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ABSTRACT

In order to predict the ship hull pressure fluctuation
induced by marine propellers, the combination of several
numerical schemes is used. The propeller perturbation flow
is solved by the boundary element method (BEM) while
the coupling between the BEM solver and the RANS solver
can efficiently predict the effective wake. Based on the
BEM solution with the predicted effective wake, the
propeller-induced potential on the ship hull can be
evaluated. Then, a pressure-BEM solver is used to solve
the diffraction pressure on the hull in order to obtain the
solid boundary factor which leads to the total hull pressure
pulses. The paper briefly introduces the schemes and
numerical models. Different types of wake alignment
schemes are compared in terms of the overall numerical
accuracy. The way to model the rudder is also studied in
order to avoid the unwanted pressure excitation caused by
improper wake-rudder interaction.
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1 INTRODUCTION

Propeller induced noise and vibration is one of the major
issues that threatens the onboard comfortability, causes
mechanical failures, and potentially impacts the marine
animals. To resolve these issues during the designing stage,
it is important to have a reliable prediction of the propellerinduced hull pressures.
Research has been done on predicting the hull pressure
both experimentally and numerically. Most of the
experimental studies are performed in the model-scale with
multiple pressure transducers mounted on the hull surface
above the propeller to monitor the hull pressure (van
Wijngaarden 2005, Tani et al 2016).

According to the level of simplification that can be made,
the numerical approaches for underwater noise simulations
can be divided to compressible Navier-Stokes equation
based approaches, Lighthill equation based approaches,
Ffows-Williams-Hawkings equation based approaches
(Salvatore et al 2009, Kellett et al 2013), Helmholtz
equation based approaches (Seol et al 2002), and the hybrid
of any two. These equations are usually implemented by
either a finite volume method in which the propeller is
modelled by a rotating boundary (Kellett et al 2013, Li et
al 2015) or by a boundary element methods (BEM)
(Salvatore et al 2009, Lee et al 2014) in which the propeller
is represented by sources and dipoles on the boundary
surface.
To numerically predict the propeller-induced hull pressure,
the BEM method is often used because the propeller
induced pressure field is a small-amplitude high-frequency
field which can be decoupled from the background flow.
Most of these BEM applications focus on the effect of
cavitation because it is the main contributor of high-level
noise and vibrations (Seol et al 2005, Lee et al 2014). For
a cavitating propeller, the cavitation source is the major
excitation in the acoustic BEM model so that the influence
of the propeller lifting force, the influence of the blade
thickness, and the influence of the blade trailing wake can
all be neglected.
However, the continuous low-level noise and vibration
induced by non-cavitating propellers or marginallycavitating propellers can also be a problem. In this case, the
lifting surface, the blade thickness, and the wake all have a
comparable influence on the induced pressure.
This paper focuses on a streamlined procedure of
predicting the ship hull pressures. A BEM/RANS
interactive scheme is first used to predict the effective
wake and the propeller induced pressure field under this

effective wake (Tian et al 2014, Su & Kinnas 2016). Then
a pressure-BEM solver is used to predict the diffraction
pressure which leads to the solid boundary factor. The
method considers the lifting surface effect, the blade
thickness effect, cavitation source effect, and trailing wake
effect so that it is able to predict the hull pressure induced
by either a wetted propeller or a cavitating propeller.

function of time. As a result, the wake geometry remains
the same at different blade angles. Figure 1 (left) shows a
propeller under an axisymmetric inflow and figure 1 (right)
shows that the perturbation flow
in the wake alignment
scheme considers the effects from the blade, the hub, and
the wake itself.

2 METHODOLOGY
2.1 Boundary Element Method

The boundary element method (BEM) can be used to solve
various types of partial differential equations. In this
application, the control equation (1) can be obtained by
inserting the Laplace equation into the Green’s third
identity. is the Green’s function; SB represents all the
boundary surfaces of the fluid domain; n is the normal
vector on the boundary surfaces.
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To predict the propeller performance, the total flow
can
(or background
be decomposed to the known inflow
flow) and the unknown propeller induced flow
which
can be treated as a potential flow. Therefore, the propeller
perturbation potential is governed by the Laplace equation
and can be solved via the boundary element method.
In the current boundary element solver, constant strength
panels are placed on the surfaces of the propeller and on
the propeller trailing wake surfaces. Equation (1) can then
be discretized into a linear matrix system which can be
solved by either a direct method or an iterative method.
2.2 Wake Alignment Model

Because a propeller blade is a lifting body, the blade
trailing wake can be treated as a material surface on which
the potential field is not continuous. Therefore, the trailing
wake surfaces should be treated as a boundary in the BEM
model. The strength of the trailing wake is calculated by
the Kutta condition and the shape of the wake is determined
by the wake alignment model which ensures both sides of
the wake surface have the same pressure.
The general idea of wake alignment schemes is that the
wake convects with the local total flow. Two types of wake
alignment models are available in the current BEM solver:
the steady wake alignment model and the unsteady wake
alignment model. The difference between them is whether
the wake shape changes as a function of the blade angle. In
other words, the non-axisymmetric component of the
inflow can only be included in the unsteady wake
alignment model.
(a) Steady wake alignment: The trailing wake is aligned
with only the steady component of the total flow
based
on an upwind manner. Because of this, several
simplifications can be made in the alignment scheme. First,
only the axisymmetric part of the inflow
need to be
used to solve the BEM equation. Threfore, the propeller
performance, as well as the perturbation flow
is not a

Figure 1 Propeller under an axisymmetric inflow (left);
contributors of the perturbation velocity on the wake
surface (right)

(b) Unsteady wake alignment: Similar to the previous
case, an Euler-explicit scheme is used to align the trailing
wake based on the upstream nodal velocity.
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In the above equations, i and n denote the i nodal point at
the nth time step,
is the total velocity, and ∆t is the time
step size. X, Y, and Z are coordinates of the nodal points
on the wake surfaces.
Different from the steady case, an unsteady total flow is
used to align the wake. Therefore, the wake has a different
geometry for different blade angles. The alignment is only
performed on the key blade trailing wake. The trailing
wakes of other blades should have the same geometries but
with a shift in the phase angle. On each time step, only the
key blade geometry is aligned and updated. After that, the
key wake can be used for other blades when they reach the
same blade angle in future time steps. This procedure will
be repeated for several revolutions in order for the wake
geometry to converge.
In the current model, some elements of Tian’s steady wake
alignment scheme (Tian & Kinnas 2012) are adopted to
improve Lee’s unsteady wake alignment scheme (Lee
2002). Different from Lee’s unsteady scheme which
evaluates the total velocity at the panel center and then
interpolates the velocity on the panel corners, the new
scheme calculates the total velocity directly at the four
corners of a wake panel. This improves the numerical
accuracy and stability. Also, the current scheme is able to
align the wake on fewer points in the span-wise direction
and then interpolate to get a better-defined wake, which is
used to for generating the BEM matrix. This can improve
the numerical efficiency of the alignment scheme.
2.3 BEM/RANS Interactive Scheme

In section 2.1, the BEM solver is used to evaluate the
is given.
perturbation potential when the inflow
However, this inflow information is not always available.

Some researchers monitor the flow (nominal wake) on the
propeller disk plane without the existence of the propeller
and then perform an adjustment to the nominal wake in
order to predict the effective wake U%&& . The effective
wake considers the propeller’s influence to the flow and
can be defined by equation (5).
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To predict the effective wake, BEM solver is coupled with
a RANS solver, as shown in figure 2. In the RANS solver,
the propeller is represented by a local mass source term
which is added to the continuity equation and a local body
force term which is added to the momentum equation. The
strength of the mass source term and the body force term is
determined by the BEM solver. The total flow U is
evaluated out of the RANS solver and can be used to
calculate the effective wake by equation (5).
In past research, to avoid singularity effects in computing
the perturbation velocity, the effective wake field is often
defined at an upstream disk, either a flat surface or a
surface that conforms to the shape of the leading edge. In
this paper, the effective wake is defined at the center of
every BEM panel. In other words, the effective wake field
can vary in the axial direction. According to Tian (Tian et
al 2014), this can improve the numerical accuracy for
various types of propellers. The details of this scheme can
also be found in the work of Su and Kinnas (Su & Kinnas
2016).

Equation (6) can be solved the same way as in section 2.1.
Constant strength panels are placed on the hull and on the
rudder of the pressure-BEM model. The free surface effect
is considered by an image model.
To calculate the radiated pressure )* , the Bernoulli
equation is used. The mean component and nonlinear
component of the Bernoulli equation is firstly canceled.
Then, because of the infinite sound speed, the unsteady
velocity term can also be neglected. The reduced Bernoulli
equation is shown in equation (7) and the potential can
be calculated by equation (8). In equation (8), is the
radiated potential on the ship hull and SP includes both the
propeller blade surface and propeller wake surface.
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3 NUMERICAL AND EXPERIMENTAL MODELS
3.1 Experimental model

In this paper, numerical schemes are validated by
comparing with model test results (Li et al 2015, Tani et al
2016). In the experiment, a 1:20 model hull is mounted on
the ceiling of a cavitation tunnel, as shown in figure 3.
Eight pressure transducer are placed on the model hull
above the propeller. The arrangement and the numbers of
each transducer are shown in figure 4.

Figure 3. Photo of the model test facility

Figure 2. Numerical algorithm of the BEM/RANS
interactive scheme
2.4 BEM Solver for Hull Pressure

Similar to the hydrodynamic BEM, the total unsteady
pressure ) can be decomposed to the known radiated
pressure )* and the unknown diffraction pressure )+
which is governed by the Helmholtz equation. For the nearfield small-amplitude pressure fluctuation caused by
marine propellers, the Helmholtz equation can be reduced
to a Laplace equation when the infinite sound speed
assumption (incompressible flow) is made, as shown in
equation (6).
,- )+
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Figure 4. Pressure transducer arrangement and numbering
3.2 Hydrodynamic model

In the hydrodynamic model, BEM is coupled with RANS
to predict the effective wake as well as the propeller
performance. Figure 5 shows the hydrodynamic BEM
model with 80 by 20 panels on a single blade. Both the

steady and the unsteady wake alignment models are tested.
Figure 7 shows the RANS model which has similar
dimensions as the size of the experiment tank. Around 2
million cells are used in this RANS model and the
mass/body force zone is shown in figure 6.

: , the torque coefficient :; , the cavitation number <, and
the pressure coefficient = are defined by the following
equations.
89
:
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Figure 5. BEM panel model. Figure 6. Mass/body force zone

<
=

Figure 7. The RANS model in the BEM/RANS scheme
3.3 Pressure-BEM model

In the pressure-BEM model, an external flow problem is
solved, which means the BEM panels need to be placed on
the surface of a closed body. In reality, since the fore part
of the hull have very little influence over the propeller
induced pressure, only the aft part of the hull needs to be
included, as shown in figure 8. An image hull is considered
to represent the free surface effect. Therefore, the pressure
on the free surface needs not to be solved.
In the current scheme, the wake alignment model does not
consider the influence from the rudder. Therefore, it is
almost certain that the blade trailing wake penetrates the
rudder. This may cause singular radiated pressures on the
rudder surface where it touches the edges of the wake
panels. To reduce this singular behavior, only the upper
part of the rudder is included in the pressure-BEM model.
To study the effect of the rudder, a test is also made in
which the rudder is totally neglected in the pressure-BEM
model, as shown in figure 9. Similarly, the length of the
hub is reduced so that it does not extend to the propeller
zone.
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First, the BEM/RANS interactive scheme is applied to
different load conditions (advance ratios). The predicted
propeller forces are compared to the experimental data, as
shown in figure 10, where a good agreement is obtained
between the two. Figure 13 shows the predicted effective
wakefield for different advance ratios. In figure 13, the
axial velocity is represented by the gray scale while the inplane velocity is plotted by vectors.

Figure 8. Pressure-BEM model (the propeller is not part of
the model)

Figure 9. Pressure-BEM model without the rudder (the
propeller is not part of the model)

3.4 Unsteady RANS model

In addition to the experimental data, unsteady RANS
simulation is used provide a second reference. In the
URANS model, the hull, the 4-blade propeller, and the
rudder are modeled while sliding interfaces are used to
handle the motion of the propeller. Around 6 million cells
are used in this model and it takes 48 hours on 240*2.7GHz
CPUs to solve this problem in ANSYS Fluent.
Eight pressure monitors are placed at the same locations as
the pressure transducers.
4 RESULTS AND COMPARISON

In this paper, all the dimensionless numbers are defined
based on the propeller diameter 5, ship speed 67 , and the
propeller rpm n. The advance radio 89 , the thrust coefficient

Figure 10. Comparison between the propeller force
predicted by the BEM/RANS scheme and that from the
experimental data.

Then, the same scheme is applied to another load condition
in which the advance ratio 89 is 0.808 and the cavitation
number < is 7.34. The solution of the BEM/RANS scheme
is imported to the pressure-BEM model in order to evaluate
the hull pressure fluctuation on the eight different locations
where the pressure transducers are placed. For this load
condition, several comparison studies are made.
The first comparison study is on different wake alignment
models. Both the steady wake alignment model and the
unsteady wake alignment model are tested. In the steady
wake alignment scheme, all the non-axisymmetric
components of the effective wake are neglected so that the
wake geometry, as shown in figure 14(a), does not change
with time. More importantly, the positive velocity in the
vertical direction of the effective wake, as shown in figure
13, is neglected. Therefore, the steady wake goes along the
axial direction without any upward trend. On the other
hand, the unsteady wake alignment scheme considers the
non-axisymmetric part of the effective wake so that the
wake geometry is a function of time (or blade angle), as
shown in figure 14(b) and 14(c). All the geometries in
figure 14 are plotted in a rotating coordinate which is fixed
to the propeller shaft. When the BEM solver is used to
predict the propeller mean performance, the difference
between the steady and unsteady wake alignment model
are not significant. However, if the results of the BEM
solver are used to evaluate the hull pressure fluctuations,
the accurate prediction of the wake geometry becomes
more vital.
To study the influence of different wake alignment models,
the pressure history monitored by the pressure transducers
and by the URANS model are compared with the pressure
fluctuation predicted by our scheme with either a steady
wake or an unsteady wake. Results are plotted in figure 15.
The unsteady RANS results have a good agreement with
the experimental data on transducer T3, T5, T6, and T8. It
also correctly predicted the peak pressure pulse amplitude
while the location of the peak pressure is shifted towards
upstream (see pressure on location T4 and T7). URANS
severely underpredicted the pressure pulse at downstream
locations (T1 and T2). This can be explained by the
numerical diffusion caused by the unstructured mesh.
Because the pressure pulses at T1 and T2 highly rely on the
behavior of the blade trailing wakes, too much downstream
diffusion can smooth out the vortices and diminish the hull
pressure pulse.
In terms of the pressure pulses predicted by the pressureBEM method, the influence of different wake alignment
models is not significant for upstream transducer locations
(T3-T8), due to their relative long distance to the trailing
wake. For downstream points (T1 and T2), however, the
difference becomes bigger and unsteady wake alignment
improves the results. This is because the non-axisymmetric
component of the effective wake pushes the wake towards
the hull so that the wake has a stronger influence towards
the hull pressure.

On transducer T1, T3, T6, T7, and T8, a good agreement is
obtained between the BEM-predicted pressure pulses and
the experimental data. On transducer T2, the fluctuation
amplitude is correctly predicted but the phase angle of the
pressure peak is not accurate. This might be attributed to
the ignored rudder effect in the unsteady wake alignment
model. In other words, although the tip vortex of a blade
is close to the hull enough to induce a correct pressure
fluctuation amplitude, the time when the tip vortex reaches
the closest point to the hull might not be well predicted due
to the ignored rudder effect. On transducer T4 and T5,
current numerical scheme under-predicts the pressure
fluctuation amplitudes. Unlike the pressure pulses from the
URANS model and from the experimental data, the
pressure fluctuation amplitude predicted by the pressureBEM method is not symmetric about the ship center; the
scheme tends to under-predict the pressure pulses on the
port side. This phenomenon can be traced back to the nonsymmetric pattern of the effective wake, as can be seen in
figure 13. As a result, the loading on the blade tip is
relatively smaller on the port side and larger on the
starboard side.
To understand how the hull pressure is affected by the
different ways of evaluating the effective wake, another
study was made. Two cases were tested in this study and
the results are compared with URANS/experiments, as
shown in figure 16. In the first case, the effective wake is
evaluated at the center of every BEM panel on the blade.
In the second case, the axial-varying effective wake field
from the first case is extrapolated to a disk near the leading
edge. The disk conforms to the leading edge and has a
constant distance (2% of max radius) to the leading edge.
Based on figure 16, the change of locations for evaluating
the effective wake can significantly change the predicted
hull pressures, especially for downstream monitors. For
monitor T1, T2 and T8, defining the effective wake at the
center of every blade panel shows a clear advantage over
the other method which defines the effective wake at a
leading-edge disk. At other monitors (T3 to T7), there is no
clear advantage for either of methods. In summary, the hull
pressure pulses are shown to be very sensitive to the
effective wake field. Although our current axial-varying
effective wake shows some advantages, it still needs to be
improved due to the inconsistency in the pressure of
several monitors between BEM results and experimental
data.
The last comparison study focuses on the effect of the
rudder. According to section 3.3, in order to maintain
numerical stability, only the upper part of the rudder is used
in the pressure-BEM model, as can be seen in figure 8. The
underlying assumption is that the lower part of the rudder
is far from the pressure transducer locations and, therefore,
has a negligible influence towards hull pressure
fluctuation. To study whether this is a good approximation,
we tried two different rudder geometries in the pressureBEM model: one is the original geometry which is shown
in figure 8; the other geometry totally neglects the rudder
part, as can be seen in figure 9. The predicted hull pressures

from both cases are compared in figure 12. According to
the figure, the difference is negligible on T4 and T7 while
the pressure on T1 is affective by the rudder geometry. This
is because T1 is at a downstream location which is close to
the leading edge of the rudder. We can also further claim
that by including the upper part of the rudder, only the local
pressure field is noticeably affected. Then, it can be
inferred that excluding the lower part of the rudder has very
little influence on the hull pressure because of its relative
long distance towards the hull.
It is worth noting that a more complete way for solving the
numerical stability issue is to include the wake-rudder
interaction in both the unsteady wake alignment model and
the pressure-BEM model. This can be a future topic of this
research.
Another neglected effect is from the blade boundary layer.
The boundary layer effect, similar to the blade thickness,
can be represented by source panels in the BEM model.
The BEM solver can be used together with a boundary
integral solver to determine the displacement thickness
(Drela 1989, Yu 2012). Then, the thickness can be
converted to source strength and applied to the BEM
solver. The displacement thickness can be as large as 15%
of the blade thickness. Also, the source induced pressure
decays slower ( ~F G ) with distance compared to the
dipole induced pressure (~F G- ). Therefore, it is possible

that the boundary layer effect contributes to the
downstream hull pressure fluctuation. The effect of
boundary layer is another future topic in this research.

Figure 11. Pressure fluctuation amplitude on the ship hull.

Figure 12. Convergence study of the level of simplification
on the rudder geometry in the pressure-BEM model.

Figure 13. The predicted effective wake field at advance ratio Js=0.7 (left), Js=0.9 (middle), and Js=1.1 (right). Only the
effective wake distribution on the mid-chord disk is shown. The actual effective wake field may vary in the axial direction.
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Figure 14. Comparison of steady wake geometry and unsteady blade wake geometries.
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Figure 15. Comparison between the experiment pressure data, URANS pressure history, and the pressure history predicted
by pressure-BEM solver with either a steady wake or an unsteady wake.
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Figure 16. Comparison of hull pressures predicted by the pressure-BEM solver with different treatment of the effective wake
field: (a) Effective wake field is evaluated at the center of every blade BEM panel (blue solid line); (b) The effective wake field
is extrapolated to the upstream curved surface close to the blade leading edge (red dash line).

5 CONCLUSIONS AND FUTURE WORK

In this paper, several schemes are introduced in order to
predict the propeller-induced hull pressure fluctuations. A
BEM/RANS solver is first used to determine the effective
wake and the propeller performance under the effective
wake. Then, a pressure-BEM model is used to calculate the
pressure on the ship hull. In the pressure-BEM model, only
the upper part of the rudder is used in order to avoid
singular radiated pressure on the rudder. A comparison
study was made and showed that excluding the lower part
of the rudder is a good approximation. The effect of wake
alignment model is also studied. The unsteady wake
alignment scheme behaves better in terms of predicting the
downstream hull pressures. The results also showed that
the accurate prediction of the effective wake is important,
especially near the region close to the ship hull.
Future work includes studying the blade boundary layer
effect on the hull pressure, incorporating the unsteady
wake-rudder interaction in the numerical scheme, and
studying the effect of a finite speed of sound. The scheme
of predicting the effective wake can also be improved in
terms of accuracy.
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