade in just onne test.
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Figure 8 - Measured Thruster Wake with PIV System (Barge not Shown for Clarity)
All tests were performed at zero speed with the carriage located in the middle of the towing tank.
The seeding was continuously injected into the water far in front of the thruster.

Results
For the analysis, an iterative averaged correlation method is used to determine the 3 dimensional
velocities. The averaged correlation was selected based on the robustness in case of low seeding
density. While the seeding of all 200 sets is used to determine the velocity vector, it requires
almost no validation steps. Besides the averaged correlation, a hybrid correlation (see Reference
[6]) method has been applied resulting is no significant difference. For the measurement with the
thruster under the barge, the barge is masked resulting in the horizontal boundary of the velocity
field for the 1D, 2D and 3D planes.
Open water

Thruster under barge

Thruster under barge and pontoon

1D

2D

3D
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7D

8D

10D

Figure 9 - Result of PIV measurements at different cross sections
With PIV, the velocity is determined for a plane. To obtain inside in the flow in a whole volume,
multiple measurements are required. As an alternative, the possibility to traverse the PIV system
during a measurement, is investigated. The traversing system can traverse with good accuracy at a
chosen velocity while the system is acquiring images. For the thruster under the barge, one run
was performed in which 1000 images were recorded, while the PIV system was traversing over a
distance of 1 m, starting at the thruster position. With the system at 7 Hz and a velocity of 7
mm/s, consecutive sets are taken at a 1 mm distance. For the analysis, 10 consecutive sets are
combined in an averaged correlation and the velocities are corrected for the velocity of the
traversing system. This way, 100 velocity planes - each for a slice of 1 cm - are obtained. While
the longitudinal plane perpendicular to the PIV planes is of special interest, the results of this
sweep are interpolated on this plane and presented in Figure 10. Because the measurement is
spread over a whole volume, the accuracy is less. In addition, the time interval between the two
pulses of the lasers is based on the highest velocity which is close to the thruster and constant
during the whole run. This means that this interval is not ideal for the PIV measurements further
away from the thruster. Overall, the insight obtained from this test is very valuable.

Figure 10 - Result of a single sweep measurement with the PIV system
DP Conference Houston

October 12-13, 2010

10

Hans Cozijn

Analysis of the Velocities in the Wake of an Azimuthing Thruster
using PIV Measurements and CFD Calculations

THRUSTERS

CFD Calculations
For the CFD calculations MARIN's in-house code ReFRESCO is used, which is a spin-off of
FreSCo, see Reference [7]. ReFRESCO solves the multi-phase unsteady incompressible Reynolds
Averaged Navier-Stokes (RANS) equations, complemented with turbulence models and volumefraction transport equations for different phases. The equations are discretised using a finitevolume approach with cell-centred collocated variables. The implementation is face-based, which
permits grids consisting of elements with an arbitrary number of faces (hexahedral, tetrahedral,
prisms, pyramids, etc.) and if needed h-refinement, which are also denoted by hanging nodes. The
code is parallelized using MPI and sub-domain decomposition, and runs on Linux workstations,
clusters and super-computers. The code is targeted, optimized and highly validated for
hydrodynamic applications exclusively. ReFRESCO has already been applied for several flows
typical for offshore applications. An example is the calculation of current loads on semisubmersibles and ships, see Reference [8] and [9].
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Computational domain, grids and settings
In the PIV measurements a thruster with D = 0.1 m, nozzle type N19A, tilt angle 0 degrees with
propeller is located 0.085 m under a barge with rounded bilge (R=0.05m) as presented in Figure
11. In the CFD calculations the barge has been extended toward the inflow boundary to improve
convergence by removing the separation zone located at the sharp upstream corner of the barge.
The influence of this simplification on the inflow flow field of the thruster should be investigated.

Figure 11: Computational domain for thruster under a barge
Steady-state calculations are carried out with ReFRESCO using the higher-order Quick
discretization scheme and the SST k-ω turbulence model of Menter, see Reference [10].
Automatic wall functions are used, i.e. a full boundary layer resolution approach when (y+<=1)
and the employment of wall functions when y+ > 1.
Even if the mathematical model would be perfect, the results of CFD still have numerical errors:
round-off, iteration and discretization errors. An impression of the variation of the discretization
error is obtained by solving the same flow problem on a set of systematically refined grids,
keeping everything else the same. Therefore, calculations are carried out using four grids with
systematic refinement. To avoid contamination of the results by the iterative error, the solutions
are properly converged on each grid.
The grid generation software package Hexpress, see Reference [11], is used to generate the
hexahedral unstructured grid. To be able to capture the wake of the thruster and the flow close to
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the thruster the grid is refined in the boxes indicated in Figure 12. In total, 4 different increasingly
fine grids were used in the present CFD calculations. The number of elements in each of these
grids is summarized in the table below.
Grid
1 (coarse)
2 (medium)
3 (fine)
4 (very fine)

# cells
2.7M
4.6M
8.5M
15.7M

Max y+
0.73
0.75
0.77
0.80

Figure 12: Grid refinement zones for thruster under a barge
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In Figure 13 to Figure 15 below, the grids 2, 3 and 4 for the complete thruster are presented.

Figure 13: Coarse mesh

Figure 14: Medium mesh

Figure 15: Fine mesh

Boundary and initial conditions
In Figure 11 the boundary surfaces of the computational domain are presented. At the inflow
boundary a very small constant uniform inflow velocity is imposed with the turbulence intensity
set to 1% and the eddy-viscosity ratio μT/μ set equal to 1.0. For the pressure a zero normal
gradient condition is imposed.
At the outlet a constant static pressure is specified equal to pref = 0 Pa and a zero normal gradient
condition is imposed for all flow quantities. At the sides and bottom of the computational domain
a free-slip wall boundary condition is imposed, i.e. the normal velocity is set to zero. At the water
surface a symmetry boundary condition is imposed. Lastly, at the barge and the thruster surfaces a
no-slip boundary condition is imposed.
The initial conditions for the calculations are defined in each computational cell by setting the
velocity equal to the constant uniform velocity of the inflow boundary, the pressure is chosen
equal to the reference pressure at the outflow boundary and the turbulence intensity and eddyviscosity ratio equal to the inflow boundary settings. From these conditions a steady flow solution
is immediately obtained using the higher order Quick discretization schemes. For the calculations
on grids 3 and 4 an initial flow solution is obtained by interpolating the solution obtained on grid
2 to the finer grids.

Actuator disk model
Instead of including the propeller as a material body, an actuator disk representation for the
propeller is adopted by applying a volume force distribution at the position of the propeller. The
information to be specified is the propeller position xprop, the propeller diameter R, the hub
diameter Rhub, the thickness of the actuator disk d, the pitch-diameter ratio P/D and the total
thrust. The actuator disk model is described in [12] and repeated here for convenience.
The radial loading distribution is fixed by a three-parameter model as:
̂,
̂
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where fx is the force in the axial direction. The three parameters m, n and a are to be suitably
chosen. Typical values for an open propeller are m=1, n=0.5 and a =1.0. The reference force F is
chosen such that together with the thrust coefficient τ the force distribution integrates to the given
total thrust.
In order to include swirl in the propeller slipstream, forces in the circumferential direction are
added to the actuator disk model by
;

;

where fθ is the force in the circumferential direction and P/D is the pitch-diameter ratio.

Results
To avoid contamination by the iterative error the calculations need to be properly converged on
all grids. A typical convergence behaviour using the coarse grid for the complete thruster under a
barge is presented in Figure 16. The peaks at 5,000 and 10,000 iterations are due to a restart of the
calculation. Presently, a sufficient convergence level of 4-5 orders in the L2 norm can be obtained
in 15,000 iterations. The forces on the nozzle have reached a steady-state level. For the
calculations on the finer grids the convergence is similar to as presented in Figure 16.

Figure 16 - Convergence of Residuals in the L2-norm Obtained on Grid 1 (coarse).
In Figure 17 the velocity in x-direction is presented in the plane y=0, i.e. the plane through the
centre axis of the thruster. Only very small changes in the wake can be observed when refining
the grid. In Figure 18 the velocity in x-direction in the wake of the thruster is presented at the
planes indicated in Figure 5. From Figure 18 it becomes clear that the velocity distribution in the
wake of the thruster does not change when refining the grid. This indicates that the obtained
solutions are relatively grid independent, which gives confidence in the obtained CFD results.
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Comparing the CFD results of Figure 19 with the PIV results presented in FF clear similarities
can be observed for the thruster under a barge. Even the asymmetry in velocity distribution the
wake of the thruster is visible in both the CFD as well as in the PIV.

Grid 1

Grid 2

Grid 3

Grid 4

Figure 17 - Solution for velocity in x-direction at planes y=0 for different grids. The thick line
indicates the contour with the axial velocity equal to 0.2 m/s.

x=1D

x=2D

x=3D

x=7D

Figure 18 - Solution for axial velocity at different distances in x-direction for different grids.
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Grid 4

x=1D

x=2D

x=3D

x=4D

x=7D

x=8D

x=10D

Figure 19: Solution for the velocity in x-direction at planes behind the thruster for different
grids. The thick black line indicates the contour with the axial velocity equal to 2m/s.
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Empirical Models / Previous Research
Besides thruster-interaction data, the work of Nienhuis, see Reference [1], also contains
information on thruster wake velocities. An empirical model for the velocities in the wake of an
azimuthing thruster in open water conditions is presented. This model is based on extensive series
of laser-doppler velocimetry (LDV) measurements on thrusters in open water conditions.
Furthermore, velocity profiles for the axial velocity in the wake of a thruster under a barge are
presented. These results are briefly discussed in the following sections.

Empirical model for the wake velocities in open water
According to Nienhuis' work, the flow behind the thruster can be described in two separate areas,
being the initial developing zone (x/D < 7-8) and the fully developed zone (x/D > 7-8). The wake
flow in the initial developing zone has a core with lower axial velocities (near the propeller hub),
surrounded by a higher velocity region (near the propeller blades). Close to the propeller, the peak
in the axial velocity is found at approximately r = 0.8 R. The wake flow in the fully developed
zone has a single peak, at the propeller centre line (r = 0). The flow pattern in the fully developed
zone resembles a swirling turbulent jet.
The maximum velocity Um and mean velocity Vj in the propeller wake can be described by the
formulas below, in case J = 0 (bollard pull condition).
0.805
.

2

Furthermore, the shape of the wake is defined by the non-dimensional parameters Rm (maximum
velocity radial position), Rh1 (inner half velocity radial position), Rh2 (outer half velocity radial
position) and Rj (jet radius). These parameters are shown in Figure 20 below.
5.0

Rh1, Rh2, Rm, Rj

4.0

3.0
Rh1
Rh2
2.0

Rm
Rj

1.0

0.0
0

1

2

3

4

5

6

7

8
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11

12

13

14

15

x/D

Figure 20. - Parameters describing the Width of the Thruster Wake
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Since Rm defines the radial position of the maximum wake velocity, the initial developing zone
includes all longitudinal positions x/D where Rm >0, while Rm = 0 in the fully developed zone.
Subsequently, the velocity profile is described as a function of the radial position r. The velocity
profile is assumed to be axi-symmetric. The shape of the cross section velocity profiles depends
on the longitudinal position x/D. In the initial development zone, the velocity profile shows two
peaks at r = Rm. In the fully developed zone, the velocity profile shows a single peak at r = Rm =
0. In Figure 21 below the velocity profile is shown at a number of longitudinal positions x/D.
1.50
1.25

U [m/s]

1.00

x/D = 1
x/D = 2

0.75

x/D = 3
x/D = 4

0.50

x/D = 5
0.25

x/D = 7.5

0.00
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

r [m]

Figure 21. - Thruster Wake Axial Velocities based on Nienhuis' Empirical Formulation
The above axial velocity profiles show that the maximum velocity in the thruster wake decreases
with the distance x/D from the propeller. Also the changing shape of the velocity profile and the
increasing width of the wake can be distinguished.
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Wake velocity profiles under a barge, as measured by Nienhuis
The LDV measurements by Nienhuis also included profiles of the axial velocity at a number of
longitudinal positions in the wake of an azimuthing thruster placed under a barge. An example of
these results is shown in Figure 22 below, which was taken from Reference [1].

Figure 22. - Example of Measured Axial Velocity Profiles by Nienhuis
The experiments included a number of different positions of the thruster under the barge, as well
as a number of different bilge radius values. The objective of the measurements was to investigate
the influence of these parameters on the vertical deflection of the thruster wake (Coanda effect). It
was found that the wake deflection increased for larger bilge radii and with an increasing distance
of the thruster from the side of the barge. Apparently, the longer the wake flows along the bottom
of the barge, and the smoother the transition from the bottom of the barge to the side, the stronger
the flow direction of the thruster wake will be affected.

Comparison of Results
In this chapter the results from the present PIV measurements are compared with wake velocities
from an empirical model (thruster in open water conditions) and with CFD calculations (thruster
under a barge). The velocity profiles are presented in the following sections.

Measured and empirical wake velocities for a thruster in open water
In Figure 23 below a comparison of the axial velocity profiles from the PIV measurements and an
empirical model is presented. The axial velocity profiles of the wake of a thruster in open water
conditions are shown, at axial positions x/D between 1 and 7.5.

DP Conference Houston

October 12-13, 2010

20

Hans Cozijn

Analysis of the Velocities in the Wake of an Azimuthing Thruster
using PIV Measurements and CFD Calculations

THRUSTERS

1.4000

1.2000

1.0000

U [m/s]

0.8000

Nienhuis, x/D = 1
0.6000

PIV, 1D

0.4000

0.2000

0.0000
0.0000

0.0500

0.1000

0.1500

0.2000

r [m]
1.4000

1.4000

1.2000

1.2000

1.0000

1.0000

0.8000

Nienhuis, x/D = 2
0.6000

U [m/s]

U [m/s]

0.8000

Nienhuis, x/D = 3
0.6000

PIV, 2D

0.4000

0.4000

0.2000

0.2000

0.0000
0.0000

PIV, 3D

0.0000

0.0500

0.1000

0.1500

0.2000

0.0000

0.0500

r [m]

0.1500

0.2000

r [m]

1.4000

1.4000

1.2000

1.2000

1.0000

1.0000

0.8000

0.6000

U [m/s]

U [m/s]

0.8000

Nienhuis, x/D = 5
PIV, 5D

Nienhuis, x/D = 7.5
0.6000

0.4000

0.4000

0.2000

0.2000

PIV, 7.5D

0.0000

0.0000
0.0000

0.1000

0.0500

0.1000

0.1500

0.0000

0.2000

0.0500

0.1000

0.1500

0.2000

r [m]

r [m]

Figure 23. - Measured and Empirical Wake Velocity Profiles in Open Water Conditions
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The above graphs show a good agreement between the empirical model and the PIV
measurements for the longitudinal position x/D = 1 (very close to the thruster). However, with
increasing longitudinal position x/D the agreement gradually becomes less accurate. The
empirical model appears to exaggerate the width of the wake Rj. Possibly, the width and shape of
the thruster wake are dependent on the geometry of the nozzle, which would explain the
differences found here. Also, it is noted that quite a lot of scatter can be observed in the original
measurements on which the empirical model was based, see Reference [1]. Future CFD
calculations will investigate the effect of nozzle geometry on the shape of the thruster wake.

Measured and calculated wake velocities for a thruster under a barge
In Figure 25 below the axial velocity profiles obtained from PIV measurements for the thruster
under a barge are shown. The profiles are plotted for axial positions x/D = 1, 4, 7 10 and 15.

Figure 24. - Measured Wake Velocities for a Thruster under a Barge
The velocity profiles clearly show similar behaviour as presented in the example in Figure 22. As
the thruster wake flows along the barge hull, the wake deforms (compared to the flow in open
water conditions) and attaches to the bottom of the barge. As the wake flows into the open water
it is deflected upwards, due to the Coanda effect.
Figure 25 on the next page shows a comparison of the axial velocity profiles obtained from PIV
measurements and CFD calculations. Presented are the wake velocities of the thruster under the
barge, at axial positions x/D between 1 and 15, as indicated in Figure 5.
The graphs show a good overall agreement in the mean velocity from the PIV measurements and
the CFD calculations, even at large distances from the thruster. This may indicate that there is no
significant numerical dissipation in the CFD calculations.
Some differences can be observed in the shape of the velocity profiles. At cross sections near the
thruster (x/D = 1-5) the two peaks in the velocity profile are more pronounced in the PIV
measurements. Furthermore, in the PIV measurements the extreme velocities appear to be at a
radial position r ≈ 0.8R, while the CFD calculations show the velocity peaks at r ≈ 0.7R. These
differences may be explained by the radial thrust distribution that was applied in the actuator disc
model. The parameters used in the present calculations are valid for an open propeller, but might
be less suitable for a ducted propeller. It is expected that a modification of the radial thrust
distribution will result in a closer agreement between the measured and calculated axial velocity
profiles in the initial development zone.
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Figure 25. - Measured and Calculated Wake Velocities for a Thruster under a Barge
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For cross sections further down-stream (x/D = 7-15) the correspondence between PIV
measurements and CFD calculations seems to be increasingly accurate. Some differences can be
observed near the barge hull, where the measurements show somewhat higher axial velocities.
This difference is most likely caused by the differences in the axial velocity profiles that already
exist at longitudinal positions very close to the thruster (x/D = 1-2). More accurate results are
therefore expected when an improved radial thrust distribution is applied in the actuator disc.

Conclusions
In the present paper the wake flow behind an azimuthing thruster in open water conditions and
under a schematical barge was investigated. The results of PIV measurements, CFD calculations
and an empirical model were presented. Based on this work, the following conclusions can be
drawn.
The measurement results show that the new PIV system is capable of recording the velocity field
in the propeller wake, with a level of detail that was not possible before. The development of the
shape of the wake is clearly captured in the measured velocity profiles. Also, the deflection of the
thruster wake, due to the presence of the barge hull and its rounded bilge (Coanda effect), is
clearly visible. The measured data are extremely valuable for the validation of CFD calculations.
The results of the CFD calculations show that a grid independent solution can be obtained for the
velocity in the wake of a thruster under a barge. This gives a good confidence in the verification
of the CFD calculations. When comparing the CFD results with the PIV measurements it is
concluded that an encouraging correspondence between the measured and calculated results is
found. No effects of numerical dissipation are observed in the CFD results. It is expected that the
correspondence can be further improved by modification of the radial thrust distribution in the
actuator disk model. This aspect needs to be investigated further.
The measured velocities in the wake of a thruster in open water conditions were compared with
the velocities predicted by an empirical model. The comparison was only accurate at locations
very close to the thruster, while the accuracy gradually decreased further down-stream. The
empirical model over-predicted the width of the thruster wake. A possible explanation is that the
shape of the wake is dependent on the nozzle geometry. This effect of geometry on the shape and
width of the thruster wake should be further investigated in future PIV measurements and CFD
calculations.
PIV measurements and CFD calculations are exciting new tools to quantify and visualise the flow
in the wake behind a thruster. These techniques offer possibilities to increase the understanding of
the physics of the wake flow, as well as the physics of thruster interaction effects. Their
applicability, accuracy and limitations will have to be further investigated, also for more complex
configurations than those presented here. In addition, measurements and calculations at full-scale
are necessary to investigate possible scale effects.
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