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ABSTRACT

The hubless rim-driven thruster (RDT) has become increasingly interesting for ship propulsion. Gap
flow has been proven as the main feature of RDT that cannot be simply neglected. In this study,
based on a classical hubless RDT, the effects of the gap geometry are studied by adjusting its axial
passage length, and inlet and outlet oblique angles. The hydrodynamic characteristics of the RDT
were simulated with OpenFOAM based on the k — w shear stress transport turbulence model. Due
to the pressure increase after the main flow passes through the rotating blades, the flow inside gap
is driven upstream, which is opposite to the main flow direction. It is found that the hydrodynamic
efficiency is increased as the gap axial passage length is shortened, which is realized by increasing
the oblique angle with the fixed inlet and outlet positions. Moving the inlet and outlet to further
downstream and upstream positions has negligible effects on the hydrodynamic efficiency and leads
to recirculating flow within the gap near its inlet. These findings shed light on the design of the gap
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geometry to improve the RDT hydrodynamic performance.

1. Introduction

As international maritime transactions have increased,
there has been a daily increase in the demand for ship
capacity and propulsion power (Lin et al., 2022b). The
drawbacks of traditional ship propulsion systems have
gradually become apparent. The main engine’s size and
power increase in tandem with the demand for propul-
sion power. The structural design of the propulsion shaft
system is also more complex, increasing ship design diffi-
culty and construction costs, reducing ship space utiliza-
tion and worsening propulsion efficiency (Su et al., 2020).
In this situation, the concept of a rim-driven thruster
(RDT) arose.

The RDT is a novel type of integrated motor thruster,
commonly known as a shaftless propeller. The torque
driving the propeller blades of the RDT is provided by a
circular rim that is structurally attached to the blade tips,
as opposed to a traditional propeller, which is powered
via its shaft (Grlimmer, 2016). The permanent magnet
rotor is embedded in the rim at the top of the blade,
and the motor stator is positioned in the duct or nozzle.
The stator and rotor of the motor are assembled inde-
pendently so that they are totally surrounded by seawater,
which cools them in the gap. Furthermore, the RDT does
not need water-tight treatment for rotational movements.

Using the rim to drive the propeller brings about bene-
fits in several aspects. By incorporating an electric motor
into the rim, a compact design with decreased weight
and space occupation is accomplished. The transmis-
sion loss associated with the hub and the corresponding
accessories (seals, bearings, and gearboxes) is eliminated,
increasing mechanical efficiency. Furthermore, the sys-
tem’s maintenance is simplified. The hydrodynamic effi-
ciency is improved. RDT, as investigated by Lea et al.
(2003), is more economical than traditional propellers.
The efficiency varies little depending on the operation
circumstances. Because the water travelling through the
rim efficiently transfers heat, no special cooling mecha-
nisms are required. This results in minimal power usage.
The environmental impact of noise has considerably
decreased. The simple electric method generates far less
noise and vibration than the traditional mechanical sys-
tem with the hub and gearbox. Furthermore, because the
blade tips are positioned on the rim, the hydrodynamic
noise created by propeller tip vortices is avoided. Long
fibres (e.g. floating fishing nets or ropes) jammed in the
hub do little damage. As a result, the hubless type RDT
may be used in challenging water environments.

Kort (1940) proposed the first RDT concept model
in a patent. Additional RDT patents were established
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following Kort’s work, but all of them focused exclusively
on the description of the broad concept of the device,
without addressing the design of the machine itself or its
performance (Yan et al., 2017). Although the concept of
RDT has been presented for decades, it has only recently
become a reality due to breakthroughs in materials, elec-
tric powertrains, and three-dimensional (3D) printing.
In recent years, an increasing number of researches have
been conducted to explore RDT technology, and some
results have been applied to ship operations. Yakovlev
et al. (2011) compared the open water characteristics
of RDTs with and without hubs through model experi-
ments. Cao et al. (2012) adopted the Reynolds Averaged
Navier — Stokes (RANS) equations to analyze the case of
four distinct propeller blades, and the numerical results
revealed that the greatest radial circulation is observed
at the blade tip. Song et al. (2015) examined four pairs
of hub-type and hubless RDTs with varied hub diame-
ters. The simulation findings demonstrated that hubless
RDTs are more efficient than hub-type RDTs. The hub-
less RDTs provide more thrust and torque while having
a lower thrust ratio (the ratio of the blades’ thrust coef-
ficient to the sum of the blades’ and duct’s thrust coeffi-
cients). Dubas et al. (2015) compared Re-Normalisation
Group k - € and k - @ Shear Stress Transport (SST)
turbulence models and reported that the k - w SST
model is more robust in dealing with RDT-stator inter-
actions at low advance ratios. Gaggero (2020) estab-
lished a simulation-based design optimization method
for changing the RDT blade shape to enhance propul-
sion performance and decrease cavitation. Song et al.
(2020) used the computational fluid dynamics (CFD)
approach to investigate each of the major influencing
aspects of the RDT’s hydrodynamic performance, includ-
ing the aspect ratio of duct, diffusion ratio, contraction
ratio of duct and tip diameter ratio of blade. Zhu and
Liu (2022) investigated the RDT’s external characteris-
tics using experimental techniques and studied the inner
flow characteristics using numerical simulation meth-
ods, revealing the flow loss mechanism. et al. (2022a;
2022b) simulated the effect of several transition turbu-
lence models on the RDT’s hydrodynamic performance
prediction.

According to the above literature research, most pre-
vious studies have focused on optimizing the hydrody-
namic characteristics of the propeller and duct profile
of the RDT. However, the influence of the RDT’s gap
flow between the rotor and stator on its hydrodynamic
performance cannot be ignored. Cao et al. (2014) inves-
tigated the effect of radial and axial gap sizes on flow
variables by comparing gap flow fields with and with-
out a propeller, as well as the effect on the hydrodynamic
performance of RDT. The simulation results show that

enlarging the gap width increases the frictional torque
coefficient on the rim surface. Liu and Vanierschot (2021)
employed a moving reference frame (MRF) technique to
analyze the hydrodynamic performance of ducted pro-
peller and RDT with gap flow. They found that the pres-
ence of the rim and induced gap flow have far more
negative than positive influences on the RDT’s hydrody-
namic performance, leading to a significant reduction in
efficiency when contrasted to the ducted propeller. Zhai
etal. (2022) conducted an optimal design investigation of
the duct for the RDT under the condition of considering
the effect of the gap. The hydrodynamic characteristics of
a counter-rotating RDT considering gap flow were inves-
tigated using the RANS method by Jiang et al. (2022).
The torque computed with the inclusion of the gap
friction deviates from the empirical formulae by more
than 10%.

The current research for the gap flow of RDT is only
focused on the gap width, and there is no improve-
ment in the gap shape. Although empirical formulae
can be used to modify the anticipated torque, the gap
flow influence on the duct and propeller thrust is dis-
regarded. In this study, a numerical investigation into
the hydrodynamic performance of the RDT consider-
ing gap flow with various shapes is carried out using the
RANS approach. This approach is generally cheaper than
advanced CFD methods like large eddy simulation, as
have been noticed based on canonical flow cases such as
channel and turbulent boundary layer (Shao et al., 2022),
rotating cylinders (Lin et al., 2022a), and RDT flow (Cao
etal., 2012). The rest of this paper is structured as follows.
Section 2 focuses on the governing equations, turbulence
model, the RDT model with various shapes, boundary
conditions, meshing, and verification of numerical meth-
ods used in this study. The results and discussion are
reported in Section 3. And finally, Section 4 highlights
the conclusions and offers recommendations for future
investigations.

2. Methodology
2.1. Governing equations and turbulence model

The RANS equations for incompressible viscous flow are:

aU;

— =0, 1

ox, (1)
U; U; 1 9P 92U;
— 4+ U—=——— ~ 4+ S (2)
ot 0x; P 0Xx; 0x;j0x;

where U; and Uj represent the mean velocity components
(i, j = 1, 2, 3, standing for the component in the x, y, z
direction), x; and x; represent the position vectors in ten-
sor notation, p is the fluid density, ¢ is the physical time,



P is the pressure, v is the kinematic viscosity coefficient,
and §; is the source term.

The computational domain is discretized using the
finite volume method. The steady flow fields around the
RDT are solved using the simpleFoam solvers in Open-
FOAM. The governing equations are solved using the
Gauss linear upwind convection schemes, the Gauss lin-
ear gradient schemes, the steady-state time discretiza-
tion schemes, and the SIMPLE algorithm for pressure-
velocity coupling. The MRF-based method implements
the rotational motion of the rotor of the RDT. To accom-
modate non-orthogonal grids, numerical techniques for
Laplacian and surface normal gradients are used. Relax-
ation factors are employed to control the solution’s con-
vergence. The convergence of the numerical simulation
is guaranteed by controlling the iteration residuals to a
standard of at least 10~ for the continuity and momen-
tum variables, indicating that the relative change of the
magnitudes between iterations is less than this level. The
k - w SST model is utilized as a turbulence model to
analyze the flow field with severe backpressure gradi-
ents while taking wall shear into consideration (Hu et al.,
2022; Song et al., 2021; Yao & Davidson, 2019). The k -
o SST turbulence model has been proven by a number of
experts to be a promising solution to the hydrodynamic
problems of the RDT (Dubas et al., 2015; Gaggero, 2020;
Song et al.,, 2015) and other rotating machinery (Otter-
sten et al., 2022a; 2022b). The transport equations for
turbulent kinetic energy (k) and turbulence dissipation
rate (w) are described as (Lin et al., 2020; Menter et al.,
2003):

a(pk)
dt 0X;

I(pUik) _ B — pprok

0 ok
+ 8_x, [(M + UkMt)E} , (3)

d(pw) n d(pUiw)

Jt 0x;
) , 0 dw
= apS; — ppo” + — | (L + Owits) —
0x; 0x;
1 0k dw
+2(1 — F)powr———+— (4)
w 0x; 0x;

where Py is a production limiter used to keep turbu-
lence from building up in stagnant areas, 8*, «, and 8
are constants for turbulence model, o} denotes the tur-
bulent Prandtl numbers for k, u; denotes the turbulence
viscosity, S, denotes the invariant measure of the strain
rate, g, denotes the turbulent Prandtl numbers for w, and
F} denotes the blending function.
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Figure 1. Geometry of the hubless RDT.

Table 1. Parameters of the RDT model.

Parameter Unit Value
Number of blades (2) - 4
Blade diameter (Dp) m 0.25
Blade area ratio (A4) - 0.7
Blade pitch ratio () - 1.0
Blade tip diameter (D;) m 0.05
Duct diameter (Dy4) m 0.3
Duct length (Lg) m 0.125
Rim thickness (H) m 0.006
Gap width (S) m 0.0015

2.2. The RDT model with various shapes

The RDT model used in this study is based on the typical
MARIN 19A duct and Ka 4-70 propeller. This combi-
nation is adopted by most RDT researches (Griimmer,
2016; Jiang et al., 2022; Song et al.,, 2020). The rim gap
is a common feature in RDT. While the gap dimensions
are generally tiny, the gap impact on the thruster perfor-
mance cannot be underestimated. The ratio of the initial
gap form refers to the research of Liu and Vanierschot
(2021). The main parameters and geometric structure of
the RDT model used in this study are shown in Table 1
and Figure 1, respectively. In Table 1, the blade area ratio
(Aq) is defined as the ratio of the developed area of all
blades to the disk area (Ag = JTDlza /4), and the blade pitch
ratio (A,) is defined as the ratio of the blade pitch to the
blade diameter (D).

As shown in Figure 2, the variation parameters of the
gap shape include the axial segment length of the gap (L)
and the distance between the gap inlet and outlet (L).
The gap width (S) is kept constant. Normally, the default
value of oblique angle (9) is equal to 90° so that the inlet
and outlet are normal to the rotation axis. Initial values
of rim length features L; and L, are equal to 0.066 m. In
this work, 6 is altered from 90° to 150° so as to investigate
the effect of oblique gap shapes. Comparison studies are
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Figure 2. Geometric parameters of the gap.

carried out by adjusting 6 while keeping the variables L;
or L, constant.

2.3. Boundary conditions and meshing

The computational domain of the RDT hydrodynamic
simulation is a cylindrical shape with a diameter of 10
Dy, and a length of 15 Dy, as shown in Figure 3. The size
of the computational domain was verified to be sufficient
by the previous work of Griimmer et al. (2017). The RDT
model with no slip walls is arranged at the centre of the
computational domain at 5 D from the velocity inlet
and 10 Dy from the pressure outlet. The far field of the
computational domain is specified as a symmetry surface.
The rotational motion of the propeller is achieved by the
MRF method, commonly used in RDT research (Dubas
et al.,, 2015; Gaggero, 2020; Griimmer, 2016; Song et al.,
2015). The entire computational domain is calculated
with the MRF method. It is worth noticing that the blades
and the rim are the only two components that move
with the rotating coordinate system, which is shown in
yellow in Figure 2, and that the duct and far-field bound-
aries are stationary. The initial rotation coordinate system
overlaps with the stationary coordinate system; the coor-
dinate origin is at the geometric centre of the RDT; the
coordinate axes’ directions can be seen in Figure 3; and
the rotation axis of the motion coordinate system is the
X-axis.

The commercial software Pointwise was used to
generate the unstructured mesh in the computational
domain. Grid cell types include tetrahedrons, pyramids,
and hexahedrons. Prism layers are generated near the
RDT’s walls, tetrahedrons in the flow field domain, and
pyramids and hexahedrons for transitions at high skew-
ness locations. It is critical to enhance calculation quality
by refining certain regions of the computational domain.
To be more specific, the mesh is gradually refined from
the far field to the RDT walls, where the flow field is
more disrupted, to provide a smooth transition between
meshes of varying sizes and to suitably minimize the

Outlet

z
Y\é/x

Figure 3. Computational domain and boundary conditions.

Walls

overall number of meshes. Furthermore, extra mesh
refinement within the gap is necessary because the focus
of this study is on the flow condition of the gap, as shown
in Figure 4. The dimensionless wall distance Y+ value is
kept approximately 1. The number of grid cell layers in
the gap is 22 layers. The checkMesh command in Open-
FOAM is used to evaluate the mesh quality, and no warn-
ings and errors are found in the generated meshes. The
maximum aspect ratio is 48.111, the maximum skewness
is 2.566, and the cell growth ratio is 1.2.

2.4. Verification of numerical methods

This study employs the following hydrodynamic param-
eters, which are specified as follows:

J = Va/(nDy), (5)
Kr = T/(pn*D}), (6)
Kq = Q/(pn’D}), (7)
n = JKr/(2nKq), (8)

where J denotes the advance coefficient, V,; denotes the
inflow velocity, n denotes the propeller rotation speed, Kt
denotes the thrust coefficient, T' denotes the thrust, Ko
denotes the torque coefficient, Q denotes the torque, and
n denotes the efficiency of the RDT.

The results of the convergence analysis of the RDT
meshes are listed in Table 2. The convergence analysis
is performed at ] = 0.5, n = 7.5 rps, and 8 = 90°. The
accuracy of the simulations is evaluated by comparing the
results of three meshes (approximately 8, 12, and 18 mil-
lion cells) based on Kt and Kq. The grid convergence
index (GCI) method developed by Celik et al. (2008)
is adopted to assess the discretization error of the RDT
thrust and torque. The refinement ratio of the grid is
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Figure 4. Mesh distribution: (a) surface mesh, (b) boundary layer,
and (c) cells in the gap.

Table 2. Results of the grid convergence analysis.

Total number of

cells (millions) Kr GCl (%) 10Kq GCl (%)
Coarse 8 0.243 - 0.468 -
Medium 12 0.249 3.09 0.479 2.94
Fine 18 0.251 1.00 0.475 1.04

adopted as /2. The findings reveal that the GCI values of
the fine grid are lower than those of the medium grid for
both thrust and torque, demonstrating that the numeri-
cal uncertainty decreases as the grid is refined. The largest
numerical uncertainty is claimed to be within 3.09% and
1.04% for the medium and fine grids, respectively. The
fine grid is utilized as the final grid in this investigation
based on the grid convergence analysis.

3. Results and discussion

Since there is a lack of systematic and comprehensive
experimental results for the RDT used in this work, a
similar result was used for comparison. CFD results for
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Figure 5. Comparison of open water characteristics between
CFD and experimental results.

the same RDT but without considering the gap can be
obtained from the literature (Song et al., 2020). Experi-
mental results for a similar ducted propeller (DP) with
the same MARIN 19A duct and Ka 4-70 propeller can
be acquired from the publication (Baltazar et al., 2012).
The experimental and numerical simulation results of the
open water characteristics with and without considering
a gap are compared as shown in Figure 5. The hydro-
dynamic coefficients for the comparison are the thrust
coeflicients of the blade and duct (K1), the torque coef-
ficients of the blade (K¢ ), and the efficiency without con-
sidering the rim (1), respectively. When observing the
thrust coefficient, a good consistency is noticed, which
confirms the simulation code and the correct use of the
blade and duct geometry selection. When comparing
the torque coeflicient results, a resembling trend can be
noticed. The torque calculated by this study is overesti-
mated over the whole range of advance coefficients. This
bias is thought to be the result of comparative literatures
not taking friction between the duct and the rim into
account. In this situation, the overestimation of torque
leads to low efficiency. The open water efficiency consid-
ering the gap is reduced by around 8% compared to the
result without the gap. In addition, similar findings can
be observed in the study of Liu and Vanierschot (2021).
The efficiency of their numerical simulation of the RDT
is about 15% lower than the experimental value of the DP
at the high advance coeflicient.

3.1. Fixed axial segment length of the gap - L,

In this section, the gap oblique angles () are selected
at 15° intervals for numerical analysis to comprehen-
sively investigate the effects of different positions of the
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Figure 6. Hydrodynamic characteristics of the RDT at different oblique angles (9) with a fixed axial segment length of the gap.
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Figure 7. The axial velocity distribution of the flow field at different oblique angles (9) with a fixed axial segment length of the gap:
(@)0 =90° (b) & = 105° (c) & = 120° (d) & = 135°,and (e) 6 = 150°.



inlet and outlet of the gap on the hydrodynamic per-
formance of the RDT. The primary conditions of the
numerical simulation are set: ] = 0.5, n = 7.5 rps, and
L, = 0.066 m. Figure 6 shows the hydrodynamic char-
acteristics of the RDT at different 6 with a fixed axial
segment length of the gap. The individual hydrodynamic
coefficients at different 6 are normalized based on data
at 6 = 90°. It is clear that the n reduces gradually as
6 grows. The Kr of RDT increases at & = 135°, but
the Kq rises even more, which leads to a decrease in n
instead. Through specifically examining the individual

ENGINEERING APPLICATIONS OF COMPUTATIONAL FLUID MECHANICS ‘ 7

components of thrust and torque, it can be seen that as
0 grows, all of the blade thrust coefficients (Krp), rim
thrust coeflicients (Kr;), blade torque coefficients (Kqp),
and rim torque coeflicients (Kq,) increase while all of
the duct thrust coeficients (K7y) decrease. It is caused by
the fact that as 6 grows, the rim expands and the duct
contracts.

Figure 7 illustrates the axial velocity (Uy) distribution
of the flow field at different 6 with a fixed axial seg-
ment length of the gap. It can be observed that the flow
direction in the gap is the opposite to the incoming flow

"6 55 -5 45 -4 353 252 -15-1-05 0

Figure 8. The pressure distribution of the flow field at different oblique angles (9) with a fixed axial segment length of the gap:

(@)@ =90°% (b)0 = 120° and (c) & = 150°.
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direction. This can be expressed as a higher pressure at
the downstream gap opening than at the upstream gap
opening because the main flow is pressurized by the rotat-
ing blades, as shown in Figure 8. It is worth noting that
the inlet of the gap flow is on the pressure side behind the
blade and the outlet is on the suction side in front of the
blade. It leads to a higher relative pressure at the inlet of
the gap than at the outlet. The variation of 6 changes not
only the total length of the gap but also the inlet and outlet
positions of the gap. As the inlet position of the gap moves
toward the trailing edge of the duct, a small vortex gradu-
ally forms at the inlet of the gap. This could be one of the
reasons for the reduced efficiency, which will be further
analyzed in Section 3.2. At the outlet of the gap, the flow
in the gap is carried by the incoming flow with higher
velocity and merged to increase the stream velocity in

(a) g \

(b)

Projection line

front of the blade. As shown in Figure 8, the increasing
flow velocity at the gap outlet leads to a change in the
pressure coefficient (C, = P/(0.50 Vg)) distribution near
here. It further changes the distribution of pressure on
the propeller surface, which has an effect on the thrust
and torque of the propeller. The position of the gap inlet
moves downstream as 6 increases, and the pressure at the
gap inlet increases gradually.

Figure 9 shows 3D pathlines in the gap at different 6
with a fixed axial segment length of the gap. For a pre-
sentation purpose, only the pathlines passing through
four feature points (I, II, III, and IV) are plotted. The
four points are uniformly distributed at 30° intervals and
are located at the inlet of the gap. The fluid particles at
the four points were marked at an initial physical time
() based on the Lagrangian method. The trajectories of

t+3At
t+ 2At
t+ At

Figure 9. 3D pathlines in the gap at different oblique angles (9) with a fixed axial segment length of the gap: (a) 6 = 90°, and

(b)6 = 120°

110 H

=« kT, x| i
Ok, K, K, By, 1
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P |

]
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PR |

90 105
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Figure 10. Hydrodynamic characteristics of the RDT at different oblique angles (9) with the fixed distance between the gap inlet and

outlet.



these fluid particles were drawn with the time interval
(At). As can be seen in Figure 9, the flow is affected by the
rotational motion of the propeller and enters the gap with
an oblique angle at the entrance. The flow is maintained
in the gap in an inclined direction, then exits the gap
and is deflected by both the incoming flow and the pro-
peller rotation. It is known that the greater the distance
the fluid particles move in the same At on the unidi-
rectional pathline, the faster the velocity. When the fluid
particles I at t + 3At are compared in Figures 9a and 9b,
it can be seen that the fluid particle with 6 = 90° is still
inside the gap, whereas the fluid particle with & = 120°
has already escaped. Comparing the trajectories of fluid
particles IT at the gap outlet, it is observed that the fluid
particle with & = 120° leaves the gap earlier than the one
with & = 90°, and the relative angle between the gap out-
let and the inlet is smaller when & = 120°. This indicates
that increasing 6 reduces the decelerating effect of the gap
corner on the particles, that is, increasing 6 is beneficial
to the development of the gap flow.
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3.2. Fixed distance between the gap inlet and outlet
- L2

Because adjusting the gap inlet and outlet positions does
not result in a significant gain in RDT efliciency, this
part expands on the previous section by varying the
oblique angle and gap axial segment length under the
constraint of fixed distance between the gap inlet and
outlet. The primary conditions of the numerical simu-
lation are set: ] = 0.5, n = 7.5 rps, and L, = 0.066 m.
Figure 10 illustrates the hydrodynamic characteristics of
the RDT at different 6 with the fixed distance between the
gap inlet and outlet. The improvement in the RDT effi-
ciency can be demonstrated under all working conditions
except the maximum angle of 150°. When 6 = 150°,
both K7 and Kq enhances, but K enlarges more, result-
ing in poor efficiency. When 6 reaches 120° and 135°,
it is accompanied by an increase in Kq, although Kr
increases significantly. The rise in Kr and the drop in
Kq are only obtained when 6 is equal to 105°, but the

U, (m/s) -07-04-0.102 0508 1.1 1.4 1.7 2

Figure 11. The axial velocity distribution of the flow field at different oblique angles () with the fixed distance between the gap inlet
and outlet: (a) & = 105°, (b) & = 120° (c)® = 135° and (d) & = 150°.
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Figure 12. The dimensionless axial velocity contour distribution
at different oblique angles (6 = 90° colored by red and § = 135°
colored by blue) with the fixed distance between the gap inlet
and outlet: (a) cross section A, (b) cross section B, and (c) cross
section C.

efficiency gain is limited. The maximum efficiency gain
occurs at & = 135°, which is about 1%. At this point, the
Kt increases by approximately 2.6%. The development
in @ minimizes the size of the rim, resulting in a reduc-
tion in both K7, and Kq,. It is logical to expect Ky to
rise as 6 increases, yet it has a tendency to rise and then
fall. This phenomenon deserves further discussion in this
work.

The axial velocity distribution of the flow field at dif-
ferent 6 with the fixed distance between the gap inlet and
outlet is presented in Figure 11. Compared with Figure 6,
after fixing the inlet and outlet positions of the gap, no
small vortex is generated at the entrance of the gap for
different 6. The initial inlet and outlet locations of the gap
were confirmed to be reasonable.

To further observe the effect of the gap on the flow
near the propeller, three cross sections, named section
A, B, and C, were cut at the midpoints of the gap outlet
(x/Dyp = —0.151), the propeller disk (x/D; = 0), and the
gap inlet (x/Dy, = 0.119), as shown in Figure 2. Figure 12
displays the axial velocities distribution in the three cross
sections at different 6 with the fixed distance between
the gap inlet and outlet. As a result of the rotation of
the blades, there is a certain phase difference in the flow
field characteristics of the three cross sections. It is found
that the modification of the gap shape influences the axial
velocity distribution in sections A and C, while the effect
of the gap is difficult to observe in section B owing to
the dominance of the rotational motion of the blade. The
presence of the gap expands the axial flow rate near the
rim, as shown in cross section A. The shedding vortex
was observed at the blade tip of the RDT, as shown in
cross section C. The vorticity distribution in the wake
field at different 6 is illustrated in Figure 13. The vor-
tex generated by the blade tip of RDT is well observed
and verified. Vortices shedding from the gap and devel-
oping along the inner side of the duct to the wake are also
observed. The gap vortex leaking out of the gap outlet
can be observed in Figure 14. Nonetheless, the differences
between the two different 6 are very limited. This reflects
that the gap oblique angle change has a limited effect on
the downstream wake development.

Subsequently, the impacts of different gap shapes are
compared by quantitatively analyzing the pressure and
velocity variation at the gap inlet and outlet. The locations
and angles (¢) of the monitoring points located at the
quarter-gap inlet and outlet are displayed in Figure 15.
Figure 16 depicts the C;, of the gap inlet and outlet as
well as the relative C, of the two. The varying trends of
Cp at different 6 are found to be consistent. At the gap
outlet, Cp decreases and then increases, reaching the min-
imum value at the middle of the blade (¢ is equal to
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Figure 13. Vortex distribution visualized with an isosurface of the instantaneous Q-criterion in the wake field for the fixed inlet and
outlet positions of the gap with different corner angles: (a) @ = 90°, and (b) 6 = 135°.

Figure 14. Gap vortex distribution visualized with an isosurface
of the instantaneous Q-criterion in the wake field when 8 = 90°.

approximately 45°). At the gap inlet, C, grows first and
then drops, reaching a maximum at ¢ = 30°. Since the
relative pressure coefficient is the difference between the
inlet and outlet, it satisfies the law of first increasing and
then decreasing. As can be observed in Figures 16a and
b, the C, at both the gap outlet and inlet grows with
increasing 0 and decreases beyond 6 = 135°. This is in
agreement with the trend of efliciency variation of the
RDT (see Figure 10), indicating that the change of the gap

Figure 15. Positions and angles of the monitoring points located
at the quarter-gap inlet and outlet.

shape on the pressure is one of the causes of the efficiency
variation. As can be noticed in Figure 16c, the relative Gy
is lowest at & = 135° and largest at & = 150°. This sug-
gests that reducing the relative pressure at the gap inlet
and outlet is beneficial for improving the efficiency of the
RDT.
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Figure 16. Pressure coefficient (Cp) curves at different monitor-
ing points at different oblique angles () with the fixed distance
between the gap inlet and outlet: (a) C, of the gap outlet, (b) G,
of the gap inlet, and (c) relative C, between the inlet and outlet of
the gap.

Figure 17 compares the value of the difference in pres-
sure coefficients for the results of fixed L; (Cp;) and fixed
L, (Cpy) at different ¢ and 6. When 6 = 90°, the geomet-
ric model is the same, leading to Cp; = Cp;. At the gap
outlet, Cp; is greater than Cp, when 6 is equal to 105° and

(a) 0.9 0= 90° u
—e— 0 =105°
0.6 H: 120° -

6= 150°
0.3 //\\ % / 4
&) p <o

v
-0.3 1 =

pl
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¢ (deg)

Figure 17. Value of the difference in pressure coefficients for the
results of fixed Ly (Cp1) and fixed L, (Cp;) at different monitoring
points at different oblique angles (9): (a) the gap outlet, and (b)
the gapinlet.

120°, while the opposite is true when the 6 increases. At
the gap inlet, Cp; is always larger than Cp, except when
6 = 135°. The results show that varying the position of
the gap inlet and outlet has a significant influence on the
pressure distribution when 6 is the same.

Figure 18 and Figure 19 demonstrates the flow veloc-
ities of different monitoring points at different 6 with
the fixed distance between the gap inlet and outlet. It is
shown that the flow velocities at the gap outlet located in
front of the blade is almost unaffected by the propeller
rotational flow, while the flow velocities at the gap inlet
located behind the blade shows a tendency to rise and
then fall. Modifying the gap shape significantly reduces
the Uy at the gap outlet, as shown in Figure 18a. When
6 = 150° the U, curve fluctuates the most, represent-
ing the greatest nonuniformity in the flow velocity, which
is one of the reasons for the reduced efficiency of this
gap shape. The variation pattern of the combined velocity

Uy, = /U}% + U2) at 6 on cross sections is the opposite
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Figure 18. Axial velocities (Uy) of different monitoring points at
different oblique angles (9) with the fixed distance between the
gap inlet and outlet: (a) Uy of the gap outlet, and (b) Uy of the gap
inlet.

of that of K@, as shown in Figure 19a and Figure 10. When
6 = 105° U, is the largest and K, is the smallest. As a
result, it is suggested that the U), be increased at the gap
outlet in order to reduce the RDT torque.

4. Conclusions and future work

In this study, to investigate the effect of various gap shapes
on the hydrodynamic performance of RDT, numerical
results based on the OpenFOAM code were compared
for the fixed gap axial segment length and the fixed dis-
tance between the gap inlet and outlet. The numerical
investigation results in the following conclusions:

(1) In the gap, the flow direction is the inverse of the
incoming flow direction. The flow enters the gap
obliquely from the entrance and is kept inclined in
the gap. The increasing flow velocity at the gap out-
let has an effect on the thrust and torque of the
propeller.
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Figure 19. Combined velocities (Uy,) of different monitoring
points on cross sections at different oblique angles (9) with the
fixed distance between the gap inlet and outlet: (a) Uy, of the gap
outlet, and (b) Uy, of the gap inlet.

(2) Under the condition of fixed gap axial length, the
inlet and outlet positions of the gap are altered by
enlarging the 6, but none of the RDT efficiency
improvement is obtained. Increasing 6 reduces the
corner’s deceleration effect on the flow, which is
useful for gap flow advancement.

(3) Under the condition of fixed inlet and outlet posi-
tions of the gap, enhancing the 6 can contribute to
the improvement of propulsion efficiency. In com-
parison to the initial model with a gap of 6 = 90°,
the new gap designs of 6 from 105° to 135° improve
the efficiency. And & = 135°is found to produce the
maximum efficiency increase of about 1%.

(4) Reducing the relative pressure at the gap inlet and
outlet is beneficial to the RDT’s efficiency. One of the
causes of efliciency variation is the change in pres-
sure due to gap shape modification. Another reason
for the reduced efficiency is nonuniformity in the
flow velocity at the gap outlet.
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The research of the transient hydrodynamic perfor-
mance of RDT with gap flow is a complex issue involving
the intrinsic mechanism of the vortex structure’s influ-
ence on the hydrodynamics of unsteady flow fields. To
investigate further, consideration of the fluid-solid cou-
pling issue of RDT vibration, ship-RDT interference, cav-
itation, and noise studies will be necessary. In addition,
it is desirable to carry out experimental research on the
model-scale and full-scale RDT.
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