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2. Introduction
Equation Section 1

The onset of cavitation around propellers, hydiefahips, etc represents an important issue
in terms of reduced performance, erosion and pgss&mew comfort due to cavitation
induced vibrations and noise among other drawbadke accurate prediction of such
phenomena stands increasingly in the interest ef ghip manufacturers, the shipyards,
classification societies, etc. The size of the phep induced pressure fluctuations is a quality
criterion for any design and leads to the dimerismf the ship structures. Already in the
designing phase their maximum values are defineds€quently cavitation has been studied
by many researchers, but up to now most of the shiyations are still experiments.
Experimental investigations of the pressure odmites induced by the propeller at the rear
part of the ship are very time-consuming and exwend here is, therefore, on part of the
shipbuilding industry the requirement to seize fitepeller effects by numerical CED
simulations in order to save time and costs duthmg construction of the ships and to
increase the quality of their designs at the same. t

In addition, uncertainties in the upscaling frone ttxperimental data to real scale designs
appear. There is, therefore, on the part of theimaaindustry a demand to analyze the
propeller effects using CFD. In this case, manfed#nt real scale numerical prototypes can
be investigated. The exponential increase of coatjmral speed and memory resources of
the computers/work stations/clusters in the laatgiecombined with the decrease of the price
of such equipments, had an enormous impact ondieeatsic community. The use of CFD
tools is everyday more and more popular in ordepaédform many investigations. The
hardware evolution shows the same trends for the foéure. Therefore, even finer grids can
be employed, as well as more phenomena can besdtauinultaneously.

The description of the cavitation in the contexaohumerical flow simulation is a complex
task, which requires specific model developmentpeamental investigations of generic and
application-oriented testcases as well as compabstween them in order to improve those
models.

Cavitation is caused when the local pressure talew the vapour pressure. This drop in
local pressure below vapour pressure can be cdusggometrical design, leading to local
pressure minima. On the other hand side there @sptienomena of turbulence induced
cavitation. So the tip vortices departing from plgr blades play an important role in the
prediction of cavitation. Due to the high circun&etial velocity values in tip vortices, there
is a drop of the pressure in the vortex core, whiah lead to the inception of cavitation.
Therefore an important point in order to predictitaion is the accurate resolution of the
design and turbulence induced pressure oscillatiaking place at the propeller. The flow
around propellers usually has high Reynolds numb@&d this means it is turbulent.
Therefore, the turbulence modelling plays an imgartole as well.

! CFD - Computational Fluid Dynamics
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Until a few years ago flows around propellers weodved by using a k-two equation
turbulence modelling with logarithmic wall functienlt is known that this approach has
some disadvantages. Thus, the aeronautic or miawstry has applied intensively the SST
approach. This consists of a combination of &hd k- models where a modified eddy
viscosity approach is applied. In this way the aacy of the solution is improved.

In addition the wall treatment was also improvete Thost successful development are the
so called automatic wall functions. In this manttex shear stress at the wall is computed
using a linear or a logarithmic profile dependingtbe wall distance of the first grid point.
This strategy improves the accuracy of the numksialaition.

The SST model was used in the present work as itee téirbulence model approach.
However, as well as other 2-equation turbulence afsodt is an isotropic method, and
therefore it is not adequate to predict the effeftdhe strong curvature of the streamlines in
such flows. Therefore, the so-called Reynolds Strasdels were also analyzed showing
improved results. In this case, transport equatfon all 6 independent components of the
Reynolds Stress tensor are solved. On the othed, hdais increased numerical effort
increases the CPU time and memory resources nded¢ide flow simulation. Finally, the
most accurate simulations were performed by meércale-Adaptive or Detached Eddy
Simulation (SAS or DES), which are able to resdlwe large turbulent structures while
modelling the isotropic sub-grid scale turbulence.

A model to deal with cavitation and the pressuretflations introduced by it has been
developed in ANSYS CFX and the corresponding validation of it has beamied out.
Different test cases have been chosen for thisoserp
2D case consisting of a plano-convex hydrofoil fepfwvhere cloud cavitation can be
observed.
3D case, where the fluid flows around a NACA-@a5 hydrofoil. A tip vortex is
generated with high radial velocity gradients araging cavitation.
implified testcase of a mixer containing a rotordaa stator, providing useful
information of the rotor/stator interface performarand accuracy.
The main characteristics observed in all thesescalewed to approach in a more efficient
way the final case which is:
The industrial demonstration case of a passengeipsbpeller (P1356).

Special attention was paid during the executionthef project to the two-phase (water-
vapour) modelling, the turbulent pressure flucwmtianalysis, the influence of non-
condensable gases dissolved in the fluid on camitafso-called gas cavitation) and the
maintainability of flow solution accuracy by spiity the domain into a rotating part and a
static part in the case of the industrial test casethe propeller.

In all cases the simulations have been carriedfaidawing the Best Practice Guidelines,
applying a hierarchy of refined grids and lookirgy Grid-independent solutions, thereby
separating numerical from model errors. The nuraénesults have been compared to those
in literature or those obtained at the experimefaallities by SVA Potsdam, showing a
satisfactory agreement in most of the investigatesks.

3 ANSYS CFX is a CFD-Software by ANSYS Inc.
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3. Mathematical Model

Equation Section 2

3.1. Cavitation Model

The cavitation model developed for ANSYS CFX isdzhen the Rayleigh-Plesset equation,
which describes the growth of a vapour bubble lio@#d. Thereby the production of vapour

due to cavitation is taken into account by addingpacial source term into the continuity
equation. A homogeneous approximation to the vapaier flow is adopted, considering

the same velocity field for all phases by assuntiveg the vapour bubbles are moving with
the continuous phase without slip velocity.

The governing equations for the two-phase flow thez:

Continuity equation for each phase

M ra)  Marat) — g 1)
it %
Momentum conservation equation

ﬂ(rmui) + ﬂ(/’ muiu) :E_,_rmragi +ﬂ([ij)
fit X i X
wherer,, u, r,, S,, ¢, £ andP, are the phase volume fraction, the cartesiancitglo

components, the phase density, the phase massagjenente, the acceleration components
due to gravity, the pressure and the stress terespectively. Subscriph refers to mixture
properties. Since the sum of all phases must octhgyhole domain volume, the following
constraint must be satisfied:

2.2)

N
r.=1 (2.3)

a
a=1

where N =2 is the number of phases.
In addition, assuming that the mass sources aretdube interphase mass transfer, it
becomes that:

N
S, =0 (2.4)
a=1
When only two phases are involved, as occurs ia oaa cavitating flow (vapour and liquid)
the mass transfer rates are related by:

S=-%= 9 (2.5)

12



The expression to evaluate this mass source tembealerived from the Rayleigh-Plesset
equation, which in its full version can be writtast

2 2 _
d I‘;’B ,34drR 25 R-P 2.6)
de® 2 dt rR r,

Ry

where R, represents the bubble radius,s the surface tension coefficient afjl is the

pressure in the bubble, which is assumed to bersdipeur pressure. Neglecting the second
order terms and the surface tension, the equagidnces to:

P

dR, _ - P
7

2
dt 3

2.7)

The rate of change of bubble mass is then predaded

dm, d\, ., [2P-P
—B=y —B=r R |= 2.8
dt Y dt o B\fs r @9

Assuming that there arél; bubbles per unit volume, the vapour volume fractiay be
expressed as:

4
r,=VgN, =§pR;NB (2.9)

And therefore the total interphase mass transfertdicavitation per unit volume becomes:

_3nr, EPV- P
"R \3
This expression has been derived assuming bubbdevtlyr (evaporation). It can be

generalised to include condensation by includingeepirical factor ) in the following
manner

(2.10)

_e3nr, [2R-F
S =F R \3 7 sigi p- B (2.12)

which may differ for condensation and evaporataim] it is designed to take into account the
fact that both processes occur at different regese the condensation process is usually
much slower than evaporation.

Despite the fact that the model has been genedafseevaporation and condensation, it
requires further modification in the case of evapion. Evaporation is initiated at nucleation
sites. As the vapour volume fraction increases, rtheleation site density must decrease

accordingly, since there is less liquid. Thereflmreevaporationr, is replaced by, (1-r,).

13



The final form of the cavitation model is:

3, A-r)r, 2P, P ip<p
B vap RB 3 ,,l v
W 3r. 2P-P (212
Fog—ay [£2y ifP > P
R, V3 r

In this final model formulation the following modgbarameters have been applied:
R,=10°m, r, =5 10*,F,_= 50,F_~ O.C.

vap cond

3.1.1. The Turbulent Pressure Fluctuation Model

As discussed before, the influence of the turbudemt the cavitation process has been widely
observed in multiple experimental investigationgrblulent pressure fluctuations can lead to
a local decrease in pressure below the vapourymeessid therefore to cavitation. From point
of view of maximum accuracy it would be desirabte fully resolve these pressure
fluctuations in a CFD simulation, but due to thd@reme high numerical effort for Direct
Numerical Simulation (DNS) or LES-like turbulencedel approaches this is unfortunately
not feasible for most technical applications. Aefiént approach to account for enhancement
of cavitation due to turbulent pressure fluctuaticonsists of relating them to the turbulence
kinetic energy. In this case, the minimum possibtal pressure is represented by the time
averaged mean pressure minus the maximum of turbpiessure fluctuation:

R/_ P= F;at_ (F) I:tjurb) (2.13)
where

P =0.39k (2.14)

Thus, the Rayleigh-Plesset equation (2.7) appliethi® computation of the cavitation bubble

growth becomes:
d_Rs - Z Pa- P+ Rus (2.15)
dt 3 r,

This strategy was found to be not completely phyisicaalistic and therefore a further slight
modification was done by the authors in order tdken& more rigorous. Since the kinetic
energy is related to the turbulence of the liquhdg®e, water in the current situation, it seemed
more appropriate to apply the pressure turbuleaom only in its presence. Therefore, the
expression (2.14) was changed to:

P, =0.39(%-r, yk (2.16)

which vanishes when the volume is filled up onlythwvvapour, e.g. in larger cavitation
bubbles.
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3.1.2. The Full Cavitation Model

The formulation presented in the previous sectidowal modelling the evaporation and
condensation phenomena between a liquid phasdsagdseous phase. The models based on
the Rayleigh-Plesset equation consider as a drivarge of the process the difference
between the pressure field and the vapour presguhe fluid.

Real configurations do not contain pure substamcegsalso an amount of non condensable
gases. Their presence affects the onset of cavitatibich can occur in earlier stages (i.e. by
higher pressure field values). Therefore, the ateumodelling of such situations represents
an important improvement, in order to optimize design of the ship components.

The modelling of the desorption and absorption phema can be also performed [18][19]

in an analogous way to the Rayleigh-Plesset equationeans by solving an extra equation
where the driving term is also a pressure diffeeeric this case the difference between the
pressure field and the equilibrium pressure.

The model, as used inside ANSYS CFX, considers eetphase flow configuration, where
there is a liquid two-component phase, being thepmnents the original fluid and the
dissolved non condensable gas. The other two plaasdabe vapour of the fluid, and the non
condensable gas in its gaseous form. This meansonewith two kinds of “bubbles”.

The mass transfer between the liquid phase andapew phase is modelled by means of the
Rayleigh-Plesset equation, as described in prevsegtons. And the mass transfer between
the liquid phase and the non condensable gas igageous form is modelled by the Full
Cavitation Model, which implies the resolution afeomore equation:

%(rLrWYDAHN-((w WYo)-r WD, K Vo) Son 2.17)

where Ypa is the mass fraction of dissolved non condensgateinto the liquid phase, and
Spa is the source term of the equation. It looks like

’ ‘ SDA = I%bs_ %es (2.18)
being Rps and Res the mass transfer rate due to absorption and jolsoy respectively.
Ripe = Gra(P- Rau)( & 1ir Yoa fer)/’ al (2.19)
r’r
R, = Gira( Paui- PLO 28wt (2.20)
r r

As mentioned before, the driving term now is thiéedence between the pressure field and
the non condensable gas equilibrium presdyrg. represents the maximum solubility of the
non condensable gas into the fluid, and it playsrtile of limiter of mass transfer rate, C
and G are constants which may be calibrated dependinthenype of fluid. For water-air
configurations their value is 0.1 and 2.0 respetyiv

Accurate values of the equilibrium pressure andimam solubility must be used to feed the
model, which is depending of the kind of fluid (ngdlic oils for instance) not always an
easy task. The evaluation of the equilibrium presdar the present investigations has been
carried out by using the Henry's Law [21]. It congmithe equilibrium pressure based on the
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mass fraction (or molar fraction) of the non corsldle gas present, and a collection of
constants for a large amount of different fluidg][2

Fs = HpaXon (2.21)

3.1.2.1. Validation

In order to validate the implementation of the RDdvitation Model performed a test case
available in literature [18][19] has been investigh This is the sudden contraction of a pipe
with sharp edges.

D/d 2.88

L/d 5

P1 variable

) 0.95 bar

a1 0.124
YDAL | 1.5x10°

Re 5x10%:10%

Figure 1: Sharp edged orifice geometry and main pameters.

The pressure at the outlet is fixed to 0.95 Barevthie inlet pressure is modified in order to
generate different pressure drops (and cavitationbers). The gaseous air volume fraction
at the inlet is equal to 0.124, and the mass baabf dissolved air into the liquid phase is
equal to 1.5x18.

Following Best Practice Guidelines, four differen¢fined grids were used for the
investigations (from the coarsest one with 2800esotb the fines one with almost 180000
nodes). Details are given in Table 1

Grid Nodes
1 2800
2 11200
3 4480(
4 17920(

Table 1: Grid statistics.

The turbulence was modeled by means of the starkdafdrmulation, in order to reproduce
the configuration in the literature. For such kofdapplications a significant value of the flow
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is the so-calledischarge Coefficientwhich measures the ratio between the real mass fl
and the ideal one considering the Bernoulli equadiod mass conservation.

_ mass flow m
ideal mass flow 2r,(P- P)

A

(2.22)

d

LA
AN

The numerical discharge coefficient computed wiile simulations can be compared to

experimental correlations obtained by Nurick [26] fnany configurations depending on the

shape, Reynolds number, etc. For the current cardimn, it takes the following value

C, :o.ez/E' R - o062s (2.23)
1”2

The results of this comparison are summarized guré 2. It can be observed a good
agreement between the numerical results (points e Nurick’s correlation (black line) for
almost all cavitation numbers. However, for thegémst ones, a larger discrepancy appears.
This was due to the turbulence modeling. And whemas changed to a SST formulation
better results closer to the correlation were oletdi
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Figure 2: Discharge coefficientvs cavitation number.

As a qualitative result some pictures corresponding cavitation number of=1.871 are
included below. Results to the left correspondhimse computed with the Full Cavitation
Model and Rayleigh-Plesset Equation Model activatetile results to the right correspond
to those computed taking into account only the digli-Plesset Equation Model for
cavitation. In Figure 3 (left) it can be seen thet after the contraction some gaseous air is
accumulated, not only by effect of the flow (asodcurs in the right picture), but also
because of the degassing effect. This can be gigreaated in Figure 4. The amount of
dissolved air into the liquid phase is diminishestjafter the sudden contraction.
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Figure 3: Air volume fraction. =1.871. Left:FCM activated. Right: FCM not activated.

Figure 4: Dissolved Air mass fraction. =1.871. Left:FCM activated. Right: FCM not
activated.

The results obtained were highly satisfactory, gyodbd agreement with the values in
literature was observed.

3.2. Turbulence Modeling

Most of the flows that can be observed in naturer@ineering processes are turbulent. It is
due to the fact that they are three dimensionakdlounsteady and may contain many
different length scales, originating a complex @& The Navier-Stokes equations are still
valid for turbulent flows. However, turbulent flovepan the range of length and time scales
involving scales much smaller than the smallestdirolume size. The computing power
required for the Direct Numerical Simulation (DN&)this kind of flows is further beyond
the available one, particularly in cases of indabkinterest. Major effort has been carried out
by the scientific community in order to take intccaunt the turbulent effects on the flow.
Different approaches can be applied such as rewplvie large-scale turbulent fluctuations
containing the major part of the turbulent kinetiergy (LES, DES, SAS) or modelling the
phenomena entirely. When attempting to model thieulence, turbulence viscosity models
can be applied. The turbulence or eddy viscositgei®are statistical models and consider
that the main variables are compound by an avecaggponent and an additional time-
varying fluctuating one, like
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u=0+y (2.24)

Introducing this decomposition into the Navier-Stskequations (2.1)-(2.2) and time-
averaging them, the so-called Reynolds Averagedig¥&tokes (RANS) equations are
obtained

ﬂ(rmUi) + ﬂ(f mUiQ) :E
fit fix; Tix

a9, +%e_ij - mru'j)-i- $/|I (2.25)

Simulation of RANS equations substantially reduttesscomputational effort in comparison
with DNS and it is generally adopted for enginegrapplications. However, the averaging
procedure introduces additional unknown terms doimg products of the fluctuating
components, which act like additional stresseshin ftuid. These stresses are difficult to
determine directly and must be modelled by meanadditional equations or quantities in
order to close the set of equations. Eddy viscasitglels assume that the Reynolds stresses
can be related to the mean velocity gradients armitent viscosity by the gradient diffusion
hypothesis in an analogous manner to Newtoniamianfiow as:

rmu;u'j :Er N +—2mtltpa’ij -m iIH l_ljj (2.26)
3 3 1% 11x; fx
where is the eddy viscosity or turbulent viscosity, areds to be evaluated. In this work a
two-equation turbulence model is applied. It reprts a good compromise between
numerical effort and computational accuracy. Twiraequations must be solvdd ( or k-

), The turbulent viscosity is modelled as the paidef a turbulent velocity and turbulent
length scale. The turbulent velocity scale is corgudrom the turbulent kinetic energh) (
and the turbulent length scale is estimated fraimeeithe turbulence kinetic dissipation rate
() or the turbulence frequency)

A representative of the two-equation models is$I8d (Shear Stress Transport) turbulence
model. The SST model [5][23] is based on the cowddim of two underlying two-equation
turbulence models, the industrially wide-spré&ad-model (Jones and Launder,[26]) , and the
k- model in the formulation of Wilcox [24][25]. Theybrid procedure consists of the
equation and a special form of theequation, which enables through changing the vafue
blend factor; switching between a-equation F1=1) and a -equation £;1=0).

The two equations read as:

ﬂ(fmk) + ﬂ(rmUjki) — R< _ b'/’mk/,/"' l m+ ﬁ ﬂ_k (2.27)
it ™, T, S %

and

UG +ﬂ(rmUW) :gipk - br W'+

qt ﬂxj U
2s (2.28)
+l m+ﬂ ﬂ_M/ +(1_ Fl) /‘m_Wz EM
Tx; S X wTx %
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The value Rrepresents the turbulent kinetic energy produdizom

P = mlnmﬂ'+ﬂui 4,2

™ T 9X R

o

r.Ka; ALY ,10e (2.29)
T

while the blending function looks like

4

Jk 50 4r.s K

F =tanh min max - : (2.30)
' wy 'Y'w 'CD,Y

being CD,, =max 2r s Wzi‘ﬂ_kﬂ_w ,10"° , and =0.0.

wx X
Then the turbulent viscosity can be computed as:
_ ak ~ 2J_ 50Q/
——4—— with s= ,/ 0.31andF, =tanh max
= max(aiwsF) & wy yYw

In order to become free from effects of the curkatar rotation of the overall system,
corrections to the model were introduced. One efritwas suggested by Spalart and Shur

[27], based on the value/s/w (w is the thickness of the eddy). A factor introdycia

correction of the turbulence size is included. fher SST model applied, the correction factor
fr (Langtry and Menter [37]) for the production telsrcomputed as

1+ cl)2r

f. =max min
1+

{1— c,, tan er})— G, .1.25 ,0] (2.31)

N
X

ij S]k q,mm $n qmln § VV] Dl

w, =0.5 %'% + €W, g =(Vlf2+l/lf13+wf23)}/2;

mno 1S the permutations symbol, ,, is the rotation velocity of the system,
D =max(E*,G, W), ¢1=1.0, 6=2.0, G3=1.0, 6,=0.09.

When the stress tensor components must be compubeel accurately or the underlying
assumption of isotropic turbulence is violated, Rags Stress Models can be employed.
They are based on transport equations for all corapis of the Reynolds stress tensor and
the dissipation rate (or the turbulence frequeng&ygebraic Reynolds Stress models solve
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algebraic equations for each individual compondrthe tensor, while differential methods
solve a differential transport equation. In thisedahe computational effort is consequently
increased. Aw-based Reynolds Stress model was chosen for tisergrevork: the so-called
BSL Reynolds stress model. In this case the madiedpiations for the Reynolds stresses can
be written as follows:

T . Wt , t.
i), e ”):-rFi’j+gber7’ij-rP ij+l m+ 2 ey (2.32)
i M, 3 % s T
And the corresponding-equation read as:
M) IGw) _, W e,
fit X, k
(2.33)
+i m+ﬂ ﬂ_W +(1_ F1)2 /‘i&M
™, Swe T% sy % Tx

Again the model blends from a-based model to anbased model. In the first case, the
following parameters are employesl, =2.0, s, =2.0, 4, =0.075, a, =0.553while in the
second case, they &r¢=1.0, s, =0.85€, b, =0.082¢, a, =0.44.The blending is done by

means of a smooth linear interpolation in a simiay as for the SST method [13].
The constitutive pressure-strain correlation igiby

A~

. 2 ,\ 2 2 ~ 1
Pij:bClW l‘ij+§ldij -a E)- ER?J’ - b P —SFQI- gkrs _:gkksiﬂ (2.34)

where the production tensBf is computed as

u. V)
R :[ikLHka;le R (2.35)
%, %, 2
and the tensdd;; as

D, =t, 1 4y IO (2.36)

X i

Finally the turbulent viscosity can be computed as
= r5 (2.37)

m W :

The values of the coefficients applied by ANSYS CiBKthe computation of this model are:
b¢=0.09, 4 =(8+C,)/11, b=(8C, - 2)/11, g=(60C, - 4)/5E, C,=1.8, C,=0.52

In addition to the turbulence viscosity models, taro family of methods can be used known
as LES, consisting of filtering the Navier-Stokemiations and the decomposition of the flow
variables into a large scale and a small scale.d¥ew this technique is computationally very
expensive when it is applied to industrial problemnsthis context arises the need of the use
of Scale-Adaptive Simulations (SAS). It is an impged URANS formulation, which allows
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the resolution of the turbulent spectrum in ungdldw conditions. The SAS method [15] is
based on the Von Karman length scale. Depending, dhe model adjusts to a URANS
simulation, with LES-like behaviour in unsteady itets, or to RANS simulation in stable
flow regions.

As it will be shown in next section, it was fourttht the use of either a scheme or another
plays an important role in the simulation. The Rdgla Stress Model applied (BSL RSM)
leaded to more accurate predictions of the rotatigelocity (which presents a steep profile)
in case of tip vortex cavitation than SST compotai

3.3. Rotor-Stator Interface

In many turbo-machinery applications is the geoynewmposed by many parts, some of
which are static while others move or rotate. lnhsaonfigurations ANSYS CFX allows to
split the domain into rotor and stator subdomaivisich are solved every coefficient loop in
a time step independently and after every one eitsome information from the other side
of the interface is transferred in order to red@hgroper solution.

This procedure is performed by defining a surfafecannection, rotor-stator interface,
through which fluxes values are discretized andsfierred. The treatment is fully implicit in
order not to affect the solution convergence. FHudiscretized at the interface are: advection,
diffusion, pressure in momentum and local presguadient.

The fluxes which are discretized at the interfaee a

» Advection: Mass out is connected to the upstreatnes, and mass in is connected to

upstream values.

» Diffusion: A diffusion gradient is estimated ugithe regular shape function based gradient
coefficients, but all dependence of the gradieriimege on nodes on the interface are

changed to a dependence on interface variables.

* Pressure in momentum: Evaluated using local naddlcontrol surface pressures and shape
function interpolations.

* Local pressure gradient in mass re-distributibims gradient is estimated using the regular

shape function based gradient coefficients, budaflendence of the gradient estimate on
nodal pressure on the interface is in terms ofrttexface pressure variable.

When the grids at both sides of the interface domatch exactly, it is necessary to compute
a weight factor to be applied to the computatiorthaf fluxes. This factor is based on the
fraction of area of each cell from one side o fititerface in relation with the cells on the

other side of the interface.

For configurations like the industrial test casattlve are investigating, this is a proper
strategy. Only the propeller is rotating while ttavitation tunnel remains fix. A suitable split
of the domain in such a case is shown in Figurd Sylinder-like surface containing the

propeller and the hub is considered as the roatotsinterface. Through this interface the
flux information will be computed and exchanged.
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Figure 5: Propeller P1356. View of the rotor/statordomain decomposition. Left: Lateral
view; Right: Front view.

3.3.1. Issues & Improvements

As it will be intensively described in the follovgrsection, one of the parameters analyzed in
the numerical resolution of the flow in the cavitat tunnel with the propellers, is the
transient pressure signal at different locatiortss Tvas done in order to compare numerical
values with the experimental investigations.

It was observed that for some grid configurationghe rotor/stator interface, some non-
physical wiggles appear at the profiles. Sinceitideistrial case is very large, a simpler case
with similar configuration was chosen to isolate trigin of this behaviour.

The simpler case consists of a two dimensional mixbere four blades rotate at its center.
The geometry of the case is shown in Figure 6.

Figure 6: 2D mixer geometry.
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t=5x10"s t> t t=1x10%s | t> t.

t=5x10"s t< t t=1x10"s | (< ¢

Figure 7: 2D mixer. Transient pressure signal for dferent time steps.

# interface=50 # interface=200

t< t t< t

t> t # interface=800

Figure 8: 2D mixer. Transient pressure signal for dferent grid resolution at the
interface.
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Series of different simulations were carried outthgnging the grid refinement and the time
step. A critical time step could be identified, degding on the rotation frequency and the grid
resolution.

Assuming a regular discretization at the rotoréstainterface, the critical time step
corresponds to jump exactly one cell each time. Sibg means

Dt[s* fs1*2 p rad 2 p rdd# cell: (2.38)
D[ =1/(#cells* p 1) (2.39)

When t< t; the wiggles pop in ( Figure 7and Figure 8). Anid tias due to the process on
the flux evaluation. By improving this procedure were able to rid off the undesired
oscillations on the transient pressure profilegyFe 9).

Figure 9: Propeller P1356. Transient pressure signa
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4. Validation Test Cases. Comparison with experimen  tal
data.

Equation Section 3

The final goal of this work is to get a deeper ustinding of the structure of the flow
around a propeller of a passenger ship. The aepratiction of cavitation has been found
out to be intrinsically related to the accurateohetson of turbulent structures of the flow.
Therefore, a thoroughly analysis of the turbulemmaeling in this kind of application was
performed.

Three different cases have been analyzed. Theoiistis a two dimensional configuration
containing a plano-convex profile, where transieloud cavitation can be observed. The
second one is a three dimensional case, whereldfte flows around a NACA 668415
hydrofoil. A tip vortex is generated with high radivelocity gradients originating
cavitation. These testcases represent some siogpilifin with respect to the P1356 propeller
flow due to the simpler shape of the hydrofoil ahd stationary hydrofoil geometry in
contrary to the ship propeller rotation. Therefirean be regarded as an appropriate first
approach to the study of the flow around the prhepelnd formation of turbulence/vortex
induced cavitation. The last case is the flow adbtire P1356 propeller itself. In all cases
the simulations have been carried out following Blest Practice Guidelines (BPG) [6], and
different grids and turbulence models have beerestigated. The numerical results
obtained have been compared to the experimentaladaiilable in literature for the first and
second case, and to experimental data genera@dAaPotsdam, which includes transient
pressure signals as well as cavitation patternsthio propeller case. A highly satisfactory
agreement between numerical solutions and expetimenobserved for all test cases,
showing the appropriateness of the code and maaaldoyed in order to solve marine
applications.

4.1. Le Profile

4.1.1. Problem definition

A schematic of the experimental setup [2] of Legisen in Figure 1. For the original
experiment the hydrofoil was at a submersion depthO cm under a free surface. Its upper
side is plane and its lower side circular (radiGscgh) with a maximum thickness of 20mm.
The leading edge is rounded with a radius of 1 mmonthat the chord {ris about 196 mm
(Figure 10). Experiments involving different anglek attack (from -8° to 8°), different
cavitation numbers and different Reynolds numbfeosn( 1& to 2x10, which correspond to
inlet velocities from 5 m/s to 10 m/s) were perfedras reported in the original publication
by Le [2].

The cavitation number § mainly characterising the flow pattern is defirsed

P-F
0.5rV

3.1
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Configurations within the range of values describgd_e were chosen to run the numerical
computations, and validate the model in ANSYS CFX.

Figure 10: Schematic representation of the flow anand a plano-convex hydrofoil.

The configuration chosen to run the CFD simulatimnpresented in Figure 11. In difference
to the original experimental setup the hydrofoilswsubmerged in a wall bounded channel,
thereby avoiding the prediction of the free surface

Wall

Symmetry Plane

Figure 11: Representation of the setup used for th€FD computations of the Le profile
case.

4.1.2. Boundary/Initial conditions

The following boundary conditions were applied édve the test case:

Inlet boundary condition with an inlet velocity ual based on the Reynolds number.
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Rem
Vip =—— (3.2)
rL

Outlet boundary condition with a static outlet g@® based on the cavitation
number, vapour pressure and velocity at the féd fia this case assumed to be equal
to the inlet velocity).

r
= +S . —V 3.3
Pou = Py n o tin (3.3)

No-slip wall boundary condition for the cavitatitumnel walls and the solids inside
the domain. The CFX automated wall treatment hasn bepplied for turbulence
boundary conditions in dependency drvglues of the first mesh cell.

4.1.3. Numerical meshes

The discretization of the domain has been perfortnedheans of ICEM CFD Hexa [33] as a
grid generator. The blocking structure shown inuFég3 has been designed to generate the
grids. In this manner a smooth and high quality meen be obtained (in terms of grid lines
angle and aspect ratio). In order to apply the Beattice Guidelines, the simulations were
computed on refined grids. Three levels of refinetrage performed obtaining finer meshes,
since the quality of the mesh can determine sigaifily the accuracy of the simulation
executed on it.

The refinement factor is 2 in each coordinate diioe¢ while the minimum grid angle value
is around 40° for all three cases. An importanilaite of the mesh to take into account is the
distance of the first node of the grid to the walhrticularly when turbulence models are
applied. For all three meshes this value is snmaugh to expect a satisfactory resolution of
the turbulent boundary layer near the wall. It barcomputed as

Dy =L/80 Re Dy (3.4)
Grid Coarse Medium Fine
# nodes 56,45: 224,26: 893,98!
# elements 27,840 111,360 445,440
Minimum 41 38 43
grid angle
First layer distance 10 5 2.5
y [um]
Averagey”’ 4 2 1

Table 2: Grid statistics for the Le profile test cae.
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The grid has been changed not only by refinementlso by rotating the angle of attack of
the flow against the hydrofoil in order to deal wiifferent configurations. In this case, the
same blocking structure can be employed, and bgtingt the blocks adjacent to the
hydrofoil, the grids can be updated to the curestgle.

Top

Outlet

Inlet |:>

I >
Bottom
Figure 12: Blocking structure.

The main characteristics of the grids createdHerrtumerical simulations are summarized in
Table 2, and a representation of one of the coamsghes involved in the calculations is
shown in Figure 13.

Figure 13: Coarse mesh.

4.1.4. Computation strategy

Once the meshes were generated, steady state sonslaere carried out. However, some
configurations appeared to be transient, spedyidhbse with lower cavitation number or
larger angle of attack. In these cases the camitdiubbles become oscillatory or are even
partially removed from the hydrofoil surface by timeident fluid flow. Thus, transient
simulations had to be carried out for these cométians. The ANSYS CFX setup then must
be updated introducing an arithmetical averagimgc@dure to be applied to the main flow
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variables, which originates an average pressurerage velocity and average volume
fraction field to be compared to the experimentdbd
4.1.5. Results

4.15.1. Cavitation prediction

The described oscillatory flow behavior can be ob=e# in Figure 14, where a whole
transient cycle is shown for a configuration e#°, and =0.5.

Figure 14; Transient cycle of an oscillating cavitdon region on upper side of the
hydrofoil for =4°, and =0.5.
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In order to examine cavitation for the differeninfigurations the length of the cavitation
zone attached to the upper side of the hydrofoilémsured. An investigation of the influence
of both the cavitation number and the angle ofchti@as performed. It is observed in Figure
15 [4] that the larger the cavitation number i tbwer cavitation length is obtained. In
addition, the impact of the angle of attack carsben. The larger the angle of attack is, the
larger becomes the cavitation zone and its length.

O

O
O

Figure 15: Cavitation lengthvs. cavitation number for different angles of attack.

Three representative results of the computed setie®f test case conditions are shown in
Figure 16, Figure 17, and Figure 18 correspondintpé vapor volume fraction for an angle
of attack of =0° at a cavitation number 0£0.4, =4° with =0.5, and =-4° with =0.3
respectively. For the first case, small cavitatargas appear on both upper and lower side,
while for the second case only one larger cavitatiobble appears to be attached to the
upper side of the hydrofoil. For the third casecawitation is predicted on the upper side o f
the hydrofoil.

Figure 16: Vapor volume fraction. =0°, =0.4.
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Figure 17: Vapor volume fraction. =4°, =0.5.

Figure 18: Vapor volume fraction. =-4°, =0.3.

4.1.5.2. Pressure coefficient

The cavitation arises when the pressure drops b#@nsaturation pressure. This can be
detected not only by the vapour volume fractioridfibut also by analyzing the pressure
values and comparing to direct pressure measursnagrsipecific locations on the hydrofoil
surface. A pressure coefficient can be defined as

2 X
Cp — psztat (3.5)
rUy

In Figure 19 to Figure 22he pressure coefficient obtained with medium giidulations is
plotted against the experimental results. They espond to different angles of attack
( =2.5°, 3.5° 4.1° and 5.1° respectively), while tdawitation number is 0.55 for the first two
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cases and 0.81 for Figures 11 and 12. At the zdreerthe pressure coefficient is lower than
the cavitation number, evaporation is occurringcdh be noticed by comparing Figure 19
and Figure 20 that the length of the vapour bulligched to the upper side of the hydrofoil
is larger for the case @=3.5° as expected. The same effect can be seemguneF21 and
Figure 22. Nevertheless both predicted cavitatiatobte lengths are shorter since the
cavitation number is larger. Comparing the differenrves to the experimental values
reasonable agreement in shape is observed, spdlgifior the first three configurations
while for the larger angle of attack at5.1° discrepancies appear.

Figure 19: Pressure coefficient, =2.5°, =0.55.

Figure 20: Pressure coefficient, =3.5°, =0.55.
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Figure 21: Pressure coefficient, =4.1°, =0.81.

Figure 22: Pressure coefficient, =5.1°, =0.81.

Pressure coefficient can be further used to ewaldla¢ influence of turbulent pressure
fluctuations on cavitation in accordance with egua(2.14) and (2.15). In Figure 23 the
curves for three different modelling approacheslmamompared. The diagram shows results
from a simulation using the original Rayleigh Pisgquation, a simulation using the
modification to the Rayleigh-Plesset equation dbsdr in equation (2.14), and finally a
simulation using the modification to the Rayleigled3et equation described in equation
(2.16). As mentioned in section 3.1.1, the lastresgion leads to more realistic results, also
observable differences are not very pronouncethisrparticular test case.
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p=0.0
p=0.39k
p=(@-r)0.3rk

Figure 23: Pressure coefficient in dependency on¢hmodeling approach for the
turbulent pressure fluctuation term. =3.5°, =0.55.

4.15.3. Lift coefficient

Global values for the different configurations weileo investigated and compared to data.
This is the case for the lift coefficient, definast

— 2><|:L

==L (3.6)
2
rl >U¥ Alade

C

whereF is the lift force ApiadelS the area of the hydrofoil ang is the velocity far upstream

the hydrofoil. Figure 24 shows the value of thedibefficient for different angles of attack as
well as for different cavitation numbers. Under raavitating conditions the relationship
between lift and angle of attack is almost lindaowever this behavior is substantially
modified when the cavitation number is decreasetcawitation appears.
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H

a)
U

D
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nocav

lift coefficient

angle [deg]
Figure 24: Lift coefficient vs.angle of attack for different cavitation number.
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4.1.5.4. Influence of the use of Full Cavitation Model (FCM)

If we examine the results in Figure 16, Figure aTd Figure 18 again, and we compare the
cavitation length predicted with the experimentak oreproduced in Figure 15, we can
observe that this length is under predicted. Fer tt0°- =0.4 case, the experimental length
value is around 20%, which is significantly largas predicted. For the=4°- =0.5
configuration, the numerical result is around 408aiast the 60% in the experiments. The
same behavior is observed in the third configuratie=-4°- =0.3, where no cavitation is
observed in the numerical solution on the uppes sidthe hydrofoil, while around a 5% was
expected.

Figure 25: Vapor volume fraction. =3.2°, =0.55.

The case was investigated once more, now taking autcount the presence of non-
condensable gas, by applying the Full CavitatiordMalescribed before. The configuration
corresponds to an angle of attack ef3.2° and a cavitation number 0£0.5. The three
phases considered in these investigations wer@liguith water and dissolved air), vapor,
and gaseous air. The experimental studies forcdse point out that the cavitation length on
the upper side of the hydrofoil should be aroun®4f the chord length.

Figure 26: Vapor volume fraction. =3.2°, =0.55, FCM activated
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First, the case was simulated considering only maate vapor in the flow. The vapor volume
fraction predicted is shown in Figure 25. As foe tprevious cases, the cavitation length is
much shorter as expected (around 20%).

Then, the full cavitation model was activated, anthree phase flow was simulated. The
vapor volume fraction is presented in Figure 26e Ebne where cavitation is predicted on
the upper side of the hydrofoil is even reducedweler, if we move to Figurg7, we will
see that some gaseous air is predicted. If we itatikeaccount that for the experimental
investigations, it is not possible to distinguigktvieeen vapor and air, and we “add” the zones
where vapor and air appear, we will end up withgtafile in Figure 28, which indicates that
the vapour and gas cavitation length occurringhatupper side of the hydrofoil is around
40%, as was found in the experiments.

Figure 27: Air volume fraction. =3.2°, =0.55, FCM activated

Figure 28: Vapor and air volume fraction border. =3.2°, =0.55, FCM activated
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4.1.6. Discussion

A validation of the cavitation model has been perfed analyzing a test case well-known in
literature and comparing results of the CFD simafet obtained with ANSYS CFX to
experimental data.

The test case is based on the experiments mady.ldw [his test case the flow passes around
a plano-convex hydrofoil, and cavitation cloudsbath sides can be observed. Three refined
grids have been used for the simulation, ensuramgparable mesh quality on all grid levels.
The cavitation lengths, pressure coefficients aftdvhlues have been investigated and
compared against the literature values. The nuilerasults agree reasonably well to the
experiments, even the necessity to use even finds gould be shown from the present
validation study.

The modifications to the basic cavitation approanipdelled by the Rayleigh-Plesset

equation, show different behaviour. The introductiaf the turbulent pressure oscillation

value did not improve significantly the accuracytlod cavitation prediction. On the contrary,

the use of the Full Cavitation Model in order tkednto account also the gas cavitation due
to the presence of non-condensable gas dissolvdtkifiuid, was found to be an important

improvement on the prediction of the cavitationingkplace on the upper side of the

hydrofoil.

4.2. Arndt Profile

4.2.1. Problem definition

Figure 29: Schematic representation of the NACA 66415 cavitation channel.

In addition to the plano-convex cavitation testheee dimensional case consisting of a flow
around a NACA 66415 hydrofoil with elliptical planform was invegtted. In this case tip-
vortex cavitation takes place due to the high fdadéocity gradients in the vortex tube,
which is released from the tip of the hydrofoilgHly swirling flow generates pressure drop
below saturation pressure leading to cavitatiorthantip of the hydrofoil and in the vortex
core of the tip-vortex.
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The test body used in the original facility [1][@pnsists of an elliptical planform hydrofoll
with a chord length of 81mm, a semispan of 95mmantean line of 0.8.

Figure 29 shows the representation of the expetmhdlow geometry which was exactly
used for the CFD simulations as well, while in FgB0 and Figure 31 the details of the
planform geometry of the hydrofoil are pointed out.

Figure 30: Elliptical profile of the NACA 66,-415.

Figure 31: Elliptical profile of the NACA 66,-415.

As for the previous case different configurationsrevanalyzed by changing the angle of
attack, the Reynolds number characterising the fewvd applying different turbulence
modelling approaches (SST, SST with curvature ctime term, BSL RSM).

In accordance with the original publication of Atrah effective angle of attack has been

defined asa, =a -a,, where o corresponds to the zero lift angle, which aftpasgametric
study was chosen ag=2.5°.

4.2.2. Boundary/Initial conditions

The boundary conditions to solve this case aréogoas as the ones used for the previous
case. This means:

Inlet boundary condition with an inlet velocity ual based on the Reynolds number.
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Outlet boundary condition with a static outlet g@® based on the cavitation
number, vapour pressure and inlet velocity.

Do = P *S %vz (3:8)

No-slip wall boundary condition for the cavitatitumnel walls and the solids inside
the domain. In the same manner as before the CE{reted wall treatment has been
applied for turbulence boundary conditions in defscy on V values of the first
mesh cell.

4.2.3. Numerical Meshes

The ICEM CFD Hexa grid generator has been usedigoratize the domain. A block
structure allowing to refine the grid near the klairface as well as to perform a smooth
transition between coarsely resolved areas inahédld and finely resolved areas around the
hydrofoil was designed.

Figure 32: Blocking structure around the hydrofoil.

The resulting blocking structure applied near tidrbfoil is shown in Figure 32, while the

coarser mesh obtained with this block structunerésented in Figure 33. The designed grid
block structure guarantees a minimum grid anglgeiathen 20° independent from the grid
refinement level. As for the previous case an meshent study has been carried out,

employing three different grids, which are refinleg a factor of ¥4 in each coordinate
direction. The same parameters were taken intoumtdo evaluate the quality of the mesh:
minimum angle formed by the grid lines, aspectosatind the near wall distance of the first
mesh element (computed as in equation (3.4)). The rmformation related to the grid
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properties and grid quality on various mesh lewaflsrefinement used to run the CFD
simulations is summarized in Table 3.

Figure 33: Representation of the meshes employed.

Grid Coarse Medium Fine

# nodes 358.519 1.394.862 5.442.459
# elements 341.596 1.352.603 5.337.217
Minimum 20.9 20.7 20.1
grid angle

First layer distance 30 15 7.t

y [um] )

Averagey* 14.% 7.1 3.€

Table 3: Grid statistics for the Arndt profile test case.

. Turbulence

Test name Grid Model
1A Coarse SST
1B Coarse SST+High Res
1C Coarse SST+High Res+CC
1D Coarse BSL-RSM
2A Mediurnr SST
2B Medium SST+High Res
2C Medium SST+High Res+CC
2D Medium BSL-RSM
3A Fine SST
3B Fine SST+High Res
3C Fine SST+High Res+CC

Table 4: Simulations outline for the Arndt test cas.

4.2.4. Computation strategy

Different series of simulations were performed iidey to investigate the influence of the grid
resolution as well as the influence of the turbokemmodeling. Since one of the major
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difficulties in resolving the flow is the accurgteediction of the swirl motion near the tip of
the blade, major attention was paid to it. Not dmlyh resolution schemes were used to solve
the turbulent parameter equations, but also a apearvature correction was considered
[37]. The summary of the configurations consideseigicluded in Table 4.

4.2.5. Results

4.25.1. Resolution of circumferential velocities in the tip

In order to evaluate the quality of the obtainethatical results, the radial velocity profile at
different locations has been evaluated. These ipositare located near the tip of the
hydrofoil and a steep velocity gradient can be olese Further downstream dissipation of
the tip vortex, a reduction in circumferential vaty amplitude as well as in velocity gradient
can be observed as the position is departing frantip. It can be clearly observed in

Figure 34, where the velocity profile at the pasitilaying half chord length behind the
hydrofoil tip is substantially steeper than thefies located at a chord length distance or
twice chord length distance.

Figure 34: Radial velocity profile at three different locations after the tip vortex for
x/c,=0.5, 1 and 2.

The grid refinement allows to analyze the spatistmttization error of the numerical method
and to evaluate if an asymptotical solution indejee of the grid resolution can be finally
obtained. For this purpose, the radial velocityfilgovas evaluated using the three refined
grids in different locations (Figure 35 and Fig@®. Small differences between the results
can be observed even on the highest level of meBhement, indicating that a mesh
independent solution could not yet be obtained. él@w, even more severe discrepancies to
the experimental results arose, especially on nmeasnt cross section further downstream
the hydrofoil where the meshes are coarsening duaxial expansion. While the strong
velocity gradients can be predicted for the crasgisn close to the hydrofoil at x#0.016,
the plotted velocity profiles are much smoothenttiee experimental data obtained from the
experimental facility for x/&=1.0 (see Figure 36).
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Figure 35: Radial velocity profiles for different grids close to the tip of the hydrofoil.

Experiment x/c;=1.0
Coarse(1) x/g=1.0
Medium(2) x/co=1.0
Fine(3) x/¢=1.0

Velocity w/u

Figure 36: Radial velocity profiles for different grids at a chord length distance from the
tip.

A reason for this behaviour is the strong swirltbé velocity field near the tip of the
hydrofoil. In order to deal with this effect, difnt strategies have been considered. The first
one consisted of the use of a High Resolution Sehtamsolve the turbulence equations,
which are solved by default using an upwind adweectcheme, which is of cause more
diffusive. But the influence of the chosen advattscheme, shown in Figure 37, was found
to be not significant. In a second step a curvatoeection term in the SST turbulence
model had been applied (see section 2.1), in amexrccount for the strong curvature of
streamlines in the tip-vortex flow. The velocityofites obtained with this curvature
correction is also compared in Figure 38, showingnaportant improvement to approximate

the strong velocity gradient.
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Figure 37: Radial velocity profile with different numerical schemes for
solving/modeling the fluid flow turbulence.

A further step was done in order to enhance théuatian of the velocity gradient near the
tip vortex by raising the limitation of assumedtispic turbulence, which might be not
satisfied in the strong swirling flow of the tip niex behind the hydrofoil. Therefore the
turbulence model was changed from a two-equatiodenh(section 0) to the BSL Reynolds
Stress Model (section 0), where not two turbulentslel equations but one equation for
each Reynolds tensor component is solved. In #sg,cthe computer and memory resources
required has been increased, but analyzing Fig8rét 8an be noticed that even for coarser
meshes the enhancement is significant approachimagmore satisfactory comparison of the
steep velocity profile to measurement data.

SST (Fine)

SST High Res (Fine)
SST High Res CC (Fine)
RSM (Medium)

RSM (Coarse)
Experiment

Velocity w/u

Figure 38: Radial velocity profile for different turbulence modeling at x/g=1.

The influence of the turbulence model can alsolim=oved by looking into the vapor volume
fraction obtained in an ANSYS CFX multiphase flounslation applying the cavitation
model in combination with SST and BSL RSM turbukenoodels. A larger tip vortex
cavitation zone appears when the BSL Reynolds Stviesdel is applied. Sheet cavitation is
covering the most of the blade surface for botHiganations (Figure 39)
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Figure 39: Vapour volume fraction in cavitating flow near the tip. Re=5.2x18 =0.58.
(a) Experimental observation =9.5°, (b) SST turbulence model ¢=12°. (c) BSL
Reynolds Stress Model ¢=12°.
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4.2.5.2. Tip vortex trajectory

First the shape of the tip vortex trajectory hasrbmvestigated. It could be shown that the
trajectory does not strongly depend either on tigdenof attack, the Reynolds number value
or the cavitation number. This effect can be olbsgérin Figure 40, where the tip vortex
trajectory obtained for an angle of attack equaB.tt® and Reynolds number of 9.2%18
plotted as well as for the case &f11.6° and Re=5.2xf¥@gainst the experimental values of
Arndt.

Figure 40: Tip vortex trajectories in the x-y coordnate plane.

4.2.5.3. Lift coefficient

In addition to the tip vortex trajectory and thelogity profiles the value of the lift
coefficient, equation(3.6), has been investigakegure 41 shows the influence of the angle
of attack on the lift coefficient. It has been carted for different Reynolds numbers and by
using different grids; however all the computatioresults are finally arranging between the
two experimental results at Obernach [16] and SMfL
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Figure 41: Lift coefficient versus angle of attack.

The relationship between the cavitation inceptitime Reynolds number and the lift
coefficient has been considered as well. A cori@tatan be found in literature for the
dependency of these three parameters, which is

s,=0.063¢* Ré&* (3.9)

Results obtained with the three refined grids asmmared to the experimental ones, and
regressions of the numerical solutions obtaineccameputed (to compare its slope to the one
in equation(3.9)). Figure 42 shows that the slopthe regression curves obtained are lower
than the experimental results for the coarse gsiklile it increases for the medium grid
results. Finally the only result which could be aibed on the finest grid level due to the
involved high computational effort is in very goagreement to the experimental results.

Experiment

Coarse (1)

Medium (2)

Fine (3)
Regression, Coarse
Regression Medium

Figure 42: Cavitation inceptionvs.lift coefficient.
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4.2.6. Discussion

The test case is based on the experiments by AthdBpecial attention has been paid to the
tip vortex, since this is the zone of the flow wiéarger velocity gradients appear as well as
larger pressure drop occurs, originating the inoepbf the tip-vortex cavitation. The
trajectory of the tip vortex and the resolutiontieé radial velocities in the tip vortex have
been investigated and compared to data. The velgaidients were found to be difficult or
expensive to compute and different strategies leen investigated. The basic simulations
were run applying the standard SST turbulence mettebut any modifications, and it has
been observed that the use of high order resolwaremes and the use of a curvature
correction term in the turbulence model equatiomproved the resolution of the steep
velocity gradient near the tip of the hydrofoil. dddition, a Reynolds Stress Model has been
applied showing a more satisfactory agreementaamtimerical results even on coarser grids
by taking into account the anisotropy of the cambums phase turbulence in the strong
swirling flow in the tip vortex behind the tip di¢ hydrofoil.

4.3. Propeller P1356

4.3.1. Problem definition

The test case analyzed is the flow around a passesigp propeller called P1356. It has
been investigated experimentally as well as nurallyicExperiments in model scale were
performed in the cavitation tunnel operated at SXAd the experimental data obtained were
afterwards used to validate the numerical simutatiperformed by using the ANSYS CFX
software package.

The propeller in the investigated model scale &iasof 5 blades and has a diameter of
D=0.25 m. The specific configuration presented lergsists of a rotation frequency w28

s, a propulsion coefficient af=0.6 and the cavitation number gf1.816.

The propeller has been investigated inside theta@wn tunnel with a transducer plate
located 18 cm above the propeller, where 4 diffefgobes were arranged in a regular
pattern on the surface of the plate in order t@nmeédransient pressure values at pressure
sensor locations. The pressure transducer plateseas in this arrangement as a strongly
simplified replacement of a real ship stern modebider to study the propeller/ship hull
interaction by propeller rotation, turbulence aralitation induced pressure fluctuations.
Recorded transient pressure signals are then umethé validation of CFD simulation
results. Therefore the same propeller configuradind geometry at the same scale was used
for the numerical simulations. A schematic représton of the cavitation tunnel located in
SVA is shown in Figure 43, and the numerical repngstion of it including the propeller, the
pressure transducer plate arrangement and the grstiokution is shown in Figure 44,
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Figure 43: Schematic of the cavitation tunnel at SX.
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Figure 44: Test case configuration: propeller, trasducer plate and probe locations.

The inner cross section of the SVA Potsdam cawitattinnel is 850x850 mfmits maximum
flow velocity is 7.5 m/s, the maximum measurableist with the used dynamometer is 3000
N and the maximum measurable torque is 150 Nm.

The experimental data were generated after theeflespwas rotating for long time, therefore
assuring the independency of the recorded data @@ritation tunnel initial state. Then the
signal corresponding to 10 cycles was recordedsiyguStereo PIV measurements [31]. The
camera used has a sensor resolution of 1024x106@4spiand it can take from 60 to 2000
Pictures/second using the highest resolution andouf20000 Pictures/second using the
lowest one. The resolution chosen for this case6088€ Pictures/second containing 512x512
pixels each one.

Regarding the pressure data, transient signals Iheee recorded with miniaturized pressure
sensors of XPM5 type with an adjustable range aisueement between 0-2 bar up to 0-350
bar [32]. For higher reliability of data, cleardofprepresentation and comparison to CFD
results, a statistical average of the data ovarr@Peller cycles was obtained.

4.3.2. Boundary/Initial conditions

The simulations computed for this case have beanirrua transient mode using a single-
phase CFD setup with water under normal conditemthe working fluid. A high resolution
numerical scheme has been chosen for the advdetionand a second order backward Euler
scheme for the transient term.
The following boundary conditions were appliedtdve the test case:
Inlet boundary condition with an inlet velocity val based on the advance
coefficient, rotation frequency and propeller diaene

V,, = JnD (3.10)
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Outlet boundary condition with a static outlet pu@® based on the cavitation
number, vapour pressure, rotation frequency anggber diameter.

Pt = P, +S, %nZD2 (3.11)

No-slip wall boundary conditions with automatic Wainctions for the cavitation
tunnel walls and the solids inside the domain.

4.3.3. Numerical Meshes

The domain has been discretized using the meshragjeneANSYS ICEM-CFD [33].It has
been split into two parts: one containing the aaeaund the propeller blades (rotating
region), and another one for the remaining stadit pf the domain. This is due to the fact
that ANSYS CFX [34] allows running different zongfsthe domain with either rotor or static
frame of reference, and connecting them by usingadled general grid interfaces (GGI) at
the rotor/stator interfaces.

Stator
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Figure 45: Grid resolution details for different meshes. From top to bottom: Grid 1
(rotor/stator interface); Grid 2 (rotor/stator inte rface), Grid 3 (structured/unstructured
grid coarsening); Grid 5 (rotor/stator interface).
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In this way the propeller and a small part of thub linave been simulated in a rotor frame,
while the rest of the domain (including the transeluplate) has been simulated in a static
frame. As will be explained next, the spatial resioh of the grid at the interface between
those two parts plays an important role in ordeassure high accuracy of the numerical
solutions.

Five different consequently refined grids were stigated (see Figure 45). The first
simulation approach (Grid1) contained about 1.4 khkales in total. Due to the skewness of
the propeller blades the minimum grid angle wasiaB®5 degrees. Due to the generation of
a scalable grid structure, this minimum grid angleuld be preserved throughout the
following steps of grid refinement, thereby assgren constant mesh quality for all CFD
predictions. By analyzing the first simulation riksuit was pointed out, that the grid
resolution at the rotor/stator interface in botimeins has a quite significant influence on the
CFD simulation results.

Therefore, the second step (Grid 2) consisted fofing the stator in order to get a more
similar spatial resolution on both sides of thesifdce. Even with this approach the grid
resolution of the static part of the computatiotamain was still rather coarse. Refining the
grid at the stator domain in order to reach theesaesolution as at the rotor side of the
rotor/stator interface would imply a propagationtleé refinement through the whole stator
domain ending up with an enormous amount of nhoddscansequently with a much too high
computational effort for the computational flow gietion.

Therefore the third grid (Grid3) avoids this grigfinement propagation by applying a new
feature of the ANSYS ICEM-CFD Vers. 11.0 grid geater [35]. It allows generating a non-
structured layer that creates a smooth transitetwéen a densely refined zone of the grid
and a coarser one (Figure 45). This way only a mpaot of the stator (the one just after the
interface, where the system of tip vortices is pgaging downstream of the propeller) is
refined, resulting in a similar spatial resolution both sides of the rotor/stator interface.
The fourth mesh uses the same meshing strateggdules in the refined part of the stator
domain are more concentrated in the area whergpvertices departing from the blades are
supposed to propagate. The final grid (Grid5) iefmement of the previous one including an
extension of the zone right after the interface mwhehe grid is refined. The
main characteristics of the grids used for the misaksimulations are summarized in Table
5.

Nodes at Nodes at Min grid
rotor domain stator domain angle
Gridl 1.159.050 270.460 9.25°
Grid2 1.159.05! 605.62( 9.25
Grid3 1.159.05! 3.117.22; 9.25
Grid4 1.196.82! 3.847.81 9.00¢
Grid5 1.627.550 8.464.877 9.90°

Table 5: Grid statistics for the propeller case.

4.3.4. Computation strategy

In order to investigate the influence of the twagmaeters (grid resolution, and turbulence
modeling) different configurations were analyzetieif description is summarized in Table
6. Besides the application of turbulence viscosaged URANS models, for the sufficiently
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refined numerical grids 3-5 also scale-resolvingptilence modeling (SAS-SST and DES)
has been applied in the numerical simulations oheptto reproduce the flow structure of
detaching tip vortices correctly.

. Turbulence
Test name Grid Model
1A 1 SST
1B 1 SST+CC
1C 1 BSL-RSM
2A 2 SST
2B 2 SST+CC
2C 2 BSL-RSM
2D 2 EARSM
3A 3 SST
3B 3 SST+CC
3C 3 BSL-RSM
3D 3 EARSM
3E 3 SAS-SST
4E 4 SAS-SST
4F 4 DES
5F 5 DES

Table 6: Simulations outline for the propeller case

4.3.5. Results

Two main characteristics or target properties hbgen analyzed in order to evaluate the
results obtained with respect to the differentgaad different turbulence models, which are
the transient, ensemble averaged pressure sigriis probes located on the transducer plate
and the tip vortex structure of the flow departioff) the tips of the propeller blades and
propagating downstream the cavitation tunnel behired propeller. The first ones can be
compared to recorded pressure data from the CFDI&iions (Figure 46, Figure 47, Figure
48), while the second ones can be compared to Ivishservations and movies obtained
directly from high-speed camera at the cavitatiomel at SVA (Figure 49,Figure 50).

4.35.1. Transient pressure signals

The influence of the turbulence modeling can beeoked in Figure 46. On its top, the
transient pressure signal at the probe number 2hi®iA/1B/1Cconfigurations is shown.
Results show that for the Baseline Reynolds Stkésdel (BSL RSM) approach the phase
and the amplitude of the pressure signal is inebetjreement with the experimental data
then for the case using the standard SST w/o auneabrrection (CC), as could be expected,
since it represents the more accurate turbulencdemand accounts for anisotropy of
swirling flows.
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The middle diagrame contains the transient pressigreal for the2B/2C/2Dconfigurations.
In this case, the phase and amplitude predictiothefpressure signal is similar for the
different models. There is no shift on the phasthefprofiles, and the EARSM and the BSL-
RSM show a very similar performance.
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Figure 46: Transient pressure signal at probe 2 fodifferent turbulence models. Top:
Grid 1; Middle: Grid 2; Bottom: Grid 3.
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Results on the bottom correspond to the 3B/3C/3D8BRulations. The same qualitative
behavior can be observed. The influence of the igsblution can be noticed in Figure 47.
Results for the second probe, in this case fositmellations 3E/4F/5F, are compared again to
the experimental data. No significant differencéesMaen the fourth grid results and the third
grid results is observed, as expected since théauof grid nodes is of the same order, grid
resolution of the rotor domain is the same and ¢iméylocation and number of nodes inside
the stator domain is changed. However, when thelteesn the 8.5 Mio nodes grid are
analyzed (grid 5), it can be seen that the CFD ksitiums predict highly satisfactory the
experimental results, even reaching the same amdplilevel. The last grid 5 contains more
than twice the amount of nodes than the previoas(grd 4).

For the sake of briefness not all results corredpanto the other three probes are included.
The qualitative results are the same, and the s$emds were observed. Just the results for
the case 5F (Grid 5, solved with the DES turbulenoéel), are shown (Figure 48).

—— Grid3-SAS-SST|
—— Grid4-DES
—— Grid5-DES
—+=SvA(avg)

Pressure [kPa]
o
(4]

Angle [7]

Figure 47: Transient pressure signal at probe 2 . &e 3E, 4F, 5F.

The transient pressure signals at the second amthfprobe are in good agreement with the
experimental data, and only for the third one tiserépancies are larger.
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Angle 7]
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Figure 48: Transient pressure signal. Case 5F. Togrobe 2; Center: probe 3; Bottom:
probe 4.

The accurate prediction of the pressure field léadsirn to an accurate prediction of local
pressure oscillations and the formation of cavitationes due to locally decreasing pressure
below the saturation pressure of the fluid. It iaed that it was necessary to use the finest
grid and more accurate scale-resolving turbulenoelahto reproduce the experimental
values. However, by comparing only the transieasgpure signal, it could be thought that the
difference between, for instance, grid 3 and 4oisafi large importance. Pictures presented in
next section show, that besides the achieved acgwofahe transient pressure signals special
effort has to be undertaken in order to reprodheedetails of the flow structure behind the
propeller.

4.3.5.2. Influence of the GGI Improvements and Tip vortex prediction

Since the final goal of the presented CFD studyhes prediction of cavitation and the
locations at the propeller blade surfaces wherdtatgon inception will take place, the
structure of the flow was investigated. Flow andtew structure was analyzed more
thoroughly by visualization of isosurfaces of theegsure field and turbulence related
quantities.

In Figure 49 pressure isosurfaces for the five yareal grids are plotted. Results correspond
to the most accurate turbulence model in each sasBSL RSM for grids 1-3 and DES for
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grids 4-5. The visualized domain includes the rotmiuding the propeller blades and the
area in downstream direction. Black lines on thetypes represent the discretization of the
rotor/stator interface from the rotor point of view

It was clearly found, that the first grid contairedoo significant different resolution on both
sides of the rotor/stator interface. Thereforegmificant amount of information was lost at
the rotor/stator interface due to interpolatioroesr This can be noted because the tip vortices
departing from the blades suddenly disappear ornteeface location. The diffusion due to
the interpolation between rotating and static paftshe computational domain does not
allow them to cross the interface.

The second grid was refined in the circumfererdiaéction in order to get a more similar
spatial resolution on the mentioned interface. Byhglimprovement could be observed,
because now the tip vortices cross the interface,dnly a very short distance, almost
insignificant. This indicated that the refinemerasanot still not sufficiently high, especially
on the stator part of the domain adjacent downstrefthe rotor domain. Thus, the necessity
of a new meshing strategy arose.

The third grid simulation shows a notable progresshis sense. The isosurface length is
larger, crossing the interface without loosing miation. However, it looked not long
enough as in the experimental facilities. In tlasecan optimization of the local node density
was required, which was achieved by reallocatiomadles to the region, where the tip
vortices propagate from the rotor domain into tte#os domain keeping the overall number
of nodes on the mesh almost constant.

The numerical results obtained with the fourth gnid more adequate in terms of tip vortices
length prediction. The issue at the interface isllp fixed, and the characteristics of the
results depend now on the global mesh parametemsettr, some non-physical gaps in the
lateral vortex structures appeared. This effect masdue to any deficiencies of the physical
modeling but is related to the fact of non-apprajeriprojections of the edges of grid blocks
in the far field behind the propeller. Larger cgites in the corners of rectangular grid block
structures lead to a local coarsening of the nigalemesh with increasing distance to the
rotor of the propeller and therefore to a detetiorain spatial resolution, which caused the
tip vortices to disappear locally.

By fixing this meshing issue in grid 5 and by eglag the area just behind the rotor/stator
interface where the grid is refined, a very satigfey result in agreement with the
experimental observations was achieved. The pressosurfaces visualizing the location of
the tip vortices show now a very comparable shapeomparison to the cavitation tunnel
observations.
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Figure 49: Pressure isosurface (P=47KPa) for the fierent grids. Top left: Case 1C;
Top middle: Case 2D; Top right: 3F; Bottom left: Case 4F; Bottom right: Case 5F.

Since the resolution of the cavitation has annsid relation with the degree of turbulence
resolution, turbulence quantities can help us f@r study and visualization of the flow
structure. In this way, the so called Q-criteridueawas analyzed. It is a velocity gradient
invariant considering the vorticity and shear stnaite of the flow. It can be mathematically

described as
2 2
Tu T Ty, Ty

Q=W -5°=
T, X iy Tix

(3.12)
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This value has units of fi In order to deal with a dimensionless paramaterodification of
it was used. It has been done considering oneeofribre significant values characterizing the
configuration of the flow, which is the rotatiore§uency of the propellen),

Q=qQ/r (3.13)

Figure 50: Top: Propeller at the cavitation tunnelat SVA;
Bottom: Q’-criteria isosurface obtained with numerical simulaion, case 5F (Q=60).
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In Figure 50 there is a qualitative comparison leetwa snapshot of the cavitation tunnel
while the propeller is rotating (top) with the samparameters defined in the numerical
simulations, and a plot of a @riteria isosurface obtained with the finest gaidd DES
model. It can be noted that the degree of agreemsédully satisfactory in terms of predicted
flow structure behind the propeller.

4.3.6. Discussion

The study of a flow around a ship propeller by neeahCFD simulations was carried out.

This kind of flows are of large interest for thenma industry, and usually very costly when
analyzed experimentally.

The main focus of the investigations was two-fdatwstudy the influence of grid resolution

and turbulence modeling on transient pressurelasois caused by the propeller flow and
on the flow structure downstream of the propeller.

Therefore, different grids and turbulence modelsewaonsidered. Both of them were found
to have an important influence on the accuracyhef numerical solution, especially with

respect to the spatial and timely resolution anevrddiream propagation of tip vortex

structures departing from blade tips of the praell

Numerical results were compared to experimentak dabtained from scaled model

experiments at SVA Potsdam test facilities. Witk finest grid and by applying a scale-
resolving DES turbulence model very satisfactorseament between numerical predictions
and experiments could be observed, in terms obigah pressure signal predictions at given
measurement locations and in terms of the prediateti visually observed flow structure

behind the propeller blades.

The information obtained from the presented andudised single-phase simulations indicate,
that a multiphase simulation applying a cavitatmadel would require even finer grids in

order to resolve the small geometrical structuffetgpovortices and consequently the drop of
the local pressure in tip vortices below the sditomnapressure, which finally would lead to

the tip vortex cavitation observable in the expemts. Nevertheless the developed
methodology of investigation using scale-resohV8&S-SST or DES simulation can be used
to acquire very useful information about cavitatiemdangered parts of a propeller design
even upfront a cavitation simulation by carrying single phase simulation only and by

investigating the turbulence induced patterns egpure minima in the flow field.
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5. Conclusions

A model in ANSYS CFX to deal with cavitation phenema has been developed. It is based
on a homogeneous multiphase flow approach and odelittg of the bubble dynamics
solving the Rayleigh-Plesset equation for cavitattmbble radius. The model has been
combined with different turbulence models for tleatnuous fluid phase. Turbulent pressure
fluctuations and their influence on the cavitatipnenomena were taken into account by
relating them to the turbulent kinetic energy o ttontinuous phase. As a further step, also
the presence of non-condensable gases has beetfiedptiy means of the so-called Full
Cavitation Model.

The study of a flow around a two-dimensional plaeovex hydrofoil (Le profile), a three-
dimensional elliptical hydrofoil (Arndt profile) @na ship propeller P1356 by means of CFD
simulations was presented. The increase of thedlify in the test cases investigated allowed
us to perform a deep analysis of the phenomena. Kihd of flows are of large interest for
the marine industry, and usually very costly whealgzed experimentally.

The main focus of the investigations in all cases wvo-fold: to study the influence of grid
resolution and turbulence modeling on transientssuee oscillations caused by the
propeller/hydrofoil flow and on the flow structudownstream of it. The developed CFD
models have been validated against experimentalfdatll 3 testcases.

Therefore, different grids and turbulence modelsewaonsidered. Both of them were found
to have an important influence on the accuracyhef numerical solution, especially with
respect to the spatial and timely resolution anevrddiream propagation of tip vortex
structures departing from blade tips of a statidrbfoil or the propeller.

For the first case, three refined grids have besed dor the simulation, ensuring comparable
mesh quality on all grid levels. The cavitationd#rs, pressure coefficients and lift values
have been investigated and compared against #m@tlire values. The numerical results
agree reasonably well to the experiments, eveméigessity to use even finer grids could be
shown from the present validation study.

The second test case is based on the experimedtsny. Special attention has been paid to
the tip vortex, since this is the zone of the fivere larger velocity gradients appear as well
as larger pressure drop occurs, originating thegtion of the tip-vortex cavitation. The
trajectory of the tip vortex and the resolutiontioé radial velocities in the tip vortex have
been investigated and compared to data. The velgaidients were found to be difficult as
well as expensive to compute and different stratediave been investigated. The basic
simulations were run applying the standard SSTulerice model without any modifications,
and it has been observed that the use of high amteiution schemes and the use of a
curvature correction term improved the resolutibihe steep velocity gradient near the tip
of the hydrofoil. In addition, a Reynolds Stress ddbhas been applied showing a more
satisfactory agreement to the numerical result® @vecoarser grids by taking into account
the anisotropy of the continuous phase turbulendbe strong swirling flow in the tip vortex
behind the tip of the hydrofoil.
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For the propeller case, numerical results were @vathto experimental data obtained from
scaled model experiments at SVA Potsdam test tiasili With the finest grid and by
applying a scale-resolving DES turbulence modely veatisfactory agreement between
numerical predictions and experiments could be esk in terms of transient pressure
signal predictions at given measurement locatiomsia terms of the predicted and visually
observed flow structure behind the propeller blades

The information obtained from the presented andudised single-phase simulations indicate,
that a multiphase simulation applying a cavitatmadel would require even finer grids in
order to resolve the small geometrical structufe$povortices and consequently the drop of
the local pressure in tip vortices below the saiomapressure, which finally would lead to
the turbulence induced tip vortex cavitation obabtg in the experiments.

With respect to the pressure fluctuations measonetthe simplified ship stern surface (in the
simplified cavitation tunnel experiments represdrg the pressure transducer plate) a very
satisfactory agreement between the CFD simulataia end the experimental data from the
pressure transducer measurements could be obtaiitdthe derived CFD simulation
technology. This offers encouraging possibilities the application of CFD for the
investigation of pressure fluctuations on shiprstan full scale and in dependence on real
propeller and rudder designs.
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7. Nomenclature

Q*

Greek letter

Subscripts
m

%

I

Propeller diamett

Rotation frequenc

Propulsion coefficient

Cavitation number

Phase volume fraction

Velocity component (mY

Mass transfer rate (Kg s
Gravity component (m?3
Pressure (N /)

Pressure coefficient

Lift coefficient

Aree

Force

Characteristic leng

Reynolds number

Turbulence kinetic energy production
Vaporisation factor

Condensation factor

Average velocity component (s

Fluctuating velocity component (rit)s

Kinetic energy (r* %)

\orticity

Shear Strain Rate

Inlet normal velocity

Outlet static pressure
Q-criteria value

Dimensionless Q-criteria value

Turbulence dissipation rate * <)
Turbulence frequency ™)

Phase density (Kg 1)

Stress tensor component (Kg if) s

Surface tension coefficient ° s
Angle of attac
Zero lift angle

Mixture
Vapour
Liquid
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sat

out
eff

nuc

Phase
Saturation
Inlet
Outlet
Effective
Lift

Nuclei
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