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ABSTRACT

A systematic investigation is conducted to evaluate the
cavitating flow prediction capabilities of URANS solvers
for supercavitating propellers with truncated trailing edges
(TE). The reference propeller in this investigation is the
TMB 3770 from the 3 blade TMB supercavitating propeller
series. A wide range of operating conditions are tested to
include cases of steady and unsteady cavitation patterns.
The behavior of the flow predicted by URANS solvers at
different radial locations is analyzed with an increased
interest in the cavitation patterns predicted in unsteady
conditions. The results indicate that while URANS solvers
can predict the hydrodynamic performance near propeller
design conditions, at extreme advance ratios, the solutions
diverge from experimental data. This is reflected in the
predicted pressure distributions on the blade and cavitation
patterns.

Keywords
URANS, Supercavitation, Propellers, BEM

1 INTRODUCTION

There has always been an interest in increasing the advance
speed of marine crafts, even more so now because of the
rapid and continuous development of high-powered
outboard engines for high-speed marine crafts. However,
these powerful engines require propellers that can match
their power output and efficiently operate in the
supercavitating (SC) regime. Cavitation is a naturally
occurring phenomenon where the pressure on the surface
of a body operating in a fluid domain falls below the vapor
pressure of that fluid. In this event, the fluid experiences a
phase change as it vaporizes leading to the instantaneous
inception and collapse of cavitation bubbles. There are
different forms of cavitation such as cloud cavitation, sheet
cavitation, tip vortex cavitation, etc. Supercavitation
occurs when a partial sheet cavity interests the suction side
of a propeller blade with a length exceeding the chord
length of the propeller section such that it collapses
downstream of the blade. Conventional propellers contain

blade sections inspired by NACA airfoils and are designed
to completely avoid, if not minimize cavitation. The
objective of this conventional design was to minimize the
adverse effects of cavitation such as vibration, noise, and
surface erosion. However, at extremely high advance and
rotational speeds, cavitation is inevitable in which case,
supercavitating propellers (SCPs) become the technology
of choice.

SCPs are designed to operate in the supercavitating regime,
often by having sectional profiles that encourage cavitation
inception and maintenance such that the bubble collapses
downstream of the blade. While there exists a vast
knowledge base of conventional propeller performance
data that can be used for propeller performance prediction,
the existing knowledge base for supercavitating propellers
is not as extensive. In fact, the publicly available
performance data for new, unconventional, and modern
SCPs is extremely limited. This introduces an obstacle
when trying to predict the performance of new, innovative
propellers at their design stage. Furthermore, despite the
use of the ever-evolving numerical methods in the form of
computational fluid dynamics (CFD) software, the
experimental validation of the resolved flow for SCPs is
lacking. Consequently, this leads to a limited source of
existing reference data.

The aim of this investigation is to attempt and broaden the
existing understanding of the capabilities and limitations of
Unsteady Reynolds Averaged Navier Stokes (URANS)
Equations solvers when used to resolve complex,
multiphase, and separated cavitating flows for SCPs with
non-conventional sectional profiles. While many other
CFD methods exist, such as the Large Eddy Simulations
(LES), Detached Eddy Simulations (DES), steady RANS,
and the Boundary Element method (BEM), URANS is
specifically chosen for this study due to its balance
between accessibility and level of fidelity. LES and DES
are comparatively high-fidelity methods that require large
amounts of computational time and power. On the other




hand, steady RANS and BEM assume steady state flow and
are often unable to capture the time-dependent, fluctuating
nature of unsteady cavitating flows. However, when
compared to URANS, they are simpler to set up and require
fewer resources which makes them a possible alternative
approach. Therefore, URANS allows a user to capture the
unsteady nature of the flow while also using fewer
resources, making it a preferred CFD method, especially in
industrial design pipelines. This investigation also aims to
compare the flow solution predicted by the URANS solver
to those predicted by the BEM for a range of operating
conditions. This is to evaluate the benefits and drawbacks
of using the two numerical methods.

2 BACKGROUND INFORMATION

In the past few decades, numerous attempts have been
made to develop numerical methods that are capable of
solving complex, cavitating flow around propellers and
hydrofoils. Some of these early numerical methods are
documented in Tulin (1962). Since then, numerical
methods have gone through tremendous advancements. In
recent years, there has been a rapid increase in the interests
and development of CFD, specifically in the use of
URANS solvers.

While CFD applications have gained popularity in regards
to their versatility, their validity in accurately predicting
physics phenomena is still being explored. In terms of its
marine application, CFD tools have been often used to
predict the hydrodynamic performance of wetted and
partially cavitating hydrofoils (Brizzolara & Bonfiglio
2015, Liang et al 2020, Nohmi et al 2018, Zhao et al 2020).
Moreover, they have also been compared with other
numerical methods developed for propeller performance
and hull interaction predictions (Lui et al 2012, Paik et al
2013, Su et al 2024, Wu & Kinnas 2024). In most cases,
these studies prioritize conventionally shaped propellers
and hydrofoils. There are a limited number of recent
studies that focus on evaluating the ability of CFD tools to
correctly resolve the flow physics surrounding
supercavitating propellers and hydrofoils with truncated
TEs (Srivastava 2026, Srivastava & Brizzolara 2026).
However, even in these investigations, URANS solutions
are evaluated for a small range of cavitating conditions and

Figure 1. TMB 3770 Propeller Geometry.
Taken from Hecker et al (1964)

are used as a comparative dataset rather than being the
primary subject of experimental validation. It is important
to experimentally validate the URANS flow solutions for
non-conventional SCPs because the cavitating flow
surrounding a truncated TE is very stochastic, separated,
and multiphase in its nature. This makes the flow physics
in that region very complex. Thus, prior to using URANS
solvers in industrial applications to predict the
hydrodynamic performance of SCPs with truncated TEs, it
is vital to thoroughly understand its limitations and
capabilities. Currently, there are ongoing investigations
that focus on solely on this subject, but they are limited to
SC hydrofoils with non-conventional, truncated TEs
(Srivastava et al 2024, Srivastava & Brizzolara 2025).

3 REFERENCE PROPELLER

The reference propeller considered in this investigation is
TMB 3770 from the TMB Supercavitating Propeller Series
(Hecker et al 1964), possibly the first super-cavitating
propeller series ever created, and as such based on simple
parabolic face shapes. This propeller was designed for
applications with high rotational speeds relative to advance
speeds which results in low design advance ratios (J). Its
design / = 0.44 and cavitation number o = 0.617. The
definitions of J and o are shown below:

J =Va/nD (1)

0=0y= (Po— pvap)/(o-spVaZ) ()
In equations (1) and (2), V, is the advance velocity, n is the
rotational speed, D is the propeller diameter, p, is the
static pressure, pyg, is the vapor tension, and p is the
density. An image of the propeller geometry is given in
Figure 1 and the cavitation pattern observed at design

condition can be seen in Figure 2. Figure 3 shows the
propeller curves measured at o = 0.5.

The models of the blade geometry for the purpose of this
investigation were generated by using the propeller design
charts in Hecker et al (1964) and by following the method
described in Caster (1959). Further details about the
process followed to generate the geometric models is
documented in Srivastava (2026).

The test conditions considered for this investigation consist
The
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Figure 2. TMB 3770 at ] = 0.44 and o = 0. 6.
Taken from Hecker et al (1964).
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Figure 37a - Cavitation Characteristics of Propeller 3770 at o = 0.50

Figure 3. TMB 3770 propeller performance at
o = 0.5. Taken from Hecker et al (1964)

performance data will be used to validate the predicted
URANS hydrodynamic performance. The credibility of the
URANS solution will be quantified by comparing the
coefficient of thrust (Kr), coefficient of torque (Kj), and
propeller efficiency (7). These are defined in Equations (3)
to (5), where T is thrust and Q is torque. The URANS
predicted hydrodynamic performance is also compared
with the BEM solutions.

Ky = T/(pn*D*) A3)
Ko = Q/(pn?D%) 4)
n = (Kr/Kq)(J/2m) (%)

The URANS flow solution will also be compared to that
from the BEM in the form of pressure distributions and
contour plots. The cavitation patterns predicted by the
URANS solver will be compared to the cavitation patterns
observed in the experimental images. However, due to the
limited availability of experimental images (only one view
angle), and the absence of proper cavitation sketches, the
physics of cavitation patterns are only qualitatively
evaluated. The purpose of this investigation, in fact, is to
develop an understanding about the extent to which
URANS solvers can capture complex forms of cavitation,
by comparison with the limited possibilities of the BEM
method

4 URANS Set Up

The numerical simulations in this investigation are
conducted using the commercially available CFD software,
Siemens Star-CCM+ using the URANS solver.

The simulations are conducted in a cylindrical wedge-
shaped fluid domain with a length of 6.5m and a radius of
3m. The fluid domain is seen in Figure 4 and it is
significantly larger than the modelled propeller blade to
mitigate wall effects. The propeller blade is located at the
center of the fluid domain. A zoomed in image of the
propeller blade is seen in Figure 5. The boundary
conditions imposed on the fluid domain include a velocity

74 Pressure
a
Velocity / Outlet
Inlet

Periodic
Boundaries

Figure 4: Fluid domain of the TMB 3770
Propeller. The propeller is located at the center.

Figure 5: Mesh refinement levels surrounding
the TMB 3770 Propeller Blade.

inlet, a pressure outlet, and two periodic boundary
conditions. The arc of the cylindrical wedge is designated
as a velocity inlet where the inflow velocity is in the axial
direction as shown in Fig 4. A single blade is modelled
using a polyhedral mesh with a base size of 0.8D where D
is the propeller diameter. The target cell surface size on the
blade is 1.5% of the base size and the minimum surface
size is 0.1% of the base size. The target cell surface size on
the hub is 3.5% of the base size and the hub minimum
surface size is 0.3% of the base size. The blade and the hub
are surrounded by a prism layer with 32 prism layers
having a total thickness of 5 mm. A volumetric control is
introduced to further refine the mesh surrounding the blade
as seen in Figure 5. In this volumetric control, all mesh
settings are maintained but the cell base size has been
reduced to 0.6D. The flow is resolved using an implicit
unsteady solver with a time step, At = 2.3 X 10™°s which
corresponds to the time taken by the propeller blade to
rotate 0.5° at 3600 rpm. Each time step has 20 inner
iterations, and the simulation is conducted for a total
physical time of 0.5 s. Adaptive mesh refinement (AMR)
and adaptive time step models are also implemented. The
AMR is based on a free surface mesh refinement criterion
where if a cell consists of an interface between liquid and
gas, the cell will be further refined. This leads to additional
mesh refinement near the surface of the cavity. The
maximum CFL condition for the AMR is set to be 0.4. The
adaptive time step model has a minimum time step of
5% 107°s.
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Figure 6. BEM panel distribution for TMB
3770 with FTE.

The flow in the considered domain is modeled using the
multiphase volume-of-fluid (VOF) model, the k — w SST
turbulence model, and the Schnerr - Sauer cavitation
model. At the start of each simulation, the fluid domain
contains only water. Cells are designated as liquid or gas
based on a designated fluid vapor pressure and if VOF >
0.5. This condition is also used by the AMR for mesh
refinement near the cavity surface. Since the simulation
contains only a singular blade, the rotational component of
the flow around the propeller is captured through periodic
boundary conditions on either side of the blade. For each
case considered, the saturation pressure is held constant,
and cavitation condition is set by varying the reference
pressure (pg ). The hydrodynamic performance of the
propeller is derived by multiplying the force on the single
blade by the total number of blades (Z). For TMB 3770,
Z =3.

5 BEM SET UP

The predicted hydrodynamic performance from the
URANS solver are also compared with the solutions from
a Boundary Element Method (BEM). The theoretical
derivations of this method and results are documented in
previous studies (Srivastava 2026, Srivastava & Brizzolara
2026). The BEM set up for TMB 3770 is briefly
summarized in this section.

Since the TMB 3770 sectional profiles are based on the
modified TMB section, they contain truncated TEs which
can experience either supercavitation or base cavitation at
low cavitation numbers. To make these profiles compatible
with the BEM, especially in conditions where a
supercavitation or partial cavitation with a base cavity is
expected, a ‘Fake Trailing Edge’ (FTE) needs to be
introduced (Young 2002). Including the FTE, the TMB
3770 is modelled using a total of 1116 panels with 18 radial
sections and 62 chordwise points along each section. Its
helical wake sheet is 10D long with a total of 2142 panels.
An example of the panel distribution for TMB 3770 can be
observed in Figure 6.

The discussion regarding the FTE designs, numerical
implementations and sensitivity studies are documented in

previous works (Srivastava & Brizzolara 2025, Srivastava
2026).

6 RESULTS

This section documents the results from the investigations
conducted. The predicted hydrodynamic performance,
mid-blade coefficient of pressure (Cp) distributions, Cp
contours, and cavitation patterns from the two numerical
methods are discussed.

6.1 Hydrodynamic Performance

The predicted hydrodynamic performance by the URANS
solver is compared to experimental data and the predicted
BEM solution in Figure 7.

Figure 7 shows that there is a good agreement between the
predicted performance parameters from the URANS and
BEM solvers, and experimental data. There is a close
overlap between the K; predicted by the URANS and
BEM solvers at 0.47 <] < 0.6 . At the extreme J
conditions, the numerical solutions diverge from the
experimental data. Compared to K, there is a lower level
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Figure 7. TMB 3770 Hydrodynamic performance
predictions by URANS and BEM solvers
compared to experimental data at 0 = 0.5
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Figure 8. Sectional Cp distribution for ¢ = 0.5,
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Figure 9. Cp contours for 0 = 0.5, ] = 0.5. A) BEM solution, pressure side. B) BEM solution, suction side.
C) URANS solution pressure side. D) URANS solution suction side.

of accuracy and more variability observed in the predicted
Ky for both solvers. The URANS solution is more accurate
than the BEM solution at 0.47 < J < 0.55, whereas the
opposite is observed at certain operating conditions at /] >
0.56. Lastly, both numerical solutions demonstrate similar
levels of accuracy in their predicted n at low J. However,
at 0.5 <] <0.62, the BEM more accurately predicts
propeller efficiency whereas the URANS solver
overpredicts the propeller efficiency. At J = 0.65, both
thrust and torque predicted by RANSE show large errors.

The differences in the predicted hydrodynamic
performance by the two numerical solvers can be attributed
to the ability of each numerical method to capture different
cavitation types. A more detailed analysis of the

comparative cavitation prediction of the two methods is
given in the following sections, focusing on J = 0.50.

6.2 Sectional Pressure Distributions

The pressure distributions at the mid-blade of the propeller
can aid in understanding the differences in the numerical
solutions. Figure 8 compares the Cp distributions at the
mid-blade section for ¢ = 0.5 at ] = 0.5 from both the
BEM and URANS solutions. The horizontal axis indicates
the normalized chordwise points whereas the vertical axis
indicates —Cp. The chordwise points are normalized by the
sectional chord length (c). Note that while the o = 0.5, in
Figure 8:

o= —Cp= (po — pvap)/[o-Sp(Vaz + (rw)Z)] (6)



Where r is the radial location on the propeller blade and w
is the rotational speed. Therefore, —Cp in Fig. 8 accounts
for the rotational velocity component. It is the coefficient
of the local pressure on the blade at /R = 0.5.

Both numerical solutions predict the suction side of the
propeller blade to be almost fully cavitating as the blue data
curves maintain a constant —Cp value from x/c = 0.02 till
the TE. From the LE to x/c = 0.02 ,there is a rise in
pressure near indicating a wetted region.

On the pressure side, the URANS solution indicates a fully
wetted surface whereas the BEM solution indicates a small
cavity near the LE. This LE cavity extends from x/c =0
to x/c = 0.1. The URANS solution demonstrates that the
entire pressure side has a higher pressure compared to the
suction side. Apparently, the RANS solver predicts a
higher local angle of attack at this section than the BEM
method. Both solutions show a cavitating region at the TE.

The small LE bubble predicted by the BEM and not seen
by URANS causes the BEM blade section to lose lift and
consequently lowers the predicted hydrodynamic global
performance of the propeller. While Figure 8 shows the
pressure distribution at only one section, Figure 9 shows
the face and back pressure distributions on the whole blade
predicted by the two methods as contour plots. Once again,
it is evident that BEM sees a lower angle local inflow angle
than RANS at every radial position.

6.3 Coefficient of Pressure Contours

The pressure distributions predicted by the two numerical
solvers across the propeller blade can be seen in Fig. 9.
Figures 9 A) and B) show the coefficient of pressure
predicted by the BEM on the pressure and suction side,
respectively. Figures C) and D) show the coefficients of
pressure predicted by the URANS solvers. The blue
regions indicate the presence of a sheet cavity. The warmer
tones indicate regions of high pressure where there is a
wetted surface.

On the pressure side, the BEM indicates the presence of a
cavity near the LE whereas the URANS solution indicates
that the face of the blade is almost fully wetted. In the BEM
solution, a cavity detaches near the LE and soon reattaches

Figure 10. Cavitation pattern at mid-blade section
of TMB 3770 for 0 = 0.5,] = 0.5.

to the surface. Then, majority of the blade surface is wetted
until a second cavitation bubble detaches near the TE. This
detachment point is for the supercavitation bubble that
extends into the wake. On the other hand, the URANS
solution does not show the presence of any cavitation on
the pressure side near the LE. Instead, it only shows the
cavity detachment point near the TE for the supercavitation
bubble. Moreover, the detachment point of the
supercavitating bubble in the URANS solution is further
downstream than that in the BEM solution. Both solutions
indicate the presence of a large sheet cavity on the suction
side that detaches near the LE. The data shown in the
contour plots in Fig 9 is consistent with the sectional Cp
distribution in Fig 8.

It is important to note that the Cp contours allow one to
compare the two numerical solutions. However, due to the
limited experimental data and images, it is not possible to
experimentally validate these results. Consequently, the
true nature of the cavitation in the experiments can only be
inferred.

6.4 URANS Cavitation Patterns

Figures 10 and 11 show the cavitation patterns predicted at
the mid-blade and tip sections by the URANS solver. The
cavitation patterns predicted closely relate to the pressure
distributions seen in figures 8 and 9.

As previously discussed, there are no face cavities present
at both sections taken at the mid blade and at the tip. The
suction side sustains a supercavitating sheet cavity that
detaches in proximity of the LE. This is confirmed in the
3D cavity predicted on the blade and in the wake, shown in
Figure 12.

Figures 13 A) and B) show the experimental images of the
cavitation patterns observed at o =0.5 and | =
0.617 and 0.75, which seems to suggest cloud cavitation,
typically very unsteady and impossible to model with the
URANS mixture of fluid cavitation model. Moreover,
there is evidence of some cavitation inception on the
pressure side near the LE at the tip. The operating
conditions considered in Figures 8 to 11 are at J = 0.5
which is a lower advance ratio than the conditions shown

Figure 11. Cavitation pattern at tip section of
TMB 3770 for 6 = 0.5,] = 0.5.



Figure 12. Cavitation Pattern predicted by the
URANS solver of TMB 3770 at ] = 0.5

in Fig. 12. Therefore, it is possible that at ] = 0.5, which is
near the maximum propeller efficiency (see Fig 3), there

o =0.50 G = 0.500

Figure 13. Experimental images of TMB 3770 at
J = 0.617 (Left) and 0.75 (Right)

may not be any face cavity present. Due to the limited
number of available pictures, a proper cavitation pattern
comparison cannot be made. On the other hand, as already
discussed, the BEM solution predicts a LE cavity on the
pressure side at the same operating conditions, which
suggests a higher induced local angle of attack. The
different self-induced inflow may be an artifact of the
given pitch angle assumed for the rigid vortex wake in the
BEM solver. Further studies are being conducted to come
up with a more robust and accurate wake geometry model,
since the flow-adapted wake option is not easy to
implement in BEM methods with super-cavitation.

5 CONCLUSIONS

A systematic investigation is conducted to evaluate the
extent to which URANS solvers can predict the
hydrodynamic performance of SCPs with truncated TEs,
especially in unsteady cavitating conditions.

The TMB 3770 propeller was chosen as a reference case.
URANS and BEM solvers were used to predict the
propeller performance at ¢ = 0.5 for a range of advance
ratios.

While the URANS predicted hydrodynamic performance
showed good agreement with the experimental data at
advance ratios near the maximum propeller efficiency
point, the solutions at extreme J conditions diverged from
experimental trends. A closer investigation was conducted
where the URANS pressure distributions were compared
to those from a BEM solver to understand the differences
between the two numerical methods. Both numerical

solutions demonstrate the ability to capture the main
cavitation patterns on the suction side. However, the BEM
indicates the presence of a face cavity near the LE whereas
the URANS solution does not.

The cavitation patterns predicted by the URANS solver
were also qualitatively compared with the available
experimental images and showed similar cavitation
patterns. Further investigation is required to quantitatively
validate the extent to which cavitation can be predicted by
the URANS solver.

Unlike the BEM, the URANS solver can predict cavitation
to a larger extent. Moreover, the URANS solver is also able
to capture the time dependent unsteadiness in cavitating
flow to a certain extent making it a useful tool to predict
potential locations of cavitation inception. However, future
works focused on obtaining recent propeller test data, with
an emphasis on the incepted cavitation patterns are
required to further evaluate the cavitation prediction
capabilities of URANS solvers.
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