Fourth International Symposium on Marine Propulsors
smp’15, Austin, Texas, USA, June 2015

Application of Various Computational Methods to Predict the Performance
and Cavitation of Ducted Propellers

Joost Moulijn*

! Principal Scientist Numerical AnalysiBropulsion R&D- Hydrodynamics,
WatsilaNetherlands, Drunen, The Netherlands

ABSTRACT ducted propellers. Also the BEMsPROPCAV (also
This paper presents results of various computationdeveloped by UT) andPROCAL (developed by MARIN)
methods that were applied tlucted propellers. It includes show promising results for ducted propellers. Questions like
results of the VLMMPUFR-3A, the BEMPROCALand the How to handle the ship svake for ducted propellers?
CFD package Sta€eCM+. The results are compared withhowever still remain.

each other and with experiments. The paper also preseffsg paper will present resules MPUF-3A, PROCAL and
highlights of a sensitivity studpf PROCAL The RANS = giarcom+ (RANS). First the various methods will be

results ae generally in good agreement with thejegcrined briefly. Then their results will be compared with

experiments.Given their limitations the VLM and BEM gach other and with experiments. The results comprise open
also show a good agreement with experiments and RANS, ater characteristics, pressure distributions on the propelle

blades and the duct and also some cavitation patterns. The

Keywords paper also highlight some results of the extensive sensitivity

Ducted propellers, CFD, BEM, VLM, Cavitation studies that were conducted. Finally conclusions are drawn
on the accuracy and computational efficiency of the various
methods.

1 INTRODUCTION

During the past decades the methods for design and analysis

of open propellers have steadily evolved. In the 1970ies thevARIOUS COMPUTAIONAL METHODS

first vortex lattice methods VLM ) were developed, This section briefly describes the various methods that were
followed by boundary element methodBEM) and more used.

recently Reynolds averaged Naer Stokes RANS) 5 1 vipuE-3A

simulations. At Watsila VLM and BEM are used \pUr3A is a Vortex Lattice Method (VLM). The
extensively in the daily design practice of open propellers Bibvelopment started in the 1970ies affNtly Prof. Kerwin
steady, unsteady, wetted and cavitating conditions. RANS .o 'for instance Kerwin and Lee (1978). Later the

(StarCCM+) is also used on a daily base for steadyeyejopment continued at the University of Texas at Austin
problems, and more énmore RANS is also applied 10 nger supervision of Prof. Kinnast was here that all

unsteady and cavitating problems. developmentselated toducted propellers were done.

The development of methods for ducted propellers jgpyr3a does not solve the flow aroutide duct itself. It
however much delayed. Until recently there were ng .o pied to another code that solves the flow around the
accurate and efficient tools for the analysis of ductefc; Several methods have been applied: an Euler solver
propellers. During the past dettaRANS has proven to be 4 ed GBEOW (Kinnas et al., 2005)a Boundary

an accurate method for the prediction of the performance gfoment Methodanda RANS solver(Kinnas et al., 2012)
ducted propellers. The relative long computational time §f, the Euler or RANS code the propeller éction is

these calculations (not to mention the time that is requ"‘?gpresented by body forces. MPUF-3A the duct effects

for meshing and post processingpwever justifiesthe 516 taken into account through the inflow and through an
development of more quick but obviously less accuraigage of the blade singularities in the duct surface.
tools based on VLM or BEM. ) )

, Figure 1 shows the coupling procedure betwddRUF3A
Recently such methods became available. The VLMn4 RANS. First aMPUF-3A calculation is made. Then

MPUF-3A that has been developed by Prof. Kinnas and e coupling code PF2NS (Potential Flow to Navier Stokes)
team at UT now has reached maturity for the application to



is used to compute the body forces fite RANS 2.3 Star-CCM+

calculatons. Subsequently the flow around the duct iStarCCM+ is the standard CFD package at Watsila It is
solved. Then PF2NS calculates the effective wake hised extensively in day to day propeller design and for
subtracting the propeller induced flow (follows fromvarious consultancy task¥he Reynoldsaveraged Navier
MPUF-3A) from the total velocity field that was calculatedStokes (RANS) equations for fluidoflv are solved on a
by RANS. There are several options for caltio this computational domain surrounding the propetlactshaft
effective wake: at #at upstream plane that is perpendiculasystem. The twequation SSTko mo d e | was sele
to the propeller shafioption 1) at acurvedsurface that is the turbulence model.

located slightly upstream of the swept leading edge CO”tOHE)wadays at the WitsilaCFD department, a methodology
of the blade(option 3) and.at the control points on theq developed to perform open water calculatiofor
propeller blade(option 5) This paper shows results of theqcted) propellers, (ducted) propeller rudder combinations
latter two options. and thruster unit¢Bijlard and Bulten, 2015) In order to
apply the same methodology for all different cases, the full
propeller and duct are modeled instead of only 1 blade.

The fluid donain is modeled as a cylinder centered around

Mpuf3a: VLM with inal wak . .
pufd: ron W omna” wake the shaft of the propeller, seigure 2. The mesh is

v predominately structured hexahedral with an extrusion layer
» PF2NS: calculate body force near the surfaces. At the intersection of the extrusion layer
¥ and the structured background mesh, the cells are trimmed

to polyhedrals. The height of the first extrusion layer is

Fluent: solve flow around duct chasen such that the y+ value is smaller than one. €ross

$ sections of the mesh in the axial and radial directions are
PF2NS: Evaluate effective wake given in Figure 3. The size of the numerical domainda
position relative to the propeller are sufficiently large for
v the solution to become independent. The mesh consists of
Mpufda: run VLM with effective wake approx. 6M cells.
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Figurel: Coupling process betwedPUF3A and RANS o
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The steadyMPUF-3A results that are shown iBection5 0

follow from MPUFR-3A - Fluent interaction calculations that
were carried out byhe team of Professor Kinnad the
University of Texas at Austin.

2.2 PROCAL v

PROCAL is a potential basedBoundary Element Method 12D

(BEM) that was developed by the MARIN CRS consortium. (\

During recent years theMARIN CRS PRODUCT working ) 5D

group extendedhe codeto make it suitable for ducted Distance from the Infet to ghe Propeller

prOpe”erS. The formulation generally follows the method qfigure 2: Graphica| representation of the boundary

Baltazar et al. (2012)Contrary toMPUF-3A this method conditions

solves the flow around the propeller and ducbrce. The

code includes model forthe leakagdlow throughthegap At the inlet of the cylider the velocity is prescribed and at

between the blade and the duct and an alignment procedtive outlet the pressure. For a thrust producing operating

for the propeller blade wake. A special feature of the wakmndition of the propeller, the fluid through the duct is

alignment procedureis that it takes the effect of the accelerated. As a result, a vena contra occurs. To enable the

boundarylayer on the duct surfadeto account. fluid to contract, an extrapolated press boundary is
assigned to the cylindrical surface of the mesh. The




rotational velocity of the propeller is imposed by a movin@pen watercharacteristics. Furthermore the wake of the

reference frame applied to the inner region of the domaipropeller was measured in a number of planes by means of

seeFigure 3. The tangential velocity at the duct surface i®1V and cavitation observations were done iIMRR 1 N’ s
fixed to zero with respect to the stationary frame. ThBepressurized WaveaBin, butthese results do not appear

rotational velocity of the shaft and hub cap outside of this this paper.For these new tests new patler and duct
inner region is imposed by a tangential velocity vectior models were manufactured. The hdiameter ratio of this
the walls, relative to the rotational axis of the propeller.  new propeller is slightly larger than the original propeller.

3.2 D 4-70 propeller in 19A duct

The D 470 propeller is a series propeller of more modern
design It was designednd teted in the CBSeries JIP.
This Joint Industry Project aimed at an extension of the
famous Wageningen propeller series-IBries and Ka
series).The Cseries is a series of open controllable pitch
propellers (CPPs) and the-deries is a series of ducted
CPR. The propell ers ar e desi
propelles. The propeller thrust and torque and the duct
thrust were measured for a large range of pitch settings and
for the full first and fourth quadrant. Please refer to Dang et
al. (2013) for more infonation about the Ci3eries.

Recently the MARIN CRS PRODUCT WG also carried out

model experiments foone ofthe D 470 propellesin 19A
duct. The scpe was the same as for the 4a@0 propeller.

confidentality agreements that prohibit disclosuoé the

T 5 | )
e normalized way.

Figure 3: Sectional views of the propeller mesh. The; 3 TSHD Uilenspiegel

rotating inner region is shown purple In the CoCa (Correlation of Cavitation) project full scale
observations, model experiments and calculations were

The StarCCM+ results that are presented in Section 5 we
made by WiaitsilA commissioned by the MARIN CRS
PRODUCT working group.

Gone for the Trailing Suction Hopper Dredger dgpiegel

configuration is quite complicated as the ducts paetly

3 VALIDATION CASES integrated in a tunnel that igies the flow to the propellers
This section briefly describes the cases that are used in tfigeFigure4). In Section BMPUF-3A results are compared

paper. The first two are standard series propellers. They &¥éh the CoCa model experiments.
used in the sensitivity analyses (Section 4) #ml open
water validation study (Section 5). The third is used for th~
validation of the unsteady cavitation results of MPRA
(Section 6).

3.1 Ka 4-70 propeller in 19A duct

The Ka 470 propeller comes from the famous Wageninge
propeller series. It is @aditional ducted propeller that has a/!
large chord at the tip. For all results in this paper th
Ka 4-70 propeller with a P/D ratio of 1.0 is used and it iS*
operating in the MARIN 19A duct. The geometries of the
Ka 4-70 propeler and 19A ductare reportel in Kuiper
(1992).

Recently the MARIN CRS PRODUCT working groupi s
carried out new model experiments for this propeller duc
combination. During these experimentpressues were = —

measured on the ductrface in additionto the regular rigyre4: Propulsion configuration of TSHD Uilenspiegel

The results of the Ci®eries JIP are bound to

propeller geometry. The results can only be presented in a

(Ligtelijn et al., 2004. This ship is propelled by two CPPs
that are operating in 19B ducts. The propulsion

gne



4 SENSITIVITY ANALYSIS tip. This also reduces the propeller thrust and torgsie
In the MARIN CRS PRODUCT working group Watsila shown in Figure 6. However, for this case (D -40
performedextensive sensitivity and validation studiggh  propeller) this effect is much smaller than what was
PROCAL for the D470 propeller in 19A ductThis section reported by Baltazar et al (2012) who used the KéD4
presents highlights athis sensitivity analysisBecause of case.

confidentiality the axis scales of the charts in this section

were removed. In most cases the chart origin is at tf
bottom left corner.

4.1 Wake alignment

Alignment of the vortex wake of the propeller blades
appeardo be very important for ducted propelleFsgure5
shows the effect of wake alignment on the open watg T ok

characteristics thaPROCAL predicts. The thick red line I

follows from calculations where the wake was aligned wit

the flow for each advance ratio. The green line follows fron e
calculations where the blade wake was taken according T~

Aligned wake, no BL effect
Alligned wake, with BL effect

Kt, 10Kq

the blade pitch (constant in downstream direction bu Kiduct
varying with radius). The wak alignment clearly has a i
strong impact on the predicted propeller thrust and torqu 3

The effect on the duct thrust is not that big. Figure 6: Effect of including the duct BL in the wake
The blue line follows from a calculation where the wakelignment orthe open water characteristics

was aligned foan intermediate.Jrhis wake geometry was

also usedor the other advance ratios. It is remarkable ho#-2 Gap flow . _ o
well these results agree with the results of the calculatioRSROCALIs equipped with a simple transpiration model for

where the wake was aligned for each J. This is important & flow through the gap between the blade and the buct.
wake alignment is very computationally intensivethis model the flow through the gap panels is related to the

Furthermore wake alignment is thalways very robust, sduare root of the pressure difface across the gap:
particularly at low advance ratios (therefore no fully aligned

results were obtained faery low J). It must be remarked O & ZED ﬂ)
that low advance (even up to bollard pull) is very relevant
for ducted propellers. where Cq is the empirical discharge coefficient, h is the

height of the gappp is the pressure difference across the
gap and is the fluid density.

Figure 7 shows the effect of gap transpiration on the
Noestoeany predicted open water characteristics. It shows results for

Aligned wake (J=0.4) Cy=0.0 (i.e. a closed gap) and for Cq = Ol effect on
the open water characteits is only limited.

g
g
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Figure 5: Effect of wake alignment on open water < . “\\\
characteristics T
There is one other aspect of wake alignment that is wor N\
mentioning. Following Baltazar et al. (2012PROCAL
takes the effect of the boundary layer on the duct int J

account m the wake alignment procedure. This causes fgyre 7: Effect of gap transpiration on the open water
significant reduction of the pitch of the blade wake at thgnharacteristics



Figure 8 shows the effect of gap transpimation the span 4.3 Duct trailing edge

wise distribution of loading (in this figure the axialPotential flow methods are not very suitable for modeling
component of the force per unit span is shovjs more the flow around lifting surfaces that have a blunt trailing
pronounced than the effect on the open waterdge.In practical applications ost ducts however have
characteristics. As one may expect the main differenceéfunt trailing edges. When BEM likeROCAL are used to
appear at the tip. analyze such geometries yhavill predict unrealistic low
pressure peaks at the locally strongly curved trailing edge.
Moreover, a duct geometry like that will certainly hamper
the blade wake alignment process. Therefore the trailing
edge of the duct must be made sharp in some @ag.can
think of many ways to do thidsrom a physical point of
view it is probably most realistic to extend the duct in
downstream direction while attempting to model the
separated region downstream of the duct trailing edge.

In the sensitivity study for the MARINCRS PROCAL

Cq=00
Cq=06

Fx

intermediate J working group Watsilacarried out extensive variations of
/ the (sharp) duct trailing edge. The radial location of the duct
trailing edge appeared to be most relev&igure 10 show
cross sections of the duct variants that were used alongside
0z o3 o4 05 05 o7 08 085 1 the actual 19A duct geometry. The red variant with the

! S i trailing edge on the inner duct surface extension is almost
Figure 8: Effect of gap transpiration on the spaise jgentical to he 19Am duct that was used by Baltazar et al.
distribution of loading (axial force) (2012).They showed by means of model tests that this duct

. o only leads to slightly different open water characteristics
Figure 9 shows the effect of gap transpiration on th han the 19A duct.

pressure distribution at 0.95R radius for an intermediate
advance ratioCpn is zero at the horizontal black lin€here

is a significant effect o the calculated pressures aroung
35% of the chord. One must realize however that, due to t
blade shape of the D40 propeller, the leading edge at the
tip (1.0R) is actually very close to the 35% chord position ¢
0.95R The effect of gap transpiratiorainly manifests itself
at the leading edge at the tip and the area around ti
location. The @ value of 0.6 appears to result in a goog
correlation of thePROCAL pressure with the St&ECM+
RANS resultsAt lower radii there is hardly an effect of gap
transpiration on the predicted pressure distribution. Figure 10: Variation of the radial positiorof the duct
trailing edge. Black: actual 19A duct geometry, red: duct
TE on inner surface extension, green: duct TE in the
middle, blue: duct TE on the outer surface extension.

Figure 11 shows the effect of the radial duct trailing edge
position on the open water characteristics. There is a strong
impact on the propeller thrust and torque, but the effect on
the duct thrust is only limitedA larger radial TE position
results in a larger diffuser angle of the duct. The outlet
pressure must be identical for all ducts as it is governed by
the ambient pressure. According to classical momentum
theory- see for instance Zondervan et al. (2006)e outlet
velocity is relatedo the propeller thrust. Therefore a larger
T T S T diffuser angle results in a higher flow rate through the duct
Xic ' and consequently in a reduction of propeller thrust and

-CPN

Figure 9: Effect of gap transpiration on theladepressure Orque.
distribution at 0.95R radiu®r an intermediate J



Duct TE at inner surface extension Duct TE at inner surface extension
Duct TE at actual TE (middle) Duct TE at actual TE (middle) )
Duct TE at outer surface extension Duct TE at outer surface extension
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Figure 11 Effect of radial position of the duct trailiredge Figure13: Effect of radial position of the duct trailing edge
on the open water characteristics on the duct pressure distribution at= 0 deg for an

intermediate dvance ratio.
The fact that the flow rate increasghile the duct thrusis
almost identicamay seem contradictory at first. The large’s STEADY RESULTS
flow through the duct is associated with a larger circulatiomhis section presents steady results of the various methods.
around the duct. For this langeirculation one would also These results comprise open water characteristics,- span
expect a larger duct force. wise load distribution on the propeller blades and pressure

Figure 12 shows the radial force that acts on the ducgistributions on the blades and the duct. Thsults of
Please note that the radial duct force is mainly negative. ItYPUF-3A, PROCAL and StailCCM+ will be compared

zero at the top of the chart area. Now things get more cle}fith €ach other. The computed open water characteristics
The larger circultion for the duct geometries with a larger@nd some pressure distributions on the duct will also be
radial TE position result in an increase (in absolute sensg§mpared with experiments.

of the radial duct force rather than in an increase of the dul Open water characteristics

thrust. Figure14 shows a comparison of the open water predictions
of MPUFR-3A/Fluent with the StaCCM+ RANS results and
experiments for the KaZ0 propeller in 19A duct. The chart

shows MPUF-3A results for two different interaction
° options with Fluent. This interaction process with Fluent is
Quet T at inner surtace extension described in SectioR.1 The interaction option only has a
puetTE toutersuface extension small effect on the computed open water characteristics.
/ o
@ A n
_ S0 $—= . u 10Kq ) —e—StarCCM+
3 ?03 = H ——Mpuf3aOpt 3
Figure12: Effect of radial position of the duct thag edge Kre Yy
on the radial duct force ’
Ko
Figure 13 shows the pressure distribution on the duct for a
intermediate advance ratio. The duct LE is at X/R = 0.5 ar ol
the duct E is at x/R =-0.5. Cyn is zero at the horizontal ' wmo ' '

black line.The figure clearly shows that the radial duct TErigure 14: Open water characteristics for the Kag@
position mainly affects the pressure downstream of thgopeller in 19A duct;Comparison ofMPUR3A with
propeller. In this area the normal vector only has a sm&tarCCM+ and Experiments

component in axial direction.hErefore there is little effect

on the duct thrust and a large effect on the duct radial force.



The MPUFR3A/Fluent and the StaECM+ results are in Again thePROCAL results are in good agreement with the
very reasonable agreement with the experiments. MBAJIF experimentsfor intermediate advance ratjobut the duct
sonewhat over predicts the propeller thrust and torquéhrust and the efficiency are over predicted, in particular for
while StarCCM+ somewhat under predicts. The agreemettigh advance.

for duct thrust and efficiency is good.

Figure 15 shows a comparison of open water predictions
PROCALwith StarCCM+ and experiments for the Ka7d
propeller in 19A duct. Around J=0the PROCAL results
arein very good agreement with the experiments. Howeve N
at low and at high advance rati®fROCAL over predicts 3
the experiments. St8CM+ seems to do a better job in this 10Kq \
respect; there is some offset with respect to the experimen
but it is more consistenPROCAL over predicts the duct
thrust for all advance ratios, in particular for highwhere N '
the flow separates on the duct outer surface. This al AN '
results in an over prediction of the efficiency. In these N
PROCAL calculations the duct trailing edge was located o
the extension of the inner duct surface. It is easy to ma
the PROCAL propdler thrust match the experiments or

RANS results by changing the radial location of the (sharpygure 16:. Open water characteristics for thB4-70
duct trailing edge (see Sectiérg). propeller in 19A duct Comparison of PROCAL with

StarCCM+ and Experiments

StarCCM+
— Procal

K, 10K [

— — Experiment

JH

5.2 Span-wise blade loading

05 . Figure 17 shows a comparison of the spaise blade
T loading calculated byMPUF-3A and StatCCM+. In this
0s T figure the sectional lift coefficient is pkeid as function of

the radius. It is common praatido compare the spamise

10 K¢

—e—StarCCM+
——Procal
= Experiment

loading of propellers in terms of circulation distribution, but
this quantity is difficult to extract from RANS results.
Therefore it was decided to compare the sectional lift
coefficient which is defined as

6 Y6 M

o8 where nCy,, is the jump of the pressure coefficient from
Figure 15: Open water characteristics fohet Ka470 suction to pressure side ards the non dimensional chord
propeller in 19A duct; Comparison of PROCAL with  station.Multiplication of C, with i A 2ABA will yield the
StarCCM+ and Experiments sectional lift per unit span, wheftes the water density) is
. ) the progller rate of revolutionD is the propeller diameter
Figure 16 also shows a comparison of open Watef,qc js the chord length. This sectional lift does of course
predictions ofPROCAL with StarCCM+ and experiments, o incjude any contribution of shear force, and the

but this time for the D&0 propeller in 19A duct. The axis yirection is perpendicular to the pitch of the subject section.
scales were blanked because of confiddity, but the

origin is at the bottom left corner of the chart area.

Figure 17 showsMPUFR3A results for different interaction

hi L I ith th options with Fluent (see Sectidhl). The effect of the
For this case StatCM+ is in excellent agreement with t €interaction option on the load distribution is considerable.

experiments. It is not completely clear why the correlatio#phis is remarkable as the effect on open water
is better for the ESeries propeller than for the Kaeries characteristics was only small. On average
propeller. One can imagine that the long tip chord of the KRIPUE3A/Eluent predicta higher lift than StarCCM+.

propeller pays a role in this.resgeld:te complex .flowlir? the This is consistent with the difier propeller thrust and torque
gap between the blade tip and the duct is difficult 3¢ MPUE-3A in Figure14.

calculate This is further explained at the end of Section 5.3.
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Figure 17: Spanwise load distribution on the blade$ the
Ka4-70 propeller in @A duct at J=0.5 Comparison of
MPUF3A with StarCCM+
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Figure18 plots the effective axial inflow to the propeller for
each strip of panels IMPUFR-3A. This figure rguires some
further explanation. The results for th strip of panelsare
plotted betweem-1 and n on the horizontal axisThe
leading edge is at-1, the trailing edge is at Intermediate
points are linear with the axial position of the conpoint.
The sparwise distribution of elements was uniform.

Therefore the figure also gives a good impression of th

spanwise distribution of the wakéstrip #1 is at the blade
root and strip #18 is at the tipyhe red line corresponds to

interaction opthn 3 where the effective wake is evaluatec

just upstream of the leadingdge of the propeller blades.

The wake isthen constant over the chord. The green line

corresponds to option 5 where the effective wake
evaluated at the control pointsor this opibn the wake
varies over the chord.
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Figure 18: Distribution of the =ial propeller inflow for
MPUFR3A for J=0.5 when using different interaction
options

Interaction option 5 results in a slower inflow in the tip area
than inteaction option 3. This results in a higher loading at
the tip. Moreover the deceleration of the flow also results in
a curved flow that virtually increases the camber. This also
increases the load at the tip. At low and intermediate radii
Option 5 resultsn a faster inflow (averaged over the chord)
which results in a lower propeller loading than Option 3.
Please note that at the leading edge the difference in wake is
only small. The evaluation plane for Option 3 is close to the
leading edge. The total lifor Option3 and Option 5 is
about equal. Therefore there is hardly an effect on the open
water curves.

Figure 19 shows a comparisomf the sparwise load
distribution as calculated bPROCAL and StatCCM+.
PROCAL also outputs the sectional axial and tangential
force. From these data the sectional contribution t@aikd

Kg can be calculated. In St&@xCM+ comparable data were
calculated by integratinghé pressure over narrow span
wise strips PROCAL is in much better agreement with the
RANS results thaMPUF-3A.
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Figure19: Spanwise load distribution on the blade$ the
Ka4-70 propeller in 19A duciat J=0.5 Comparison of
PROCALwith StarCCM+

0.7 08 0.9 1

5.3 Pressure distributions

Figure 20 and Figure 21 shav comparisons of pressure
distributions on the blade of the Ka78 propeller in 19A
duct at J=0.5or different radii. They show predictions by
MPUR-3A and StaitCCM+. Again results for interaction
options 3 and 5 are shown. TMPUFR3A results are in
rea®nable agreement with the SGCM+ RANS results. It
is not directly clear if one of the interaction options yield
results that correlate better with RANS than the other.
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Figure20: Pressure distribution on the blades of the ®a4 Figure22: Pressure distribution on the blades of the R84
propeller in 19A duct at J=0.5 at 0.7R radius; Compariso?fOPe”er in 19A duct at J=0.5 at 0.7R radius; Comparison
of MPUF-3A and StaitCCM+ of PROCALand StaitCCM+
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Figure21: Pressure distribution on the blades of the Ra4 igure23; Pressure distribution on the blades of the-#8

propeller in 19A duct at J=0.5 at9® radius Comparison propeller in 19A duct at J=0.5 at9®R radius; Comparison
e of PROCALand StaitCCM+
of MPUFR-3A and StaitCCM+

Figure22 andFigure 23 also show comp&ons of pressure
distributions on the blade of the Ka7@ propeller in 19A
ductat J=0.5. These figures show predictionsFiBOCAL i N ‘Z
and StatCCM+. ThePROCAL results are generally in very asfb R8 o S

good agreement with the RANS results. Only very close t r
the tip he results start to deviate.

Figure 24 shows a comparison of the pressursgritiution

on the 19A duct around the Ka74 propeller at J=0.5. It
showspredictions byPROCAL and StatCCM+. It applies

to a longitudinal section dt=0 deg which is at the blade A
reference line. The sudden pressure jump at the blade o
(x=0) is clearly visible. StaCCM+ predicts a low pressure i
peak just upstream of the blade tip. This peak is n(

pr_edlcted byPROCAL Eurther upstrean?ROCAL IS I Figure24: Pressure distribution on the 19A duct around the
fairly good agreement with RANS. It predicts slightly IowerKa 470 propeller at J=0.5 and=0 deg; Comparison of
Pressures. PROCALand StatCCM+
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Figure 25 and Figure 26 also showcomparisons of the the trailing edge is on the righthe angular extent of the
pressure disibution on the 19A duct around the Ka7@ figure is slightly less than 180 deghe blade tip is located
propeller at J=0.5. These figures apply to transversehere the isgressure lines converge. On the suction side
sectionsat x = 0.25 (upstream of the propeller) and 02 of the blade tip a low pressure area can be observed. This
(downstream of the propeller). Next toe PROCAL and low pressure area is caused by a vortex that originates in the
StarCCM+ results these figures also show experimentglap between the blade tip and the duct. The vortexaha
results (green lines). They plot the pressur€,f as pitch that is considerably lower than the pitch of the blade.
function of the angular position. The lines thastrongly

vay with 6 apply to the ing~
are almost constant apply to the outer duct surface.

Upstream of the propellerFigure 25) all results are in
excellent agreement, but downstream of the propelle
(Figure 26) the agreement is not goodhdre he results
only agree in terms of ¢haverage value.
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Figure 25: Pressure distribution on the 19A duct around the
Ka 4-70 propeller at J=0.5 anxfR=0.25 Comparison of
PROCALwith StarCCM+ and experiments
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as| Exparimant Figure 27: Pressure contours on the inside of the 19A duct
F around the Ka40 propeller as computed by SCM+

The presence of this gap vortex explains the low pressure
peak upstream of blade tip Figure 24. This vortex is not
modeled in PROCAL and therefore PROCAL cannot
predict the pressure peak. The pressure variatiorggure

CPN

o.sf- 26 are also mainly due to this vortex. Theref®f@OCAL
B predicts almost no pressure variation. ¥ms always tend
T ‘T‘hét‘ B T Y to dissipate quickly in RANS calculations. This explains
eta

why the amplituderedicted byStarCCM+ is smaller than
Figure 26: Pressurdlistribution on the 19A duct around thethe amplitude of the experiments. One aedsvimagine that
Ka 4-70 propeller at J=0.5 and x/R&=2 Comparison of it is difficult to predict the pitch of the gap vortex
PROCALand StatCCM+ and experiments completey correct. This explains the phase difference
. . between StaCCM+ and the experimentdrinally, the
Figure 27 shows isepressure contours on a part of the%]umerical dissipation of this vortex also may explaimy

expanded inner surface of the 19A .dUCt’ aga_in around t farCCM+ under predicts the propeller thrust and torque
Ka 4-70 propeller at J=0.5. The leading edge is on the le  the Ka470 propeller (seEigure14)



6 UNSTEADY CAVITATING RESULTS was calculated biMPUFR-3A with model tests observations
This section presents unstiyacavitating results oMPUFR at MARIN. The MPUFR3A results show the cavity
3A for the TSHD Uilenspiegellhe unsteady capabilities of thickness at a number of radii, where the thickness iseplot
PROCALare still uné:r development. in radial direction with respect to a base lilespite the

The results in this section do not follow from interaction ofPMewhat simplified approach thePUF-3A results are in
MPUF-3A with RANS, Instead a radially distributed duct V™Y reasonable agreement with the observations. It only
induction velocity field was assumed. The magnitude of ti£eMS thaMPUF-3A over predicts the cavity thickness at
duct induced velocity was varied in order to arrive at thi'€ tiP- It is however ery difficult to estimate the cavity
samepropeller thrust as in the model experiments. In thifickness from the model test pictures.

MPUFR3A calculations the image singularitieshat

representhe duct inner surface were switched on. From other cavitation tests with ducted propellers it is
(,hnown that there often is a relatively thin cavity on the duct

Figure 28 shows a comparison of the cavitation pattern th
g P P surface between the blade tip and a leading edge or gap

0 deg

24 deg

84/ 354deg

D D D=

Figure28: Gavitation patterns for TSHD Uilenspiegel as observed during model tests and calculsedBgA



vortex that has a pitch that is reduced significantly witProf. S. Kinnas andDr. Y. Tian of the University of Texas
respect to the propet pitch (Figure 27). Figure 29 shows at Austin are kindly acknowledged for performing the
an example of such a cavity. The relatively thick cavity thalPUF3A - Fluent interaction calculations.

MPUFR-3A predicts at the tip is in some way representativgina"y’ J. van Hooijdonkof the WitsilACFD team (now

for this cavity. working at Damen Ship Yards) thanked forcarrying out
the Star CCM+ calculations.
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