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The numerical predictions of the cavitating flow around two model scale propellers in uniform inflow are presented and discussed.
The simulations are carried out using a commercial CFD solver. The homogeneous model is used and the influence of three
widespread mass transfer models, on the accuracy of the numerical predictions, is evaluated. The mass transfer models in question
share the common feature of employing empirical coefficients to adjust mass transfer rate from water to vapour and back, which
can affect the stability and accuracy of the predictions. Thus, for a fair and congruent comparison, the empirical coefficients of the
different mass transfer models are first properly calibrated using an optimization strategy. The numerical results obtained, with the
three different calibrated mass transfer models, are very similar to each other for two selected model scale propellers. Nevertheless,
a tendency to overestimate the cavity extension is observed, and consequently the thrust, in the most severe operational conditions,

is not properly predicted.

1. Introduction

In the field of marine applications, and in the particular
case of marine propellers, the onset of cavitation is, in
general, associated with negative design implications such as
thrust reduction, noise, vibration, and erosion. In the last
decades, also owing to the steady increasing of the computer
performances, in order to improve the design process, several
CFD (Computational Fluid Dynamics) methods have been
developed for the prediction of the cavitation appearance
and the estimation of its effects.

In this study, we evaluated the capabilities of the homo-
geneous, that is, one-fluid model implemented in the ANSYS
CFX 12 (for brevity CFX hereafter) commercial CFD solver,
for the prediction of cavitating flow around model scale
propellers working in uniform inflow. This model treats the
cavitating flow as a mixture of two fluids behaving as a
single one. The set of the governing equations is composed
by the (volume) continuity and momentum equations
for the mixture, plus a transport equation for the water
volume fraction. The mass transfer rate due to cavitation is
regulated by the same source term appearing in the (volume)

continuity and volume fraction equations. This source term,
in CFX, using the default setting is modelled by employing
the mass transfer model originally proposed by Zwart et al.
[1] (Zwart for brevity). However, in literature several other
mass transfer models are available (see [2]). Thus, in order
to improve the reliability of the simulations besides the Zwart
model we employed also two other widespread mass transfer
models: the model originally proposed by Kunz et al. [3]
(for brevity Kunz) and the model originally proposed by
Singhal et al. [4] also known as Full Cavitation Model (FCM
hereafter). The Kunz and FCM models were added to the
CFX solver using CEL (CFX Expression Language).

It is fundamental to clarify that the considered mass
transfer models share the common feature of employing
empirical coefficients to adjust the mass transfer rate due
to condensation and evaporation processes, and their values
can significantly affect both the stability and accuracy of the
numerical predictions. Thus, in order to correctly evaluate
the influence of the three different mass transfer models on
the stability and accuracy of the numerical predictions, their
empirical coefficients were first properly and congruently
calibrated using an optimization strategy [5]. The models



were calibrated considering the two-dimensional stable sheet
cavity flow around a NACA-66(MOD) hydrofoil. The cali-
brated mass transfer models were then used to investigate the
cavitating flow around two model scale propellers recognized
as international benchmarks, that is, E779A propeller and
PPTC propeller.

The numerical results were compared with the avail-
able experimental data. For both propellers, three selected
operational conditions, corresponding to the appearance of
partial and/or tip vortex cavitation, were considered [6, 7].
For such conditions, the numerical results obtained with the
different calibrated mass transfer models were very similar to
each other and compared well with the experimental data,
even though the numerical cavitation patterns were slightly
overestimated. However, in the case of E779A propeller
where also the more severe operational conditions were
simulated, the thrust breakdown was not properly predicted.

In the following, the homogeneous (one-fluid) model
used in this study is presented first, followed by the
description of the optimization strategy used to calibrate the
different mass transfer models. Then the results obtained
considering the cavitating flow around the two different
model scale propellers are provided. Eventually, some con-
cluding remarks are given.

2. Mathematical Model

Cavitating flows can be modelled using several methods.
An excellent review of different methods is provided for
instance by Koop [8]. In this work, we used the homogeneous
transport equation-based model [9, 10], described in the
following.

2.1. Governing Equations. As already indicated the cavitating
flow is modelled as a mixture of two species, that is, vapour
and liquid behaving as a single one, where both phases share
the same velocity as well as pressure fields.

In the case of the RANS (Reynolds-averaged Navier
Stokes) approach to turbulence, employing the eddy viscosity
models and assuming both liquid and vapour phases incom-
pressible, turbulent cavitating flows can be described by the
following set of governing equations:
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which are, in order, the volume continuity and the momen-
tum equation for the liquid-vapour mixture and the volume
fraction equation for the liquid phase. In the above equa-
tions, p. (kg/m?®) and py (kg/m?) are the liquid and vapour
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densities, respectively. U (m/s) is the averaged velocity and
P (Pa) the averaged pressure. S represents the additional
momentum sources (e.g., the Coriolis and centrifugal forces
in the rotating frame of reference). y is the water volume
fraction which is related to the vapour volume fraction «
through the volume fraction constraint:

y+a=1 (2)

The mixture density p (kg/m?®) and laminar dynamic viscos-
ity u (kg/ms) are evaluated according to

p=ypr+(1-y)pv,
(3)
p=yur+ 1=y,

where p; (kg/ms) and py (kg/ms) are the liquid and vapour
dynamic viscosities, respectively. ri1 (kg/m’s) represents the
interphase transfer rate due to cavitation. In this study, iz was
modelled using alternatively the three different mass transfer
models presented in the next section.

Finally, in order to close the system of the govern-
ing equations, the mixture turbulent viscosity y; (kg/ms)
was evaluated using the eddy viscosity turbulence models
developed for the single phase flow. In particular, the two-
equations standard k-¢ and SST (shear stress transport)
turbulence models were employed. For the description of the
above turbulence models we refer to [10-12].

2.2. Mass Transfer Models. The mass transfer models
describe/regulate the interphase mass transfer rate due to
cavitation. In the last two decades, several authors proposed
different mass transfer models.

In the following, we provide a brief description of three
different mass transfer models employed in this study, where
the interphase mass transfer rate due to cavitation was
assumed positive if directed from vapour to water. These
models, except for the full cavitation model, are simplified
versions of the original formulations, where the contribution
of the dissolved gasses was omitted.

2.2.1. Zwart Model. The Zwart model is the native CFX mass
transfer model. It is based on the simplified Rayleigh-Plesset
equation for bubble dynamics [13]:

3 1- -
_F, Tuc( “)PV gPV P ifP <Py
RB 3 PL
= (4)
3 —
p %V 2P Py if P> Py.
RB 3 PL

In the above equations, Py is the vapour pressure, 7y, is
the nucleation site volume fraction, Rp is the radius of a
nucleation site, and F, and F, are two empirical calibration
coefficients for the evaporation and condensation processes,
respectively. In CFX, the above mentioned coefficients, by
default, are set as follows: ryue = 5.0 X 1074, Rz = 2.0 X
10=°m, F, = 50, and F, = 0.01.

Moreover, the above equations show that expressions
for condensation and evaporation are not symmetric.
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In particular, in the expression for evaporation, « is replaced
by rnuc(1 — ) to take into account that, as the vapour volume
fraction increases, the nucleation site density must decrease
accordingly.

2.2.2. Full Cavitation Model. The mass transfer model
proposed by Singhal et al. [4], originally known as full
cavitation model, is currently employed in some commercial
CFED codes, that is, FLUENT [14] and PUMPLINX [15]. This
model is also based on the reduced form of the Rayleigh-
Plesset equation for bubble dynamics, and its formulation
states as follows:

Vk 2Py - P .
—CeTprV 5 VPL (l — fv) if P< PV

ok [2P=Py
cTPLPL 3 o

fv if P > Py,
(5)

where fy is the vapour mass fraction, k (m?/s?) is the
turbulent kinetic energy, T (N/m) is the surface tension, and
C. = 0.02 and C, = 0.01 are two empirical calibration
coefficients.

It is important to note that in this work, for convenience,
we did not use the original formulation of the model, but
the formulation derived by Huuva [16] in which the vapour
mass fraction, fy, is replaced by the vapour volume fraction
a.

2.2.3. Kunz Model. The Kunz mass transfer model is based
on the work of Merkle et al. [17] and currently is one of
the mass transfer models implemented in the OpenFOAM
library [18]. In this model, unlike the above mentioned
models, the mass transfer is based on two different strategies
for creation i1t and destruction 71~ of liquid. The transfor-
mation of liquid to vapour is calculated as being proportional
to the amount by which the pressure is below the vapour
pressure. The transformation of vapour to liquid, otherwise,
is based on a third-order polynomial function of volume
fraction, y. The specific mass transfer rate is defined as m =
mt +

v _ Coroapvy? (1 y)
too ’

i (6)

S CdestPVy mln[O,P - PV]

In the above equations, Us (m/s) is the free-stream velocity
and to» = L/U, is the mean flow time scale, where L is the
characteristic length scale. Cyest and Cproq are two empirical
coefficients. In the original formulation Cyet = 100, Cprod =
100.

3. Calibration of Mass Transfer Models

As described in the former section, in the homogeneous
transport equation-based model, a particular mass transfer

model which regulates the mass transfer rate from liquid to
vapour and back is needed in order to simulate cavitating
flow.

In this study, we employed the Zwart model, the FCM
model, and the Kunz model. As already indicated in the pre-
vious section, these models employ empirical coefficients to
tune the models of condensation and evaporation processes,
that in turn can influence the accuracy and stability of the
numerical predictions.

Thus, in order to ensure, for all three different mass
transfer models, the stability and a good level of accuracy
of the predictions, the empirical coefficients of the three
different mass transfer models were properly calibrated using
an optimization strategy. The entire calibration process was
driven by the modeFRONTIER 4.2 optimization system
and is described in the following. We remind that mode-
FRONTIER [19] is a general integration and multiobjective
optimization platform, which can drive a variety of CAE
packages and provide statistical and visualization tools. It
is commonly used for functional and shape optimization
of systems and devices, for example, see [20]. It is worth
to say that with the developed strategy, the empirical
coefficients were tuned considering the two-dimensional
sheet cavity flow around the NACA66(MOD) hydrofoil [21].
In this manner, due to the lower computational costs, we
could explore, in a reasonable computational time and with
limited computational resources, a significant number of
coefficients’ combinations. Consequently, we had also the
opportunity to verify if the coefficients calibrated for the
hydrofoil case, could have a general character, and could be
successfully applied to the propeller flow problem.

3.1. The Idea and Logic of the Optimization Strategy. In the
developed optimization strategy, the three different mass
transfer models were properly calibrated by searching the
values of the empirical coefficients which minimized the
objective function f. The objective function represented the
differences between the numerical and experimental pressure
distributions on the suction side of a NACA66(MOD)
hydrofoil evaluated at an angle of attack AoA = 4° and for
three different cavitating flow regimes. More precisely, the
objective function f was expressed as follows:

N
f = ZZ ‘ CPi - CPx,Exp

o i=1

; o =1.00,0.91,0.84, (7)

where Cp, and Cp,;,, were the numerical and experimental
values of the pressure coefficient, taken at N = 12 locations
on the suction side of the hydrofoil, and ¢ was the cavitation
number defined as follows:

_ Prer — Py

7= (2)p U ®)

where Pggr (Pa) was the reference pressure and U, (m/s) the
free-stream velocity.

In order to find the values which minimized f, two
different optimization algorithms were run in sequence.
The design space was firstly explored using the MOGA-
11, a multiobjective genetic optimization algorithm available



in modeFRONTIER 4.2 [19]. The MOGA-II was run for
ten generations starting from an initial DOE (design of
experiments) of ten designs randomly generated. In order
to refine the solution, the Simplex [22], single objective
optimization algorithm was used, starting from the three
best solutions obtained using MOGA-II. No significant
improvements were observed using the Simplex algorithm.

Figure 1 shows the logic of the optimization strategy,
where the optimizer block stays for both the MOGA-II and
Simplex algorithms, and where (X1, X2) represent the couple
of empirical coefficients for all three different mass transfer
models.

The numerical setup adopted to run the simulations,
within the optimization process, is briefly described in the
following. Further details can be found in [5].

3.2. Simulation Setup. During the optimization process, the
simulations were carried out using the following strategy.

The cavitating flow around the hydrofoil was simu-
lated on the rectangular domain shown in Figure 2. The
simulations were carried out in 2D and assuming steady-
state conditions. For turbulence closure, the standard k-
¢ turbulence model, in combination with scalable wall
functions [10], was employed. The following boundary
conditions were applied. On solid surfaces (top, bottom, and
NACA66(MOD)), the no-slip condition was set. On outlet
boundary, a fixed static pressure, Prgr = 202,650 Pa was
imposed and on the side faces the symmetry condition was
enforced. On inlet boundary, the values of the free-stream
velocity components and turbulence quantities were fixed.
Water and vapour volume fractions were set equal to 1 and
0, respectively. In order to match the experimental setup,
during the numerical simulations the same Reynolds number
was used. Since the water kinematic viscosity was assumed
v, = 8.92 X 1077 m?/s, the free-stream velocity was set to
U = 12.2 (m/s). Assuming a turbulence intensity of 1%, the
turbulent kinetic energy k and the turbulent dissipation rate
€ were set equal to k = 0.0223 m?/s?, ¢ = 0.1837 m?/s® on
the inlet boundary. The water density was set equal to p;, =
997 kg/m? and the maximum water-vapour density ratio was
limited to p1/py = 1000 in order to ensure solver stability. All
the simulations were performed on a hexahedral grid with
58700 nodes which proved to give mesh independent results
[5], for fully wetted flow. Figure 3 shows the computational
mesh around the hydrofoil generated with the ANSYS-ICEM
mesh generator (ICEM hereafter). The average value of y*
evaluated on the solid surfaces of the hydrofoil was equal to
28. y* was defined as y* = p, y/v, where y, = (1,,/p)"* is the
friction velocity, y is the normal distance from the wall, and
T,y 1s the wall shear stress.

3.3. Calibration Results. In this study, the evaporation F, and
condensation F. coefficients of the Zwart model were tuned
within the following ranges: 30 < F, < 500, 5.0 x 10™* <
F. < 8.0 X 1072. The best result was found with F, = 300 and
F.=0.03.

For FCM, the values of the evaporation coefficient C,
and of the condensation coefficient C, were tuned within
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F1Gure 1: Logic of the optimization strategy.
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FiGure 2: NACA66(MOD), shape of the computational domain.
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FIGURE 3: Mesh around the NACA66(MOD) hydrofoil.
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TaBLE 1: Default and calibrated coefficients for the different mass
transfer models.

Zwart FCM Kunz
F, F, Ce. C. Cest Corod
Default 50 0.01  0.02 0.01 100 100
Calibrated 300  0.03 0.40 2.3E-04 4100 455

the following ranges: 0.01 < C, < 1, .0 X 107® < C, <
1.0 x 1072. The best solution was found with C, = 0.40 and
C. =230x 1074,

For Kunz, the designs space was defined as follows: 100 <
Caest < 5000, 10 < Cproa < 1000. The best solution was
achieved with Cproq = 455 and Cget = 4100. In the Kunz
model, in order to set the mean flow time scale t,, = L/Uw,
the chord of the hydrofoil was chosen as a length scale, L,
following [16].

For the sake of completeness, Table 1 highlights that the
empirical coefficients which resulted from the calibration
process were quite different compared to the default ones.
The differences between the calibrated and default values of
the coefficients were lower for the Zwart model, probably
because being this one the native mass transfer model of
CFX, the suggested empirical values have been already found
to work well for a wide range of applications.

Figure 4 shows, for instance for ¢ = 0.91, how the cavities
predicted with the noncalibrated mass transfer models had a
lower vapour content and were shorter than those obtained
with the calibrated models. These differences were more
pronounced for the FCM and Kunz mass transfer models.
As a matter of fact considering the suction side pressure
distributions depicted in Figure 5, it is possible to note that
with the noncalibrated mass transfer models, and especially
with the Kunz and FCM mass transfer models, the numerical
cavities were significantly underpredicted compared to the
experimental ones, for all the three different cavitating flow
regimes, that is, ¢ = 1.00, 0.91, and 0.84. On the other
hand, from the cavitation patterns presented in Figure 4, and
the suction side pressure distributions given in Figure 6, it is
possible to appreciate that the numerical results provided by
the three different calibrated mass transfer models were very
close to each other and in line with the experimental data.

Finally, let us clarify that before being applied to the
predictions of the three-dimensional cavitating flow around
model scale propellers, the three different calibrated mass
transfer models were first assessed considering further two-
dimensional sheet cavity flow regimes around a hydrofoil [5].

4. Model Scale Propellers

4.1. Test Cases. In this study, the model scale propellers
E779A and PPTC, depicted in Figure 7, were considered.
The E779A propeller is a four-bladed, fixed-pitch, and
low-skew propeller, designed in 1959 with a diameter D
= 0.2272m. Since 1997, it has been used in experimental
activities performed by INSEAN (Istituto Nazionale di Studi
ed Esperienze di Architettura Navale) aimed at providing

TaBLE 2: Distances of the boundaries/surfaces from the propeller
mid plane in axial direction for inlet, outlet, front, aft, and from the
propeller rotation axis centreline in radial direction for outer and
top.

Propeller Inlet  Outlet Outer Front Aft Top
E779A 340D 535D 5.00D 0.40D 0.35D 0.70D
PPTC 230D 530D 5.00D 041D 031D  0.60D

a thorough characterization of marine propeller hydrody-
namics and hydroacoustics over a wide range of operational
conditions. It has been widely used for the validation of CFD
codes (e.g., see [23-25]).

The PPTC (Potsdam Propeller Test Case) is a five-bladed,
controllable pitch propeller having a diameter D = 0.250 m
which was used as a blind test case at the 2011 Workshop
on Cavitation and Propeller Performance, [26]. A significant
amount of the data covering propeller’s geometry, open
water tests, velocity field measurements, and cavitation tests
is currently available in [27]. The experimental data were
recorded in the towing tank and cavitation tunnel of the SVA
(Potsdam Model Basin) [7, 28, 29].

4.2. Solution Strategy. The propellers were assumed to work
in a uniform inflow and thus only one passage blade was
modelled for computational convenience. Figures 8 and 9
show the shapes of the computational domains used in the
case of the E779A propeller and PPTC propeller, respectively.
The domains’ dimensions are listed in Table 2.

Both domains were subdivided in two regions, that is,
Rotating and Fixed, and the following boundary conditions
were applied: on inlet boundary, the free-stream velocity
components and a turbulence level of 1% were set. On
outlet boundary, a fixed value of the static pressure was
imposed. On the periodic boundaries (sides of the domain),
the rotational periodicity was ensured. On solid surfaces
the no-slip boundary condition was applied, and on outer
boundary, the slip condition was set. Since the propeller
rotation was simulated using the MRF (Multiple Reference
Frame) approach in the stationary region called Fixed, the
governing equations were solved into a fixed frame of
reference, while into a rotating region called Rotating, the
governing equations were solved into a rotating frame of
reference. For the discretization of the advective terms, the
high resolution scheme was used [10].

For turbulence closure, the two-equation SST turbulence
model was used in combination with the automatic wall
treatment [10, 30].

For a given value of the advance coefficient ] = U/nD,
a particular cavitating flow regime was set according to
the cavitation number o0, defined, for the propeller case, as
follows:

_ Prgr — Py

B O.SpL(nD)2 ’ ®)

n

where n (rps) is the propeller rotational speed and Py (Pa) is
the vapour pressure. In this study, we assumed Prgr = Poulet-
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FIGURE 4: Sheet cavities over the NACA66(MOD) hydrofoil at AcA = 4°, Re = 2 X 10°, ¢ = 0.91, computed using noncalibrated (a) and

calibrated (b) mass transfer models.

1.2

Noncalibrated mass transfer models

0Fr
0 0.2 0.4 0.6 0.8 1
X/C
O o =1exp. —— Zwart
O o =0.91exp. —— FCM

A 0 =0.84 exp. — Kunz

FIGUre 5: NACA66(MOD) hydrofoil at AoA = 4°, Re = 2 x 10°.
Suction side pressure distributions computed using noncalibrated
Zwart, FCM, and Kunz mass transfer models.

For all the different cavitating flow regimes, the numer-
ical predictions were carried out using alternatively all the
three different calibrated mass transfer models.

4.3. Meshing. For both propellers, the meshes of the two
different domain regions, that is, Fixed and Rotating, were

1.2 T T T T

0.8 [~
a 0.6 |

0.4

0.2 +
Calibrated mass transfer models

0 0.2 0.4 0.6 0.8 1

X/C
O o0 =1exp. —— Zwart
0O o =091 exp. —— FCM
A o0 =0.84 exp. — Kunz

FIGURE 6: NACA66(MOD) hydrofoil at AocA = 4°, Re = 2 X
10°. Suction side pressure distributions computed using calibrated
Zwart, FCM, and Kunz mass transfer models.

generated independently from each other. They were gener-
ated with ICEM without trying to ensure a 1:1 matching
of the nodes at the interfaces (the common surfaces of the
two different domain regions). The different domain regions
were subsequently joined in CFX using the GGI (Generalized
Grid Interfaces) capabilities of the solver. From Table 3, it
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(a) (b)

F1GURE 7: Propellers’ CAD models. View looking downstream. E779A propeller (a), PPTC propeller (b). The propellers’ models are not

shown using the same scale.

Rotating

Front J

Ficure 9: PPTC, computational domain.

is possible to note that for both propellers the Rotating
region was discretized by a hexa-structured mesh which was
generated, as suggested in [31, 32], by decomposing that
domain region in a large number of blocks. The resolution
and also the quality of the cells were set through a proper
node distribution on the blocks edges.

TasLE 3: Computational grids.

Propeller Nodes at rotating Nodes at fixed Total nodes
Hexa Hexa  Hybrid

E779A 644655 163041 807696

PPTC 1838655 275680 2114335

As far as the discretization of the Fixed region is
concerned, in the case of the E779A propeller a hybrid-
unstructured mesh was used, while in the case of the PPTC
propeller a hexa-structured mesh was employed. In the
case of E779A propeller, we preferred to use a hybrid-
unstructured mesh for Fixed, because we observed that using
the hexastructured approach the block decomposition led to
highly distorted elements in the twisted region over Rotating.

It is important to clarify that both mesh arrangements
used here proved to guarantee mesh independent results in
former studies [33, 34], and the average value of y* measured
on blade surfaces was approximatively equal to 38 for E779A
propeller and 32 for PPTC propeller. Figure 10 illustrates the
blade surface meshes of both propellers.

4.4. Results and Discussion. Before discussing the results, it
is important to point out that in all the simulations the
maximum density ratio was limited to pr/py = 1000 in
order to guarantee solver stability. Moreover, in the case
of the Kunz model the value of t. was set according to

the operational conditions as to, = Cyyr/r/U? + (27n0.7R)?,

where Cy 7r was the propeller blade chord at 70% of propeller
radius R (m) and U (m/s) the incoming free-stream velocity.
The numerical results were quantitatively compared
considering the global values of the problem represented by
the thrust Kt and torque Kq coefficients defined as follows:

T
T = an2D4)
(10)
Koo —Q
prLn?D3

where T (N) and Q (Nm) were the propeller thrust and
torque, n (rps) was the propeller rotational speed and D (m)
the propeller diameter.
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()

(b)

FiGgure 10: Suction side surface meshes, E779A propeller (a), PPTC propeller (b).

Zwart

Zwart

Exp. ] = 0.83, 6, = 2.063 Zwart

LN N

Kunz

LN

Kunz

LN

Kunz

FiGgure 11: Comparison of the cavitation patterns for three different operational conditions for the E779A propeller. The numerical cavitation
patterns, obtained using the three different mass transfer models, are depicted as isosurfaces of vapour volume fraction a = 0.5.

The relative percentage errors of the computed Kr, Kq
values were defined as follows:

K -K
AKy (%) = T,CED LEXP 100,

K7 xp an
11

Koq,crp — Koexp

AKq (%) = - 100,

Koexp

where K7 crp, Ko,crp were the numerical values and Krgxp,
Ko,xp, the experimental values.

For a qualitative comparison, also sketches of cavitation
patterns were considered.

Next, the results obtained for the E779A propeller are
presented first, followed by those obtained for the PPTC
propeller.

4.4.1. E779A Propeller. The cavitating flow predictions were
carried out following the experimental setup suggested by
INSEAN [35] and reported in [6, 23].

In Figure 11, the cavitation patterns, predicted for
three particular operational conditions and using the three
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FiGure 12: Influence of the cavitation number on the thrust
coefficient for the E779A propeller.
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FiGure 13: Influence of the cavitation number on the thrust
coefficient for the E779A propeller.

different mass transfer models, are qualitatively compared.
From Figure 11, it is possible to note that the cavitation
patterns predicted with the three different mass transfer
models were very similar to each other. Even though the
cavitation patterns were slightly overestimated, from Table 4
it is possible to appreciate that for these operational condi-
tions the predicted values of thrust and torque coefficients
compared very well with the experimental data.

Figures 12 and 13 show that also covering a wider range
of operational conditions, the results obtained using the
different mass transfer models were similar. However, the
effect of cavitation number on thrust and torque was not
properly reproduced leading to the premature prediction of
the thrust breakdown.

This discrepancy between the numerical results and
experimental measurements could be probably related to the
overestimation of the cavitation pattern (see Figure 11).

9
TABLE 4: Relative percentage errors for the E779A propeller.
; . AKr (%) AKq (%)
! Zwart FCM  Kunz Zwart FCM  Kunz
0.71 1763 -1.01 -2.27 -0.61 -1.63 -3.07 -1.60
0.77 1.783 2.11 1.46 2.35 -2.59 -3.18 252
0.83 2.063 2.77 2.51 2.85 -2.33 =252 -2.35

4.4.2. PPTC Propeller. The numerical predictions were car-
ried out following the instruction kindly provided by the
smp’11 workshop organizers and thus the cavitating flow
predictions were carried out according to the thrust identity
(Kt noncavitating flow conditions) for ] = 1.019, ] =
1.269, and | = 1.408. In our case, in order to fulfil this
requisite within an error tolerance of 3% in the case of the
smaller ] value, that is, ] = 1.019, the inflow velocity had
to be slightly reduced leading to J = 1.016. Table 5 collects
the Kr values predicted for the three different operational
conditions and those obtained experimentally. Figure 14
shows that the cavitation patterns obtained using the three
different calibrated mass transfer models were, in general,
very similar to each other and compared very well with the
experimental visualizations for the considered operational
conditions, that is, (J = 1.019, 0, = 2.024), (J = 1.269,
0, = 1.424), and (J = 1.408, 0, = 2.000). From Table 6,
it is possible to note that the values of the thrust and
torque coefficients predicted using alternatively the three
different calibrated mass transfer models were surprisingly
very close to each other and in excellent agreement with the
experimental data for ] = 1.019, 0, = 2.024, even though the
shape of the cavitation pattern was properly reproduced only
with the FCM. Regarding other operational conditions, the
differences between the predicted and experimental values
were slightly more pronounced for the Zwart model at (J =
1.269, 0, = 1.424) and for the FCM model at (J = 1.408,
0, = 2.000).

5. Concluding Remarks

In this study, a well-known commercial CFD solver, that
is, ANSYS-CFX 12, was used to predict the cavitating flow
around model scale propellers working in uniform inflow.
The simulations were carried out using the homogeneous
model, and the influence of three widespread mass transfer
models, on the accuracy of the numerical predictions, was
evaluated. The considered mass transfer models share the
common feature of employing empirical coefficients to
adjust the mass transfer rate due to the evaporation and
condensation processes, which can affect both accuracy and
stability of the numerical predictions. Thus, for a fair and
congruent comparison the empirical coefficients of the three
mass transfer models were first properly calibrated using
an optimization strategy driven by the modeFRONTIER 4.2
optimization framework. The models were calibrated on the
basis of the two-dimensional stable sheet cavity flow around
a hydrofoil.
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Suction side

Exp.] = 1.019, 0, = 2.024 Zwart

Zwart

Pressure side

Exp.] = 1.408, 0, = 2

Zwart

International Journal of Rotating Machinery

Kunz

Kunz

FCM Kunz

Figure 14: Comparison of the cavitation patterns for three different operational conditions for the PPTC propeller. The numerical cavitation
patterns, obtained using the three different mass transfer models, are depicted as isosurfaces of vapour volume fraction « = 0.5.

TasLe 5: Fulfil of thrust identity (K non-cavitating) for PPTC
propeller.

CFD Exp.
J Kr J Kr
1.016 0.382 1.019 0.387
1.269 0.240 1.269 0.245
1.408 0.166 1.408 0.167

TABLE 6: Relative percentage errors for the PPTC propeller.

J o, AK7 (%) AKq (%)

Zwart FCM  Kunz Zwart FCM  Kunz
1.019 2.024 0.13 0.40 0.67 -1.63 -1.11 -1.22
1.269 1.424 -5.04 -1.65 1.74 -4.15 -0.82 345
1.408 2.000 -2.35 —4.55 -235 -—1.84 -245 -245

The calibrated models were then used to predict the
cavitating flow around the model scale propellers E779A and
PPTC.

No significant differences were observed in the sim-
ulations performed using alternatively the three different
calibrated mass transfer models. For selected operational
conditions, corresponding to the appearance of partial and
tip-vortex cavitation, the numerical results compared well

with the experimental data, even though the tendency to
slightly overestimate the cavity extension was observed.
Unfortunately, considering other more severe operational
conditions, the numerical results showed significant discrep-
ancies with the experimental data. Further investigations on
this aspect are in progress.
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