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ABSTRACT

A viscous open water flow investigation around ar fblade propeller model which
equips the ONRT tumblehome is described in the pres@er. The main purpose of the
present study is that of establishing an approgriatethod for computing the flow solu-
tion around a propeller working under the imminenéeavitation occurrence. The ISIS-
CFD solver of FINEY/Marine software package is used to fulfill the tadihe Reynolds-
averaged Navier-Stokes equations in which the teried is modeled with the EASM
model are numerically solved by using a finite-madubased method. The performance
diagrams of the propeller are computed for a ranf@dvance coefficient between 0 and
1. Comparisons with the experimental data are predido validate the numerical ap-
proach. A detailed analysis of the flow field sture as well as of the vortical character
of the flow behind the propeller is provided. Aapl attention will be paid to the cavita-
tion regime for which a particular model will be prased.
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isting commercial CFD solvers. Simulating
1. INTRODUCTION the flow around an open water propeller has
Predictions of ship self-propulsion, ma- as primary objective the computation of the
neuvering and course keeping, either in calnthrust and torque and subsequently the effi-
water or waves, are one of the most demandciency in various working condition. The
ing challenges in ship hydrodynamics. Muchtask in itself is of a great importance since
attention has been paid so far not only for themay help in establishing the propeller per-
accurate computation of the propeller per-formance diagrams needed by the self-
formances, but also on the cavitation occur{fropulsion investigation.
rence and development in time and space. Cavitation generally occurs when the lo-
This is one important issue since it has arfal pressure drops below its vapor pressure.
overwhelming influence on the overall pro- Cavitation presents complex unsteady, turbu-
peller performances. The viscous RANS apJent and multi-phase flow phenomena with a
proach has been used for the flow simulatiorlarge density difference and mass transfer.
around propeller widely since 1990s, the ear-These features result in a unique challenge
ly works of cavitation simulation mostly tar- for the simulation of cavitating flows. Using
geted hydrofoils and underwater vehicles be-computational models for cavitation has been
ing accomplished mainly by most of the ex-around for the last few decades. Early works
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mainly used potential flow theory. Complex tensive experiments were performed in IIHR
characteristics of cavitating flows such as[2] for the ship model and the experimental
sharp changes in the fluid density, existencedata is freely available for the community.
of a moving boundary and the requirement ofindeed, the great deal of existing experi-
modeling phase change prevented the deveimental data [1], [2] represents the main rea-
opment of computational algorithms basedson for choosing in the present study the
on the RANS equations. Following the ad- ONRT model since it may set the pace for
vancement in CFD methods, cavitation mod-performing all the numerical tests for a con-
els emerged in early 1990's. Among thesesistent verification and validation of the pro-
models, the two main categories are interfacgoosed theoretical study.

tracking method and homogeneous equilibri-  Aside of that, the chosen hull raises ad-
um flow. In the first category, a constant ditional difficulties especially in discretizing
pressure (vapor pressure) is assumed for thhe computational domain since comprises a
cavity region (the so-called cavity) and agenerous sonar in the fore region, well-
wake model is used to predict the shape oextended roll stabilizers, two significant
the cavity in adaptive grids. The currentshafts of a variable geometry, two pairs of
study is based on the second category wherbrackets, two suspended rudders and two
a single-fluid modeling approach is em- four-blades propellers that rotate inward, as
ployed for both phases. Homogeneous equifig.1 shows. The main particulars of the ship
librium flow model assumes that there is noare tabulated in Table 1.

velocity slip between the phases at the cavit
interface. Various models in this categor
differ in the relation that defines the variabl
density field. In one model, barotropic water
vapor state laws are used to calculate densit
A more precise approach is to solve an ac

vection equation for liquid (or vapor) volume Fig. . ONRT hull form
fraction and compute density according to o
volume fraction of the two phases. Tablel. Main particulars of the ONRT hull at

The present paper represents a first at-

. ) . model and full scales
tempt in assessing the hydrodynamic features

of the free-surface flow around a ship hu Model Full
equipped with significant appendages arn Main particulars scale scale
propeller running in waves. Since an im 1/49

portant prerequisite for any self-propulsion | ength at | Ly [m] 3.147 154.0
computation is the open water test, the worky/L

reported in here will refer only at this task pMaximum | By, [m] | 0.384 18.78
The hull chosen in the present study is thepegm
Office of Naval Research tumblehome modefy - D [m] 0.266 14.50
5613 (ONRT hereafter), which is a prelimi

nary design of a modern surface combatant2epth H [m] 0112 5494
accessible for fundamental research purposeRisplace- A [kg] 72.6 8.6(1C°
to the world-wide community with interesty ment
for the subject.

The geometry has been provided at the  The four blade propeller shown in Fig.2,
2015 Workshop on CFD in Ship Hydrody- whose geometric particulars are tabulated in
namics organized in Tokyo by the Japanesfable 2 is subjected of the following numeri-
National Maritime Research Institute [1]. Ex- cal study. Although the propeller diameter
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for the self-propulsion investigation is 0.1066 2, NUMERICAL APPROACH

m, for the open water numerical simulation . .
the considered diameter is 0.25 m for reasons The ISIS-CFD f.IOW solver is used to in-
related only to the limitation of the scale ef- vestigate the flow field structure around the

fects. The blade geometry is almost symmetpr?pe"er' bas‘Td 9?] a VOF _gpproach. The
ric while the hub is almost cylindrical since SO'Ver US€sS algorithms providing a strong

the propeller is a part of a twin system thatpressyre-velocity. coupling_ for the .RANS.
equations. The simulation is accomplished in

works at the aft of the ship considered in the . .
present study. a global approach in which the mom_entum
and mass conservation equations written in
respect to a Cartesian system of coordinates
are solved. Since no coordinate transfor-
mation is done in the solving algorithm, the
efficiency of the numerical approach may be
considered as being suited to the purpose.
Dependent variables of the set of equations
are the velocity and pressure. Closure to the
turbulence is achieved through the EASM
model of Rumsey and Gatski [3]. The inte-
gration of the forces is performed on the sol-
id-surface cell based on the quaternions for-
mulation. Integration in time is done in an
Euler explicit way, whereas an upwind dis-
cretization scheme is used for the convective
terms with a second order for the accelera-
Fig. 2. ONRT propeller tion. Conservation applies to the mass and
. . momentum and a Piccard model applies for
Table2. Main particulars of the ONRT the linearization. The pressure-corrpepction is
propeller model imposed and the Krylov technique is used for

_ _ Model the iteration of the solution. A non-structured
Main particulars scale grid is used for the discretization of the com-
1/49 putational domain, therefore hexahedral ele-
Propeller diameter Dp [M] 0.1066 ments are used for that purpose. A fully un-
Propeller center, steady approach is used to advance the solu-
long. location X/Lwi 0.9267 tion in time.
(from the FP) The numerical modeling of cavitation is
Propeller center, based on the resolution of a transport equa-
lateral location +y/Ly | 0.02661 tion in which source terms are added to mod-
(from CL) el the vaporization and condensation of the
Propeller center, phases liquid/vapor. The Sauer, Merkle and
vertical location -z/ly. | 0.03565 Kunz models are implemented in the ISIS-
(below the WL) CFD solver. In the Sauer model the nuclei
Propeller shaft an| density has to be provided as an input data
gle (downward 5 5 therefore it has been simply neglected since
positive) the accuracy of the choice of the inputs are,
Propeller rotation up to a significant extent, subjected to a for-
direction (view inward inward tunate choice rather than to a rigorous one.
from stern) Under such circumstances, the author had

only to choose between the remaining Merk-
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le and Kunz models for which the input dataof the hydrodynamic variables are expected
are liquid product coefficient, liquid destina- to have significantly high values, as Figs.
tion coefficient and cavitation reference 3(c) and 3(d) bear out.
length. Because not only to its versatility but e
also to its numerical robustness the Kunz /'’
model was the choice. :
The initial conditions refer to the incom-
ing flow velocity, pressure and turbulent vis-
cosity only. The computational domain is
limited at -2.%p at the upstream where the
velocity components and the turbulent vis-
cosity are imposed, whereas a Neuman
condition is imposed for pressure. Same
boundary conditions are imposed for the lat-
eral frontier. At the downstream, which is lo-
cated at BDp, the velocity components and
the turbulent viscosity are zero-extrapolated,
whereas the pressure is frozen at the static
value. The flow starts from rest and it is ac-
celerated within 6 seconds up to the given ro-
tational velocity.

2.1 GRID GENERATION

Whenever a viscous flow is numerically
computed a sufficient number of grid points
inside the boundary layer is required. A local
Reynolds number based on the wall variable i
y" is computed prior to the grid generation, ()
to estimate an appropriate cell siggy for
the RANS solution. In the present study the
mesh is generated by using the Hexpress
module of the FINE"/Marine in which au-
tomatic refinement based on defined sensors
either next to solid walls or inside specified
area in the domain is possible. Fig.3 shows
the computed mesh: (a) for the aft part of the
ship hull as well as for the propeller consid-
ered for the open water simulation (b).

Special attention to the quality criteria
such as orthogonality, smoothness and clus-
tering is paid during the mesh generation
process. Several restrictions concerning the
cell clustering are imposed around all the ap-
pendages as well as inside all the intersec-
tions of different surfaces, as Fig. 3(a) clearly
bears out. Similarly for the propeller, the d)
clustering requirement is imposed around the
root and tip of the blade where the gradients Fig. 3. Computational mesh
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3. RESULTSAND DISCUSSIONS Next, Fig. 5 proposes a comparison be-
tween the average pressure distributions on

AI! the comp_utations are carried out_for both faces of the propeller, namely on the
a rotational velocity of 1500 r.p.m. for which pressure side in Fig. 5(a) and on the suction

the inflow velocity is successively modified ¢jjqa i Fig. 5(b). Worth mentioning that the

frorr;rzgro to iLO.GbZS.m/;, SO thatothedadva?c%ressure is the total one, therefore it includes
C‘;}‘? t']c'ehm value be in let(\j/veen an 1.|'7b|°rthe static component, a fact which explains the
which the experimental data are available.,oaq of high pressure on the areas around the

The solution was computed forr] 10hseconds|tip of the blades situated at 12 and 3 o’clock.
on an HPC over 120 cores, so that the propelgjnijary on the suction side, the negative

ler could perform 250 complete revolutions. o oqqre in the root areas is fairly less promi-

For the stability reasons, the flow is acceler-nent if the same blades are considered. This
ated from the still state to the oncoming V€-finding is according to the physics of the flow

locity gase(a ona half SIfnuso:jdaI "?W 0\r/1er 6phenomenon and proves that the numerical
seconds. The time step for advancing the SOgimulation produces reliable solutions. Fig.
lution in time is chosen at a value of 5e

.~ 5(b) reveals areas of negative pressure which
seconds so that the Courant number remaineg, originating from the tips and extend

less than unity throughout the whole compu-y.nvacq 40 the blade root along with the

tation. All the computations were performed jo,ging edges. Since those areas are suscepti-

on the same computational grid. ble to the cavitation occurrence, more atten-

Figure 1 depicts a comparison betweeno, i pe paid to them in the followings.
the computed open water diagrams and the )

corresponding experimental ones. Computed
data are drawn with solid lines, while the ex-
perimental data are marked with symbols.
The resemblance between the two sets of da-
ta may be considered as satisfactory since the
error does not exceed 3%. Analyzing the fig-
ure, one may see that for lower advance coef-
ficient the computed solution slightly over
estimates both th&; andK,. In author’s
opinion this is due to the mesh resolution that
could not be refined more because of the lim-
itations imposed by the computational costs
in terms of the CPU time.

Kr 15

1'010:'G > fo
q i 5|

My

Fig. 4. Compérison between the open water (b)

diagrams computed at T=10 and measured Fig. 5. Average pressure distribution on the
1] propeller: (a)-pressure side (b)-suction side
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Fig. 6 depicts the pressure (normal The attenuation in the radial direction is
stress) distributions computed in the propel-also significant, a fact that may suggest that
ler plane and at 0.0 downstream of it. The the rotational effect induced by the propeller
wake behind the propeller is a region thatmanifests inside of a tube of fluid which is
consists of complex hydrodynamic phenom-restricted, more or less, to the propeller di-
ena characterized by temporally and spatiallyameter. Inside of that tube there is a strong
fast-varying flow parameters like local fluid vortical flow characterize by periodic pres-
velocity, pressure, turbulent kinetic energysure and velocity pulses equally spaced and
and dissipation and so on. The work done byhaving a periodicity directly related to the
the propeller torque is equal to the thrust inrate of rotation of the propeller. Physically
opposing the drag along with the kinetic en-they act as hydrodynamic rollers in which a
ergy of the water gained as it passes throughortex is replaced by a new generated one
the propeller As a result, the flow in the pro- and washed down in the steam until eventu-
peller plane is described by strong pressurally vanishes because of the viscous interac-
gradients, which decay rapidly in the streamtions. The cores of the vertices are of a lower
as a result of the viscous dissipation. energy that the surrounding fluid so the dis-
sipation is not only helped, but somehow ac-
celerated. Obviously, this mechanism is well
reproduced in Fig. 7, which bears out the dis-
tribution of the pressure in two perpendicular
planes, i.ex=0 andy=0.

Fig. 7. 3D pressure field distribution in the
propeller plane and in the longitudinal plane
of symmetry.

The pressure pulses are closely related
to the other main hydrodynamic parameters
such as the axial velocity component or the
turbulent kinetic energy since they are linked

(b) by the PDE set of equations that is numeri-

) o cally solved. Figure 8(a), which depicts the

Fig. 6. Pressure (normal stress) distributions gyia| velocity field as well as Fig. 8(b) that
in: (a) - the propeller plane and (b) —at 0.1 show the turbulent kinetic energy field in the
De downstream of the propeller plane  propeller wake may prove the statement
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made in the paragraph above. Worth men-of the trajectories of the tip vortices, as Fig. 7
tioning that there is no phase shift betweernand Fig. 8(a) show. This behavior is more sig-
the cores of the vortices, a fact that may sugnificant when the advance ratio decreases, as
gest the physical consistency of the solutionFig. 9 proves. Three vortical entities are de-
The vortical structure of the flow has an im- tected in the wake of the propeller. The main
portant influence not only of the propeller it- one is released by propeller tips and is the
self, but also on the rudder efficiency sincestrongest in intensity. The second one is asso-
the control surface of the governing system isciated to the roots, it is weaker and of a larger
working in the propeller wake. That is, the period when the rotational velocity is small or
fluctuating velocity and pressure fields in the moderate. Finally, there is a third one pro-
wake of the propeller will determine fluctua- duced by the hub, which acts as a filament.
tions in the lift force and moment at the rud-
der shaft. At least from this point of view a
deeper insight into the mechanism of their
production and development is desired.

Fig. 8. Axial velocity (a) and turbulent kinet-
ic energy (b) distributions in the vertical
symmetry plane of the domain (0)
Fig. 9. Isosurfaces of the second invarian
velocity computed ail=0.25 andJ}=0.75 and
colored by helicity

A general overview of the vortical be-
havior of the flow developed in the wake of
the propeller is proposed in Fig. 9, which de-
picts the iso-surfaces of the second invariant  The intensity of the vortices is getting
colored by helicity for two different loading weaker far in the propeller wake, a fact
conditions, namelyy=0.25 andJ=0.75. The which is due to the viscous interaction with
theory states that regardless of the advancthe rest of the fluid. As a result, the vortical
ratio, the trajectory of tip vortex in the longi- structures either vanish or collapse into each
tudinal plane is expected to incline towardsother. When the downstream distance in-
the hub, a fact that may suggest a contractioereases, the propeller wake restores to the
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free-stream flow gradually and the fluctua- reference pressure, so the vapor pressure val-
tion of the circumferential distribution of ax- ue will be negative. For our particular case,
ial velocities becomes also weaker. the vapor pressure of water at 15 degrees is
1700 Pa, therefore the reference is not at-
4. NUMERICAL SIMULATION OF mospheric pressure but 0, so the vapor pres-
THE CAVITATION sure isP-Pym = -99 625 Pa. The other input

Generally speaking, cavitation is defined key parameters for the cavitation simulation
as a rapid decrease of pressure resulting in @€ Pgan=1010° for the pressure gain, 1000
phase change from an initially homogeneougPressure iterations, while the third level is
liquid to vapor. Usually, cavitation occurs chosen for the incomplete LU factorization
when the liquid is highly accelerated and theas @ preconditioner in this case. Although the
vapor bubbles produced by the pressure droprevious computations for the open water
induces adverse effects such as thrust and epropeller have proven that the EASM model
ficiency reductions. The phenomenon isperformed better, in this particular case the
strongly non-linear, develops violently in k —& model is employed by default to solve
time and space, therefore it requires a specidhe turbulence-related issues in the present
attention for the discretization. simulation.

A very fine mesh in all the areas where  All those being said, in the followings a
cavitation is expected to appear is a mustbrief insight of the mathematical model used
although it does not automatically guaranty afor the cavitation simulation will be given.
valid result. That supposes an initial pilot ISIS-CFD treats the cavitation as being based
computation for detecting all those suscepti-on the resolution of a transport equation
ble areas. The unsteady approach is chosegimilarly to what is done for free surface, alt-
for the numerical simulation. When switch- hough the significance of the free-surface is
ing to the cavitation, although a time dis- completely different to that which concerns
cretization of first order is considered as be-the water waves. In this particular case the
ing sufficient, in the present study a secondsource terms used in modeling the vaporiza-
order has been the choice despite the costs #Pn and condensation of the two phases.
terms of the CPU and the memory usage. Let G be the volume fraction used to
The time step is chosen to fulfill the follow- compute the evolution of the free surface,

ing condition: thereforea, = 1 — C; gives the volume frac-
c tion of air. Let then C,C,, be a variable that

At = 0.7R defines the vapor fraction or the liquid frac-
100JU§0 + (27n - 0.7R)? tion. Supposing that,, a, anda; are the

. volume fractions of air, vapor and liquid, the
whereCo is the blade chord at 70% of ra- following equation is straightforward:

dius, U, is the advance speed of the propel-
ler, n is the rotational speed of the propeller AaPa + Aupy +1pp = p
expressed in rad/s amlis the radius of the
propeller.
In mono-fluid computations the bounda-

ry condition at the downstream is set at a a—p—i-div(pl_i) = p, <%+div(aal7)>
prescribed pressure, namely the frozen pres- 0t ot

sure, whose value is 0 in a mono-fluid com- (

+ Py

and the equation of mass conservation ulti-
mately becomes as follows:

putation. In a multi-fluid computation the aav—i-div(a,,ﬁ))
free-surface (which means the variable sur- ot

face between the vapor and water species) Jda; ) .
the O pressure is used as reference pressure. * Pa E"‘ div(eyU)
The vapor pressure is set relatively to this
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If (1-C;C,,) represents the vapor fraction studies are required in the future for clarify-
a, _v, thenC; = a; + 1 — C;C,, represents ing the intrinsic details of the phenomenon.
the volume fraction of both liquid and vapor.
The volume fraction of liquid is given by the
equation:

a=C+Cy—1

it results in:
. (2 P1— Pv\ . P1— Pv\ .
div(T =-(—)m =(—)m
() Py ! Py v
orin:
iy = — 2l
v Py l

wherer; andm,, represent the vaporization
of the liquid and the condensation of the va-
por, wherea®, andp, are the densities for
the liquid and vapor, respectively. With all
these particular specifications the Kunz mod-
el finally reads as follows [5], [6]:

=

Jda -
a_tl + dlv(a’lU) = Thl =

Min(P — P,,0)(«a;)

C«ileqst Pv
(0.50,U8)Ts pu

Cliq
4ot Py 2 (1 - )

Too P1
Jda, — Cvﬁfd
Y4 di U) =m, =—_rro¢
ot + lV(aU ) MMy (OSpIUEO)TOO (b)
Min(P — P,,0)(a; — 1)
crap p
+ %p_jl] 1- av)zav

Based on the study of Morgut et al. [7], the
default values for the parameter coefficients
are 4100 for the liquid destruction term and
455 for the liquid production term.

Fig. 10 depicts the evolution of the cavi-
tation sheet at three different time steps,
namely T1=2.5s, T2=5s and T=7.5s after the
cavitation model was se%heet cavitation is the
region of vapor which remains approximately at
the same position relative to the propeller blade,
appearing as being attached to the f@ibvious-
ly, although the simulation could capture the Fig. 10. Evolution of the cavitation sheet
development of the cavitation sheet, more
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5. CONCLUDING REMARKS

The 3D unsteady flow around the ONRT [1].

propeller is numerically simulated to estab-
lish the computed hydrodynamic perfor-

mances through comparisons with the experi2l.

imental data existing in the public domain
[1]. The simulation is accomplished in a
global approach in which the solution for the
RANS equations written in respect to a Car-
tesian system of coordinates is advanced in
time in a classical Euler manner.

Although not described in the present[4].

paper, a detailed grid convergence test was
performed on three different grids on which
the solution was computed. A detailed analy-
sis of the local flow features was also per-

formed and several qualitative conclusions(s].

were withdrawn.
The comparisons between the numerical
solution of the simulation and the experi-

mental data proved that the ISIS-CFD flow [6].

solver may reproduce with a satisfactory ac-
curacy the hydrodynamic behavior of propel-
ler working in open water.
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