Fourth International Symposium on Marine Propulsors
s mAS) Austin, Texas, USA, June 2015

Investigation of the propeller slip stream over an Azipod propulsor by
PIV measurements and CFD simulations
Andrei Korsstran 1, Pasi Miettinen!, Satu K. Haninen 2, Keijo Hanhirova®

1 ABB Marine and Ports, P.O. Box 185-60981 Finland
2 Department of Applied Mechanics, School of Engineering,
Aalto University, PO. Box 12200, F100076 Aalto, Finland.
Presently: VTT Technical Research Centre of Finland,
P.O. Box 1000, FD2044 VTT, Finland
3 Department of Civil and Structural Engineering, School of Engineering,
Aalto University,P.O. Box 1210Q FI-00076 AaltoFinland

1 ABSTRACT PIV measurements fiaearlier been usedor instancewhen

In the following study the possibility to simulate the propellemvestigating the flow field from the propellewer a rudder
slip flow over a pod propulsor hdsen investigated. The (for instance Fellet al 2011) but noto our knowledgdor a
slipstream can be investigated either through measuresmepbd Additionally, the slip stream of a propeller has been
or by calculationsSince he measurements tdo be done in  compared to URANS calculations by Roosenboetral.
model scalall the comparisons kabeendonein that scale (2009)

For this study a pod unit with a working propeller wag CONDI Tl ONS
experimentally investigated using the particle image The investigations were made over the Azipod ahitwo
velocimetry (PIV) method. This was done at two differentlifferent advance ratios (0.8 and Od¥fined by Equatiof
advance ratios. The same conditimas theninvestigaed 1). Here the rotation ratén) was 15Hz and the propeller
both with a boundary element method (BEM) and UnsteadijameterD approximately 230 mmEquaton (1) was used
ReynoldsAveraged NavieStokes (URANS) calculations. then to define the inflow speed to match dadance ratio

In the URANS approach both SST (Menterwkand b O, (1)
Reynolds stress transport (RST) turbulence models were €0

used. The RST model takes irdocountthe anisotropy of rq. e setugthe Reynolds number
turbulence. .
From the calculation methods there are clear differences in Y, of - mYC" £,
the approach. The BEK&s its unknowns on the surface only

and computes field quantities as a postcessing stef.he I —
URANS on the other hanéhcorporates alculation cells — '
between the calculation surfaces and the plane of intere ' .
and hencetakes into account the volume of tigid. ‘ ‘

(2)

Keywords
Pod propulsorParticle Image Velocimetry PIV, Boundary /
Element Method BEM, Unsteady Reynoldéveraged e e
NavierStokesURANS A l l

2 I NTRODUCTI ON

In internal studies at ABBt has been concluded that we car L. _
achieve a suitable accuracy in regaxpropeller thrust and
torquearound the design point, with the BEM and URANS ""‘.‘
calculations. However, to catch the rotational energy lostt | | —
the motion of the propeller an interest has grown in how wen © =~

the slip stream from the propellean besimulated over the Figure 1Measurement planes along the Azipod body
Azipod housing The cgoability of the numerical methods to
do this is studied by comparing the numerical results with t
experimentatesults given by IV measurements.

P2

yas 5.4 and 5.51C over the 0.7 radius chord (&s the
kinematic viscosityvasn = 1.1410°6 m?/s.



The unit was located in a uniform inflow which correspondebject coupled through the induction velocities from one

to an open water condition. The slip flow was investigated
four locations alonghe propeller axis of the unifjgure J).

3.1 Anal ysi s
All the methods, have different grids in the planes where t

abject on the other. The rotationahnd the dtionary
calculation are both independent routines, taking the
induction velocity from the other object into account in the

rilréflow velocities. So the result from the rotational routine is

results are compare@io compensate for this the results werdn® trailing wake from the propeller, which does not take into

first interpolated to the same nodes define&igure 2 The

accaint any components behind the propeller and therefore

axial velocity component (along the propeller axis) wa3'0Ves right through them.

comparedht the nodes of thegen mesh with a contour plot.
The velocity vectors for the cross flow, i.e. vectors shown
the current planayeredrawn at the dots shown Figure2,

For the present computations a prescribed geometry of the
imailing wake has been used in which the pitch and
contraction are prescribed using empirical formulations

where theéwo largerblack circles represent the propeller andlependingon pitch, advance ratio and skew. The influence
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Figure 2 Grid used in comparisons

the hub Additionally, the direction othe inflow for the fins

wascalculated from the horizontal cross component and the

of the stationary body is taken into account by modifying the
ship wake field.

On the other hand the stationary calculation takes into
account the induced velocity components computed at its
collocation poing of the stationary objecHowever, the
stationary calculation does not show the result from the
rotational calculation in its outpuitn orderto investigate a
flow field at a specified location, the field has to be calculated
by both the rotational andhe stationary routine and
combined by assuming it to be the sum of the induction
velocities of the two objects.

42 Unsteady RANS approach

Unsteady Reynoldéveraged NavieStokes (URANS)
sliding mesh approach is applied here. Commercial CFD
code StarCCM+version 9.02.005is used.In URANS
approach anadditional term, Reynolds stretﬂsnsorﬂ< is
added in the momentum transport equation (StarCCM+ 9.02
User Guide)

axial component at the blue wu' v ou'w 6 and(5}2

usingEquation(3)
L o abie, (3)

L=—pvV' = =Py v v

w'w v w'w

where v and u are the vertical and the horizontal components,

respectivelyFurther the calculated flow fields are compare

d&ddy viscosity model uses turbulent viscosityo model the

to the measured field. As the data is interpolated to the saf@ynolds stress tensor:

grid, the differences in the nafimensional velocity
components can be compareith Equation(4), wherei
refers to the coordinate directiomquestion

w0 "6 P (4)
4 ME T HGD

41 Boundary EIl ement Met hod
The boundary element method was developed within t

Cooperate Research Ships (CRS) and the main focus i

been on propeller calculations. However, with the softwa
in question (Procal) a functionality to calculate propulsio
units consisting of both rafiag and stationary parts has bee

R
T = ZurS—%{us-\#pf;}I (6)

t

whereS s the strain tensor:

1 (7)

S =2(Vv+ V\-‘T)

2|

he
k is the turbulent kinetic energy. SST (Menter) k

Ixgturbulence model is used for solving additional transport
guations for turbulent kineticenergy and specific
issipation ratew that enable turbulent viscosity to be

incorporated. In regards of the pod it means that it is &grived.
iterative calculation between a rotating and a stationary

ooC



By solving all the components of the Reynolds stress tengbe Azipod. The tubes, which support the housing, were
J,| JReynolds stress transport (RST) model is used foequipped with freely rotating streamlined profiles (C) in
accounting effects of turbulence anisotropy, streamlinerder to prevent generation of von Karman vortex shedding
curvature and rapid changes in the strain rate. The R#8Tat could cause vibtians of the housing. The model of the
models are the most complex turbulent models in StarCCMAzipod was equipped with turbulence stimulator strips
since seven additional equations must be sb{egempared behind the propeller and behind the leading edge of the strut.
to two equations in the SST (Menterywkmodel). Six
equations are needed for Reynolds stress tensor and (
model equation for the isotropic turbulent dissipagon

Figure 3Mesh resolution on pod and propeller surfaces.

Figure 4 Measurement setup.

Rotating propeller region is meshed with polyhedral cells an
prism layers ad stationary pod region with trimmer cells and-IHhe laser ilew Wave Researrrﬂlouble pulse) was Ioc_:ated
bove the underwater housing. The laser beas first

prism layers.Figure 3shows mesh resolution on pod andf

propeller surfaces. Total number of cells in the simulatioﬂ',reCted into the sheet optics down the forward tube (D in
domain is approximately 6 million. Figure 4 and then to the measurement area through an

opening on the side of the forward section of the housing (E
4.3 Experimental approach 19735

431l nstrumentation b
The experiments were performed in the towing tank of tr

Department of Applied Mechanics of Aalto University. The |
velocity field around the model of the Azipod unit was&| 4
measured using a LaVision ster@d/ system. P

1077,24

The velocity field was meared at far measurement planes
(Figure 3. At each plane, the measurement was repeated
six blade positions for two advancatios In order to get a
sufficient number of pictures (about 280), each test run wi
thetowing carriagevas repeated two dhree timesDue to
the applied measurement setup, only port side of the plar
oneandtwo could be measured, because the pod lelidolat
the view of the starboard side of the plane. Therefore, tl
flow field around the symmetric pod was captured b )
repeding the measurements both with the righbd left Figure 5 Underwater housing

handed. versions of the propeller. Furthermore, the velocity Figure 5. Two cameras (double frarmagerpro 4N and

field without the pod was measured in order t0 g§bnses (Cano&0 mm f1.4) equipped with Scheimpflug plane
information on the false velocities e.g. due to optical effectgs tocus adjustment mechanics were located in the aft section
Figure 4gives an overall @w of the measurement setup. Thef the housing (F and G figure §. The measurement was
Azipod unit was supported by the towing carriage below asynchronized with the rotation angle of the propeller using a
underwater horizontal plate (A) that prevemtwave triggering device attached the axis of the electrical motor
generation in the vicinity of the Azipod. The underwaterunning the propeller. The seeding system was located about
housing (B inFigure 4and detailed in Figures) with the 20 propeller diameters in front of the Azipod and fed the
cameras and the sheet optics was located on the port side of




mixture of hollow glass spheres with a diameter-df 8 ¢ frhe URANS results are generally calculated with the k
and water (volumetric ratio of roughly 10@)the flow. turbulence model,»eeptin 5.1.2where the impact of the
The system was calibrated using a standard 20 by 20 frbulence model is investigatesince the aim of the study
calibration plate of Type 20 from LaVision The Was to compare the 'accuracy.of the calculateo! mme
measurements were performed wilRaVis 7.2 imaging measurepi'alue, the difference is shown, where it yielded the
software. clearespictureof the case (P1 and P2).

432Anal ysis of the experimentarf'?‘ djla?g’mépl) . o

The first part of the analysis was performeithvDaVis 7.2 The strut of the pod has an influence on the velocity field so
imaging software. Each image was processed with the sterdd PV measurements were concentrated on the upper part
PIV crosscorrelation routine. A multpass routine was ©f the propeller disc. This is also clearly seen in the
applied so that the crossrrelation routine staetl with a cOmparisons as the lower part of tirepeller disc is missing
larger interrogation window (size 64 tis@4 pixels with 75 51.1Aver age flow field

percent overlap) to get an initial guess for the velocity fieldn the figuresthe contour plot represents the difference in
and usd a smaller window (32 times 32 pixels with 50the axial component and the scale is limited &D*46 of the
percent overlap) to resolve the final velocity field. Theneasuredeasult due to this limitation the extreme values are
double pass was performed for both window sizes. Thi®t shownas coles, but indicated by the contours in the
analysis was repeated for altlividual measurements at eachhomogeneous color field. The vectors represent the change
blade position and resulted in sets of instantaneous thr@ethe plangn question The scale of the vectors is shown by
dimensional velocity fields. The result at one blade positiahe red line in the uppeight corner which represent 10 %

is the average velocity field of these sets. The average of ttifference

velocity fields at different blade posihs gives the time
averaged velocity field for the measurement plane i
guestion. 1

The second part of the analysis was performed with Matla 04

First, each velocity component was corrected by subtractil 08
the corresponding component of the velocity field (ection 04
field) that was measured without the poBefore the 0.2
correction, the advance velocity had been subtracted frc 0

axial velocity component of the correction field. In addition 02
the distribution of each component of the correction field we 04
smoothenea@nd the correction field was interpolated using . 0B
spline interpolation to the same points where the flow fiel 038
around the pod was measured. Finally, the results of the le -1
handed propeller were mirrored to the starboard side of t
measurement plane andrabined to the results of the right
handed propeller to produce a complete flow field.

Figure 6 Differencein average velocity fields between BEM ai
4330n the wuncertainty of the PpPVatPl

The measurement setup includes several sources

uncertainty that relate both to mechanical and optical detaifsgure 6 shows the difference between the velocities
One soute of the uncertainty is a probable difference in pitchalculated with the BEMompared to the velocity measured
settings between the lefand righthanded propellers. The with the PIV method.

effects of some sources were minimized by the analysis. The

choice of a high (75% instead of 50%) overlap of the

interrogation window in thérst pass of the analysis reduces

the uncertainty caused by vibration of the Azipod unit during

the measurements. The subtraction of the correction field

reduces the uncertainty caused by the optical sources.

5 RESULTS

The results are studied @plane ata time. Since the first
plane (P1lin Figure 1) behindthe propeller hasthe most
rotational energy left ant closes to the influence of the
change in the flow fig, most of the comparisorsetween
theresults of the applied methodgepresentedhn that plane.



Figure7 shows the same difference, but in this case betwe#re inflow velocity toexpressthem ina nondimensional

the URANS result and the PIV measurement. form, the red line in the uppeight corner represents 10 %
of the inflow velocity and shows the scalithe vectors. The
Delta k-w measurement results show quite strong vortices at the sides
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Figure 7 Difference in average velocity fields between URAN Inflow angle [deg]

and PIV at P1 CGECOOA w )T A& T x AiCiA AO pc
Based orFigure 6and7, the trendin the velocitiess quite  5f the motor tube andso a strong presence of the-tiprtex
well predicted both with BEM antdRANS (general trend \yhen tken into account the strength of the-igrtex in
yvithin 159%). Figure 8 showani_nﬂuence of_the strut, which Figure § the lack of difference in the vectors in tieregion
is _also caught by thg calculatioas there is an even color;, bothFigure 6and7 indicates thathis regionis also caught
di stribution at the 1ahd7°|ﬁcb|yfhé3c5|cu|8tf6rfs.' tion in Figures
the lower part of the measurement plane there is a velocit i
step (Figure 8), not due to the fin, but due to adifferencesjﬁ?_ure 9shows he inflow an 9 l'e at the
results between the right and left handed propellers. Thi ich V‘,’OUId correspond to the strut leading edge, the
measurement discrepancy can also be seen in Figure 9, wﬁé NSis rea_lly close to_ thaverageP|V megurement. The
the inflow to the strut is shown. The dotted line represent t M calculation has slight under prediction compared to
results from the left handed and the dashed from the ri measurements.
handed propeller. The solid line for the PIV results is thel.2l nst ant aneous flow field
average of the two. To investigate the instantaneous flow fidltree URANS

iy calculations were donene with the kw model and twavith

z the Reynolds Stress rdnsport model, both linear and
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Figure 8 Nordimensional velocity measured with PIV at P1

Figure 10 Difference in the instantaneous velocity fields

Figure 8shows thenon-dimensional velocity measured with between kw turbulence model and PIV at P1.

the PIV method at planene The velocities are divided by



guadratic. (In the averaged flow field there was no significameasured by PIVThere are also larger differences in the tip
difference depending on the turbulence model). region as the BEM daenot calculate the tigortex, only the

Figure 10, 11 and 12 show that both turbulence models givglocities at the blade surface.
instantaneous results, which are close to each other. Th~
results in the upper partf ¢the propeller disc are slightly

closer to the measured results in RST models, both for t 1

Delta BEM

axial velocityand vectorontheplane (I 2 o6 cl oc | 08
of the URANS calculations catch the swirls at the sides of ti 06
motor tube, hence the figure show ampounced difference 04
between the computed and measured results in the area 02
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Figure 13 Difference in velocity fields between BEM and PIV
P1

513Hi gher advance ratio

To compare the behavior at a slightly less loaded condition,
. . . , ‘ the same testand calculations were performed at a higher
K 05 0 05 [ - advanceatio of 0.9.

Figure 11 Difference in the instantaneous velocity fields

between linear RST turbulence model and PIV at P1. - BE
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Figure 14 Difference in average velocity field between BEM
and PIV atJ = 0.9 at P1

Figure 12 Difference in the instantaneous velocity fields

; Comparing the BEM results for the two advance rafitires
between quadratic RST turbulence model and PIV at P1.

differences in relation tothe PIVresuls (Figure 6 and 4),

and 9 ob6bcl ock positions. anzfl W%nfluegqe Pfiihg ?trHtriF'(?eét%r CaLtgfg ‘W Eb% Iﬂwert h

turbulence models are so small that this does not justify usiﬁgvance number. But the area at the sides of the motor tube

the more timeconsumingRST models IS, to the contrary better caught with the higher advance

. number.
Figure 13 shows that the BEM results have a larger

difference comparedto the experimental resultsath the Due to thesmallerswirl in the mea;uremer;@e_URANS
URANS resultsAs seen in the average flow figldigure 13) resuts are als@omparablybetter (Figure 15)Similarly the

the axial componengiven by BEMis slightly larger than velocity vectors at the tip also seem to be better predicted
especially in the 9 o0b6clock
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Figure 15Difference in average velocity field between URAN.  Figure 17 Difference in average velocity field between BEM
andPlvVatP1latJ=0.9 and PIV at P2t J = 0.8

Regarding the inflow angléFigure 16), the measurements the sidsof the motor tubeSimilarly the vectors start to grow
are influenced by the boundary layer around thmotor, which indicates that théifferencein the planar velocity
otherwise the values are about the saseforthe lower between the predictions given by BEM and tkpeziment is
advanceatio. For bothcalculationmethods the inflow angle larger than the difference plane one.

- B . . The change in the slipstream flow between the propeller and
: : R pu—r= the stationary body is prescribed by empirical folatians,
1 —gf\f’ i hence assuming that the flow will behave in a predefined
B : 5 : : ; way. For this reasoiit can be expected that tlsalculation
09k e ; .......... .......... .......... ........... ........... accuracy will decreasehen movingfurther away from the

: ; ; : ; source of thénducedvelocity.
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06
decreases over the whole range. And it is even ma 08
pronounced for th&JRANS calcultions ttan for the BEM A
results(Figure 16)

52 Pl ane( P%&p

The second plar_le represents the |r_1flow to the fin bel_ow tr;_-;gu,e 18 Difference in average velocity field between URAN.
motor tube. In this case the focus will be on the adveatt® 5,0 P/ at P2t J = 0.8

0.8, average flow field and thewturbulence model in the

URANS calculations.Here the PIV measurements wereThe over prediction of the axigklocitiesfor the URANSIs
concentrated on the lower part of the propeller disc, whidarger for plane two #n it was for plane onéigure 7 and

can also be seen in the comparison of the resifis.side 18). The main reason are the swirls at the sides of the motor
swirls that could be seen in planee (Figure 8) are also tube which were not predicted by the calculations

present here.

Similar toFigure 6 Figure 17 showsthat the axial velocity
given by BEM is larger than that given by the experiments at



The inflow angle to the fin (Figure 19), gives a similar slopgelocity is 1.5 compared to 1.0 on ttedt hand for the 12
for the two calculation methods. The measured values seend ¢ | o tiok. The westor field has a lot more fluctuation
to have a strong side velocity around the tip of the fin, fahan at thepreviousmeasurement planes, this is due to the
which a slight indication is && in the URANS calculation. shape change of the Azipdausing Additionally, thetotal
Similarly to plane one the results measured with the left amelocity vector would seem to be directed horizontally from
right handed propellers are also shown. Noticeable is that thight to left. This can alb be seen in Figur23, where the

Ein inflow angles are compared:he whole velocity field is
— { — measured with the right hand propeller, so there is no gap due
S G T ——cFD to different propellers present.
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right handed propeller actually gives positive inflow angle,

whereas both the left handed and the Walons predict a Figure 21 Calculated velocities at P3 with BEM

negative inflow angle.The BEM is influenced by the

contraction factor for the prescribed wake geomeftye The velocity field calculated with the BENFigure 21),
inflow predicted byBEM without the contractios shown shows a radilly homogenous field, so no peaks at 12 or 6

with the dashed linewhich is a better prediction for the0c 6 cl ock positions. However,
inflow angle but gives a worse result for the propeller dis@ropeller tip region show an influence from the structures
in the tip region. and the magnitude of the velocity vectors are clearly

increasing in the tip region, comparexthe lower radii of

53 Pl ane three (P3) the propeller disc

The third plane is just at thedt tip of the motor tube, sthe _ . _ o
influence of both the strut and the fin should be seen in tHée URANS(Figure22) computations give a high influence
flow field. The measured velocity fielgFigure20) shows a Of the strut and finThe axial velocity field is of the same
strong influence of the strut, where thight hand side magnitude as the maximum measured, thatmaximum is
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Figure 20 Velocity components measured at P3 with PIV Figure 22 Calculatedvelocities at P3 with URANS



