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ABSTRACT

This paper presents the coupling of a vortex lattice
method (MPUF-3A), a finite volume method (GBFLOW-
3D), and a boundary element method (PROPCAV) to allow
for the prediction of rudder sheet cavitation, including the
effect of propeller, as well as the effects of tunnel walls.

The unsteady cavity prediction on the propeller
blades is performed using MPUF-3A to satisfy both a con-
stant pressure condition on the cavity surface and the flow
tangency condition on the cavity and blade surfaces. The
effects of the tunnel and a vortical inflow are modeled via
GBFLOW-3D by solving the 3-D Euler equations with slip
boundary conditions on the walls and by representing the
effect of the propeller blades via body forces.

The cavity prediction on the rudder is accomplished
via PROPCAV (which can handle back and face leading
edge or mid-chord cavitation) in the presence of the 3-D
flow field produced by the propeller. This flow-field is
determined via GBFLOW-3D, in which the propeller is
represented via a non-axisymmetric distribution of body
forces. The effects of the tunnel walls are also considered
in this case by applying a boundary element method on the
walls, in the presence of the rudder.

A multi-block Euler scheme is also developed in or-
der to determine the effect of the rudder on the propeller
inflow.

The present method is first validated by performing
convergence studies on a cavitating rudder with varying
number of panels. Then, the predicted cavity shapes on
a (horn-type) rudder downstream of a propeller are com-
pared to those observed in a experiment performed in a
cavitation tunnel.
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INTRODUCTION

Rudders operate in the stern of a ship behind the pro-
peller slipstream, and are subjected to an accelerated and
swirled inflow induced by the hull and the propeller. The
swirled flow induced by the propeller increases the angle
of attack to some parts of the rudder, and as a result the
loading of the rudder increases, and sheet cavitation often
appears over the rudder surface. Therefore, the interaction
between the propeller and the rudder is very important for
the analysis of both devices.

There have been a lot of numerical methods, based on
potential theory, which predict the cavitating performance
of a propeller or a hydrofoil (rudder). Two methods, i.e.,
a vortex lattice method (VLM) and a boundary element
method (BEM), have been successfully applied to the sheet
cavity prediction.

Previous work

A vortex lattice method was first applied to the analy-
sis of unsteady fully wetted performance of a marine pro-
peller subject to non-uniform inflows by [Kerwin and Lee
1978]. Later, their method was extended to analyze 3-D
unsteady sheet cavitation using the linearized cavity theory
by [Lee 1979, 1981; Breslin et al. 1982]. However, the lin-
ear theory predicts longer cavity extent as the blade thick-
ness increases, which is contrary to the non-linear theory
[Uhlman 1987] as well as the short cavity theory [Tulin
and Hsu 1980]. [Kerwin et al. 1986] modified the method
of [Lee 1979, 1981; Breslin et al. 1982] to take into ac-
count the non-linear blade thickness effect by implement-
ing the leading edge correction [Kinnas 1985, 1991]. [Kin-
nas and Fine 1989] extended the method to predict un-
steady partial cavity with prescribed mid-chord and/or face
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cavity detachment, and [Kudo and Kinnas 1995] extended
the method to treat super-cavitating propellers subject to
steady flow. Recently, the method was named MPUF-3A
by including the ability to search for mid-chord cavitation
[Kinnas et al. 1998a, 1999]. The latest version of MPUF-
3A [Lee et al. 2003] includes the effect of hub, non-linear
thickness-loading coupling, and wake alignment in uni-
form and inclined inflow.

The boundary element method has been widely used
for the prediction of sheet cavitation due to the defect of
the linear theory in the vortex lattice method. A non-
linear potential based boundary element method was first
applied for the analysis of a cavitating propeller subject
to non-axisymmetric inflows by [Fine 1992; Kinnas and
Fine 1992; Fine and Kinnas 1993b], and for the analy-
sis of the cavitating hydrofoils by [Kinnas and Fine 1993;
Fine and Kinnas 1993a]. Their method, named PROP-
CAV, discretizes the exact blade surface and places con-
stant strength of dipole and source distributions on the
discretized panels. Thus, this method predicts more ac-
curately the pressures and cavity patterns at the propeller
leading edge, trailing edge and tip where the linear cavity
theory breakdowns in the vortex lattice method. PROP-
CAV was extended to predict the face and/or back cavi-
tation with searched cavity detachment by [Kinnas et al.
1997; Mueller and Kinnas 1997; Mueller 1998; Mueller
and Kinnas 1999], and to treat the mixed partial and super-
cavity on both face and/or back sides of the blade simulta-
neously by [Young and Kinnas 1999, 2001]. PROPCAV
was further extended to treat super-cavitating propellers
with finite thickness trailing edge as well as surface pierc-
ing propellers by [Young 2002; Young and Kinnas 2002,
2003]. The treatment of a developed tip vortex cavity and
a procedure for the fully unsteady wake alignment were
also incorporated in PROPCAV by [Lee and Kinnas 2001;
Lee 2002; Lee and Kinnas 2003]. [Kinnas et al. 1998b,
2000] applied a boundary element method to analyze the
cavitating flow over 3-D hydrofoil subject to a uniform in-
flow inside a circular tunnel, and the interaction between
hydrofoil and tunnel wall was determined in an iterative
manner.

The accurate prediction of the effective wake is very
crucial in determining the propeller loading and the flow
field induced by the propeller over the rudder downstream.
[Choi and Kinnas 1998; Kinnas et al. 2000; Choi and Kin-
nas 2001] applied a finite volume method to predict the
3-D effective wake of single propeller in unbounded or in-
side of a circular section tunnel. A three-dimensional un-
steady Euler solver based on a finite volume approach and
the pressure correction method, was developed to predict
the unsteady effective wake for propellers subject to non-
axisymmetric inflows by [Choi and Kinnas 2000a,b; Choi
2000; Choi and Kinnas 2003]. Recently, [Kinnas et al.
2003; Natarajan 2003] extended the 3-D Euler solver to in-
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clude the effect of a non-axisymmetric strut and pod, and
to evaluate the flow field over the rudder induced by the
propeller.

The hydrodynamic interaction between propeller and
rudder is of great importance because of its effect on the
performance of both. [Tamashima et al. 1993] used a
simplified propeller theory, which treats the propeller as
an actuator disc, to calculate the performance of the pro-
pellers, and a panel method to calculate the forces acting
on the rudder. In [Han et al. 1999], they developed a nu-
merical technique using boundary element method to ana-
lyze the propeller-rudder interaction, and the calculated re-
sults were compared with the measured from experiments.
[Shen et al. 1997] performed a series of experiments to
study the effect of ship hull and propeller on the rud-
der cavitation, and compared the measured pressure dis-
tribution over the rudder with those predicted by a panel
method. [Han et al. 2001] used a surface panel method
to solve the flow around a horn-type rudder and a vortex-
lattice method to solve the flow around the propeller, re-
spectively. The three-dimensional flow around the rudder
and the propeller was computed simultaneously, consid-
ering the interactions between the two. In [Achkinadze
et al. 2003], a velocity based boundary element method has
been applied to predict the rudder forces subject to the non-
axisymmetric inflow to the rudder induced by propeller.

Present work

In the present work, a vortex lattice method (MPUF-
3A), a three-dimensional Euler solver (GBFLOW-3D), and
a boundary element method (PROPCAV) are coupled to
predict sheet cavitation on rudder with the effects of pro-
peller and tunnel. The inflow to a rudder is evaluated using
GBFLOW-3D which is coupled with MPUF-3A to com-
pute the body forces which represent the propeller in 3-D
Euler solver. In GBFLOW-3D, the hull, tunnel and hub
are treated as solid boundaries, however, the rudder is not
represented by either body forces or a solid boundary. The
cavity prediction on the rudder is performed using PROP-
CAV based on the inflow evaluated from GBFLOW-3D. In
addition, the tunnel walls are modeled via a boundary el-
ement method and coupled with PROPCAV to include the
effects of tunnel walls. A multi-block scheme is also de-
veloped to evaluated the effect of rudder on the propeller
by using an Euler solver, in which the rudder is modeled
as a part of solid boundary.

FORMULATION

Cavitating rudder inside a tunnel

Consider a 3-D cavitating/non-cavitating rudder sub-
ject to a general inflow g;,,, inside of a tunnel, as shown in
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Figure 1: Computational domain showing tunnel, rudder
and wake geometries. The images of the tunnel, rudder
and wake are shown at the top half of the domain (y > 1).

Fig. 1. The inflow onto rudder, G;,, is determined by con-
sidering the interaction between propeller and rudder us-
ing a three-dimensional Euler solver (GBFLOW-3D) and
a vortex lattice method (MPUF-3A).

Assume that the flow around the rudder is inviscid, ir-
rotational and incompressible, so that the fluid domain can
be represented via the perturbation potential, ¢(z,y, z),
expressed as follows:

‘T(%%@ :(Tin(xayaz)+v¢('xayaz) 1)

where ¢(z, y, z) is the total velocity vector, and the pertur-
bation potential, ¢(z, y, 2), satisfies the Laplace’s equation
in the fluid domain.

V2¢(z,y,2) =0 )

The perturbation potential, ¢(x,y, 2), at every point
p(z,y,z) on the rudder, wake and tunnel surface, Sg U
Sw U S, must satisfy Green’s third identity:

_ [ 0G(ma) .  04,]
2rgp = //SR _¢q87nq G(P,Q)anz_ds
0G(p; q)
+ //SWAcpq o ds 3)
[ 0G(p;q) 00 ]
+ //S 605t - G5 | ds

where the subscript ¢ corresponds to the variable point in
the integration, and G(p;q) = 1/R(p;q) is the Green’s
function with R(p; q) being the distance between points p
and q. 77 is the unit vector normal to the integration surface
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defined as a positive direction when pointing into fluid do-
main.

Eventhough the integral equation, given in Eqn. 3,
can be solved directly by considering the rudder and the
tunnel as a part of the same boundary, an iterative method
is adopted in the present method [Kinnas et al. 1998b].
The method is composed of two parts, the rudder and the
tunnel parts, which are solved successively while the inter-
action is taken into account iteratively through the induced
potential of each one on the other.

Consider the induced potential on the rudder due to
the tunnel wall (¢7), and the induced potential on the tun-
nel wall due to the rudder (¢%?).

st = [ [ 025D 6w |as @

q
R _ 0G(pa) . 99
it~ [ [ s e
+ / AgquG(p; 9 4 )
Sw

Ong

From Eqgn. 3 and 4, the integral equation for the ex-
ternal flow around the rudder is given as follows;

G (p; 8¢,
2n¢ = //SR [dm%—ﬂp;q)i ds

ng Ong
+ / A, 0G(Pa) 5 4T 6)
Sw 67Lq

The integral equation for the internal flow inside the
tunnel is obtained by substituting Egn. 5 into Eqn. 3.

oo = [ [ 02580 oo as

Ong Ong
+  4rgP (7

Equations 6 and 7 can be solved iteratively by ap-
plying the boundary conditions via a boundary element
method, and the interaction terms, ¢ and ¢, are updated
during the iterative process.

Boundary conditions on tunnel walls

—

Assume that the inflow velocity, U;,, to the tunnel
is uniform and coming from far upstream [Kinnas et al.
1998b].

e Flow tangency condition on solid tunnel walls : the
flow normal to the tunnel wall is equal to zero.

0p

o =0 (®)
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¢ Inflow and outflow boundary conditions: the total ve-
locity normal to the inlet/outlet boundaries is equal to
uniform inflow, U;,,.

—

Ui -+ Vo7 = (jm'ﬁ N
d¢ N 7
—~Z =90 9
" on ®) N
Boundary conditions on cavitating rudder q t/'/ A .
Figure 2 shows boundary conditions on cavitating /'//Dynamic BC ‘

rudder, and the definition of local coordinates. The applied
boundary conditions are as follows:
o Kinematic boundary condition on wetted surface: the

flow is tangent to the rudder surfaces. Figure 2: Boundary conditions on cavitating rudder sub-
o6 . . ject to the propeller induced inflow, and the definition of
on _ din M (10) local coordinates.

e Kutta condition: the velocity at the rudder trailing

edge has to be finite.

[Vo| < o0 at T.E. (11)

Cavity closure condition: the cavity closes at the cav-
ity end. This condition requires iterative solution
method to find the cavity planform [Kinnas and Fine
1993].

0(l,o) =0 (12)

where 4 is the cavity height at the cavity trailing edge
and is a function of cavity length, [, and cavitation
number, o.

Kinematic boundary condition on cavity surface: the
total velocity normal to the cavity surface requires to
be zero. The kinematic boundary condition leads to
the following partial differential equation for the cav-
ity height calculation [Kinnas and Fine 1993].

oh [Vs — coshV,] + % [Vy — cosypV;] = Vpsin®ep

Js

(13)
where h is the cavity height normal to the rudder sur-
face. s, v and n denote the non-orthogonal curvilinear
coordinates defined on rudder surface, and V5, V,, and
V,, are the total velocities of s,v and n directions, re-
spectively.

Dynamic boundary condition on cavity surface: the
dynamic boundary condition on the cavitating rudder
and wake surfaces requires the pressure everywhere
on the cavity to be constant and equal to the vapor
pressure, P,. Since Bernoulli’s constant increases

across the propeller plane, Bernoulli’s equation can-
not directly apply between points on the rudder and
the points upstream of the propeller. In the present
work, Bernoulli’s equation is applied between a point
on the cavity surface with a vertical coordinate, y, and
a point with a vertical coordinate, y, far downstream
along the same streamline where the velocity mag-
nitude is gs and the pressure p, [Kinnas et al. 2003;
Natarajan 2003]. The velocity ¢ and the pressure p,
far downstream are determined from GBFLOW-3D.

p p
Po + §qf + pgy =ps + §q§ +pgys (14

Since the pressure variation far downstream, as pre-
dicted by GBFLOW-3D (in which the pressures do
not include the hydrostatic pressure) is smallt as de-
scribed in [Kinnas et al. 2003; Natarajan 2003], we
can assume that the pressure far downstream is prac-
tically only due to hydrostatic effects.

P P

Po+ 50 +P9Y = Pshast + 505 + p9Yshase (15)

where pshay: IS the absolute pressure at the propeller

shaft axis and ysnq ¢ is the vertical coordinate of the
shaft axis.

By combining Eqn. 14 and 15 and non-
dimensionalizing with pVS"’,”.p/Q, the cavity velocity
on the rudder is defined as following:

TThe range of the pressures predicted by GBFLOW-3D can aso be
seenin Fig.19.
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2
qdc qs
‘/;hip B \/(Vshz’p) * a(y) (16)

where Vypsp is the ship speed. o(y) is the local cav-
itation number at a vertical coordinate ¢ and is given
as:

Y — Yshaft (17)

2
Vshz’p

o(y) =or —2g
and the rudder cavitation number oy is,

op = w (18)
Ly
2 " ship
From Bernoulli’s equation and the definition of total
cavity velocity on the non-orthogonal local coordi-
nates, the expression for the unknown chordwise per-
turbation velocity, %, can be derived with assump-
tion that ¢, is equal to ;,,:

% = —Gin - 5+ V, costh +sineh\/q2 — V2 (19)

where v is the angle between s and v directions.

Equation 19 is integrated to form a Dirichlet type
boundary condition for perturbation potential ¢ over
the cavity surface [Kinnas and Fine 1993].

e Cavity detachment condition: the cavity detachment
location is determined iteratively until the follow-
ing smooth detachment condition is satisfied [Young
2002].

1. The cavity has non-negative thickness at its
leading edge.

2. The pressure on the wetted portion of the rudder
upstream of the cavity should be greater than the
vapor pressure.

Three-dimensional steady Euler solver

A three-dimensional steady Euler solver, named
GBFLOW-3D, is used to solve the flow around the pro-
peller and tunnel in the absence of rudder. GBFLOW-3D
uses a finite volume method and the artificial compress-
ibility method [Chorin 1967]. The details on this method
are described in [Choi 2000; Choi and Kinnas 2001].

The dimensionless continuity and the momentum
equations can be expressed as following:

oU  OF 0G0 _

o Tar "oy Tar - (20)
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where U, F, G, H, and Q are defined as follows.

p u/p
U= || F=|" TP
v uv
| w uw
[ v/B w/B
uv uw
G = v +p |’ H= vw ’
| ww w2+p
[0
Ja
= 21
Q 1 (21)
wE

where 3 is the artificial compressibility factor. A vertex
based scheme [Choi and Kinnas 2001], Ni’s lax-Wendroff
method [Ni 1982] for the time discretization, and a fourth
order artificial viscosity were adapted to solve the govern-
ing equation (Eqgn. 20).

The body force distribution on the finite volume cells
which correspond to the location of blade can be obtained
by the integration of the pressure difference across the
blade surface, Ap, over the area of the lifting surface. The
dimensionless three-dimensional body force can be calcu-
lated by the following formula [Choi and Kinnas 2001].

- 4 o
fiv= (5 Fo 22)
where ﬁp is the dimensionless pressure force obtained
from the propeller potential flow solver (MPUF-3A). V. is
the cell volume, and J; is the advance ratio based on ship
speed. In [Choi and Kinnas 2001] the body force was var-
ied in the circumferential direction according to the pro-
peller loading at the same blade angle. This body force
can be considered as the time average of the body force at
a point in space in the case of non-axisymmetric nominal
inflow.

Boundary conditions

The boundaries of computational domain and the ap-
plied boundary conditions in Euler solver are shown in
Fig. 3. Eventhough the rudder is shown in Fig. 3, the rud-
der is not modeled in Euler solver. The boundary condi-
tions applied in this problem are as follows:

e Upstream boundary: the velocities are equal to the
given values, and the derivative of the pressure with
respect to the axial direction is set to zero.

(u,v,w) = (u71}7w)given (23)
op _ Op _
o= =0 (24)
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Figure 3: Boundary conditions for the Euler solver, and
propeller and rudder arrangement in computational do-
main: ¢ = (u,v,w) is the total velocity. ¢, and g, are
the tangential and the normal components of the total ve-
locity, i.e. §= @, + G-

e Downstream boundary: the first derivatives of the ve-
locities and the pressure with respect to axial direc-
tion are set to zero.

O(u,v,w,p) _ O(u,v,w,p)

on - Ox =0 (25)

e Tunnel wall boundary: the normal component of the
velocity is equal to zero, and the first derivatives of
velocity and pressure with respect to the direction
normal to the tunnel wall are taken equal to zero.

0 (27)

where ¢ 'is the total velocity defined as ¢ = (u, v, w),
and ¢; is the tangential component of the total veloc-

ity.

Multi-block method

Since the effect of the rudder on the propeller could
be significant in the case the blockage effects due to the
rudder alter the inflow to the propeller, the propeller-
rudder interaction needs to be considered. In this paper,
the propeller-rudder interaction is evaluated by using a
multi-block approach in Euler solver. As shown in Fig. 4,
the multi-block method divides the fluid domain into two
blocks, i.e., one block for the flow around the propeller
represented by body force and another block for the flow
around the rudder represented as a solid boundary [Natara-
jan 2003]. The overlapping zone is introduced to improve
the convergence of the iterative process between the two
blocks. Two blocks communicate to each other through
the exchange of velocities and pressure.
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Figure 4: Two blocks used in the 3-D Euler solver

Figure 5: Cylindrical grid used in block-1 at the inflow
plane for block-2 (as shown in Figure 4). Looking from
downstream.

The multi-block method is composed of two itera-
tive processes: An iteration between the propeller solver
(MPUF-3A) and the 3-D Euler solver, and an iteration be-
tween block-1 and block-2. A cylindrical grid is used in
block-1 (Fig. 5) to accommodate the body force cells rep-
resenting the propeller, whereas an H-type adapted grid is
used to model the rudder in block-2 (Fig. 6).

The iterative process between block-1 and block-2 is
as follows:

e Inblock-1

— Perform the propeller analysis using the mea-
sured nominal wake as the inflow, and find the
loading of propeller (MPUF-3A).

— Solve the velocity flow field by using the
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Figure 6: H-type grid used in block-2 at the outflow plane
for block-1 (as shown in Figure 4). Looking from down-
stream.

body forces computed from the propeller solver
(MPUF-3A).
— Compute the effective wake by subtracting the

induced velocity from the total velocity ob-
tained from the Euler method.

— Interpolate velocities and pressure along the
overlapping zone into the inflow boundary for
block-2.

e Inblock-2

— Compute the velocity flow field around rudder
using the interpolated inflow conditions.

— Interpolate velocities and pressure into the out-
flow boundary for block-1.

e Solve block-1 problem using the computed effective
wake for MPUF-3A run, and update the propeller
loading.

e Do iterations between block-1 and block-2 until the
propeller loading converges.

VALIDATIONSAND RESULTS

Convergence studies

In order to validate the present method, the sensitiv-
ity of the solution to varying number of panels is studied
for a cavitating rudder subject to the flow field shown in
Figs. 7 and 8. The flow field shown in Figs. 7 and 8 is eval-
uated from the iterative runs between GBFLOW-3D and
MPUF-3A, and tunnel walls are modeled as solid bound-
aries in GBFLOW-3D, and using quadrilateral panels in
PROPCAV. The dimensions of the computational domain
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Figure 7: Axial velocity (u) contours at the center-plane
of the domain as predicted by GBFLOW-3D/MPUF-3A in
the absence of rudder: uniform inflow.

and half of its grid are shown in Fig. 9. The tunnel top wall
is located at Y = 1.756 R (R = propeller radius), and the
tunnel bottom wall is located at Y = —1.756 R. The mid-
chord line of the rudder is located at X = 1.4234 R down-
stream of propeller, and the span of the rudder is extended
from tunnel topwall to Y = —1.06 R. The cavitation num-
ber, or = 2.0, and Froude number, Fr ¥ = 1.5, are used
for the convergence tests. The rudder turning angle, «
is 2° toward the starboard side. The convergence of the
circulation distribution of the cavitating rudder with vary-
ing spanwise and chordwise number of panels is shown in
Figs. 10 and 11, respectively. A full-cosine spacing along
the chordwise direction and the uniform spacing along the
spanwise direction are used for paneling of the rudder. As
shown in Figs. 10 and 11, the circulation distribution con-
verges very quickly with number of chordwise and span-
wise panels. Figure 12 depicts the convergence of cavity
volume with number of panels on the rudder. As shown in
the figure, the cavity volume prediction is somewhat sen-
sitive to the number of panels. The dependence of cavity
planforms on the panel discretization is shown in Fig. 13,
where the cavity planforms are shown not to be much sen-
sitive to the number of panels.

Validation with experiment

The predicted cavity patterns are compared with those
observed from the experiments to validate the numerics of
the present method. The experiment has been conducted
for a horn-type rudder in the presence of a 6-bladed pro-
peller inside a cavitation tunnel. Figure 14 depicts the di-
mension and the arrangement of propeller, rudder and cav-
itation tunnel.

In the experiment, the propeller operates at a de-

tFgp = Vszhz.p/gs. g isthe gravitational force and S is the span of
rudder.



CAV03-GS-12-005

TUNNEL DIMENSION v
Y op = L756R, Y 501 = -1.756R, Zgpe = +3.5R

W: -0.600 -0480 -0.360 -0.240 -0.120 0.000 0120 0240 0360 0480 0.600

Figure 8: Circumferential velocity (w) contours at the
center-plane of the domain as predicted by GBFLOW-
3D/MPUEF-3A in the absence of rudder: uniform inflow.
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Figure 9: Computational domain used in GBFLOW-
3D/MPUF-3A with the tunnel walls and the propeller.
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Figure 10: Convergence of circulation distribution on cav-
itating rudder with spanwise number of panels: o = 2.0,
Fr=1.5and a = 2°.
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Figure 11: Convergence of circulation distribution on cavi-
tating rudder with chordwise number of panels: og = 2.0,
Fr=1.5,and a = 2°.
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Figure 12: Convergence of cavity volume on the rudder
with number of panels: og = 2.0, Fg = 1.5, and a = 2°.



CAV03-GS-12-005

Figure 13: Convergence of cavity planform on the rudder
with number of panels: g = 2.0, Fg = 1.5, and a = 2°.

sign advance ratio of J, = 0.96 with thrust coefficient,
Kr = 0.2012. In this computation, the propeller ad-
vance ratio is adjusted so that the resulting thrust coef-
ficient matches the value of the design thrust coefficient
measured from experiment. The advance ratio correspond-
ing to the design K+ = 0.2012 is determined through
trial and error, and J, = 1.07 is used for the computa-
tion. The measured nominal axial velocity at the propeller
plane is shown in Fig. 15. The effective wake predicted by
GBFLOW-3D and MPUF-3A is shown in Fig. 16, where
the interaction between the propeller and the tunnel is in-
cluded in an iterative manner. The axial and circumfer-
ential velocity contours at the center plane of the domain
are shown in Figs. 17 and 18, respectively. As shown in
Fig. 18, the circumferential velocity varies from positive
below the propeller shaft to negative above the propeller
shaft axis over the rudder in the propeller slipstream. The
predicted pressure contours are shown in Fig. 19, where
the expected pressure jump across the propeller plane is
clearly shown in the figure.

Figures 20 and 21 show the observed and the pre-
dicted cavity patterns at the cavitation numbers, o =
1.24 and 1.65, and the rudder turning angle, & = 5°. The
rudder turning angle toward the starboard side is consid-
ered to be positive in the experiment. As shown in the fig-
ures, the predicted cavity patterns are well compared with
those observed.

The effect of propeller and tunnel walls on
rudder cavitation

The effect of propeller and tunnel walls on rudder
cavitation is shown in Fig. 22. The inflow to the rudder
in the case of with tunnel and propeller effect is shown in
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Tunnel Top Wall

3.5265R

Tunnel Bottom Wall

Figure 14: Configuration of propeller and horn type rudder
inside of a tunnel.

Figure 15: Axial velocity contours of nominal wake mea-
sured from experiment.

Figure 16: Axial velocity contours of effective wake pre-
dicted from GBFLOW-3D/MPUF-3A run: the effective
wake is computed at z = —0.3 location.
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Figure 17: Axial velocity (u) contours at the center-plane
of the domain as predicted by GBFLOW-3D/MPUF-3A in

the absence of rudder.
TUNNEL DIMENSION
Y 1op = 2.4045R 0350
Y o7 = -4.6485R
Zoor = +3.5265R 0280
0.210
0.140
0.070
0.000
v 0.070
0.140
X 0.210
0.280
0.350
a =5
Figure 18: Circumferential velocity (w) contours at the
center-plane of the domain as predicted by GBFLOW-
3D/MPUEF-3A in the absence of rudder.
TUNNEL DIMENSION
Y 1op = 2.4045R 0150
Y o7 = -4.6485R
75 = +3.5265R 0115
0.080 -
0.045
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l; . 2:: Figure 20: Comparison of cavity patterns observed from
0165 experiment (top) and predicted by PROPCAV (bottom)
0200 with tunnel effect: og = 1.24, Fg = 1.5, and a = 5°.

Figure 19: Pressure contours at the center-plane of the do-
main as predicted by GBFLOW-3D/MPUF-3A in the ab-
sence of rudder. The shown pressure does not include the
hydrostatic terms.
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Figure 21: Comparison of cavity patterns observed from
experiment (top) and predicted by PROPCAV (bottom)
with tunnel effect: o = 1.65, Fg = 1.5, and a = 5°.
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(a) Without propeller and without tunnel Effect (1) with propeller and without tunnel effect

(c) with propeller and with tunnel effect (d) with propeller and with tunnel effect

(tunnel width reduced to half)

Figure 22: Comparison of the cavity patterns predicted by
PROPCAV with/without propeller and/or tunnel effect: (a)
without propeller and without tunnel effect, (b) with pro-
peller and without tunnel effect, (c) with propeller and with
tunnel effect, and (d) with propeller and with tunnel effect
with reduced tunnel width by half; g = 1.24, Fr = 1.5,
and @ = 5°

Figs. 17 and 18. The variation of circumferential velocity
induces varying angle of attack to the rudder section, and
that changes the loading on the rudder, as shown in Fig. 23.
The rudder loading below the propeller shaft increases due
to the positive circumferential velocity, and as a result of
that, the cavity extent increases. On the other hand, the
cavity disappears above the propeller shaft axis (Fig. 22-
(b) and (c)). As the tunnel side wall distance decreases,
the sheet cavity grows over the rudder (Fig. 22-(d)) due to
the increased loading of the flow.

Validation of Multi-block scheme

The propeller-rudder interaction is performed for a
horn-type rudder with NACAOO thickness form and 20%
thickness to chord ratio. The computational domain used
is shown in Fig. 24. In Fig. 25 the axial velocity distri-
bution is shown along the center plane, where the effect
of the rudder is clearly shown. Figure 26 shows the cir-
cumferential velocity contours along the center plane for
both blocks. From this figure it can be seen clearly that the
vortical flow induced by the propeller is canceled down-
stream of the rudder trailing edge. The presence of the
rudder causes a decrease in the axial velocity at an axial
location upstream of the rudder. The convergence of the
propeller thrust and the torque coefficients with number of
iterations is shown in Fig. 27.
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Figure 23: Comparison of the circulation distribution pre-
dicted by PROPCAV with/without propeller and/or tunnel
effect: (a) without propeller and without tunnel effect, (b)
with propeller and without tunnel effect, (c) with propeller
and with tunnel effect, and (d) with propeller and with tun-
nel effect with reduced tunnel width by half; o = 1.24,
Fr=1.5anda =5°

Figure 25: Axial velocity (u) contours on the center plane
of block-1 and 2 for a horn-type rudder.

BLOCK-1 ! ! BLOCK-2

! 1
BLOCK-1 BLOCK-2 1Inflow plane ; Outflow plane
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1 to BLOCK-2 to BLOCK-1
1 1
Tunnel TopWall 1 1 Tunnel Top Wall

Figure 26: Circumferential velocity (w) contours on the

Figure 24: 3-D Euler solver grid showing horn-type rudder center plane of block-1 and 2 for a horn-type rudder.
with NACAOQ020 section.
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Figure 27: Convergence of propeller forces with the num-
ber of iterations.

CONCLUSIONS

A low-order boundary element method (PROPCAV),
a vortex-lattice method (MPUF-3A) and a steady three-
dimensional Euler solver (GBFLOW-3D) have been cou-
pled to predict the sheet cavitation over the rudder sub-
ject to an inflow induced by propeller inside a tunnel. It-
erations between GBFLOW-3D and MPUF-3A were per-
formed to predict the effective wake to the propeller and
the new loading on the propeller. The tunnel walls were
treated as solid boundaries, and the rudder was not mod-
eled in GBFLOW-3D. The propeller total flow field was
computed by GBFLOW-3D at the rudder control points.
The rudder sheet cavitation was predicted by PROPCAV
using the inflow induced by propeller, and the effect of the
tunnel walls were considered in an iterative manner.

The present method was validated by performing the
several convergence studies with varying number of pan-
els, and by comparing the predicted cavity patterns with
those observed in an experiment at a cavitation tunnel. The
predicted cavity patterns by the present method compared
well with those observed in the experiment. The multi-
block scheme which accounts for the two-way interaction
between the rudder and the propeller was also developed
and preliminary results were presented.
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