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Abstract

A viscous/inviscid interactive (VII) BEM approach is de-
veloped for predicting the performance of hydrofoils and
propellers with non-zero trailing edge thickness. This
method uses an iterative scheme to find a non-lifting clos-
ing extension behind the finite trailing edge. Two kinds of
schemes are applied for the iteration process respectively.
(1) A flapping extension with one or two degrees of free-
dom, running in fully-wetted condition to find a non-lifting
extension. (2) The extension is treated like a cavity surface,
but with a non-constant cavity pressure distribution. These
schemes are first applied to a 2D hydrofoil. The results
are compared with those from a commercial RANS Solver
(Fluent3). The correlation between the Fluent and BEM re-
sults shows that the current method (with both kinds of it-
eration schemes) gives results within reasonable accuracy,
at a very small fraction of the computational effort. Then,
this approach is extended to 3D propeller flows, with some
preliminary results included.
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1 Introduction

Traditional boundary element methods (BEM) coupled
with integral boundary layer solvers can efficiently model
flows around hydrofoils and propellers with a sharp trailing
edge. [Sun and Kinnas (2008)]. Numerical tools based on
this method, such as CAV2DBL and PROPCAV coupled
with XFOIL, have been found to be robust in predicting
the performance of fully-wetted and cavitating hydrofoils
or propellers. However, real propellers always have finite
trailing edge thickness due to manufacturing reasons. This
feature generates a flow separation zone behind the finite
trailing edge, which makes it difficult to apply boundary
element method. Other viscous solvers such as RANS and
LES show their general applicability in this problem. A
fine grid needs to be built and the unsteady vortex shedding
at the trailing edge can be modeled. These methods, how-
ever, are so expensive and time-consuming that it is hard

3Refer to Fluent 6.3 User Manual

to apply them to propeller design. Therefore, it is essential
to develop a numerical tool based on BEM, which predicts
the performance of hydrofoils and propellers with non-zero
trailing edge thickness.

Experimental evidence shows that the separated zone be-
hind the finite trailing edge forms a closed cavity that sep-
arates from the potential flow around the propeller. Kudo
and Ukon (1994) have developed a 3D vortex-lattice lifting
surface method which can solve the steady problem of cav-
itating propeller with a flow separation zone behind. Their
model assumed the base pressure over the separated zone to
be constant and equal to the vapor pressure. Furthermore,
Kudo and Kinnas (1995) studied the influence of the length
of the separated zone, which affects the pressure and cav-
ity length near the blade trailing edge under fully-wetted
and partially-cavitating conditions. Later, Young and Kin-
nas (2003) developed a boundary element method to model
supercavitating propeller flows using the same assumption.
They used a closing rigid extension behind the finite trail-
ing edge and treated the separation zone as an additional
cavitation bubble. Their results showed that the geometry
of the closing zone does not affect the solution as long as
it is inside the supercavity bubble. However, the assump-
tion used in these methods is not accurate enough. Also,
these methods fail to apply to fully-wetted hydrofoil and
propeller flows.

In the present work, more rigorous assumptions on the ex-
tension are used in approximating the flow separation zone.
Different models are established and the results are vali-
dated by comparing with Fluent results for a 2D hydro-
foil. The method is then applied in three dimensions, with
the same assumption applied on each strip of the propeller
blade.

2 Methodology and Results for a 2D hydrofoil

2.1 Fluent analysis for a hydrofoil

The flow around a 2D NACA00 hydrofoil (maximum cam-
ber = 2%; maximum thickness = 4%), with a vertical cut at
90% chord length (treated as a finite trailing edge) is mod-
eled in Fluent. A fine grid is built around the hydrofoil,
especially near the finite trailing edge (thickness = 0.009),



as shown in Figure 1. The Reynolds number is chosen as
107 and 5 degrees angle of attack is used in this case.
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Figure 1: Grid details near the hydrofoil and finite trailing
edge (195104 elements totally)

For this case, Reynolds Stress Model (RSM) and second-
order upwind scheme are used. All residuals are set at
10−6. Both steady and unsteady cases are run. The un-
steady results are time-averaged in a vortex shedding pe-
riod, and are found not to be too different from the steady
results. The reason that the unsteadiness is not that impor-
tant is that the vortex shedding is not very strong behind a
small finite trailing edge.
The pressure distribution on the hydrofoil and near the trail-
ing edge are shown in Figure 2. An assumption can be
made according to the Fluent results that the pressure on
the two sides of the surface of the separation zone does not
change much in y direction, which excludes the lift on the
separation zone. This feature provides the basis of the it-

eration process coupled in the viscous/inviscid interactive
(VII) BEM approach. The closing extension used in the
BEM Solver is basically an approximation of the separa-
tion zone.
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Figure 2: Pressure distribution; (a) on the hydrofoil (b) near
the finite trailing edge

As the end of the Fluent analysis, the yplus on the hydrofoil
is shown in Figure 3. All the values fall in a reasonable
region for standard wall function.

2.2 Viscous/inviscid interactive (VII) BEM approach
2.2.1 VII BEM Solver coupling with one degree of freedom

iteration method

Consider the same hydrofoil used in the Fluent analysis.
A closing extension of 10% of the chord length is added
behind the trailing edge and the last camber point on the
extension is chosen as the control point (one degree of free-
dom) to control the geometry of the extension. By moving
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Figure 3: yplus on the hydrofoil

this point up and down, the extension moves like a flap-
ping tail, as shown in Figure 4. For the initial solution,

last camber point

original finite thickness trailing edge

Figure 4: One degree of freedom closing extension behind
the trailing edge

the control point is set at an arbitrary vertical position. At
each iteration, CAV2DBL (a 2D VII BEM Solver) is used
to solve for the pressure distribution on the hydrofoil. This
loop continues until a certain convergence condition is sat-
isfied. There are two choices of the convergence condition:
(1) Non-lifting condition: The lifting force on the extension
vanishes. (2) Pressure equivalence condition: The pres-
sures at the two sides of the finite trailing edge are equal
to each other. (Refer to Figure 2(a)). The Newton-Secant
scheme is used to update the position of the control point
after each iteration.
For this case, the convergence criterion is set asCL <

10e − 8 (CL = Lift
0.5·ρ·U2

·chord
) or 4Cp < 10e − 5, and

it takes four iterations for both conditions to converge, re-
spectively.
The pressure distribution (The non-dimensional pressure
Cp is defined asCp = pressure

0.5·ρ·U2 ) on the hydrofoil (by using
both conditions) is shown in Figure 5, with the comparison
with Fluent result.
For the front part of the hydrofoil, the correlation of pres-
sure distribution is good, with only a small difference.
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Figure 5: Comparison of results from the one degree of
freedom iteration method and Fluent

Some discrepancy still exists near the trailing edge for both
conditions, but it can be found that the converged results
are much better than the initial solution for an arbitrary ex-
tension.

However, the non-lifting condition and pressure equiva-
lence condition cannot be satisfied simultaneously in one
degree of freedom iteration method. Both of them have
some deficiency when applied separately. Therefore, it is
necessary to develop a two degrees of freedom iteration
method, in which both conditions can be satisfied simul-
taneously.

2.2.2 VII BEM Solver coupling with two degrees of free-
dom iteration method

Instead of controlling the extension geometry by using only
the last camber point, two camber points on the exten-
sion are chosen as the control points (two degrees of free-
dom). In this case, the two points are set at x=0.93 and
x=1, as shown in Figure 6. At the end of the iteration
process, the two conditions used in one degree of free-
dom iteration method can be satisfied simultaneously. A



Two-equation Newton-Raphson scheme is used to update
the positions of the two control points after each iteration.
In this scheme, we have two unknowns. So the two equa-

Figure 6: Two degrees of freedom closing extension behind
the trailing edge

tionsCL(y1, y2) = 0 and4p(y1, y2) = 0 can be satisfied
simultaneously. For this case, the convergence criterion is
set asCL < 10e− 5 and4Cp < 10e− 3, and it takes four
iterations for the scheme to converge.
The pressure distribution on the hydrofoil is shown in Fig-
ure 7, with the comparison with Fluent result. As shown in
the figure, both conditions used in the one degree of free-
dom iteration method are satisfied. For an arbitrary exten-
sion, it affects not only the pressure distribution near the
trailing edge, but also the global result. The improvement
obtained by applying the two degrees of freedom iteration
method is significant because it corrects the global result,
with only a small discrepancy from the Fluent result near
the trailing edge.
The effect of extension length on pressure distribution is
studied and Figure 8 shows that its influence to pressure
distribution in the front of the trailing edge is negligible.
This feature is useful because it allows us to use an ex-
tension of arbitrary length within a reasonable range when
applying this scheme.
However, a deficiency of this method exists that even if the
lifting force on the extension vanishes, the pressure differ-
ence on the two sides at each location is not equal to zero.
This is largely due to the insufficiency of the control of
the extension geometry in this method. The camber line is
controlled by two points but the thickness form stays un-
changed in the iteration process. The following scheme is
developed to overcome this difficulty.

2.2.3 Cavity-like scheme

This scheme is developed based on the iteration method for
solving partial-cavitating problems. BEM Solver has been
found to be effective to model partial cavitation on suction
side of a 2D hydrofoil. [Kinnas and Fine (1993)]; [Brewer
and Kinnas (1997)]. In a cavitation problem, the pressure
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Figure 7: Comparison of results from the two degrees of
freedom iteration method and Fluent
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Figure 8: Influence of extension length onCp distribution

distribution on the cavity surface is constant. If the surfaces
of the extension is treated as cavity surfaces, the scheme
will give constant pressure distribution on both sides of the



extension. Furthermore, if the pressures at the two sides
are equal to each other, an extension can be obtained using
the condition that the pressure difference at each location
is zero. Besides, the previous scheme for cavitation prob-
lem can be changed so that different profiles of pressure
distribution can be obtained on the cavity surface.
A condensed description of the mathematical formulation
of this scheme is included as follows.
The perturbation potential,φ, must satisfy Green’s for-
mula, a Fredholm integral equation of the second kind, on
the foil and extension.

πφp =

∫

S

[

−φ
∂ ln R

∂n
+

∂φ

∂n
lnR

]

dS−

∫

W

4φw

∂ lnR

∂n
dS on S

(1)
whereS is the surface of the wetted foil and the cavity and
W is the surface of the wake.
On the foil and extension, the kinematic boundary condi-
tion is satisfied so that the flow is tangent to the surface.

∂φ

∂n
= −

∂Φin

∂n
= −U∞ · ~n (2)

On the extension (cavity-like surface), the dynamic bound-
ary condition is satisfied so that the pressure distribution
(or velocity distribution) has a certain profile on both sides
of the extension.

∂φ

∂sc1

+
∂Φin

∂sc1

= qc1 [1 + x · Ratio] on the upper side

(3)
∂φ

∂sc2

+
∂Φin

∂sc2

= qc2 [1 + x · Ratio] on the lower side

(4)
wheresc1 andsc2 are the arclengths of the suction side ex-
tension and pressure side extension, respectively.qc1 and
qc2 are velocities at the leading edges of suction side ex-
tension and pressure side extension, respectively.x is the
horizontal distance to the finite trailing edge, as shown in
Figure 9. Ratio is set as a user-defined parameter, to de-
termine the profile of pressure distribution on the extension
surface.
By integrating (3) and (4), the expressions forφ on the ex-
tension are obtained.

φ(sc1) = −Φin(sc1)+Φ1(0)+qc1

∫ sc1

0

[1 + x · Ratio]dS

(5)

φ(sc2) = −Φin(sc2)+Φ2(0)+qc2

∫ sc2

0

[1 + x · Ratio]dS

(6)
whereΦ1(0) andΦ2(0) are the total potentials at the lead-
ing edge of suction side extension and pressure side exten-
sion, respectively.
At the end of the extension, the cavity closure condition is
satisfied so that the cavity height vanishes at the end.
∫ sc1L

0

∂φ

∂n

dsc1

1 + x · Ratio
= −

∫ sc1L

0

∂Φin

∂n

dsc1

1 + x · Ratio
(7)
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Figure 9: Cavity-like extension

∫ sc2L

0

∂φ

∂n

dsc2

1 + x · Ratio
= −

∫ sc2L

0

∂Φin

∂n

dsc2

1 + x · Ratio
(8)

wheresc1L
andsc2L

are the total arclengths of the suction
side extension and pressure side extension, repectively.

Equations (1),(2),(5),(6),(7),(8) can be solved simultane-
ously for all the unknowns.qc1 andqc2 are determined in
the solution, as well asφ and ∂φ

∂n
on the foil and extension

surface. The updated extension surface is obtained using
the following equations, and the pressure distribution is de-
termined on the updated surface, as shown in Figure 10

qc1(1+x ·Ratio)
dhc1

dsc1

=
∂φ

∂n
+

∂Φin

∂n
on the upper side

(9)

qc2(1+x ·Ratio)
dhc2

dsc2

=
∂φ

∂n
+

∂Φin

∂n
on the lower side

(10)
wherehc1 andhc2 are the height by which the extension
surfaces of suction side and pressure side are updated.

Due to the unsymmetrical geometry of a general foil, the
initial arbitrary extension will give some difference be-
tweenqc1 andqc2. To makeqc1 equal toqc2 (so that the
two pressures are equal to each other), an iteration process
is needed. The last camber point of the extension is set
as the control point, and Newton-Secant method is used to
update the position of this point. This loop ends until a
solution is obtained for whichqc1 = qc2.

The viscous pressure distribution on the hydrofoil for
Ratio = −0.3 is shown in Figure 11, from which we can
see that the pressure difference at each location on the two
sides of the extension vanishes.
The influence of different values ofRatio is studied and
shown in Figure 12. Note thatRatio ≤ 0 because pres-
sure increases (velocity drops) along the separation zone.
The value ofRatio affects the pressure distribution near
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Figure 11: Viscous Cp distribution on the hydrofoil
(Ratio = −0.3)

the trailing edge, but the influence is not significant. Fur-
thermore, Even if the viscous effect destroys the pressure
equivalence condition at some locations forRatio = 0, its
influence to the pressure in the front of the trailing edge is
much smaller.
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Figure 12: Influence of different values ofRatio

2.3 Correlation of all current methods with Fluent

The comparison of pressure distribution predicted by the
current methods and Fluent is shown in Figure 13, from
which one can see that all presented schemes predict the
pressure distribution with acceptable accuracy. Also, the
two degrees of freedom iteration method and cavity-like
scheme both give more accurate results, compared with the
one degree of freedom iteration method, assuming that the
Fluent result is the ”correct” one.
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Figure 13: Comparison of pressure distribution predicted
by current methods and Fluent

The comparison of lifting force evaluated by current
schemes and Fluent is shown in Table 1. Note that for



the BEM solution, lift is evaluated only over the foil, not
including the separation zone. For this case, Both two de-
grees of freedom iteration method and cavity-like scheme
give the good correlations with Fluent.

Table 1: Comparison of lifting force predicted by current
methods and Fluent

Method CL

Fluent 0.6717
arbitrary extension 0.7758

one degree of freedom 0.7124
two degrees of freedom 0.6744

cavity-like scheme 0.6915

The comparison of computational cost is shown in Table
2, from which we can see that the computational cost is
reduced tremendously by applying the presented schemes.

Table 2: Comparison of computational cost

Analysis Method Fluent All presented
schemes

Computer 12 CPUs 1 CPU
Characteristics (1.6GHZ

AMD Opteron),
12GB RAM 2GB RAM

Running Time about 4 hours Less than 1 minute
for steady run

2.4 Some other results

Some other results are shown for the same hydrofoil at
other angles of attack. Figure 14 and Figure 15 shows the
correlation of pressure distribution between current meth-
ods and Fluent at 7 and 4 degrees angle of attack, respec-
tively. The comparison shows that the two degrees of free-
dom iteration method and cavity-like scheme both give rea-
sonable results.

3 Application to 3D propeller flows-preliminary inves-
tigation

The one degree of freedom iteration method with pressure
equivalence condition is extended to 3D propeller flows, for
which our goal is to have the condition satisfied on each
strip of the blade. Consider a NACA66 propeller blade
with a cut at 90% chord length at each strip, subject to a
uniform inflow with Re=766395. The extension geometry
of each strip is controlled by the last camber point on the
extension. Different extension geometries are generated by
moving the control point vertically, as shown in Figure 16.
(strip number 1 to 15 from bottom to top, only for showing
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Figure 14: Comparison of pressure distribution at 7 degrees
angle of attack

the strip geometry) Correspondingly, the different geome-
tries of the propeller blade are shown in Figure 17.
For this analysis, the propeller blade is discretized into 10
(span-wise) *100 (chord-wise) panels. Therefore, in this
case, there are 10 unknowns. To determine them, 10 equa-
tions need to be satisfied:

4pm(y1, y2, ..., y10) = 0, m = 1, 2, ..., 10 (11)

For this problem, the 10 strips cannot be solved separately.
Because by doing that, we ignore the interaction between
different strips. However, satisfying the condition at each
strip can give us a good initial solution. Newton-Raphson
method can be applied to this initial solution and the final
converged results can be obtained much more efficiently.
The pressure distribution is shown on several strips in Fig-
ure 18, with the convergence criterion4Cp < 10e − 3.

As we can observe in these figures, the pressure equiva-
lence condition is satisfied on each strip. The two degrees
of freedom iteration method and the cavity-like scheme can
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Figure 15: Comparison of pressure distribution at 4 degrees
angle of attack
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Figure 16: Control of extension geometry of each strip

be extended to three dimensions using the same procedure.

As the end of these preliminary results, the pressure at the
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Figure 17: Control of extension geometry of the blade

trailing edge of each strip in span-wise direction is plotted
in Figure 19.

Conclusions and future work

A VII BEM approach is developed to predict the perfor-
mance of hydrofoils and propellers with non-zero trailing
edge thickness. Two kinds of iteration methods are coupled
with the BEM Solver to find a non-lifting extension behind
the finite trailing edge. The flow around a NACA00 hy-
drofoil with non-zero trailing edge thickness is modeled in
Fluent and by the current approach. The correlation of the
results shows that the current methods provide acceptable
results, with the computational cost reduced significantly.
The one degree of freedom iteration method has been ex-
tended to 3D propeller flows and expected results have been
obtained.
For the future work, the two degrees of freedom iteration
method and the cavity-like scheme will be extended to 3D
flows, and correlations with experimental results will be
used to validate these methods. Also, these methods will
be applied to the case of super-cavitating propeller flows
(for the strips where super-cavitation does not happen) and
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propellers in backing condition, where the blades have non-
zero trailing edge thickness.

REFERENCES

Brewer, W. H. and Kinnas, S. A. (1997). Experiment and
viscous flow analysis on a partially cavitating hydrofoil.
Journalof ShipResearch, 41(3):161–171.

Kinnas, S. A. and Fine, N. E. (1993). A numerical nonlin-
ear analysis of the flow around 2-d and 3-d partially cav-
itating hydrofoils.Journalof Fluid Mechanics, 254:151–
181.

Kudo, T. and Kinnas, S. A. (1995). Application of un-
steady vortex/source lattice method on supercavitating
propellers. InTwenty-FourthAmericanTowing Tank
Conference, pages 33–40, Texas A&M University.

Kudo, T. and Ukon, Y. (1994). Calculation of su-
percavitating propeller performance using a vortex-
lattice method. InSecondInternationalSymposiumon
Cavitation, pages 403–408, Tokyo, Japan.

Sun, H. and Kinnas, S. A. (2008). Performance pre-
diction of cavitating water-jet propulsors using a vis-
cous/inviscid interactive method. InProceedings,
2008 SNAME Annual Meeting and Ship Production
Symposium, Houston, USA.

Young, Y. L. and Kinnas, S. A. (2003). Numerical mod-
eling of supercavitating propeller flows.Journalof Ship
Research, 47(1):48–62.


