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Abstract: In this paper, the hydrodynamic characteristics of a rim-driven thruster (RDT) behind
the hull of an underwater vehicle are investigated. The studied underwater vehicle is the bench-
mark DARPA (Defense Advanced Research Projects Agency) suboff model, with and without full
appendages. In order to verify and validate the numerical model, a grid sensitivity analysis is
made for the AFF-1, AFF-8 and the ducted propeller cases, respectively. Then, the resistance and
pressure distribution over the surface of the suboff with and without appendages are compared with
available experimental measurements and good correlations were observed. As for the propeller, a
well-studied ducted propeller, the 19A duct in combination with Ka-47 blades, is employed, and the
numerical results exhibit a close relationship with the available experimental data under a wide range
of advance coefficients. Afterwards, the self-propulsion characteristics of the suboff models propelled
by RDTs using different duct configurations are studied, more specifically, the unsteady effects of the
flow field induced by the interactions between propeller and hull under various working conditions.
The results indicate that due to the influence of the hull, the RDTs operate in different working
conditions compared to open water and exhibit distinct hydrodynamic characteristics. Moreover,
the duct profile can have a significant effect on the unsteady pressure fluctuations in the flow field,
especially in the vicinity of the propeller.

Keywords: hydrodynamic characteristics; rim-driven thruster; self-propulsion; unsteady effects

1. Introduction

It is known that for underwater vehicles, noise reduction is of crucial importance as
it is directly related to the capability of invisibility. However, in conventional designs,
the propeller is driven by a central shaft that protrudes from the hull and is inclined,
which causes significant mechanical vibrations and noise, resulting in energy losses as
well [1]. In recent years, the innovative rim-driven thruster (RDT) has become a popular
research topic and has the potential to overcome the above issues. RDTs have a much
more compact design by integrating the propeller with the driving motor. The elimination
of a transmission shaft can therefore substantially improve the noise performance of the
thruster, indicating that the RDT is more suitable for underwater vehicles.

Even though the RDT has exhibited some outstanding advantages over conventional
propellers, such as a flexible installation, high power density and a more efficient space
utilization [2], some critical problems still remain to be solved regarding the structural
design and hydrodynamic performance evaluation. In order to explore the potential of

J. Mar. Sci. Eng. 2024, 12, 1838. https://doi.org/10.3390/jmse12101838 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12101838
https://doi.org/10.3390/jmse12101838
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-4062-4320
https://orcid.org/0000-0003-4196-0385
https://doi.org/10.3390/jmse12101838
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12101838?type=check_update&version=1


J. Mar. Sci. Eng. 2024, 12, 1838 2 of 19

RDTs, a significant amount of research has been conducted. For example, there are some
studies focusing on motor design and its control system [3–6]. These studies attempted to
find a motor design that is applicable to RDTs with a higher efficiency and power density.
Different motor designs have been proposed and analyzed, such as an induction motor,
high-temperature superconducting motor, switched reluctance motor, etc. Even though
some kinds of motors showed superior performance, they often required a demanding cost
to build and can hardly be employed for general applications. Among them, the permanent
magnet motors are currently the most adopted ones due to their simple structure and
easy access.

In terms of hydrodynamic analysis, current studies on RDTs mainly focus on numer-
ical modeling and general hydrodynamic performance prediction of the propeller. For in-
stance, Dubas et al. [7] investigated the rotor-stator interaction with the steady frozen rotor
method and the unsteady sliding mesh approach. In order to improve the prediction accu-
racy, Liu et al. [8,9] adopted transition turbulence models to better capture the laminar-to-
turbulent transition in the boundary layer of the propeller, and it was shown that the transition
models demonstrated enhanced performance prediction in propeller torque. Similar findings
were also observed in the work of Grlj et al. [10] for open water propellers. As the RDT
contains both rotating and stationary parts, the influence of computational domain division on
the performance prediction of the propeller was studied by Li et al. [11], and they concluded
that the gap flow and wake structure were affected by the computational domain decom-
position. Due to the similarities in structural design, Liu and Vanierschot [12] investigated
the hydrodynamic performance of a rim-driven thruster and a ducted propeller with the
same configurations. Song et al. [13] made a comparison study between two types of RDTs,
i.e., the hub-type and hubless-type using CFD simulations. It was found that compared to the
hub RDT, the hubless RDT showed a higher hydrodynamic efficiency without the resistance
caused by the central hub. Liu et al. [14] investigated the influence of scale effects on the open
water performance of an RDT employing transition models. Afterwards, the influence of
bearings on the open water performance of RDTs was explored in Liu et al. [15], considering
two representative bearing types. Their results indicated that the presence of the bearings
in the gap has an influence on the overall performance of the thruster by changing the flow
regime in the gap and the interactions between different components of the RDT. The wake
dynamics of RDTs have also been studied by Liu et al. [16] and Gaggero [17] in order to better
understand the evolution of vortical structures behind the propeller and their impacts on the
RDT noise performance. Moreover, the concept of rim-driven technology is also applied to
other fields, such as tidal turbines [18].

Several studies have been carried out on the optimization design of RDTs.
Gaggero [19] proposed a simulation-based optimization framework for the design of RDT
propellers. A multi-objective algorithm was employed to take into account the efficiency
and cavitation performance. The results indicated that after optimization, the cavitation
performance of the propeller, regardless of the number of blades, was improved signifi-
cantly. Zhai et al. [20] employed a parametric method to define the duct profile and finally
a gain of 3.3% in efficiency was realized. In the work of Liu et al. [21], the adjoint approach
was utilized to optimize the profile of an RDT duct. Compared to the baseline symmetric
duct profile, the optimized duct achieved a higher efficiency as well as a reduced cavi-
tation risk. A multi-parameter collaborative optimization framework was proposed by
Nie et al. [22] to improve the efficiency of RDTs based on the response surface method.

From the above summary, it can be seen that currently, most studies on RDTs are based
on the assumption that the RDT operates in open water conditions without the influence of
other objects, such as a vessel hull. However, it is of paramount importance to take into
account the propeller–hull interactions when fully evaluating the performance of a propeller,
as the flow behavior is totally different from open water conditions [23–25]. Therefore,
some researchers have set out to quantify the effects of propeller–hull interactions for
conventional propulsion systems in order to find better solutions for optimal design [26,27].
The present work is therefore intended to investigate the effects of the hull of an underwater
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vehicle on the hydrodynamic characteristics of a rim-driven thruster. The benchmark
DARPA (Defense Advanced Research Projects Agency) suboff model is employed for
this study, as there is a large amount of experimental data available, which can be used
to validate the numerical model. The remainder of the paper follows the structure in
the following way: the model set-up and its validation study are described in Section 2,
including the comparison of resistance against experimental data for the suboff model
with and without appendages and the open water performance of the ducted propeller.
The analysis of hydrodynamic performance of the RDT with and without the influence of a
hull is presented in Section 3. Finally, some conclusions are drawn based on the results in
Section 4.

2. Model Set-Up and Validation Study
2.1. Numerical Model

In the present work, Computational Fluid Dynamics (CFD) simulations using the
RANS and URANS approaches are employed to resolve the flow around the submarine
and the propeller. The governing equations for the flow are given as

∂ui
∂xi

= 0, (1)

ρ

(
∂ui
∂t

+ uj
∂ui
∂xj

)
= − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi

)]
+

∂
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−ρu′

iu
′
j

)
, (2)

where ρ is the fluid density, ui (i, j = 1, 2, 3) are the ensemble averaged velocity components,
t is the flow time, p is the pressure, µ is the dynamic viscosity, and −ρu′

iu
′
j is the Reynolds

stress term. For incompressible Newtonian flows, the Reynolds stresses can be related to
the mean strain rate and eddy viscosity as follows,

−ρu′
iu

′
j = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3
ρkδij, (3)

where µt is the turbulent viscosity and δij is the Kronecker symbol. The SST (Shear Stress
Transport) k − ω turbulence model developed by Menter [28] is chosen as turbulence closure.

The steady and implicit unsteady solvers in Star-CCM+ are employed for the calcu-
lations. The all y+ wall treatment is adopted and no transitional modeling is involved.
The SIMPLE (Semi-Implicit Method for Pressure Linked Equation) segregated algorithm is
adopted to link velocity and pressure. In this study, the moving reference frame approach
is utilized for the steady simulations and the sliding mesh technique for the unsteady
ones. Some important parameters are monitored to ensure that the calculations are fully
converged. For the unsteady simulations, the time step size is equal to 1 degree of propeller
rotation with an inner iteration number of 8.

2.2. DARPA Suboff Models

The hull of the underwater vehicle in this study is the benchmark DARPA (Defense
Advanced Research Projects Agency) suboff without and with full appendages, also referred
as suboff AFF-1 and AFF-8, respectively, as shown in Figure 1. These models were selected
because public experimental data are available for validation, including hull resistance and
flow field details. The basic parameters of the submarine are provided in Table 1, and the
geometric details can be found in Huang and Liu [29].
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Table 1. Main parameters of the DARPA suboff model.

Parameter Symbol Unit Value

Reynolds number ReS - 1.2 × 107

Hull Diameter DS m 0.508
Hull Length L m 4.356

(a) AFF-1. (b) AFF-8.

Figure 1. A general view of the DARPA suboff models: (a) AFF-1 without and (b) AFF-8 with full
appendages, respectively.

2.2.1. Mesh Generation and Validation

For all simulations in the present study, the computational domains share a similar
topology. For example, the computational domain for the simulations of the DARPA suboff
submarines with and without appendages has a cylindrical shape, in which the inlet is
located 1L ahead of the bow of the submarine, and the outlet is placed 2L away from the
stern of the submarine. The radius of the cylinder is 5Ds, where Ds is the diameter of the
submarine. The boundary conditions are defined as follows: a velocity inlet with uniform
incoming flow is set at the inlet, a pressure outlet with constant ambient pressure is set at
the outlet, a slip wall is set for the side surface of the domain and no-slip walls are set for
the solid surfaces of the submarine, as summarized in Table 2.

Table 2. Boundary condition definition.

Boundary Velocity Pressure

Inlet Calculated by J ∂p
∂n = 0

Outlet ∂v
∂n = 0 Constant

Suboff surfaces v=0 ∂p
∂n = 0

Domain side surface ∂v
∂n = 0 ∂p

∂n = 0

The mesh generation is performed within Star-CCM+, in which unstructured trimmed
grids are used to discretize the computational domain. Some local refinements are added
to locations with high curvature or appendages in order to better capture the flow de-
tails. The surface and volume meshes for the DARPA suboff models are presented in
Figures 2 and 3. The all y+ wall function is employed, which resolves the boundary layer
with varied near-wall treatment based on local y+,

y+ = yρuτ/µ, (4)

in which y is the distance normal to the wall, uτ =
√

τw/ρ is the friction velocity and τw is
the wall shear stress.

Afterwards, the grid assessment procedure proposed by Roache [30] is adopted to
estimate the grid discretization error. As suggested by the procedure, three sets of meshes
have been generated in order to reduce the numerical uncertainty. As all the meshes are
unstructured in the present study, the refinement ratio between meshes is calculated based
on the total number of grid cells in the entire computational domain, notably,

r21 =

(
N2

N1

)1/d
> 1 (5)
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in which N1 and N2 is the number of grid cells for the coarse and medium mesh, respectively,
and d is the dimension of the problem, which is 3 in this case. For the refinement ratio
between medium and fine meshes, the same procedure can be applied. Moreover, the Grid
Convergence Index (GCI) is introduced to quantify the grid uncertainty.

e21 = |ϕ1 − ϕ2

ϕ1
|, (6)

GCI21 =
1.25e21

rp
21 − 1

, (7)

where e21 is the relative error between two meshes, ϕ1 and ϕ2 are the results from different
meshes, 1.25 is the safety factor when three or more meshes are employed, r21 is the
refinement ratio as defined in Equation (5) and p is the order of numerical accuracy, which
is 2 in this study.

(a) (b)

Figure 2. Mesh discretization for the suboff AFF-1 model. (a) Surface mesh. (b) Volume mesh.

(a) (b)

Figure 3. Mesh discretization for the suboff AFF-8 model. (a) Surface mesh. (b) Volume mesh.

The results of the mesh sensitivity analysis for the DARPA suboff models with and
without appendages are presented in Tables 3 and 4, respectively. For the suboff AFF-1
model, it can be seen that the predicted resistance by the different meshes is very close.
The convergence is non-monotonic, yet the GCI value decreases a little. As for the AFF-8
model, non-monotonic convergence is also observed. The GCI values are slightly higher, yet
they are still within acceptable ranges. Moreover, the experimental measurements by Liu and
Huang [31] are also provided for comparison and reasonable agreement is noted in both cases.

Table 3. Discretization error estimation for suboff model: AFF-1.

Mesh Density Total Cells Refinement Ratio Resistance GCI

Coarse 676,834 - 86.72 N -
Medium 1,316,427 1.25 85.88 N 1.7%
Fine 2,533,748 1.24 86.61 N 1.6%
Experiment 87.4 N
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Table 4. Discretization error estimation for suboff model: AFF-8.

Mesh Density Total Cells Refinement Ratio Resistance GCI

Coarse 1,301,011 - 102.67 N -
Medium 2,113,258 1.17 102.77 N 0.26%
Fine 3,185,314 1.15 101.49 N 3.9%
Experiment 102.3 N

2.2.2. Comparison with Experimental Measurements

To further substantiate the fidelity of the numerical model, the pressure and skin
friction coefficients on the AFF-1 and AFF-8 surfaces along the longitudinal direction
are provided in Figures 4 and 5. Apparently, the pressure and skin friction distributions
predicted by CFD match the experimental results very well. In the case of the AFF-8,
the sudden changes in pressure distribution at the location of the sail and rudder fins are
caused by the presence of these appendages. Furthermore, the velocity field in the wake
of the AFF-8 model is also compared between CFD and Experimental Fluid Dynamics
(EFD), as shown in Figures 5b,c. It needs to be noted that the displayed velocity is the
streamwise velocity, which has been non-dimensionalized by the free-stream velocity. It
can be observed that the pattern of the velocity distribution is quite similar, and a V-shaped
carving is clearly detected downstream of the sail, which is caused by the depletion of the
boundary layer at the center [32].

0 0.2 0.4 0.6 0.8 1

x/L

-0.5

0

0.5

1

C
p

CFD

EFD

(a)

0 0.2 0.4 0.6 0.8 1

x/L

0

2

4

6

C
f

10
-3

CFD

EFD

(b)

Figure 4. Comparison of non-dimensional parameters between CFD and EFD for the AFF-1 model.
(a) Pressure coefficient Cp distribution. (b) Skin friction coefficient C f distribution.

0 0.2 0.4 0.6 0.8 1
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-0.5

0
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1
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EFD

(a) (b) (c)
Figure 5. Comparison of non-dimensional parameters between CFD and EFD for the AFF-8 model.
(a) Pressure coefficient Cp distribution. (b) Velocity distribution at the propeller plane (x/L = 0.978):
CFD. (c) Velocity distribution at the propeller plane (x/L = 0.978): EFD.
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2.3. Ducted Propeller and Rim-Driven Thruster

Due to a lack of experimental data for the rim-driven thruster, a ducted propeller is
used instead to validate the numerical model for the propeller simulations as it is very
similar to an RDT in structural design. The well-studied ducted propeller with Ka4-70
blades inside a MARIN 19A duct is selected, and the physical model is provided in Figure 6.
Detailed geometric information about the ducted propeller can be found in Oosterveld [33],
as well as experimental data for open water tests.

(a) (b)

Figure 6. Physical model of the ducted propeller. (a) Front view. (b) Side view.

2.3.1. Mesh Generation and Validation

The set-up of the computational domain follows the previous study of Liu et al. [8,21],
in which a cylinder was adopted. The boundary conditions are summarized in Table 5.
The inlet is defined as a velocity inlet and the velocity is calculated based on the advance
coefficient J, and a constant pressure that has the same value as the ambient pressure is
set at the outlet. As for the far-field, a symmetry boundary condition is applied where
the velocity gradient along the normal direction is zero. The surfaces of the propeller, rim
and duct are considered as no-slip walls. To ensure a uniform and undisturbed inflow,
the propeller is placed 4D downstream of the inlet. The outlet, on the other hand, is located
10D downstream to guarantee a fully developed wake flow. Moreover, the computational
domain is composed of two zones, one static zone containing the fixed parts of the propeller
and the other rotating zone containing the rotational parts of the propeller.

Table 5. Definition of boundary conditions for the computational domain.

Boundary Velocity Pressure

Inlet Calculated by J ∂p
∂n = 0

Outlet ∂v
∂n = 0 Constant

Propeller, rim and duct v=0 ∂p
∂n = 0

Cylinder surface ∂v
∂n = 0 ∂p

∂n = 0

The hydrodynamic coefficients are defined as

J =
VA
nD

, (8)

KT =
T

ρn2D4 , (9)

KQ =
Q

ρn2D5 , (10)

η =
J

2π

KT
KQ

, (11)
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Cp =
p − p∞

1
2 ρV2

, (12)

C f =
τw

1
2 ρV2

, (13)

where VA is the velocity given at the inlet, n is the propeller rotational speed, D the
propeller diameter, J is the dimensionless advance ratio, KT is the dimensionless total
thrust coefficient, T is the total thrust, KQ is the dimensionless torque coefficient, Q is
the total torque, and η the hydrodynamic efficiency. It needs to be noted that the total
thrust consists of a thrust contribution from the propeller TP, rim TR and duct TD, and
the total torque consists of a thrust contribution from the propeller QP and rim QR. Cp is
the pressure coefficient, p is the local pressure, p∞ is the pressure in the free-stream and

V is the representative velocity of the propeller, which is equal to
√

V2
A + (0.7πnD)2 and

τw = µ ∂u
∂y

∣∣
y=0 (u is the flow velocity along the blade surface, y is the normal distance).

The mesh distribution of the ducted propeller is illustrated in Figure 7. The trimmed
mesh generator in Star-CCM+ was employed to generate unstructured cells around the
propeller, with some refinement in the gap and wake regions. The estimation of discretiza-
tion error for the ducted propeller is presented in Table 6. The total number of cells used
for each case is provided, along with the refinement ratio calculated based on Equation (5).
It can be observed that the results between different meshes are very close, particularly
between the medium and fine meshes. The GCI values also indicate that the simulations
are well converged, with a numerical uncertainty less than 2%. Moreover, by comparing
the numerical results against experimental data, it is seen that the difference in propeller
thrust is rather small, i.e., within 1.5%. For the propeller torque, the discrepancy is larger,
but it is still within 3%. Considering the negligible variance between the medium and
fine meshes, the medium mesh is considered to be fine enough to obtain accurate results
regarding hydrodynamic characteristics of the studied propellers. Thus, the topology of
the medium mesh is employed for the subsequent simulations.

(a)

(b) (c)

Figure 7. Mesh distribution around the ducted propeller. (a) Overall mesh of the ducted propeller.
(b) Surface mesh on the duct and propeller. (c) Mesh details near the blade tip clearance.
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Table 6. Discretization error estimation for the ducted propeller.

Mesh Density Total Cells Refinement Ratio KT /10KQ GCI

Coarse 1,627,744 - 0.476/0.457 -
Medium 4,137,873 1.36 0.475/0.449 0.2%/2%
Fine 6,232,051 1.15 0.476/0.449 0.6%/≈0%
Experiment 0.468/0.437

2.3.2. Open Water Performance Comparison

For the sake of completeness, the open water performance of the ducted propeller
under a wide range of advance coefficients is provided in Figure 8. It can be observed
that the correlations between numerical simulations and experimental measurements are
fairly reasonable, especially for the propeller and duct thrust coefficients. The discrepancy
in thrust coefficients between CFD and EFD is within 3% for all considered advance
coefficients. As for the propeller torque coefficient, the CFD results are always lower
than the experimental results. This can be attributed to the turbulence model used in the
simulations, which is mainly empirically based and can hardly resolve the exact flow details
in the boundary layer on the propeller surfaces. As such, the disagreement in efficiency is
primarily caused by a torque difference.

0.1 0.2 0.3 0.4 0.5 0.6 0.7

J

0

0.2
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K
T
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K
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K
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K
TP

K
Q

Figure 8. Open water performance of the ducted propeller.

The same meshing strategy for the ducted propeller is employed for the RDT. The basic
parameters of the RDT are given in Table 7. The propeller is modified from a Ka propeller
with a diameter of 0.25 m. In order to fit the peculiar structure of the RDT, the thickness
distribution of the blade along the radial direction is reversed from the original one. As for
the duct design, two duct forms are considered: one is directly adapted from the conven-
tional 19A duct and the other one taken from Liu et al. [21] in order to take into account the
accommodation of motor stator, as shown in Figure 9.

Table 7. Basic parameters of the RDT model used in this study.

Parameter Symbol Unit Value

Number of blades Z - 4
Diameter of propeller DP m 0.25
Area ratio of propeller AR - 0.72
Length of duct LD m 0.1635
Length of rim LR m 0.066
Height of rim H m 0.006
Rim gap width WG m 0.002
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(a) (b)

Figure 9. The physical model of the rim-driven thruster. (a) Front view. (b) Side view.

Figure 10 presents the mesh distribution around the AFF-8 model with an RDT as
propulsor. As can be seen in Figure 10a, there are some refinement zones in the computa-
tional domain, such as in the wakes of both the suboff and RDT, in order to better resolve
the flow field and improve the prediction accuracy. Prism layers with a growth ratio of 1.2
are employed on the propeller and duct surfaces, and more importantly in the gap region
of the RDT, as the gap flow has significant impacts on the performance of the RDT [12,34],
as shown in Figure 10c.

(a)

(b) (c)

Figure 10. Mesh distribution around the self-propulsion suboff AFF-8 model. (a) Overall mesh for
the DARPA suboff AFF-8 with RDT. (b) Surface mesh at the stern of the suboff submarine. (c) Mesh
details in the gap region.

3. Results and Discussion for the RDT
3.1. Self-Propulsion Characteristics

Currently, most research has assumed that RDTs work underwater as an isolated
object. However, in practical cases, the hull of ships or underwater vehicles will pose
significant influences on the propeller when moving through water, i.e., in the form of
propeller–hull interactions. As a result, the effective flow velocity VA to the propeller is no
longer equal to the velocity of the incoming flow VS (the advance velocity of the hull) as in
the case of open water conditions. Therefore, the propeller thrust and torque are different.
Moreover, the rotational movement of the propeller accelerates the flow at the stern of the
hull and causes a pressure drop in this region, leading to an increase of the hull resistance
compared to the case without propeller present. In order to quantify the self-propulsion
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characteristics, hydrodynamic coefficients recommended by ITTC [35] are introduced and
briefly described below. The nominal wake field is the wake field of a ship or underwater
vehicle at the propeller plane when the propeller is absent. The nominal wake coefficient w
is used to reflect the degree to which the propeller is affected by the hull and is defined as

w = 1 − VA
VS

, (14)

where VA represents the effective flow velocity to the propeller and VS the advance velocity
of the hull.

On the contrary, the total resistance of the hull is also influenced by the presence of the
propeller. Due to the gain in hull resistance R, the propeller has to produce a higher thrust
to overcome the additional resistance in order to keep the balance between forces. Since
the additional resistance is caused by the propeller, it is often referred as thrust deduction,
and the thrust deduction coefficient t is defined as

t = 1 − R
T

, (15)

where R is the total resistance of the hull without propeller, and T is the propeller thrust in
self-propulsion conditions.

As aforementioned, the propeller thrust and torque behind a hull are distinct from
those in open water due to the influence of the hull wake. Therefore, the thrust identity
method is employed to relate the propeller efficiency in both cases. In open water conditions,
the propeller’s rotational rate is kept constant while the flow velocity is varied to obtain an
identical thrust as for self-propulsion conditions. Assume that the thrust and torque of the
propeller behind the hull are T and Q, respectively. Then the power PD delivered to the
propeller is defined as

PD = 2πnQ, (16)

where n is the rotational rate of the propeller. The propeller thrust power is calculated as

PT = TVA. (17)

Then the ratio of PT and PD is considered as the efficiency of the propeller behind the hull,
ηB, and is calculated as

ηB =
TVA

2πnQ
=

TVA
2πnQO

QO
Q

= ηOηR, (18)

where QO is the propeller torque under open water conditions, ηO the open water efficiency
and ηR the relative rotation efficiency. On the other hand, the hull efficiency ηH is the ratio
of effective power PE and propeller thrust power PT and is calculated as

ηH =
PE
PT

=
RVS
TVA

=
1 − t
1 − w

. (19)

Therefore, the propulsion efficiency ηD is calculated as

ηD = ηOηRηH . (20)

Influence of Duct Profiles

In order to investigate the influence of propeller–hull interactions on the hydro-
dynamic performance of the RDT, the self-propulsion characteristics of the AFF-1 and
AFF-8 models with an RDT under various flow velocities are explored using steady sim-
ulations with the MRF approach. Considering that in the non-uniform wake of an un-
derwater vehicle the duct profile has a significant influence on the performance of the
RDT by changing the attack angle of the propeller, RDTs with different duct profiles are
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also examined. One of them is modified from a conventional 19A duct as in the research
of Liu and Vanierschot [12], Jiang et al. [34], Chen et al. [36], Lin et al. [37], Cai et al. [38], and
the other from Liu et al. [21]. The 19A duct is commonly adopted in ducted propellers
because it demonstrates excellent performance, particularly under heavy propeller loading
conditions. The profiles and basic parameters of the two ducts are provided in Figure 11
and Table 8 to illustrate the difference. The thickness of the optimized duct is selected
according to the thickness of the 19A duct at the middle position.

Table 8. Basic parameters of the RDT ducts.

Parameter Symbol Unit Value

Length of duct LD m 0.1635
Inner radius Di m 0.25
Outer radius Do m 0.3

(a) (b)

Figure 11. The scheme of duct profiles used in this study. (a) RDT with 19A duct form (RDT-19A).
(b) RDT with OPT duct form (RDT-OPT).

The self-propulsion characteristics of the AFF-1 with two RDT configurations are pro-
vided in Figure 12a. For each advance speed, the self-propulsion point was defined by
searching for the rotational speed of the propeller when the total thrust produced by the RDT
overcomes the total resistance of the suboff model. The advance coefficient J is obtained from
the thrust identity method. It can be seen that the advance coefficient increases gradually
with an increase of advance speed of the submarine. However, the increase in J as a function
of advance speed is not as significant, since the propeller’s rotational speed also increases
to produce sufficient thrust to overcome the greater hull resistance. It is also noted that
the advance coefficient of the RDT-OPT is always higher than that of RDT-19A. Moreover,
the influence of the submarine hull on RDT-19A is more pronounced, as indicated by the
wake fraction coefficient w. However, with an increase of advance speed, the effect of the
submarine wake is gradually reduced. As for the thrust deduction coefficient, the RDT shows
more intense interactions with the submarine hull, resulting in a higher resistance.

The hull efficiency represents the relationship between wake fraction coefficient and
thrust deduction coefficient. As mentioned above, the wake fraction coefficient mainly
reflects the influence of the vessel hull on the propeller. The thrust deduction coefficient,
on the other hand, is responsible for the extra resistance production on the hull caused by
the suction action of the propeller. When the wake fraction coefficient is larger than the
thrust deduction coefficient, the hull efficiency will be larger than unity, which is the case
for both RDT-OPT and RDT-19A. It is also observed that the hull efficiency of RDT-19A is
higher than the one of RDT-OPT. When the propeller works behind the hull, the actual
velocity of the flow to the propeller is no longer constant or perpendicular to the propeller
disk area. Therefore, the torque required for the propeller to produce an identical thrust
becomes different. The relative rotation efficiency of RDT-OPT and RDT-19A is very close
to one, with the former less than one and the latter larger than one. Even though there
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is a significant discrepancy in the open water efficiency ηO between RDT-OPT and RDT-
19A, the difference in propulsion efficiency ηD is much less distinct, which suggests that
due to the complex relationship between these parameters, considering only one or two
parameters when evaluating the performance of a propeller may lead to failure to make an
accurate estimation. Nevertheless, when behind the hull form of the AFF-1, the RDT-OPT
has exhibited better performance in improving the propulsion efficiency compared to RDT-
19A for all considered advance speeds. Compared to AFF-1, there is a small difference in the
self-propulsion characteristics of AFF-8, as shown in Figure 12b. The advance coefficient,
wake fraction coefficient and thrust deduction coefficient of RDT still follow the same
pattern as for AFF-1, but the discrepancy from RDT-19A becomes smaller. It is noteworthy
that the hull efficiency decreases for both RDTs. Consequently, even though the open water
efficiency improves as compared to the AFF-1 case, the propulsion efficiency declines at the
corresponding advance speed. Again, the RDT-OPT demonstrates improved propulsion
efficiency compared to RDT-19A for most advance speeds.
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Figure 12. Self-propulsion characteristics of AFF-1 and AFF-8 with RDTs. (a) AFF-1+RDTs. (b) AFF-
8+RDTs.
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3.2. Flow Field Analysis

To better illustrate the interaction between the RDT and submarine hull, a comparison
of pressure coefficient distribution over the submarine surfaces with and without RDTs
is presented in Figure 13. As can be seen, the influence of the propeller on the submarine
is mainly focused on the stern region where a clear pressure drop is observed when
the propeller is present (the discontinuity in the plot is where the propeller is located,
as indicated by the black circle). This shows that the rotational movement of the propeller
accelerates the flow nearby, and consequently the local pressure is reduced. A close-up of
the pressure coefficient distribution where the pressure starts to decline is also provided in
each plot. As expected, the pressure drop caused by the RDT-OPT is more substantial than
that of RDT-19A, resulting in a higher resistance of the submarine hull.
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Figure 13. Influence of propeller motion on the pressure distribution on the submarine surfaces.
(a) AFF-1. (b) AFF-8.

The velocity distributions at a cross-sectional plane just upstream of the propeller
for the AFF-8 with two RDT configurations are compared in Figure 14 to demonstrate
the influence of the propeller–hull interactions on the flow field. Again the presented
velocity is the streamwise velocity, which has been non-dimensionalized by the freestream
velocity. It can be observed that the velocity vectors are pointed to the hub center, which
is caused by the suction effect of the propeller. The velocity profiles around the propeller
exhibit a similar pattern, with a velocity magnitude changing gradually along the radial
direction. The effects of submarine rudders and stern are clearly visible, with a low axial
speed wake caused by the necklace vortices generated on these appendages, as reported
by Chase et al. [32]. The reduction in velocity can result in a higher propeller loading,
and thus more intense pressure fluctuations. It is noted that the the low velocity region of
the RDT-19A configuration is obviously larger than the one of the RDT-OPT configuration,
and consequently the effective advance coefficient is lower, which is consistent with the
results shown in Figure 12b.

(a) (b)

Figure 14. The comparison of velocity distribution upstream the RDTs behind the AFF-8 submarine.
(a) AFF-8+RDT-OPT. (b) AFF-8+RDT-19A.
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Due to the rotational movement of the propeller, the flow field often changes in a
periodic manner with a frequency corresponding to the blade passing frequency (BPF),
which is 36 1/s in the considered case. In order to quantify the pressure fluctuations caused
by the interactions between RDT and submarine hull, two probing points are located
0.5D upstream the propeller and two points 0.5D downstream to monitor the pressure
changes, as illustrated in Figure 15. Then unsteady simulations with the sliding mesh
approach are carried out to study the pressure fluctuations in the flow field near the RDT.
The pressure fluctuations normalized by 1

2 ρn2D2 after five propeller rotational cycles are
presented in Figure 16. It can be seen that the pressure coefficients change periodically with
almost constant amplitude for both the RDT-OPT and RDT-19A configurations. However,
the amplitude of pressure fluctuations at different positions is obviously distinct, with point
1 and point 3 exhibiting higher orders than point 2 and point 4. This may suggest that the
strength of the vortex shed from the stern decreases along the spanwise direction, and the
interactions of vortices at the outer radius of the propeller are more intense, resulting in
higher pressure fluctuations. Moreover, a Fast Fourier Transform (FFT) is employed to
change the data in the time domain into the frequency domain for further analysis. As can
be seen from Figure 17a–d, the amplitude of the pressure fluctuations at the BPF has the
highest peak compared to its harmonics, and the RDT-OPT configuration always shows
higher values than that of the RDT-19A configuration, indicating a more intense interaction
with the submarine hull.

Figure 15. The position of probing points used for the analysis of fluctuating pressure.
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Figure 16. Comparison of pressure coefficient fluctuations at the probing points near the RDTs.
(a) Probing point 1. (b) Probing point 2. (c) Probing point 3. (d) Probing point 4.
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Figure 17. Comparison of amplitude of pressure coefficient fluctuations at the probing points near
the RDTs. (a) Probing point 1. (b) Probing point 2. (c) Probing point 3. (d) Probing point 4.

4. Conclusions

The present work investigates the influence of propeller–hull interactions on the hy-
drodynamic performance of RDTs. RDTs with different duct profiles are assumed to operate
in the wake of the DARPA suboff submarine models AFF-1 and AFF-8. A grid sensitivity
analysis and validation study are carried out to ensure good numerical accuracy. After-
wards, the self-propulsion characteristics of the suboff models with two RDT configurations
under a wide range of advance speeds are considered to perform a reasonable comparison.
The unsteady flow fields are then presented and analyzed to explain the differences in flow
fields. Based on the results, some findings and conclusions are summarized below.
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• Due to the presence of the submarine hull, the RDTs show distinct hydrodynamic
characteristics compared to the cases in open water conditions. Moreover, the shape
of the submarine hull can have an obvious influence on the performance of the RDTs.

• The effective advance coefficient of the RDTs increases with the advance speed of the
submarine in a non-linear manner. The duct profile also has a significant effect on
the flow behavior upstream of the propeller, resulting in different equivalent advance
coefficients under the same submarine advance speed.

• The profile of the RDT duct has a significant influence on the hydrodynamic character-
istics of the RDT under self-propulsion conditions, as well as the pressure fluctuations
in the flow fields near the RDTs.

• The wake of the submarine hull is no longer uniform as in the case of open water
conditions, and the vortex generated on the sterns of the AFF-8 causes more intense
interactions with the RDTs.

• The pressure fluctuations display a higher amplitude at regions near the propeller tip
compared to regions near the hub, indicating the pattern of vortex distribution in the
stern wake.

• The fundamental frequency of the pressure fluctuations corresponds to the blade passing
frequency, and its higher harmonics are almost negligible in terms of amplitude.

Given the complex interactions between the submarine hull and RDTs, considering
only the open-water performance of RDTs may not be sufficient for optimal designs aimed
at improving efficiency. The results presented here can provide some insight into the
evaluation of the comprehensive performance of RDTs, which may help RDT designers
make better choices during the design process.
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DARPA Defense Advanced Research Projects Agency
EFD Experimental Fluid Dynamics
RANS Reynolds-Averaged Navier Stokes
DES Detached Eddy Simulation
RDT Rim-driven Thruster
UV Underwater Vehicle
SST Shear Stress Transport
SIMPLE Semi-Implicit Method for Pressure Linked Equation
MRF Moving Reference Frame
RPM Revolutions Per Minute
SM Sliding Mesh

References
1. Yan, X.; Liang, X.; Ouyang, W.; Liu, Z.; Liu, B.; Lan, J. A review of progress and applications of ship shaft-less rim-driven thrusters.

Ocean Eng. 2017, 144, 142–156. [CrossRef]
2. Li, P.; Yao, H.; Wang, C.; Weng, K. Improved efficiency with concave cavities on S3 surface of a rim-driven thruster. Phys. Fluids

2023, 35, 107102. [CrossRef]

http://doi.org/10.1016/j.oceaneng.2017.08.045
http://dx.doi.org/10.1063/5.0168698


J. Mar. Sci. Eng. 2024, 12, 1838 18 of 19

3. Tuohy, P.; Smith, A.; Husband, M.; Hopewell, P. Rim-drive marine thruster using a multiple-can induction motor. IET Electr.
Power Appl. 2013, 7, 557–565. [CrossRef]

4. Richardson, K.; Pollock, C.; Flower, J. Design of a switched reluctance sector motor for an integrated motor/propeller unit. In
Proceedings of the Electrical Machines and Drives, Durham, UK, 11–13 September 1995; pp. 271–275.

5. Sharkh, S.; Lai, S. Slotless PM brushless motor with helical edge-wound laminations. IEEE Trans. Energy Convers. 2009,
24, 594–598. [CrossRef]

6. Hassannia, A.; Darabi, A. Design and Performance Analysis of Superconducting Rim-Driven Synchronous Motors for Marine
Propulsion. IEEE Trans. Appl. Supercond. 2013, 24, 40–46. [CrossRef]

7. Dubas, A.; Bressloff, N.; Sharkh, S. Numerical modelling of rotor–stator interaction in rim driven thrusters. Ocean Eng. 2015,
106, 281–288. [CrossRef]

8. Liu, B.; Vanierschot, M.; Buysschaert, F. Effects of transition turbulence modeling on the hydrodynamic performance prediction
of a rim-driven thruster under different duct designs. Ocean Eng. 2022, 256, 111142. [CrossRef]

9. Liu, B.; Vanierschot, M.; Buysschaert, F. Comparison Study of the k − kL − ω and γ − Reθ Transition Model in the Open-Water
Performance Prediction of a Rim-Driven Thruster. Int. J. Turbomach. Propuls. Power 2024, 9, 2. [CrossRef]
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