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Abstract

A low-order potential based boundary element method is applied to the prediction of the
flow around the cavitating propeller in steady or in unsteady inflow. For given cavitation
nuimber, the cavity shape is determined in an iterative manner until the kinematic and
the dynamic boundary conditions are both satisfied on the approximate cavity boundary.
In order to improve the solution behavior near the tip region, a hyperboloidal panel
geomelry and a modified split panel method are applied. The method is then extended
to include the analysis of time-varying cavitating flows around the propeller blades via a
time-step algorithm in time domain. In the method, the steady state oscillatory sclution
is ohtained by incremental stepping in the time domain. Finally, the present method is
validated through cormparison with other numerical resuits and experimental data.
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1 Introduction

Propeller cavitation is becoming meore and more comumon in recent ocean vehicle applications. In
the past, the propeller design philosophy has been to avoid cavitation for the widest possible range
of operating conditions. However, recent demands for higher vehicle speeds and higher propeller
loads have made this design philosophy practically impossible 10 achieve. The allernative is to al-
low for controlled amounts of sheet cavitation, which is less harmful than other types of cavitation
(bubble or cloud cavitation) and to design propellers with small blade area. Computational meth-
ods for the analysis of the propeller sheet cavitation in nonuniform or in uniform inflow have been
developed. Boundary Element methods(BEM) have been found to be a computationally efficient,
robust tool for the analysis of cavitating propellers (Fine 1992, Kim and Lee 1996} as well as
non-cavitating propellers (Lee 1987). These methods employ either a potential or a velocity based
formulation. The investigation of different panel methods showed that the iterative process in a
potential based BEM for finding the cavity shape converged much more quickly than in a velocity
based BEM (Kinnas and Fine 1993). A perturbation potential based BEM for the analysis of the
partially cavitating hydrofoils in two or three dimensions was developed (Kinnas and Fine 1993).
For a given cavitation number, the cavity shape was determined by satisfying both the kinematic
and the dynamic boundary conditions on the cavity boundary. It was found that the cavity solution
even from the first iteration was very close to the fully nonlinear converged solution (Kinnas and
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Fine 1993). The method was then extended to include the effect of the supercavitation and to the
analysis of time-varying cavitating flows around the propeller blades (Fine 1992). To save com-
putating time, a split panel method was also applied. The BEM has been applied successfully for
the analysis of the partially or super-cavitating propellers. However, most methods did not apply
a numerical Kutta condition because of its complexity and the method often has difficulty with
converging near the blade tip region because of high skewness of the panels and the error from the
split panel method (Fine 1992). In the present work, a method is presented to take into account
all of the above. In addition. the Kutta condition suggested by Suh et al (1992) is implemented
numerically in the method. To improve the convergence near the blade tip region, hyperboloidal
panels are used for the panel representation of the blade surface and a medified split panel method
is developed.

2 Mathematical Formulation

Consider a partially- or super-cavitating propeller, shown in Figure 1, subject to a spatially nonuni-
form inflow U (u, z,t). The perturbation potential ¢, (%) at any time £ and any point p on the wet-
ted surface Sy g{#} or the cavity surface S(t) may be expressed by using Green’s third identity
{(Kinnas and Fine 1993);

_ 3 1\ 9% 1
2ndplt) = /Sws(t)USg(t) {%(t)anq(ﬂ (R(PQQ)> anq(t)R(p;q) a5

a 1
* fsw(t) Aell) g o (R(p; q)) 45 M)

where ¢ corresponds to the variable point in the integrations and the unit normal vector n,(t) 1o
the wetted surface of the propeller blade, the cavity surface and the trailing wake surtace Sy (¢)
points into the fluid. R(p;q) is the distance from the g to the point p and Ag,, (%) is the potential
jump across the trailing wake surface.

To determine the unique potential flow solution, the boundary conditions have to be applied
on the flow boundaries. However, since the geometry of the cavity surface is unknown, as initial
flow boundaries, the cavity surface Scg(t) on the blade is approximated by the blade surface, and
the cavity surface in the wake Scw (f) is approximated by the wake surface. Since the normal
velocity is discontinuous across Sy (£), the velocity jump can be defined as a source distribution
of density gy, (¢):

P07 gy - Dayg
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Depending on the location of the field point p, which may either be on Sy s(t) U Scg(t) or
on Scw (), the equation (1) can be rewritlen and each case may be considered separately.
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Figure 1: Definition of flow boundaries.

« Field point on Sy 5(£) U Sogp{f) :
Substituting (2) into (1), we obtain

_ % 1 Og 1 }

2 = — iy 18
"elt) [Sbi’S(L)USCB(t) [¢g(t) Bnq(t) (R(p; Q)) 5”17( )R(p; q) ‘

- 7 t)————r S

/SCW q ( R(P? )
' a 1
Ay 45
+/:a-cwmusm D) 2 (R(p;q)) ©)

where superscripts 4, — correspond Lo the upper and lower side of the wake surface, respec-
tively.

e Field point on Sy (1) @
Consider the field point is on the upper and the lower side of Sow{¢). By adding the
equations and noting that the potential jump across the wake sheet Ay, (t) = ¢ (£)— 5 (),
we obtain from (1)
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Equations (3} and (4) express the potential ¢,(t) on the blade surface or the potential (;5;; (t} on
the wake surface as the superposition of the potentials induced by a continuous socurce distribu-
tion on the wetted and the cavity surface, and a continuous dipole distribution on the wetted and
cavity surface as well as on the wake surface. These source and dipole strengths can be uniquely
determined by solving (3), (4) along with the following boundary conditions:

s Kinematic boundary condition on the non-cavitating surface: This condition defines the
source strength on the non-cavilating surface as follows:

ey G
anq(t) = —Usoly, 2, 1) - fag(t) (5)

e Dynamic boundary condition on the cavity surface: The pressure on the cavity surface
should be constant and equal to a given cavitation pressure p.. By applying Bernoulli’s
equalion in a propeller fixed coordinate sysiem, the potential ¢(s, v, ) on the cavity surface
can be obtained (Fine 1992). Since cavitation may occur on the blade surface or on the wake
surface, each boundary condition should be considered separately.

{a) On the cavitaling part of the blade,

5
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0
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where s,v are the coordinates along the chordwise and the radial direction on the
cavity surface, respectively and 8 is the angle between s and v coordinates. I/, IJ, are
the s, v components of the mflow relative to the propeller(Us (v, 2,1) +w x ), g is
the gravitational consiant, n is the number of propeller revolutions per second, [ is
the propeller diameter, ¢ is the cavitation number {(py — p.)/(1/2pn? D?) and Y is
the vertical distance from the axis of rotation and is defined as negative in the direction
of the gravity.

(b) On the cavitating part of the wake,

5
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3TE
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(7]
¢ Kinematic boundary condition on the cavity surface: The normal velocity on the cavity
surface should be zero. From this condition, the partial differential equation for the cavity

hight A is obtained (Fine 1992).
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{(2) On the cavitating part of the blade,

2 () - (5]
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{by On the cavitating part of the wake,

. h C
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s o
o Kutia condition: A numerical Kutta condition is applied to specify the circulation around
the propeller blade at each time step, which is equal to the potential jump in the wake
surface. The details of the condition is given in Suh et al(1992).

(9)

3 Numerical implementation

In sclving {3). (4), (he propeller blade 1s discretized into hyperboloidal panzls. The time domain
is also discretized inlo equal time interval Af. For the trailing wake geometry, a nonlinear wake
model is applied (Greeley and Kerwin 1982) and the wake surface is discrelized into panels at
constant angular interval A8({= wAt). The algorithm for solving the unsteady cavilating propeller
problem is as follows.

(a) First of all, the unsteady non-cavitaling problem has to be solved. The stepwise solutien
algorithm is applied (Kim et al 1997) and the perturbation potentials are oblamned at every
time step. These values will be used for the calculation of the right hand side of (3). (4).

(b) For a given cavitation number and on the assumed cavity surface, we need to solve the
following equation to find the correct cavity planform.

Slli loye -~ dy) = 0, m=1-- M (10)

where 4y, is the cavity height at the cavity trailing edge of the m-th spanwise strip winch is
nondimensionalized by a local chord length ¢,,,, and I,,, is the cavity length at the same strip.
An terative procedure is required to solve (10) due 1o its nonlinear character. Equation {10)
may be solved by applying an M -dimensional Newton-Raphson method. However since
this method requires excessive computaiing time, a locally scalar Newton-Raphson method.
which ignores the ofT diagonal terms of the Jacobian, is used in this work. Applying a lecally
scalar method at each strip, the cavity length of the i-th strip at (k + 1)-th iteration may be
expressed:

b Oh g

[ 73, & m = I,
For each iteration, the cavity height can be determined by the kinematic boundary condition,
given in (8), (9). Ateach time step, the cavity planform is considered Lo be converged when

(e M (1)
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the maximum of the absolute values of 4 is less than 0.001. The details of the method is
described in Fine (1992).

From the iterative procedure, the boundary conditions are satisiied on the assumed cavity
surface. In order to find the exact cavity surface, this iterative procedure has to be be re-
peated. However, it is known that the solution on the assumed cavity surface is very close
to the fully nonlinear solution on the exact cavity surface (Kinnas and Fine 1993). In the
present work, only one iterative procedure will be applied to find the solution.

(c) Step (b) continues for the next time step and until a steady state oscillatory solution is
obtained. It usually takes three revolutions.

TWISTED RECTANGULAR WING
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Figure 2: Comparison of the potentials computed by the split panel method with that by
the maodified split panel methed, Computations are {for an NACAGSA (wisted foil with
t/c=10.05,AR =05.90 =04, = 4°,

4 Modified split panel method

Usually, the trailing edge of the cavity does not coincide with a panel boundary in the chordwise
direction. Since only an integral number of panel can be used in the method, this may cause
a problem. To avoid this problem, we need to re-panel the blade surface or use the split panel
method, in which the panel at the trailing edge of the cavity is split into a cavitating({;,) and a non-
cavitafing part(ir). When the blade surface is re-paneled so that the cavity trailing edge coincides
with a panel boundary , it is necessary to recompuie all the influence coefficients. On the other
hand. the split panel method can be applied without the added burden of recomputing influence

coefficients (Fine 1992). In this method, the source strength ((%E) ) on the non-cavitating part
R

of a split panel and the dipole strength () on the cavitating part of a split panel are known from

(5), (0) while the source sirength ((g—;@) , , i) on the cavitating part of a split panel and the

dipole strength (¢r) on the non-cavitating part of a split panel are unknown and extrapolated from
the knowns on adjacent panels. The details of the method is expressed in Fine(1992). Although
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this method was applied with some success, it was found that it is often difficult for the solution
to converge near the lip of the blade. To resolve this problem, we begin with the investigation
of the perturbation potentials near the tip of the blade, which is shown n Figure 2. From this
figure, it was concloded that as the thickness of the blade decreases, the influence of the split panel
on the opposite panel on the pressure side of the blade becomes larger. Therefore, the effect of
the spilt panel should be included in the potential calculation not by the extrapolation but by the
introduction of an additional unknown. To implement this, we developed a modified split panel

method, h which only the source strength ((%)L ,Gwr) on the cavitating part of a split panel

is extrapolated from the known values on adjacent panels. The dipole strength (¢ 5) on the non-
cavilating part of a split panel is trealed as an additional unknown. The resuliing potentials from
the modified split panel method are shown in Figure 2. Comparing the result with that from the
original split panel method, it indicates that the ¢ extrapolation is not necessary.

5 Numerical results

The present method is applied to number of lifting surface configurations. Two groups of applica-
tions are presented. The first group is for a series of wings in uniform inflow and the second group
is for a series of propellers in nonuniform as well as in uniform inflow. The results are compared
to those from other numerical methods and to published experimental measurements,

5.1 Partially- or super-cavitating wing

In all calculations, the panels on the wing are distributed using cosine spacing in the chordwise and
the spanwise direction. In the wake, panels are distributed using cosine spacing in the spanwise
and the streamwise direction to emphasize the details near the blade trailing edge and the tp.
The wing is discretized into 60 chordwise and 20 spanwise panels. The trailing wake sheet is
discretized into 20 spanwise and 120 streamwise panels. The initial guess of the cavity geometry
was a uniform cavity length({(y) = 0.8) at all spanwise positions.

s Partially cavitating wing
Comparisons with the experimental measurement (Kinnas and Fine 1993) are made in this
example. The experiment was performed at the MIT cavitation tunnel and the angle of attack
was 6.5° and the flow speed was 6.83m/s. The cavitation numbers o were 1.084 and 1.148,
The cavity detachment pont was taken at 2,4% of the local chord length. The comparison
between the computational results and the experimental measurements are shown in Figure
4. For two cavitation numbers, predicted cavity planforms agree well with experiments.

» Super-cavitating wing
The method is applied to a rectangular wing of aspect ratio 4R = 5.9 at & = 3°. The wing
has an NACAG5A section with (%) = 0.05 at the midspan, tapering elliptically to zero
at the lips. Figure 3 shows the converged cavity planform. The tolerance § of the cavity
height 10 the local chord length was set 0.001. Note that the cavity planform agrees fairly

well with those from Fine(1992),
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Figure 3: Cavity planform for a NACAG5A rectangular foul with ¢/c = 0.05. AR
59,0 =04, 0 = 3°

il

MIT EXPEHMENT MI'? EXPERMENT
(0=1,084, ©@=F 5, G0cK20s) (o=1 148, 0=6 §', £0cX20s)
y/R T ﬂ\ ¥/R'Y /’7\
/[ (
wnr j FRESENT e / FRIECHT
/ R | s ERPERIMINT ’,’ [ \\ *»  CXPRRTMFNT
" f \ ne i |
| [ \

b . | oo
f ; \\ nl- ; J \
|

Figure 4: Cavity planform comparison for o = 1.084, 1.148.

5.2 Partially- or super-cavitating propeller in a uniform inflow

The present method is applied to propellers in the same manner as in the case of the wings. The
difference between this computation and that for the wing is that each trailing vortex is now as-
sumed Lo travel in a helical trajectory rather than a straight line downstream. Also for the far feld
calculation, a sink disk is used instead of vortex lines, which were used in the wing prablem. The
far field calculation starts at ¥ = 1.5 R, which is usually used in the propeller application {Greeley
and Kerwin 1982). The propeller blade is discretized into 60 chordwise and 20 radial panels. The
initial guess of the cavity geometry was a uniform cavity length(l(y) = 0.8} at all radial positions.

¢ Partially cavitating propeller
The first case is for a propeller DTMB 4381. The propeller geomelry is given in Fine(1992).
The propeller is assumed to have one blade and operating in uniform inflow with an advance
ratio Jg = (.8 and a cavitation number o = 2.7. The cavity detachment point is sel at
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2.4% of the local chord length after the leading edge. Figure 5 shows the converged cavity
planform along with other numerical result {Fine 1992). Both cavity planforms show goad
agreement.

Modified DTMBA3S1
{o=2.7, J=0.8, 60cX20=s, 2.4% detach}
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Figure 5: Expanded cavity planform for the modified DTMB 4381 propeller with one
blade; J¢ = 0.8, 0 = 2.7.

s Super-cavitating propeller

In order to examine the steady supercavity solution, the AQ-177 propeller is calculated,
whaose geometry is given in Fine(1992). The propeller is assumed to have one blade and op-
erating in uniform inflow with an advance ratio Jg = 0.6 and a cavitalion number o = 2.5.
In this case, the cavity is assumed to detach at the leading edge of the blade. The converged
cavity planform obtained by the present method is compared with the other numerical result
(Fine 1992) are shown in Figure 6. Both cavity planforms show good agreement except
the tip region. In Fine’s method, the solulion for the cavity planform is converged only for
& = 0.98 while in the present method, the solution converged everywhere.

5.3 Cavitating propeller in nonuniform inflow

Finally, in order to validale the present method in nonuniform inflow, the method 1s applied for a
modified DTMB 4381 propeller with one blade. The inflow has a 15% dent in axial direction and
is symmeiric about = 0°. The coefficients of the sine and cosine series are given in Fine(1992).
The other components of the inflow are zero. Figures 7, 8 show the converged cavity planforms
and volumes at different angular positions of the propeller. In Figure 8, the cavity volumes from
the present method are compared to that from other numerical result (Lee 1979) at the second
revolution. Those results show good agresment.



S.-W. Pyo and J.-C. Suh: Modified Split Panel Method Applied to ...

AO-177
(g=2 5, J=0 6, €0cx20s, O%c detach}
o/alr

na-

ua

0 |-

PREZENT

/ *  FINE
J L " L 1 L L ; | /R
2 1

Figure 6: Expanded cavity planform for the one bladed AO-177 propeller; Jg = 0.6,0 =
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Figure 7: Cavity planform at different angular positions on the DTMB 4381 at Jg =
08,0 =2.7.

6 Conclusions

In the present work, a computationally efficient and robust boundary element method for cavitating
propellers in steady and unsteady inflow is developed. The unsteady problem is solved in the
time domain and a stepwise solution algorithm with an efficient numerical Kutta condition is
implemented at each time step. Since the first iteration solution has been shown to be very close
to the converged nonlinear solution, only the first iteration is done to obtain a nonlipear solution.
Both the fully wetted and the cavity solutions are found on a fixed panel discretization, so that
the influence coefficients need to be calculated once. By employing hyperboloidal panels and the
modified split panel method, the results from the present method show better convergence near the
tip region than other numerical method.

The methaod is applied to number of cavitating wings and propellers in uniform and nonuntform
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Figure 8: Cavity volume histories on the DTMB 4381 at Js = 0.8,0 = 2.7.

inflow. The results are shown o agree with those from other numerical methods and published
experimental measurements.
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