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ABSTRACT

With the increase in global trade and marine traffic,
optimizing the hydrodynamic performance of ships
becomes a priority for energy efficiency and emission
reduction, and one of the key areas of research in this
context is the marine propeller design. In recent years, the
maritime community has shown significant interest in
novel propeller designs tuned for specific applications, and
the toroidal propeller is one such example. A toroidal
propeller consists of blades that form a looped design,
thereby having the potential to minimize the tip-generated
vortices. Such design may find its application in both
commercial and naval vessels, as well as inland and
underwater vessels depending on the fine balance between
hydrodynamic efficiency and operational advantages.

In the present study, an element-wise approach is adopted
to investigate the hydrodynamic performance of toroidal
propellers. The looped geometry is divided into four
sections and their individual thrust and torque contribution
is studied for two different toroidal propeller designs in
open water conditions using RANS CFD. This allows for
the individual tailoring of the different parts based on
known geometric parameters, for example a higher pitch of
the aft section to obtain greater efficiency.

While this approach can be used to obtain a uniform thrust
distribution across the different sections, the study also
shows that design of toroid propellers require care, and that
there is room for further refinement of the design to
improve efficiency.
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1 INTRODUCTION
Toroidal propeller is a novel design in which each of the
propeller blades resemble a closed loop. This unique

design concept eliminates the necessity of the propeller
blade tip, and was developed with the idea to deliver
superior performance, especially in noise reduction,
vibration, and cavitation. Initially, these propeller types
were developed for drone applications that required quiet,
silent operation and were later used in marine applications.
(“Sharrow Marine LLC,” 2026). The Massachusetts
Institute of Technology (MIT) and Sharrow Marine have
respectively patented this design and can be considered
among the earliest developed toroidal propeller designs.
(Sebastian and Strem, 2020; Sharrow, 2018).

The development of toroidal propeller design is complex
due to its unique nature, having many more design
variables than a conventional propeller. The detailed
mathematical expression for developing the 3D geometry
of toroidal propellers can be obtained from (Liyu et al.,
2024), where a specific set of geometrical parameters are
defined. Recent works on toroidal propellers are primarily
related to CFD studies in open water. The influence of
geometrical parameters such as number of blades, pitch
angle and inclination angle on the hydrodynamic
performance is presented in (Wu et al., 2024). Also,
parameters such as lateral angle, roll angle, vertical angle
etc. were considered in (Wang et al., 2024). Toroidal
propeller performance under various propeller loadings
and the resultant vortex structures were investigated in (Bai
et al., 2025). The evaluation of noise reduction capability
of toroidal propellers and comparison with a DTMB
propeller and a conventional B-series propeller was
presented in (Liu et al., 2025; Naderya et al., 2025). The
application of a toroidal propeller in pump-jet propulsion
is explored in (Xiang and Wang, 2024).

In this study, we aim to understand the thrust contribution
along the propeller blade section of toroidal propellers,
identify the critical region, and implement necessary
design modifications to improve its integral performance.
A VLLM approach is used to choose the basic geometric
parameters based on specified inputs, while the CFD tool




is used to analyze its hydrodynamic performance in open
water, providing necessary details for design improvement.
Finally, a comparison is made between the toroidal
propeller, co-rotating tandem propellers, and a
conventional single propeller having similar geometric
characteristics like blade area ratio and pitch distribution,
highlighting the influence of looping the blade on its
hydrodynamic performance.

2 GEOMETRY AND DESIGN

In this study, the toroidal propeller geometry is divided into
four sections across the blade span to understand their
individual thrust contributions. From the forward to the
stern direction along the looped blade they are named-
‘Fwd’, ‘Fwd transition’, ‘Aft Transition’ and ‘Aft’ sections
(Figure 1). The transition sections of the forward and aft
are located at the outer radii and connected at the tip.
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Figure 1: Toroidal propeller geometry and sections

To define the toroidal propeller geometry, the basic
parameters similar to those of a conventional propeller are
used, such as chord distribution, pitch distribution, camber
ratio, thickness distribution, rake, skew, and sectional
profiles. Additional parameters such as lateral angle, roll
angle, and vertical angles are also required to model

toroidal propellers with the help of mathematical
expressions available in literature. (Liyu et al., 2024).

The basic dimensions of the toroidal propellers considered
are mentioned in Table.1 The diameter of the toroidal
propellers is selected based on future model-testing
possibilities in the towing tank at the Indian Institute of
Technology Kharagpur. The blade area ratio is same
individually for the forward and aft sections.

Table 1: Particulars of the toroidal Propeller

Particulars Value

No of Blades (Z) 3
Diameter (D) 0.1m
Hub diameter ratio (d /D) 0.2
Blade Mean line NACA 0.8
Blade Thickness NACA 66
Blade Area Ratio (Ar/Ao) 0.25

3 METHODOLOGY

As with conventional propellers, the performance of
toroidal propellers is represented in terms of propeller
coefficients.
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Two toroidal propeller designs are considered in this study.
For the basic design variant, the radial distribution of pitch,
chord, thickness and camber is based on (Liu et al., 2025).
However, the authors chose other local geometric
parameters to define toroidal propellers. The design is
named toroidal design zero, represented as ‘Tor-D-0’.
After a section-wise numerical analysis using CFD, the
thrust outputs from the different blade sections were used
as inputs to revise the toroidal propeller design using the
vortex-lattice lifting-line approach, with lifting-surface
corrections applied. The revised toroidal propeller design
thus obtained is named the toroidal design one and
represented as ‘“Tor-D-1".



3.1 CFD Analyses

CFD analyses are performed using the Star-CCM+
software, with the RANS solver and the MRF technique
with the SIMPLE algorithm. The turbulence is modelled
using the k-o turbulence model along with the y-Re-0
transition model. The transition model for application to
marine propellers has been tuned based on the
methodology prescribed in (Bhattacharyya et al., 2015).
The number of iterations is chosen so that the residuals
converge to a magnitude of 10*. The domain is divided into
two: a rotating domain and a static domain, and connected
through an interface. The rotating domain covers the
propeller region, and the surrounding region is represented
by the static domain. The domain dimensions are shown in
Figure 2a. The mesh settings adopt a fine polyhedral mesh
around the propellers and the rotating region (Figure 2b
and Figure 2c), whereas a structured mesh is considered
around the static region. The wall y+ value was maintained
below 1. To resolve the boundary layer over the blades, 15
prism layers with a stretching factor of 1.15 were
considered. The domain and mesh settings are similar to
those for tandem propellers based on our previous studies.
(Varghese and Bhattacharyya, 2025a).
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Figure 2: Representation of :(a) CFD domain dimension (b)

Mesh on the rotating domain, (c) Meshing of blades and hub
and shaft
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Figure 3: Grid Independence Study using three mesh sizes
(J=0.83)

A grid-independence study was performed using three grid
sizes, with the base size varied by a factor of v/2. The grid
sizes were named coarse, medium, and fine, and the
difference in the magnitudes of Kt and 10Kq between fine
and medium grid sizes was observed to be less than 1%.
Therefore, the medium-sized mesh setting was used for all
further simulations.

3.2 Validation

To validate the CFD model, the experimental results for
tandem propellers are considered. The tandem propellers
presented in the validation study were designed using the
VLLM approach.
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Figure 4: Validation study for tandem propellers

The CFD results are comparable with the experimental
results (shown in Figure 3). Considering the limited
availability of experimental data for toroidal propellers, the
tandem propellers were chosen as a suitable alternative for
validation due to multiple blade components, and hence,
similar numerical settings were used to simulate the
toroidal propellers. As an additional verification, the thrust
contribution (Kt vs J)  for the ‘Tor-D-0’ is compared
(shown in Figure 4) with the results from (Liu et al., 2025),
based on which the radial distribution of pitch, chord,
thickness and camber for the design ‘Tor-D-0° was
adopted. The results were very similar and therefore, the
particular numerical setting was applied in the rest of the

study.
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Figure 5: Comparison of results for verification



3.3 VLLM Approach

The concept of the vortex lattice lifting line method is to
design propellers (i.c., determine the blade geometry) for
the highest possible efficiency at a given operating
condition by estimating the optimal bound vorticity around
the propeller blades. The details of the above-mentioned
approach, applied to the design of tandem propellers, are
presented in our previous study. (Varghese et al., 2022;
Varghese and Bhattacharyya, 2025b)

Similar to tandem propellers, the aft and aft transition
sections of toroidal propellers are exposed to the disturbed
wake field of the forward and forward transition sections.
Therefore, the same approach to designing tandem
propellers was used to revise the aft region of toroidal
propellers (Tor-D-0). From CFD simulations, the mean
axial and mean tangential velocities induced by the forward
and forward transition section of the toroidal propeller Tor-
D-0 are estimated radially along a plane section considered
between the forward section (fwd and forward transition)
and the aft section (aft and aft transition), as represented in
Figure 5.
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Figure 6: Axial location where the mean axial and tangential
induced velocities at the radial positions were measured for
design modification.

0.50
040 | £ — ¢ = Tor-D-1[CFD]

®  Tor-D-1[VLLM]
030 =

:
020 ¥ PO

< *---- -
0.10 | ng
0.00 @

0.3 0.5 0.7 0.9 11

Figure 7: Comparison of results from CFD and the
corresponding input from VLLM

The radial pitch distributions for the aft and aft-transition
regions were adopted using the VLLM approach, with
inputs from the CFD analysis (provided in the upcoming
section). Now, the revised design Tor-D-1 is intended to
provide the required thrust at the design point (represented
by the red marker at J = 0.83 in Fig. 6). The aft toroidal
sections of Tor-D-1 were designed to produce half the total
thrust generated by Tor-D-0 at the design point. The
capability of the VLLM procedure is verified by showing

that the thrust coefficients obtained from CFD and

predicted by VLLM were comparable (Figure. 6).
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Figure 8: Toroidal Propeller design zero (Tor-D-0): (a)Thrust
distribution. (b) Torque distribution (c) Representation of
geometry and sectional naming

4 RESULTS

A section-wise evaluation of the toroidal propeller design
Tor-D-0 is performed numerically, and it was observed that
the forward section contributes to about 40% of the total
propeller thrust, whereas the aft section contributes only
about 15% (exact value varies with loading) of the total
thrust. Similarly, the forward transition region contributes
around 40% of the total propeller thrust, whereas the aft
transition contributes the remaining 3% to 5%. The torque
contribution is also similar and is shown in Figure. 7.

4.1 Design Revision

The aft toroidal propeller sections (both the aft and the aft
transition) operate in an accelerated flow field, which
reduces the effective angle of attack to the blade sections.
One way to tackle the issue is to revise the pitch



distribution of the aft sections alone and to better align with
the wake field. The revised design developed is Tor-D-1;
the design strategy is mentioned in the previous
methodology section. (geometric particulars provided in
Table A3, appendix)
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Figure 9: Toroidal Propeller design one (Tor-D-1): (a)Thrust
distribution. (b) Torque distribution

4.1.1 Thrust Division

It can be observed from the thrust distributions that the
thrust contribution of the aft section and aft transition
sections have increased considerably. In the previous
design, Tor-D-0, the forward and forward transition
sections contributed approximately 80% of the total thrust,
and the aft and aft transition sections only contributed the
remaining 20%. However, in the revised design Tor-D-1,
the thrust distribution is more uniform across the blades.
The forward and forward transition section contributes
approximately 55% of the total thrust and torque, whereas
the remaining 45% is contributed by the aft and aft
transition sections.

4.1.2 Open Water Characteristics

The open water characteristics of the toroidal propeller
designs Tor-D-0 and Tor-D-1 are compared in Figure 9. It
can be observed that the thrust produced and the torque
required by the Tor-D-1 are more than those of Tor-D-0,
which is as expected. It can also be noted that both designs
achieve very similar open-water efficiency. Since the
propeller loading is higher for Tor-D-1 than for Tor-D-0, it
means that the Tor-D-1 is closer to ideal efficiency than
Tor-D-0.
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Figure 10: Open water characteristics of the toroidal design

4.1.3 Pressure Plot Comparison

The pressure distribution across the blade section indicates
the propeller thrust, which is used to study and compare the
performance of toroidal propellers. For toroidal design, one
particular r/R value corresponds to two blade locations, i.e.
one at the forward section and the other at the aft location.

However, it should be noted that the radial pitch
distributions and blade area ratios of the forward sections
of Tor-D-0 and Tor-D-1 are similar; therefore, a
comparison of the pressure plots for the forward sections is
not included in the present study. (As only a marginal
difference is expected) The radial locations considered are
/R = 0.7 and 0.9, which cover all critical propeller
sections, particularly the aft and aft-transition sections. The
non-dimensional pressure coefficient Cp and the non-
dimensional chord length expressed as x/c are used to
represent the pressure distributions. The difference in
pressure between the pressure and suction sides generates
thrust. At both r/R = 0.7 and /R = 0.9, the thrust generated
by the Tor-D-1 design is higher, as shown in Figure 10. To
be specific, at r/R=0.9, corresponding to the aft transition
region, for the Tor-D-0 design, we observe a crossing in
the pressure distribution at the leading edge, indicating a
shift from the ideal angle of attack. On the other hand, the
revised design Tor-D-1 offers a better thrust contribution
as observed from the pressure plots.
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Figure 11. Comparing the pressure distributions of different
toroidal propeller designs at J=0.83 (a) r/R=0.7 (b) r/R=0.9

4.2 Comparison with Tandem Propellers and

Conventional Propeller

(a) (b) (c)
Figure 12: Comparison of various propeller types: (a)
Toroidal propeller, (b) Tandem propellers, (c) Conventional
single propeller

The toroidal propellers are compared with a tandem
propeller and a conventional single propeller (represented
in Figure 12 and particulars provided in Table A2 of the
appendix). The design of the tandem propellers considered
is such that the blade-area ratio and pitch distributions at
radial locations are identical for the tandem and toroidal
propellers. As a related study, the influence of tip joining
on the performance of tandem propellers has been

numerically investigated in (Kulyk et al., 2020). In the
case of the single propeller, the blade area ratio and the
radial pitch distribution are kept similar to those of the aft
section of the toroidal propeller. The chord distribution
along the radius of the single and tandem propellers is
based on the coefficients for B-series propellers (van
Lammeren et al., 1969), however, a low blade area ratio of
0.25 is adopted in line with the toroidal design.

4.2.1 Open Water Characteristics Comparison

The open-water curves are shown in Figure 12. In which
the propeller open-water coefficients are compared across
the various propeller types.
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Figure 13: Propeller open water characteristics comparison:
toroidal vs tandem vs single

It can be noted that the tandem propellers provide a better
thrust distribution throughout the range of advance
coefficient considered. The toroidal propellers provide less
thrust compared to tandem propellers, but the thrust
production is better than that of a single conventional
propeller. The open water efficiency of the single and
tandem propellers is almost the same, but the efficiency of
the single propeller is marginally higher at certain propeller
loadings. The lower efficiency of the tandem and toroidal



propellers may be due to the higher thrust and lower
corresponding ideal efficiency. The comparatively lower
efficiency of the toroidal propeller can be attributed to the
fact that its looped tip design generates additional drag, and
to understand this, the pressure distributions are studied.

4.2.2 Pressure Plots

The pressure distribution at two radial sections, r/R=0.7
and 0.9, as in the previous section, is considered for
comparison (Figure 13). The single propeller is compared
with both the individual forward and aft tandem propellers
and the individual forward and aft toroidal propellers
(including the transition regions).
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Figure 14: Comparing the pressure distributions of different
propeller designs at J=0.83 (a) r/R=0.7 (b) r/R=0.9

When compared individually, a single propeller produces
more thrust than either the forward/aft tandem or the
forward/aft toroidal propellers. Additionally, it can be
inferred that the forward and forward transition sections of

a toroidal propeller work better and generate more thrust
than the forward tandem propeller section at both r/R=0.7
and r/R=0.9.

However, the aft and aft-transition sections of the toroidal
propellers work inferiorly and generate less thrust than the
aft tandem propeller section. Thus, it is envisaged that the
toroidal propeller design can be further improved through
careful design.

4.2.3 Comparison

One of the primary objectives of using toroidal propellers
is the reduction of underwater radiated noise. The turbulent
viscosity ratio (TVR) can be considered as an indicator of
high turbulence in the propeller wake field (Nadery et al.,
2025). High turbulence levels are related to strong velocity
gradients, which are also related to underwater radiated
noise. Thus, although there are many factors influencing
the noise, a high TVR is an indication of a higher noise
level.

Figure 15: Representation of the various plane locations
considered
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Figure 16: Representation of the turbulent viscosity ratio
compared for different propeller types at various locations:
(a) Toroidal propellers, (b) Tandem propellers,

(c) Conventional Single propellers.



The turbulent viscosity ratio is studied and compared at
different planes. The locations of the planes considered are
as follows: the first is at the propeller location, the second
is at an axial spacing of L/D=0.15 from the aft blade root,
and the subsequent locations are equally spaced at an axial
spacing of L/D = 0.20. The numbering and representations
are shown in Figure 14.

From Figure 15, a careful observation can be made that the
TVR is highest for the single conventional propeller,
followed by the tandem propellers, and the weakest is for
the toroidal propellers. This indicates a lower noise level;
however, it should be noted that TVR alone is not sufficient
to draw a conclusion on the relative noise levels of the three
propeller designs.

5 CONCLUSIONS

The study on toroidal propellers provides valuable insights
into their performance, especially the performance of the
various blade sections. The element-wise performance
study helped identify critical locations across the toroidal
propeller blade section and implement the necessary design
changes. In the initial toroidal propeller design Tor-D-0,
the thrust and torque distribution across the blade was
uneven; the aft regions of the toroidal propeller, which
were subjected to the disturbed and accelerated flow field,
performed inferiorly. The aft design was modified using a
strategy that coupled the CFD and VLLM techniques,
following a similar approach to that used to design tandem
propellers. The revised design Tor-D-1 produced a more
uniform thrust distribution across the propeller blades.
Numerically, the combined aft and aft transition thrust
contribution was improved from 20% to more than 40% in
the revised design.

Additionally, the toroidal propellers were compared with
tandem and single propellers with similar blade area ratios
and radial pitch distributions (for the single propeller, the
radial pitch distribution was based on the aft toroidal
sections). From the turbulent viscosity plots, it can be
inferred that the toroidal propeller slipstream shows lower
dominance of turbulence mixing than single and tandem
propeller slipstreams. However, it should be noted that the
thrust-producing capability and open water efficiency of
tandem propellers appeared to be a bit more on the higher
edge. Also, a systematic comparison would indeed be
required to finalize the findings. It will be required that the
toroidal, tandem, and single propellers be designed to
produce similar thrust and developed using similar design
strategies. This would thus maintain the parity required for
the equivalence study. Additionally, model tests for
toroidal propeller should be help establish the robustness
of the results presented.

The study indicates that toroidal propellers may find
applications in naval and commercial vessels. Finally,
when compared to single propellers, the thrust produced by
toroidal propellers is higher, and with careful design, it
may be evenly distributed along the blade. This can enable

a reduced propeller diameter, making toroidal propellers a
potential option for coastal and inland vessels, which
operate in shallow waters with restricted propeller
diameters.
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APPENDIX- I

The geometric particulars of the propellers along with associated symbols and definitions are provided in the following

tables.

Table A1

Symbol

Definition

sl e R e

Radial Position (m)
Propeller Radius (m)
Propeller Diameter (m)
Axial Position (m)

Total Axial Span (m)
Propeller Pitch (m)

Blade Section Chord (m)
Blade Section Thickness (m)
Blade Section Camber (m)

Table A2: Geometrical Parameters of the Tandem Propellers (Fwd and Aft) and the Single Propeller used for comparison

/R P/D c/D tle fle
Fwd Aft Single Fwd/Aft/Single Fwd/Aft/Single Fwd/Aft/Single

0.2 1.35 1.90 1.90 0.136 0.30 0.015
0.3 1.36 1.91 1.91 0.153 0.24 0.031
0.4 1.37 1.83 1.83 0.167 0.20 0.045
0.5 1.35 1.75 1.75 0.177 0.16 0.055
0.6 1.31 1.72 1.72 0.182 0.13 0.063
0.7 1.25 1.71 1.71 0.181 0.10 0.069
0.8 1.13 1.73 1.73 0.169 0.08 0.070
0.9 0.98 1.76 1.76 0.138 0.06 0.062
0.95 0.91 1.75 1.75 0.100 0.05 0.052
0.975 0.88 1.73 1.73 0.059 0.05 0.039
0.995 0.85 1.71 1.71 0.013 0.05 0.025
1 0.84 1.70 1.70 0.000 0.05 0.021




Table A3: Geometric particulars of the toroidal propeller (Tor-D-1) defining the parameters of the looped design for the four
propeller sections. Additional geometric parameters required to define a toroidal propeller include lateral angle, roll angle,
vertical angle, rake, and skew.

Sections I/L r/'R c/D P/D t/c f/c

0.00 0.2 0.125 1.35 0.300 0.01

0.06 0.3 0.145 1.36 0.243 0.03

o 0.12 0.4 0.161 1.37 0.197 0.04
0.18 0.5 0.174 1.35 0.158 0.05

0.23 0.6 0.180 1.31 0.125 0.06

0.29 0.7 0.181 1.25 0.099 0.07

0.36 0.8 0.170 1.13 0.078 0.07

0.44 0.9 0.144 0.98 0.061 0.06

Fwd 0.49 0.95 0.125 0.91 0.055 0.05
Transition 0.53 0.975 0.114 0.88 0.053 0.04
0.57 0.995 0.108 0.90 0.053 0.03

0.60 1 0.103 1.70 0.054 0.02

0.64 0.995 0.108 1.70 0.058 0.03

Aft 0.68 0.975 0.120 1.73 0.065 -0.04
Transition 0.71 0.95 0.133 1.75 0.073 -0.05
0.76 0.9 0.153 1.76 0.087 -0.06

0.82 0.8 0.178 1.73 0.114 -0.07

0.86 0.7 0.188 1.71 0.141 -0.07

0.89 0.6 0.188 1.72 0.169 -0.06

0.92 0.5 0.178 1.75 0.196 -0.05

Aft 0.95 0.4 0.164 1.83 0.224 -0.04
0.98 0.3 0.146 1.91 0.252 -0.03

1.00 0.2 0.125 1.90 0.280 -0.01
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