Journal of Marine Science and Application (2026) 25: 377-392
https://doi.org/10.1007/s11804-025-00781-7

RESEARCH ARTICLE

Comparative Analysis of the Impact of Geometrical Parameters on the Hydrodynamic
Performance and Flow Characteristics of a Toroidal Propeller

Alireza Nadery', Hossein Shafigh’, Amin Najafi>, Hassan Ghassemi'? and S. Yasin Ziabari'

Received: 14 December 2024 / Accepted: 25 May 2025

© Harbin Engineering University and Springer-Verlag GmbH Germany, part of Springer Nature 2026

Abstract

This study parametrically explores the hydrodynamic characteristics of a toroidal propeller. Seven geometrical parameters (skew angle, pitch angle,
chord length, rake, roll angle, blade alpha vertical angle, and blade section) are introduced, and their effects on thrust, torque, and efficiency are
analyzed. The performance of the propellers is simulated using computational fluid dynamics based on the finite volume method. First, an open-
water simulation is conducted for a common B-series propeller. The numerical results are compared with available experimental data, and an
acceptable agreement is achieved. Then, the investigations were extended to the toroidal propeller by changing the seven geometrical
parameters (£5%, +£10%, and +20%). The analysis demonstrates hydrodynamic performance improvements relative to the B-series propeller.
Numerical results indicate that changes in pitch angles exert the greatest influence on hydrodynamic efficiency, whereas variations in skew
angle have the least impact. Furthermore, a comparative study examines the flow field around and downstream of the propellers under different

operating conditions.
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1 Introduction

Due to the extensive use of propellers in commercial and
military industries, achieving high efficiency and stability
under diverse operating conditions is crucial for propeller
design. A comprehensive hydrodynamic analysis is neces-
sary to optimize performance. Various propeller types, such
as ducted, coaxial, and tandem propellers, have been designed
and developed to suit different working requirements. This
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article examines the geometry and hydrodynamic perfor-
mance of the toroidal propeller.

In aerospace applications, toroidal propellers are referred
to as closed-loop and Boxprop types. The Boxprop propel-
ler was the first concept aimed at reducing blade tip vortex
compared with conventional propeller blades (Avellan and
Lundbladh, 2013). Key features include reduced blade tip
vortex, improved efficiency, lower noise levels, and enhanced
structural strength. Moreover, constructive results, includ-
ing noise reduction and efficiency improvements, which
induce pressure reduction, are achieved by adding surfaces
into conventional propellers. The geometry of a toroidal
propeller is similar to tandem propellers, except that each
pair of blades is joined at the tips. Furthermore, modifica-
tions to blade tip geometry considerably influence the
hydrodynamic and hydroacoustic behavior of winglet pro-
pellers. The conducted studies on tandem and winglet pro-
pellers provide a solid foundational perspective on the sub-
ject. Axial displacement (distance between fore and aft
propellers) and angular displacement of the aft propeller
relative to the forward propeller in tandem configurations,
along with the diameter ratio (D, /D,;), have been identi-
fied as key parameters for enhancing hydrodynamic perfor-
mance (Djahida and Omar, 2017; Liu and Gong, 2020).
Numerical investigations of conventional propellers oper-
ating in single and tandem modes under cavitation and
noncavitation conditions have demonstrated that tandem
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propellers perform better under heavy load conditions
(Djahida and Omar, 2019). Simulations of the aerodynamic
performance of a newly designed tandem propeller featur-
ing an optimized profile arrangement and improved con-
nections have shown a reduction in aerodynamic wake and
an increase in aerodynamic load. Moreover, blade force
distribution remains uniform along the radius, with no flow
loss from one blade to another, making this configuration
optimal for propellers operating at low Reynolds numbers
(Kulyk et al., 2020). The efficiency of tandem propellers is
higher in most operating conditions than conventional pro-
pellers with a larger expanded area ratio and additional
blades. Moreover, tandem propellers offer advantages in
addressing issues related to cavitation, vibration, and noise
(Yao et al., 2021).

One approach to reducing cavitation and enhancing the
efficiency of conventional propellers is deflecting the tips
of the propeller blades. The primary benefit of a deflected
blade tip is its positive impact on reducing tip vortex, a
characteristic common to winglet and toroidal propellers.
Numerical studies on the hydrodynamic performance of
winglet propellers, conducted using Reynolds-averaged and
potential theory methods, have demonstrated that winglet
propellers can improve efficiency and reduce cavitation
(Bertetta et al., 2012). Findings also suggest that increas-
ing the blade curvature reduces the thrust coefficient while
enhancing the efficiency of winglet propellers (Sanchez-
Caja et al.,, 2012). A geometry optimization was imple-
mented to improve the efficiency and diminish the cavita-
tion performance of the winglet propellers. Geometries were
simulated using the boundary element method, and the
final geometry was validated using experimental approaches.
The results showed that the boundary element method can
be used to accurately predict the hydrodynamic performance
and cavitation of winglet propellers (Gaggero et al., 2016a).
Moreover, appropriate tip design has been shown to effec-
tively reduce tip vortex formation in winglet propellers
(Gaggero et al., 2016b). A similar analysis using large eddy
simulation (LES) confirms the advantages of winglet pro-
pellers in mitigating cavitation and tip vortex issues (Zhu
and Gao, 2019). The tip vortex and back plate cavitation
(low-pressure area) can be reduced using winglet propel-
lers, where the tip is bent toward the high-pressure region
of the propeller, an innovative concept known as the end-
plate propeller (ENDP). Even at small expanded area ratios,
the ENDP propeller can delay thrust collapse compared
with conventional designs while maintaining better effi-
ciency at low cavitation numbers (Kehr et al., 2019). Numeri-
cal investigations further reveal that while blade tip bend-
ing has minimal effect on propeller efficiency, it remark-
ably improves vortex cavitation at the tip. Moreover, an
increase in rake angle exacerbates cavitation in winglet
propellers (Gao et al., 2019).

Thus far, most studies on toroidal propellers have been

@ Springer

conducted in the field of aerospace engineering. Research
has focused on developing the initial concept of Boxprops,
including the creation of an optimization platform based
on a genetic algorithm for high-speed Boxprop propellers
(Patrao et al., 2016). A wake analysis method enabling flow
energy decomposition was also introduced (Capitao Patrao
et al., 2018a). Studies on the aerodynamic and aeroacous-
tic performance of high-speed propellers have proven that
the Boxprop generates more noise than a conventional
12-blade propeller but less than a six-blade propeller. In
the initial design of the Boxprop, strong interaction between
the two halves of the blades led to reduced efficiency com-
pared with conventional propellers (Capitao Patrao et al.,
2018b). Investigations indicate that the optimized front blade
should bend through the downstream flow, whereas the rear
blade should bend through the upstream flow, consider-
ably reducing blade interaction (Patrao et al., 2019). Find-
ings suggest that the angle of attack is a crucial factor influ-
encing noise generation in Boxprops (Huang et al., 2020).

Recently, several studies on the hydrodynamic perfor-
mance and geometry of toroidal propellers have been con-
ducted. The geometry of toroidal propellers is defined by a
set of specialized features, along with the common parame-
ters used for conventional designs (Ye et al., 2023). In one
numerical study, a toroidal propeller was integrated into
the pump-jet propulsion system of a high-speed AUV, yield-
ing increased hydrodynamic efficiency and achieving a
speed exceeding 60 kn (Xiang and Wang, 2024). Another
study evaluated the hydrodynamic performance of toroidal
propellers using CFD, examining the influence of front and
rear blades on tip vortex dynamics. Results indicated that
increasing the advance coefficient delays tip vortex separa-
tion (Tang et al., 2024). In addition, four geometric param-
eters were assessed for their effects on pressure distribution
at radial sections, hydrodynamic coefficients, and open-water
efficiency (Wang et al., 2024). An experimental and numeri-
cal approach also investigated the influence of inclination
angle, pitch, and blade count on toroidal propeller perfor-
mance (Wu et al., 2024). Furthermore, the DES method
was applied to investigate hydrodynamic loads and flow
fields (Xu et al., 2024).

In the present study, a basic toroidal propeller geometry
is developed for marine applications using numerical simu-
lations. The effect of each geometric parameter on hydro-
dynamic performance is examined separately to elucidate
its influence on the hydrodynamic characteristics. In addi-
tion, multiple modifications have been applied to achieve
an optimal geometry. This approach is validated by com-
paring numerical solutions with experimental results for
B-series propellers and conducting CFD simulations for
the parametric study of toroidal propellers. While most
similar studies have focused on a limited number of geomet-
ric parameters, the present study examines seven parame-
ters in a comparative manner, highlighting their effects on
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performance and efficiency improvements. Furthermore,
the flow characteristics behind the propellers are analyzed
in detail to evaluate velocity and vortex formation.

2 Numerical simulation

2.1 Governing equations

The governing equations of the fluid flow encompass the
conservation of mass and Navier—Stokes equations. The
Reynolds-Averaged Navier—Stokes (RANS) method is used
to solve these equations, where the variables of the turbu-
lence flow, including pressure and velocity, can be consid-
ered the sum of fluctuating and time-averaged quantities.
The following equations include the averaged continuity
and momentum equations for incompressible flows in Car-
tesian coordinates (Ferziger and Peric, 2002):

o(pu) _
b0 )
a(p”_f)+i( wi+pi) = — 2+ 5 (g
o ox, P TP ox, | ox,

where ( —puju]) indicates the Reynolds stress expression.

An appropriate turbulence model has to be selected to
solve the governing equation. The realizable k—e two-layer
turbulence model is used to solve the Reynolds stress expres-
sion (Shih et al., 1995).

The hydrodynamic performance of marine propellers can
be evaluated by specifying the thrust coefficient K, torque
coefficient K ,, and efficiency #. If the propeller with a diam-
eter D operates in a fluid flow with an axial velocity V" and
a constant angular velocity #n, then it generates the thrust
force T using torque Q. The main nondimensional coeffi-
cients of the propeller (open-water characteristics) may be
expressed as follows (Carlton, 2007):

J= 5 (3)
K, - anT ~ 4)
= ﬁ 5)
1k ©)

where J denotes the advance coefficient, K and K, repre-
sent thrust and torque coefficients, respectively, and # indi-
cates the efficiency.

2.2 Toroidal propeller geometry

The main geometric parameters of the toroidal propeller
include the radius, pitch angle, skew angle, roll angle, and
alpha angle of each blade section. Rake and skew affect
the distance between two coupled blades. Changing the
rake and skew angles adjusts the distance between each of
the two tip-joined blades along the shaft axis and the axis
perpendicular to the shaft, respectively. The toroidal pro-
peller model is presented in the front and side views in
Figure 1. Additional parameters to the main geometric param-
eters are necessary for accurate modeling of the propeller,
given the geometric complexity of the toroidal propeller.
Some geometrical parameters used only in toroidal propel-
lers are as follows:

* Roll angle: the angle of rotation of a section around
the chord line. As shown in Figure 2, the roll angle reaches
90° due to the curvature of the propeller blade tip. Then, it
is reversed, with the roll angle for the back propeller blade
between 90° and 180°. Moreover, the roll angle at the two
roots of the propeller blade is equal to zero or 180° (which
is also zero).

* Alpha angle: As shown in Figure 3, the vertical angle
alpha of the propeller section is defined as the angle of rota-
tion of the section around the axis perpendicular to the
skew angle line; it can change in different sections.

» Rake and skew: These parameters in the geometry of
toroidal propellers represent the axial and lateral distances
between two blades.

To model the toroidal propeller, the blades are divided
into five sections in different radii, numbered from S1 to
S5, as shown in Figure 2. Each of the front and rear blade

(a) Side view

(b) Front view

Figure 1 Geometry of the toroidal propeller model
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Figure 2 View of vertical angle alpha for a cross-section of a toroidal
propeller blade

o X-axis
Section plane
Chord midpoint
ol lo- Line passing through
chord midpiont perp.
Roll angle to X-axis

Figure 3 View of the roll angle of a toroidal propeller blade

surfaces is generated by lofting three sections. The alpha
and roll angles are applied to the S3 section at the tip to
specify the special geometry parameters of the toroidal pro-
peller. Sections S1, S2, S4, and S5 follow the mathematical
principles of the conventional propellers (Carlton, 2012).

The first toroidal propeller model in this study is labeled
SHO002, with its geometrical specifications described in
Table 1 (Sharrow, 2022). Several modifications to this model
are introduced in the following sections.

Table 1 Principal particulars of SH002

Principal particulars Value
Diameter D (mm) 300
Number of blades Z 3
Hub ratio ,/R 0.20
Pitch ratio (front blade) P,/D 1.05
Pitch ratio (rear blade) P,/D 1.10
Expanded area ratio EAR 0.38
Direction of rotation Right-hand

@ Springer

3 Numerical results
3.1 Mesh study and validation

Experimental test results and hydrodynamic coefficient
diagrams of the model are required to validate the numeri-
cal simulation. A B-series propeller is used to validate the
simulation results due to the unavailability of experimental
results for the toroidal propeller. A three-blade B-series
propeller with an expanded area ratio of 0.3 is used for val-
idation, and the principal particulars are presented in Table 2.

Table 2 Principal particulars of B-series propeller

Principal particulars Value
Diameter D (mm) 240
Number of blades Z 3
Hub ratio 7,/R 0.2
Pitch ratio P/D 1.3
Expanded area ratio EAR 0.3
Direction of rotation Right-hand

One of the widely used methods in CFD to numerically
solve the RANS equations is the finite volume method
(FVM). The flow field around the propeller in the compu-
tational domain is simulated using the FVM method in
Star-CCM+ software. The semi-implicit method for the pres-
sure-linked equation (SIMPLE) algorithm is used to couple
the pressure and velocity (Barth and Jespersen, 1989).

Various methods can be used for the numerical simula-
tion of submerged propellers, including moving reference
frame (MRF), sliding mesh, and dynamic mesh. MRF is
an appropriate topology to obtain accurate results with less
calculation time, considering the large number of simula-
tions in this parametric study (Tabib et al., 2017). In this
method, where a steady solution solves the problem, two
cylindrical regions are defined around the propeller. The
smaller cylindrical region near the propeller forms a sur-
face contact with the larger cylinder of the outer region.
The flow around the propeller is rotated by defining the
rotation in the smaller region reference frame near the pro-
peller, the advance speed of which is specified by the inlet
flow velocity definition. Other settings applied to the numeri-
cal setup are summarized in Table 3.

Table 3 Physics used in the numerical setups

Setting Description
Time Steady
Flow Segregated flow

Constant density
Realizable K-Epsilon two layer
SIMPLE
Two layer all y" treatment

Equation of state
Turbulence model
Pressure link
Wall treatment

The numerical simulation requires defining a computa-
tional domain in three dimensions around the propeller.
The computational domain used in this study is shown in
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Figure 4. According to recommendations of the Interna-
tional Towing Tank Conference (ITTC), boundaries of the
computational domain in the open-water simulation should
be distant from the blades to prevent errors and disturbances
in the solution. The velocity inlet and pressure outlet bound-
aries should be at least 2D and 4D away from the propeller
surface. Moreover, the diameter of the outer cylindrical
boundary should be at least 4D, where D represents the di-
ameter of the propeller (ITTC, 2014).

b

4.5D

Velocity inlet

a8 :
Sym. plane

Figure 4 Surface and flow field grid of the B-series propeller
simulation

Figure 4 illustrates the three conditions applied to the
domain’s boundaries: velocity inlet, symmetry plane, and
pressure outlet. The velocity inlet boundary condition is used
to define the inflow velocity into the computational domain.
The pressure outlet boundary condition is applied to the flow
outlet, where the boundary pressure represents the static pres-
sure of the surrounding environment into which the fluid
exits (Siemens Digital Industries Software, 2023). Lastly, the
symmetry plane boundary condition is applied to the
domain’s side surface. This boundary can be modified with-
out affecting the calculation results. Other types of bound-
aries used in other studies include velocity inlets (Sanchez-
Caja et al., 2014) and slip-wall (Moghaddas et al., 2025).

The accuracy of the simulation results is highly depen-
dent on the generated grid. When constructing an appropri-
ate grid near the wall, the thickness of the first cell layer
and the number of layers within the boundary are crucial,
with both factors being strongly influenced by the selected
turbulence model. In this simulation, the first boundary
layer thickness and total boundary layer thickness are set
to 0.0005 and 2.557 5 mm, respectively.

The trimmed cell mesh method is used to generate a mesh
in the computational domain using Star-CCM+ software.
Cell sizes on the propeller surface, within the rotating area,
and behind the propeller are defined with finer resolution
using mesh control tools. The volume mesh inside the
computational domain and the surface mesh on the propel-
ler surface are shown in Figure 4. In addition, the value of
the y* function on the blade and hub surfaces of the B-series
propeller, set between 0 and 1 according to the k—¢ turbu-
lence model, is shown in Figure 5 (ITTC, 2014).

Another important issue regarding the grid system is the

Wall y*
0 5 10
— L e—
(a) B-series (b) Toroidal

Figure 5 ' on the propeller surface

independence of the numerical results from the number of
cells, indicating that the numerical results should be inde-
pendent of the number and size of the cells. In this study,
the Roache method (Roache, 1997; Celik et al., 2008) is
implemented to check the grid independence. Simulation
is conducted in three grid sizes: coarse, medium, and fine.
In this method, s, is expressed as follows:

1

_ €3
Inr,,

&1

K In

a

+q(sa)‘ 7

and the secondary parameters shown in (7) can be expressed
as follows:

q(s,)= ln(ri.1 - S) (8)
75—
s=1 -sgn(%) 9
€1

where 7 should be created for each of grids 1—3. In this
_
=
determined by the number of ith grid (V) and the computa-
tional domain size. The parameter ¢ is expressed as fol-
lows: €3, = @5 — @,, €5, = #, — ¢, where ¢, represents the
solution (K and K ) of the ith grid. Other significant param-
eters influencing the grid convergence index (GCI) may be
expressed as follows:

h
. _h, . S
equation, r,, = o and 4, is the average grid size
1

2= (g0 - 6.)/ (5 - 1) (10)
21 — ¢1 — ¢2

: ‘ ;. (11)

Lt "’1‘ (12)

21
ext

where ¢2! is the extrapolated value of the solutions; e>'
and e2!, denote the medium and approximate relative errors,
respectively. The GCI value for the medium grid is calcu-
lated using (16). The results of the grid independency

study are presented in Table 4.

21
Gop . l2s%e

medium

(13)

ry =1
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Table 4 Grid independency parameters for K, and K, based on the Roache method in J = 0.4

) Number of grids Thrust coefficient (K ) Torque coefficient (K, )

Grid type

B-series Toroidal B-series Toroidal B-series Toroidal

Fine 6715364 7380626 0.366 800 0.415427 0.064243 0.083467

Medium 3397950 3736945 0.366304 0416814 0.064742 0.081040

Coarse 1897514 2065470 0.365722 0.416604 0.065501 0.077179

7y 1.254924 1.254658 1.254924 1.254658

3, 1.214350 1.218519 1.214350 1.218520

S, 1.705306 7.522100 2.759257 2.856914

e 0.001297 0.003300 0.007760 0.029077

e 0.001588 0.000500 0.011725 0.047643

Gcr?! 0.001297 0.000200 0.020675 0.078484

medium

The numerical results demonstrate grid independence
with a GCI value of less than one. Table 3 confirms that
increasing the grid number does not substantially affect
the numerical solution, thereby satisfying the grid indepen-
dence criteria. Consequently, the medium grid is selected
for the remaining simulations.

The B-series propeller simulation using the medium grid
has been validated against existing experimental results (Van
Lammeren et al., 1969). Numerical and experimental results
for thrust coefficient, torque coefficient, and efficiency are
presented across advance coefficients ranging from 0.2 to
1.2 with a fixed rotational speed of 70 r/s. The advance
coefficient varies with the flow velocity. As shown in
Figure 6, the numerical results exhibit low error values and
align well with experimental data, confirming the reliability
of the simulation for analyzing and developing the toroidal
propeller.

0.9 -

) -= K, (EXP)

0'7 —— 10K, (EXP)

i == 1 (EXP)

< 067 - K, (NUM)
g 0.5} — 10K, (NUM)
= 04} —— 5 (NUM)
X031

0.2}

0.1+

0 02 04 06 08 10 12 14
J

Figure 6 Comparison of hydrodynamic characteristics of the B-series
propeller

3.2 parametric investigation of the toroidal
propeller geometry

In this section, the effects of six parameters, namely,
skew angle, pitch angle, chord length, rake, roll angle, and
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blade alpha vertical angle, are investigated separately. Ini-
tially, these parameters were examined separately across 12
simulations. Subsequently, seven additional conditions were
simulated to evaluate the impact of multiple geometric
modifications. All parametric investigations were conducted
on the initial toroidal propeller geometry, SH002, which
demonstrated strong performance at the initial state. During
the investigation, one or more parameters were adjusted
by 10% or 20%, whereas the others remained unchanged.
Table 5 presents the inspected parameter variations, orga-
nized numerically. After analyzing the parameters individu-
ally, the effects of simultaneous changes to multiple parame-
ters and the blade section on propeller performance were
investigated.

4 Results and discussuion

The hydrodynamic performance diagrams for modes 1-12,
in which only one parameter is modified as outlined in
Table 4, are compared with the SH002 propeller in Figure 8.
The first graph, shown in Figure 7(a), evaluates the effects
of increased and decreased skew angles. As indicated,
increasing the skew angle remarkably reduces thrust and
torque coefficients, resulting in an efficiency loss relative
to the SHO02 propeller. Conversely, reducing the skew angle
results in only a slight efficiency reduction. In the toroidal
propeller geometry, the skew angle determines the angular
distance between the two tip-joined blades. Different from
conventional propellers, this parameter has a greater influ-
ence on hydrodynamic performance due to the heightened
interaction between blade pairs.

The effect of pitch angle variation on the hydrodynamic
performance of the SHO02 propeller is investigated in
Figure 7(b). Increasing the pitch angle delays the operat-
ing point of the propeller, whereas decreasing it negatively
impacts performance. For instance, reducing the pitch angle
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Table5 Modes of investigating the effect of parameters on the toroidal propeller

Changing parameters

Number  Propeller name

Skew angle Pitch angle ~ Chord length Rake Roll angle  Alpha angle Hydrofoil
1 SH002 - - - - - - NACA0015
2 SH002-1 10% 1 - - - - - NACA0015
3 SH002-2 10% | - - - - - NACA0015
4 SH002-3 - 10% 1 - - - - NACA0015
5 SH002-4 - 10% | - - - - NACA0015
6 SH002-5 - - 10% 1 - - - NACA0015
7 SH002-6 - - 10% | - - - NACA0015
8 SH002-7 - - - 10% 1 - - NACA0015
9 SH002-8 - - - 10% | - - NACA0015
10 SH002-9 - - - - 10% 1 - NACA0015
11 SH002-10 - - - - 10% | - NACA0015
12 SH002-11 - - - - - 10% 1 NACA0015
13 SH002-12 - - - - - 10% | NACA0015
14 SH002-13 - 10% 1T - - - - NACA2412
15 SH002-14 5% | 20% 1 - 20% | - - NACA2412
16 SH002-15 5% | 20% 1 - 20% | - - S7055
17 SH003 5% | 20% 1 - - - - NACA2412
18 SH003-1 5% | 20% T - - - - S7055
19 SH003-2 5% | 20% 1 20% 1 - - - S7055

by 10% lowers the hydrodynamic efficiency of the SH002-4
propeller by 14% at an advance coefficient of 0.9. This
trend is similarly observed in other advanced coefficients.
For conventional propellers, higher thrust and torque
coefficients with lower efficiency are expected in the case
of increasing the chord length. As the chord length in the
toroidal propeller also depends on the distance between the
two tip-joined blades, according to Figure 7(c), the sign of
the efficiency change is similar to the mentioned case, but
it is lower in magnitude, contrary to the common expectation.
The effect of the rake parameter on the hydrodynamic
performance of the SH002 propeller is shown in Figure 7(d).
A brief comparison between the results of changes in skew
and rake parameters indicates that the axial distance between
tip-joined blades, which is specified by rake angle, is a more
effective parameter than the radial distance of the blades
on the hydrodynamic performance of the toroidal propeller.
As shown in Figure 7(e), increasing the roll angle in
SHO002 decreased thrust and torque coefficients as well as
efficiency. In the advance coefficient of 0.9, thrust and

torque coefficients and efficiency are decreased by 12.89,
6.85, and 6.48%. Reducing the roll angle has also mini-
mized the thrust and torque coefficients. Thus, in the advance
coefficient of 0.9, the thrust coefficient and torque coeffi-
cient values are decreased by 5.18% and 5.73%, respectively,
and the efficiency is increased.

Figure 7(f) illustrates that the torque coefficient is cer-
tainly sensitive to alpha angle changes. Therefore, the
reverse independence of the efficiency on the alpha angle
can be explained according to the amount of torque coeffi-
cient loss while the thrust coefficient is changed slightly.

Figure 9(a) shows that by increasing the pitch angle
beside the changing section of the hydrofoil, the efficiency,
torque coefficient, and thrust coefficient of SH002-13
increase in the advance coefficients above 0.9 compared with
SHO002. This increase in the advance coefficient of one is
53.55% for the thrust coefficient, 37.86% for the torque
coefficient, and 11.38% for the efficiency. In Figure 8(b),
SH002-3 and SH002-13 are compared to investigate the
effect of the hydrofoil section on the hydrodynamic perfor-
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Figure 7 Hydrodynamic characteristics of the toroidal propeller under single changes in geometry parameters

mance of the propeller. In this study, three different blade
sections depicted in Figure 9 are applied to the toroidal
propeller to assess their effects on the hydrodynamic per-
formance. NACA (Abbott and Von Doenhoff, 2012) and
Selig (Selig et al., 1995) sections are the most examined
due to their wide applications in marine and aerospace
industries.

NACA2412 with 2% camber is replaced with the sym-
metrical section of SH002-13 in addition to the increase in
pitch angle by 10%. According to the obtained results, the
use of an asymmetric instead of a symmetrical section has
increased the thrust coefficient, torque coefficient, and effi-
ciency in the advance coefficients above 0.8. The variation
amount in the advance coefficient of 1.1 is 14.78% for the
thrust coefficient, 10.58% for the torque coefficient, and
61.9% for efficiency, representing an increase of 3.79%.

The SH002-14 and SH002-15 propellers feature a decrease
in the skew angle, an increase in the pitch angle, and a
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reduction in the rake angle. The efficiency of SH002-14 is
remarkably improved at advance coefficients greater than
0.9. In the analysis of SH002-15, shown in Figure 8(d), the
skew angle, pitch angle, and rake remain the same as in
SHO002-14. However, a different asymmetric section with
3.3% camber (S7055) is applied to the propeller geometry.
This modification increased torque and thrust coefficients
at certain advance coefficients. Furthermore, the efficiency
loss observed in the SHO02 propeller at advance coefficients
above 0.9 is recovered in SH002-15, similar to SH002-14.

To achieve a more precise analysis of the thrust force
generated by the propeller, each blade of the propeller is
divided into three surface components, including the front
blade, rear blade, and blade tip. These parts are shown in
Figure 10. The blade tip is separated from the other blades
atr = 0.75R.

The results of the generated thrust by the surface parts of
the propeller in Table 6 demonstrate that all components pro-
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Figure 8 Hydrodynamic characteristics of the toroidal propeller under multiple changes in geometry parameters
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Figure 9 Blade sections used in the present study

vide positive thrust in the modified geometry. The findings
indicate that the negative thrust force is produced in the rear
blade, causing adverse effects on propeller performance. The
undesired feature of SH002-14 propellers is resolved by
increasing the pitch angle of the rear blade in SH003. Further
simulations are carried out with the modified blades.

The hydrodynamic characteristics of various types of
SHO03 propellers are presented in Figure 11. In Figure 11(a),
the hydrodynamic results of SHO03 are compared with
SHO002-14 in the advance coefficients from 0.8 to 1.2. In
approximately equal thrust coefficients, while the advance
coefficient is 1.2, the efficiency has increased up to 10.8%.

Rear blade

Blade tip Front blade

(a) Naming different blade components

Before: —13.7%
~_  After: 30.6%

Before: 74.6%
After: 31.6%

(b) Thrust contribution of each blade component before
and after increasing the pitch angle

Figure 10  Separated toroidal propeller blade surfaces
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Table 6 Thrust force of blade surface components for SH002-14
and SH003

Thrust force (N)
Blade surface part
SH002-14 SH003
Front blade 579.99 257.36
Blade tip 303.53 307.67
Rear blade -106.22 249.60
Total 777.30 814.63

The SHO003 propeller is selected for comparison of the
hydrodynamic performance with the B-series propeller,
whose geometrical and functional characteristics are close
to the developed toroidal propeller. The results of the hydro-
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dynamic performance of the B-series propeller and the
comparison of the performance of the SH003 propeller
shown in the diagram of Figure 11(b) suggest that the effi-
ciencies of the SHO03 propeller and the B-series propeller
are similar, whereas the thrust and torque coefficients of
SHO003 is lower than the B-series propeller. The results
indicate that the toroidal propeller can be used in functional
conditions where high efficiency and low torque are required.
However, in situations where the goal is to achieve a higher
thrust force, the B-series propeller can be a favorable option.

Previous results have shown that using the S7055 sec-
tion in SH002-14 generates more thrust than NACA2412;
changing the hydrofoil of SHO03 can be an excellent modi-
fication to increase the value of the thrust load. Figure 11(c)
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Figure 11
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Hydrodynamic characteristics of various types of SHO03 propellers
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shows the hydrodynamic performance of the SHO03 pro-
peller with NACA2412 and the SH003-01 propeller with
S7055 section. In the advance coefficient of 1.2, the torque
coefficient has increased by 19.16% and the thrust coeffi-
cient by 19.33%. Previously, one of the parameters affecting
propeller hydrodynamic characteristics is chord length. To
improve the thrust factor of the SH003-01 propeller, the
chord length of this propeller is increased by 20%, and its
hydrodynamic performance is compared with the SH003-01
propeller. The new propeller is referred to as SH003-02,
and the results are shown in Figure 11(d). The results illus-
trate that increasing the chord length results in higher thrust
and torque coefficients. At an advance coefficient of 1.2,
thrust and torque coefficients increase by 11.32% and
13.08%, respectively.

In accordance with the results of SH003-02, which had
a better trust factor than the SHO03 and SH003-01 propel-
lers, a comparison has been made between this propeller
and a B-series propeller with equal diameter. A three-blade
B-series propeller with an expanded area ratio of 0.65 and
a pitch ratio of 1.4 was selected for comparison. As shown
in Table 7, the thrust, torque, and efficiency of the B-series
propeller were evaluated using experimental data (Van
Lammeren et al., 1969) to ensure the numerical simulation
has sufficient accuracy.

The value of the thrust coefficient of SH003-02 is increased
by 13.05% and 30.36% compared with the B-series propel-
ler in the advance coefficient of 1.2 and 1.3, respectively.
The torque coefficient is increased by 12.7% and 25.8% in
the same advance coefficients.

As shown in Figure 11(e), the SH003-02 propeller has a
better performance than the B-series propeller in terms of
efficiency. The SH003-02 propeller has achieved an effi-
ciency of 78.03% and 78.82% in the advance coefficients
of 1.2 and 1.3, respectively. The efficiency values for SH003-
02 are 0.28% and 3.6% more than the B-series propeller in
advance coefficients of 1.2 and 1.3, respectively.

The difference between models with a focus on maximum
efficiency and their relative advance coefficients is described
in Table 8. The table demonstrates that the geometry modi-
fications have successfully led to efficiency increases in the

last models. Specifically, the maximum efficiency of the
last two toroidal models is higher than that of the B-series
propeller.

The axial velocity contour of the flow field around and
downstream of the propellers is examined under heavy and
light load conditions, as shown in Figure 12. Under heavy
load conditions, the flow moves more slowly downstream
of SH003-02. However, while SH003-02 nearly eliminates
tip vortices in heavy load conditions, at high advance ratios,
stronger tip vortices appear downstream of the toroidal
propeller, an undesirable phenomenon, especially from a
hydroacoustic perspective.

The cross velocity magnitude downstream of the B-series
and SHO002-03 at sections located at 0.5R, 1R, 2R, and 3R
from the front root of the blades, as shown in Figure 13, is
illustrated in Figure 14. The effect of the propeller rotation
on the cross velocity value is almost eliminated at distances
more than 2R. Regarding the value of the nondimensional
cross velocities, this elimination is performed more success-
fully by SH002-03 in both conditions. In addition, the sud-
den increase in cross velocity around the B-series propel-
ler has been considerably reduced in both conditions
around SH003-02.

The Q-criterion function is used to identify and visual-
ize vortices within the flow field, defining them as regions
where the vorticity magnitude exceeds the rate-of-strain
magnitude. Mathematically, the Q-criterion is expressed as
follows:

o-(l1er-1sr) (14)

where 2 denotes the vorticity tensor, representing the rota-
tion rate of the fluid, and S indicates the strain rate tensor,
describing the deformation rate of the fluid. To achieve a
more precise analysis of vortex structures downstream of the
propellers, the numerical simulation was converted from
steady to unsteady physics using a time step of 5.4 x 107 s.
This adjustment enhances vortex-capturing accuracy. Mod-
ifying the solution method from steady to unsteady leads
to negligible variations in thrust and torque coefficients, with
a maximum deviation of 0.4% in J = 0.4 for SH003-02.

Table 7 Verification of the B-series propeller used in the comparative analysis

K; K, n
! CFD EFD Error (%) CFD EFD Error (%) CFD EFD Error (%)
0.4 0.4872 0.4844 -0.5916 0.0976 0.1015 3.8365 0.3179 0.3039 -4.6047
0.6 0.3936 0.3995 1.4622 0.0808 0.0850 4.8997 0.4652 0.4490 -3.6146
0.8 0.3086 0.3086 -0.0227 0.0647 0.0671 3.6257 0.6072 0.5851 -3.7857
1.0 0.2147 0.2154 03170 0.0490 0.0486 -0.7742 0.6978 0.7055 1.0829
1.2 0.1259 0.1237 -1.8231 0.0322 0.0309 -4.2850 0.7473 0.7654 2.3608
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Table8 Maximum efficiency and relative advance coefficients of different geometry cases

Number Propeller name Changes Max. efficiency J at max. efficiency
1 SH002 - 58.30 0.9
2 SHO002-1 Skew 25.69 0.5
3 SH002-2 Skew 57.92 0.9
4 SH002-3 Pitch 61.28 1.0
5 SH002-4 Pitch 53.59 0.8
6 SH002-5 Chord 57.30 0.9
7 SH002-6 Chord 58.28 0.9
8 SH002-7 Rake 56.78 0.9
9 SH002-8 Rake 59.90 0.9
10 SH002-9 Roll 54.52 0.9
11 SH002-10 Roll 56.75 0.9
12 SH002-11 Alpha 56.75 0.9
13 SH002-12 Alpha 59.54 0.9
14 SH002-13 Pitch—hydrofoil 62.31 1.0
15 SH002-14 Skew—pitch—rake—hydrofoil 66.60 1.2
16 SHO002-15 Skew—pitch-rake-hydrofoil 66.47 1.2
17 SH003 Skew—pitch—hydrofoil 73.83 1.2
18 SH003-1 Skew—pitch—hydrofoil 79.42 1.2
19 SH003-2 Skew—pitch—chord-hydrofoil 78.58 1.2

20 B-series - 74.53 1.2

u/U
-140 122 —-1.04 -0.86 —0.68 >-0.50
B |
J=1.2

Figure 12 Axial velocity contours around and downstream the
propellers, left: B-series, right: SH003-02

Figure 12 illustrates that SH003-02 has poorly formed
downstream flow in the light load condition compared
with the B-series propeller. Moreover, SH003-02 generates a
higher vortex volume in the light load condition, as shown
in Figure 15. The mean vorticity values for all cases across
two different Q-criteria ranges are presented in Table 9. In
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Figure 13  Sections of the cross velocity contours

higher Q-criteria ranges, where high vorticity values are
more probable, the mean vorticity magnitude of the toroi-
dal propeller is reduced by 7.5% and 18.21% in heavy and
light load conditions, respectively. This improvement in
hydrodynamic performance can subsequently improve the
hydroacoustic behavior of the propeller, especially in heavy
load conditions.

Pressure coefficients contour on the surfaces of toroidal
and B-series propellers are presented in Figure 16. It is
obtained using the following equation:

P-P
Co=7—7 (15)
EPUﬁ

where Uy, is defined as the magnitude of the resultant rota-
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Figure 14 Nondimentional axial velocity contours downstream of the propellers in different load conditions

tional and axial velocities of the inflow to the propeller:

Up=/Vi+(2mrn)*), and P, is the reference pressure,

given by the sum of atmosphere pressure and hydrostatic
pressure. For the front and rear blades of the toroidal pro-
peller, the pressure on the suction side is considerably lower
than on the pressure side. A pressure drop is also observed

at the tip of the toroidal propeller, which can be rational-
ized by considering the roll angle. The pressure coefficient
at the front and back sides of the B-series propeller blade
surfaces has a smoother distribution than the toroidal pro-
peller due to the absence of additional surfaces near the
blades. Phase transition and migration are key factors in

@ Springer



390

Journal of Marine Science and Application

cavitation analysis, particularly when the operational depth
is insufficient (Preso et al., 2024; Zhang et al., 2024). Given
the unique shape of the toroidal propeller, preventing cavi-
tation on the suction side of the rear and front blades, as
well as at the blade tip, must be fully considered.

SH003-02

B-series

Vorticity: Magnitude (s)
<110 282 455 628 >800
E—— -

(a)J=0.4

B-series SHO003-02

50 160 270 380 490 >600
[ -

(b)J=12

Figure 15 Vorticity magnitude in the vortex volume of B-series and
toroidal propeller with Q-criteria —10° s at different advance ratios

Table 9 Value of mean vortex volume in different conditions

Mean vorticity magnitude (1/s)

Propeller  Q-criteria " .
type range (1 /sz) ~o. mprovement ‘ mprovement
yp J=04 %) J=12 %)
~(0,1000000) 67.7 194.3
B-series
(500, 1000000) 755.5 4354
. (0, 1000000) 78.3 -15.65 171.3 +11.83
Toroidal
(500, 1000000) 698.8 +7.50 356.1 +18.21

29 0()

Pressure coefficient
-240 -1.82 -124 -0.66 -0.08 0.50

[ |
(2) J=0.4
_ ‘ L ¥
[
- YAYA
v wwy 4 -

Pressure coefficient
-0.70 -0.46 -0.22 0.02 026 0.50
E |

(b)J=12

Figure 16 Pressure coefficient contour propeller blade surfaces at
two working conditions
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5 Conclusions

This study introduces the geometrical parameters of the
toroidal propeller and examines their effects under various
operating conditions. The findings provide a valuable frame-
work for designing new toroidal propellers. The thrust,
torque, and efficiency of different toroidal propeller geom-
etries have been numerically analyzed. Due to the absence
of precise experimental tests, the validated simulation
results of the B-series propeller serve as a reliable refer-
ence for assessing hydrodynamic performance. Modifying
the propeller’s parameters can have positive and negative
impacts on performance. The following results summarize
the impact of these geometrical changes:

1) According to conducted studies, the following param-
eters have the greatest effect on hydrodynamic efficiency,
in order: pitch angle, roll angle, alpha angle, rake, section’s
chord length, and skew angle.

2) The pitch angle is identified as the most influential
geometric parameter in enhancing the hydrodynamic perfor-
mance of the toroidal propeller, increasing open-water effi-
ciency to a maximum of 79.42% and it is the main factor
for preveting negative thrust of the blades.

3) Changing the blade sections remarkably affects the
hydrodynamic performance of the propeller. The numeri-
cal results indicate that the S7055 hydrofoil is the most
suitable among NACA0015, NACA2412, and S7055.

4) Regarding the flow field analysis behind the propel-
lers, this toroidal propeller works more appropriately under
heavy load conditions.

5) According to the vorticity analysis, this toroidal pro-
peller has not performed as well as the B-series propeller
in the light load condition. However, in higher Q-criteria
ranges, the analysis shows that the toroidal propeller reduces
mean vorticity by 7.5% and 18.21% in heavy and light
load conditions, respectively.

6) Increased curvature complexity in the toroidal propel-
ler’s blade surfaces results in stronger pressure distribution
across the blades than the B-series propeller. Therefore,
greater attention should be provided to minimizing the risk
of cavitation.

Due to lack of precise experimental data of toroidal pro-
pellers, conducting experimental tests can significantly
enhance the strength of the future works. Another field of
study that can be beneficial for developing this kind of pro-
peller is investigation of the noise and cavitation phenomena.
Furthermore, further investigations need to be conducted
to reduce vortex formation in the toroidal propeller under
light load conditions. Lastly, Analysis of hydrodynamic
performance under nonuniform and unsteady conditions is
considered an interesting field to be studied.
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