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ABSTRACT

Rim-driven thrusters (RDT) are of great interest for the development of integrated electric motors for underwater vehicles. Gap flow is one
of the most prominent flow characteristics and plays an important role in the hydrodynamic performance of RDT. In this study, the rim in a
carefully designed RDT was modified with several concave cavities defined by four parameters, and their influence on hydrodynamics was
carefully calculated and analyzed. The simulations were performed using the k-w shear stress transport turbulence model by solving the
unsteady Reynolds-averaged Navier—Stokes equations. The numerical method was verified using a popular combination. The numerical
results showed that the concave cavities on the rim improve the propulsive efficiency of RDT by a maximum of 3.52%. The increase in the
propulsive efficiency is directly associated with the parameters of the concave cavities. Nevertheless, the flow in the gap has a negligible effect
on the main flow field through the RDT. According to the numerical analysis, the different pressure integrals at the front and back surfaces
of the concave cavities are the main reason for the improvement of the propulsive efficiency. The modification of the rim is helpful and prac-

tical for the hydrodynamic optimization of the RDT.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0168698

I. INTRODUCTION

With the development of integrated electric motors, rim-driven
thrusters (RDTs) have become an innovative propulsion device for
naval vessels." The electric motor stator, which is integrated into the
duct, drives a magnetic ring around the blade. RDTs have many
advantages owing to their unique design without penetrating shafting.
Therefore, the study of RDT is important for the technological
advancement of marine vehicles and will be a popular subject in the
foreseeable future.”

The earliest original geometry of RDT was proposed in a novel
patent approximately 80 years ago.” Compared to shafting-driven pro-
pellers, the ingenious design outperforms the RDT as follows:" (i) The
compact arrangement saves cabin rooms and is helpful for flexible
installation. (ii) The higher motor efficiency is due to the broadband
torque transmission through the magnetic field. (iii) The RDT has
higher efficiency and is much less sensitive to advance coefficients
than a hub-driven propeller. (iv) Low demand for secondary systems:
The inherent integration makes this thruster independent of the cool-
ing system and other systems. These advantages have attracted consid-
erable attention in the research community. Research on the RDT
performance and application has made significant progress in recent

years with the development of integrated motor technologies. Electric
motors are currently the most important research topic. Researchers
have focused their efforts on improving the electromagnetic perfor-
mance, sealing, and weight. Another interesting topic is the optimiza-
tion of bearings used in RDTs. Water-lubricated bearings are a typical,
simple, and environmentally friendly choice for commercial company
products.’

So far, some work has been done on the hydrodynamic perfor-
mance, which we focus on here. There are little public data on RDT to
support academic studies. Therefore, derivatives of ducted propellers,”
combinations of Ka4-70 and MARIN 19A, and Ka4—-70 and MARIN
37 have often been used. Despite the geometric differences between
the modified ducted propeller and RDT, adequate experimental and
numerical data available in the public literature can help researchers
understand their results. In addition, few institutions have designed
and manufactured a prototype RDT”* that had been tested in-house,
and the data have limited access. Potential flow methods, for example,
the lifting surface and boundary element methods, are frequently used
for design and selection. The efficiency of these methods was much
higher than that of the computational fluid dynamics (CFD) method.
Nevertheless, CFD remains the most widely used and economical
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method for scholars and engineers to overcome the challenges in
applying RDT. In the current study, unsteady Reynolds-averaged
Navier—Stokes (URANS) accounted for a large proportion of patients.
The k- shear stress transport (SST) is one of the main turbulence
models that we are aware of.”” The cost and difficulty of this method
are lower than DES (detached eddy simulation) and LES (large eddy
simulation) according to Refs. 10 and 11. Most of the experiments that
considered RDT were classified. Therefore, limited test data can be
found in the literature by the public."

Based on the above geometries and common methods, research-
ers have conducted some studies on the hydrodynamics and optimiza-
tion of RDT. Song et al'’ conducted simulations of the
hydrodynamics of four pairs of RDTs with and without hubs. They
pointed out that the presence of a hub reduces the hydrodynamic effi-
ciency by up to 2%. There are three reasons for this loss. (i) Lower
flow rate pushes the fluid through the hub-type RDT faster, which
reduces the angle of attack along the radial blade. (ii) Higher flow rate
and viscosity of the fluid increase the flow velocity; (iii) more vorticity
induced by the hub leads to more energy loss. Zhu and Liu'* con-
ducted tests and determined a head curve for a seven-bladed RDT
pump. They found that the curve had a hump shape and pointed out
three causes for the hump shape: the backflows residing near the gap,
the difference between the pressure side and the suction side, and the
pressure loss within a half radius. They then analyzed the influence of
the hub on the efficiency of the RDT and reached the same conclusion
as in Ref. 13. Lii et al." discussed the performance of a distributed
pump-jet propulsion system attached to a submarine by solving the
RANS equations. Researchers from Wuhan University of Technology
have extensively studied the hydrodynamic performance of RDT."”
They pointed out that the gap between the duct and rim has a signifi-
cant influence on the hydrodynamics of the rim-driven contra-rotat-
ing thruster (RDCRT) and believed that the frictional torque acting on
the gap is strictly related to the clearance size, rotation rate, and
advance coefficients. In addition, they proposed that a proper fillet at
the corner of the gap could reduce the torque loss, and their numerical
and experimental data on torque loss agreed well. Lin et al.” used the
OpenFOAM solver to determine how the shape of the gap affects the
hydrodynamics of RDT and concluded that the efficiency could be
improved by shortening the gap length. y+ over the S surfaces has an
impact on the distribution of the tangential velocity in the gap. Then,
they proposed a modified formula to calculate the frictional torque
between the S surfaces. They evaluated four different thrusters and
assessed their hydrodynamic properties. They selected the best one to
perform the tests, and the numerical and experimental results agreed
well. Griitmmer et al.® applied a class-and-shape transformation (CST)
method to create multiple ducts, and the blade was adjusted based on
a good design. The speed of the vehicle increases from 1.22 to 1.46 m/s
for the same power.

From the above reviews, it can be seen that researchers made
efforts to improve the propulsive efficiency by optimizing the duct
profile or the shape of the gap. However, the results have been unsatis-
factory. This study focuses on the optimization of the rim, which can
change the characteristics and magnitudes of the torque acting on the
S5 surface. This will significantly improve the propulsive efficiency of
the RDT. The study was conducted using numerical simulations in
which the URANS equations were solved. The paper is organized as
follows: The governing equations, geometries, computational domain,
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boundary conditions, and grids are presented in Sec. II. The hydrody-
namic results, flow characteristics, and optimization mechanism are
presented and discussed in Sec. I11. In Sec. IV, we present several con-
clusions based on our data and preview prospects for future studies.

Il. NUMERICAL DETAILS
A. Governing equations and turbulence model
The URANS equations can be written as follows:

ap o
E'FV'(pV)fO, (1)

%(p\“’) + V- (pv@V) ==V -pIl+ V(T + Trans) + fo, (2)
where v is the mean velocity, p is the mean pressure, p is the fluid den-
sity, I is the identity tensor, T is the mean viscous stress tensor, and f;,
is the result of the body forces (such as gravity and centrifugal forces).
The k- SST turbulence model is a two-equation turbulence model
that solves the transport equations for the turbulent kinetic energy
(TKE) k and the specific rate o (the dissipation rate per unit turbulent
kinetic energy). It is used to ensure the closure equation and has been
proven in numerous studies on the hydrodynamic predictions of
RDT'® ' and traditional propellers.”” ** The transport equations for
k and o are as follows:

%(pk) + V- (pkv) =V - [(1 + oxpt,) VK] + Px

— pBfp (wk — woko) + Sk, (3)
ad
5@&)) + V- (pov) =V - [(u+ 0oi) VK| + P,

— pBfs(e” — 5) + S, )

where p is the dynamic viscosity; o and ¢, are model coefficients; Py
and P, are production terms; and fj- and f; are the modification fac-
tors for free-shear and vortex-stretching, respectively. Sx and S, are
the user-specified source terms. Detailed information can be found in
Ref. 23.

B. Geometry and modifications of the rim

The RDT used in this paper is named m1SP974, where ml
means the first version of modification based on a rim developed by
the authors previously; 9, 7, and 4 are the number of the pre-stator
(PS) blades, the blades, and the post-stator blades, respectively. It was
carefully designed and optimized for further numerical and experi-
mental investigations. Its geometry is shown in Fig. 1. As can be seen
from the figure, the RDT consists of six assemblies: a fair water duct,
one single annular rim, nine streamlined pre-stators (PS), seven blades
with moderate skewness, four symmetrical rear-stators (RS), and an
elongated hub. The stators are helpful for the structural strength of
RDT. In addition, the pre-stator provides the blades flow of higher
quality and improves its propulsive efficiency. The geometric parame-
ters are listed in Table 1. The coordinate system is located at the rotat-
ing center around which the rotor (the combination of rim, blades,
and partial hub) rotates. The positive x axis points downstream,
whereas the y and z axes are in the plane perpendicular to the x axis.

As shown in Fig. 2, several parameters were used to determine
the layout of the concave cavities on the S; surface of the circular rim.
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FIG. 1. The geometry of the RDT is termed m1SP974.

TABLE I. Key parameters of the RDT m1SP974.

Item Symbol Unit Value
Maximum duct radius Ry mm 142.6
Blade radius/duct inner radius/ R, mm 105.5
rim inner radius

Rim outer radius R, mm 111.5
R, minus the thickness of the R; Mm

concave cavity

Hub ratio 0.316
Gap thickness OGap mm 1.0
Rim thickness ORim mm 6.0
Duct length Lpuet mm 235.1
Rim length Lrim mm 56.0
Blade chord at 0.7R, Co7ri mm 81.8
Pre-stator chord Cps mm 32.5
Rear-stator chord Crs mm 42.7

The width of the concave cavity (W) was defined as the axial distance
between the two side surfaces, as shown in Fig. 2(c). The thickness (H)
is the radial distance between the S; surface and the bottom surface of
the concave cavity, as shown in Fig. 2(b). The circumferential span of
a single cavity (¢,) is easily understood, as shown in Fig. 2(b). The cir-
cumferential span between two cavities (¢,) is equal to 360° divided

Concave cavities (@)

Rotational
direction

by the number of concave cavities that lie on the rim. The detailed
parameters of the concave cavity are listed in Table II. N is the number
of the concave cavities distributed on the rim. The layouts were classi-
fied into four categories based on the above four parameters. When
necessary, we use m0—-m3 to refer to different cases in a single cate-
gory. The original case was included in all categories and set as the ref-
erence case.

C. Computational domain, boundary conditions,
and meshing

The computational domain is a cylinder with a streamwise length
of 38R, and a radius of 12Ry, as illustrated in Fig. 3(a). Here, R, is the
radius of the inner surface of the duct The size of the computational
domain used is sufficient based on previous research.'”'*'®**** The
origin of the coordinate system is located at the center of the rotor, as
shown in Figs. 1 and 3(a). The velocity inlet lies 14R; upstream,
whereas the pressure outlet is located 24R; downstream, far from the
origin. The inlet surface is set with the velocity inlet boundary condi-
tion, and the outlet surface with the pressure outlet boundary condi-
tion. The cylindrical boundary of the computational domain is set as a
slip wall. The rotating subdomain is set up to enclose the rotor. Noting
the division of the subdomains is the same as that used by Zhai et al,”?
which is believed to be more accurate according to their findings. In
our study, STAR-CCM+ is taken as the solver for the numerical simu-
lations. The pressure—velocity coupling is based on the SIMPLEC algo-
rithm. A second-order upwind scheme is used for the convective term.

......... ©

FIG. 2. The layout of the concave cavities in the case: M1 which has five cavities.
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TABLE II. The detailed information about the modification of the rim.

Case No. w H N ®, N
MO 0
M1 54 5 40 72 5
M2 34 5 40 72 5
M3 44 5 40 72 5
M4 54 1 40 72 5
M5 54 3 40 72 5
Mé6 54 5 20 72 5
M7 54 5 30 72 5
M8 54 5 40 120 3
M9 54 5 40 90 4

A first-order implicit scheme is used for temporal discretization, and
five inner iterations are set for each time step.

Trimmer and prism layer techniques were used to create an
unstructured grid to fill the computational space. Six layers of sheet
cells with a radial expansion coefficient of 1.2 are attached to the non-
slip wall, so that the dimensionless wall distance y+ remains within
54. The face and volume of the cells were controlled based on the base
value. Detailed information about the distribution of the different cells
is listed in Table I11. The minimum and maximum values were appro-
priate for joint assemblies with different cell requirements. By adjust-
ing the baseline values, three sets of grids listed in Table I'V were used
to perform the convergence analysis. The reference values for the
coarse, medium, and fine grids are 1.0, 0.741, and 0.549 m, respec-
tively. Figure 4 presents the details of the fine grid for the M0. The
other cases maintain the same grid strategy, which may result in small
variations in the number of cells due to the different rims.

D. Convergence analysis and verification

The related parameters about the hydrodynamics of RDT are
written as follows:

] = Uref/(an1)7 (5)
CTRDT = TRDT/(pn2(2R1)4)a (6)
Cour = Qrotor/(/mz(ZRl)s)v (7)

Slip wall

ARTICLE pubs.aip.org/aip/pof

TABLE |Il. Detailed information about the cell sizes of the mesh, which are pre-
sented in percentage based on the reference length of reference values.

Maximum Minimum Average

Item size (%) size (%) size (%)
Duct 0.1 0.025 0.082
Blades 0.1 0.025 0.065
Rim 0.025 0.025 0.025
Pre-stator 0.1 0.05 0.097
Rear-stator 0.1 0.05 0.097
Hub 0.4 0.1 0.375
Blade region e e 0.1
Inner flow region e cee 0.2
Duct region e e 0.4
Wake region e e 0.4
Far wake region aE e 0.8
TABLE IV. The cell amount of three grids.
Item Coarse Medium Fine
Cells in rotor surfaces 292 888 565478 1080321
Cells in stator surfaces 385270 698 637 1214334
Total number of cells 13632515 22854632 31874595

N =JCrip: / (27Co ), (8)

where ] is the advance coefficient, Uy is the free-stream velocity, n is
the rotational rate of the rotor, TrpT, and Q,utor are the total thrust of
the RDT and the torque acting on the rotor, respectively. The conver-
gence analysis was performed under /= 0.9 and n = 15.6 rps for MO,
as mentioned in Subsection I1B. The coefficients of the total thrust
and torque acting on the rotor were used to assess the accuracy of the
discretization. To perform the convergence analysis, a procedure called
grid convergence index (GCI) based on the Richardson extrapolation
method”*”” has been evaluated by numerous CFD simulations.”*
Detailed information on this procedure can be found in Celik et al.”
The results of the assessments are listed in Table V. The data in
Table V show that the numerical uncertainties based on the fine-grid

Far region

FIG. 3. (a) The computational domain and boundary conditions. (b) The division of the computation domain into multiple regions for mesh generation.
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Gap & blade tip

Far wake

FIG. 4. Grid distribution near the RDT and cells in the gap.

TABLE V. The results of the convergence analysis.

For the total For the torque

Item thrust coefficient acting on the rotor

N 13632515, 22854632, 13632515, 22854632,
31874595 31874595

r 1.676, 1.395 1.676, 1.395

¢ 0.1342, 0.1375, 0.1387 0.0810, 0.0846, 0.0859

p 2197 2220

U 1.00% 1.73%

solution should be reported as 1.00% and 1.73% for the total thrust
and torque acting on the rotor, respectively, implying that our simula-
tions are reliable. Therefore, a fine grid was used for the following cal-
culations. The time step used in our simulations corresponded to the
interval at which the blades were rotated by 2°.

Experimental data on RDT are lacking, and the hydrodynamic
performance of a popular geometry, a combination of Ka 4-70 and
MARIN 19A, was used to validate the numerical results. In addition,
experimental data for a ducted propeller by Baltazar et al.”* were used
for comparison. The gap thickness in the modified RDT used in this
study was the same as in previous studies. The grid is shown in Fig. 5.
Note that the rim is disregarded from the comparison as the ducted

N

Modified RDT

Wake thicken

Gap thicken

FIG. 5. The grid for Ka 4-70 and MARIN 19A.

propeller does. From Fig. 6, it can be seen that good consistency is
achieved, which confirms our numerical code and method. Nothing
that Crand Cg, are lightly different from Egs. (6)—(8). They are defined
as T/(pn*D*), Q/(pn°D’), where T and Q are the thrust and torque act-
ing on the blades, and D is the diameter of the blades. However, an
overestimation of the torque coefficient by up to 8.7% resulted in a sig-
nificant deviation of the propulsive efficiency by up to 16.5%. We
believe this is closely related to the friction loss between the duct and
the rim, as reported by other researchers.” Moreover, large discrepan-
cies have been reported by Lin et al” and Liu and Vanierschot.’
Therefore, we believe that the simulation results are reliable.

lll. RESULTS AND DISCUSSION
A. The hydrodynamic results

In this section, the hydrodynamics of the different cases men-
tioned in Subsection ITB are systematically calculated under J=10.9
(the highest propulsive efficiency point for m1SP974) to determine the
influence of the rim with concave cavities on the hydrodynamic per-
formance. All hydrodynamic loads were time-averaged over the last 20
revolutions. The hydrodynamics of the different cases are listed in
Table VI, where Ay is the increment in the propulsive efficiency rela-
tive to the original case, MO. It can be seen that the concave cavities do
have a negligible effect on the total thrust of the RDT. The largest bias
between the modified and original cases was less than 0.16%. In addi-
tion, the torque acting on the rotor was more susceptible to the

06k © Baltazar et al.

¢ Song et al. o
o Linetal. o
05 —CFD o
S
S 0.4} °
© ®
0.3}
0.2}
0.1F

01 02 03 04 05 06 0.7
J

FIG. 6. The hydrodynamic performance.
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TABLE VI. The hydrodynamics of RDT.
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TABLE VII. The torque acted on different surfaces of the rim with concave cavities.

Case No. Crior Clroer n An (%) Case No. Clumer Cqq, Cqs, Cas

MO 0.4320 0.1214 0.5099 0 MO 0.0538 0.0057 0.0032 0.0367
M1 0.4322 0.1173 0.5279 3.52 M1 0.0583 0.0064 0.0087 —0.0138
M2 0.4322 0.1189 0.5208 2.14 M2 0.0558 0.0060 0.0057 0.0077
M3 0.4319 0.1181 0.5238 2.72 M3 0.0568 0.0061 0.0069 —0.0020
M4 0.4313 0.1184 0.5217 2.32 M4 0.0563 0.0063 0.0065 0.0042
M5 0.4318 0.1176 0.5250 3.11 M5 0.0577 0.0063 0.0079 —0.0086
Mo 0.4314 0.1188 0.5202 2.01 Meé 0.0563 0.0060 0.0063 0.0075
M7 0.4320 0.1181 0.5239 2.75 M7 0.0576 0.0062 0.0074 —0.0039
M8 0.4320 0.1189 0.5203 2.04 M8 0.0564 0.0062 0.0061 0.0073
M9 0.4320 0.1181 0.5238 2.73 M9 0.0574 0.0063 0.0072 —0.0030

modified rims. The reduced torque improved the propulsive efficiency
by up to 3.52% for M1.

To gain a deeper insight into the torque acting on the rim, the
torques acting on the four surfaces of the rim are presented in Table
VII. The partial results from the various cases are also plotted in Fig. 7.
For clarity, all cases were classified into four categories according to
the parameters of the concave cavity, and each category included four
cases with increasing parameters, named m0-ma3. Note that the torque
acting on each cavity counts in the S; surface. We can see that the tor-
ques acting on S, and S; are much smaller than those acting on the
inner and S; surfaces, indicating that the reduced torque depends
mainly on these two surfaces. In addition, the torque acting on the
inner surface changed compared to the original case (MO0) for all mod-
ified cases. The bounds of the increments ranged from 3.71% to
8.37%. In contrast, the torque acting on the S; surface decreased fur-
ther when a parameter of the concave cavity was increased. Its bounds
of decrement ranged from 79.01% to 137.61%, far exceeding the incre-
ment in the inner surface. This can be seen in Fig. 7. Two indications
can be derived from this: (i) the reduction of the torque on S; of the
rim is the main reason for the increase in the propulsive efficiency,

and (ii) the increase in the efficiency is closely related to the reduction
of the torque acting on the rim or specifically S;.

The original case and the best optimization case in our study
were selected for further comparison. Figure 8 shows the hydrody-
namic comparison. It is obvious that the total thrust remains almost
constant, whereas the torque acting on the rotor decreases, resulting in
improved efficiency, as shown in Fig. 8(a). The first dashed box in Fig.
8(b) shows that the decrease in torque acting on the rim dominates
the hydrodynamic variation of the RDT. The second dashed box in
Fig. 8(b) shows that the torque acting on S; is opposite to the torque
acting on the rest of the rim, which means that the torque is reduced
by 137.7%. Although the torques acting on S; and S, increased signifi-
cantly, their absolute values were at least one order of magnitude
smaller than those of S; and the inner part. Moreover, the torque of
the rotor is not significantly affected. Therefore, it was reconfirmed
that the reduced torque acting on the S; surface dominates the varia-
tion in the improved propulsive efficiency.

Figure 9 compares the pressure and frictional torque acting on
the surfaces of the rims in cases: MO and M1. It can be seen that in
both cases there is no pressure torque acting on the “flat” S; and S,.

(a) —a—W —O—H —O— ¢ —0— ¢ (b)
20
0.0
1.0
-1.0
1.0
-1.0
0.0f
S3
-120L_ . o || & . —‘ 40.0

m0 ml m2 m3

m0 ml m2 m3

FIG. 7. The increment in torque acting on the rim: (a) pressure torque and (b) frictional torque.
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FIG. 8. The hydrodynamic comparison between two cases: MO and M1.

Similarly, no pressure torque is generated from the “flat” S; for the
original case: M0. However, a much larger pressure torque is gener-
ated, which is opposite to the frictional torque or torque acting on the
rotor, as indicated by the dashed box in Fig. 9(a). At the same time,
the frictional torque on each surface increases sharply compared to the
original case: MO. Therefore, we can conclude that the reduced torque
acting on the S; surface is attributed to the pressure torque generated
by the concave cavities.

B. The flow through the gap
The flow quantities of the flow field in the following content are

the phase-averaged results. The phase-averaged quantity”" is calculated
using the following equation:

1A
f(x,p,2) = ZZf(x,y, z, ty + alt), )
a=1
where f (x, y, 2) is the flow quantity under consideration, A is the total
number of samples after convergence, t, is the initial time at which the
simulation converges, a is the quantity of the ath sample, and At is the

sampling interval. In addition, the phase-averaged quantities can be
re-averaged along the tangential direction in a cylindrical coordinate
system, as shown in Fig. 1. The re-averaged quantities’’ were time-
independent and related only to the spatial resolution in the same
simulation.

The flow through the gap is determined by the pressure differ-
ence created by the rotating blades. Figure 10 shows the phase-
averaged pressure coefficient [C, = (p—p,)/(0.50 Uz), where p and pj
are the local pressure and reference pressure, respectively] and dimen-
sionless tangential velocity (u,) of the flow passing through the gap
between MO and M1. The planes in Fig. 10 were extracted from the
gap, as indicated by the dashed lines in Fig. 2(a). The wake ejected
from the blades had a much higher pressure than the fluid drawn in
by the blades, resulting in a significant pressure difference between S,
and S,. The higher pressure near S; pushed the fluid in the gap toward
S, where the ambient pressure was lower. Therefore, the flow direction
in the radial gap was opposite to the mainstream flow direction in the
duct, as illustrated in Fig. 10(a). This was also confirmed by numerous
researchers and their studies.”"**"°° At the upstream corner, there is
a backflow region that can be created by the pressure on CCgge; as
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FIG. 9. The torque acted on the rim: (a) pressure component and (b) frictional component.
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FIG. 12. The circumferentially averaged rms of the coefficient of pressure and wall shear stress in the inner surface of two rims from two cases: M0 and M1.

marked in Fig. 16. The viscous shear stress induced by the rotating
rotor forced the fluid to flow in the rotational direction, as shown in
Fig. 10(b). The tangential velocity decreased as the flow moved radially
away from the surfaces of the rims M0 and M1. However, the low tan-
gential velocity zone in in5 in Fig. 10(b) suggests that there is a large
backflow near the CCggep. Figure 11 confirms this inference.
Compared to the original MO case, the fluid moves more slowly and
irregularly when it encounters a concave cavity. The fluid slows down
due to the backwards-facing step flow.

We believe that the mainstream enclosed by the duct and inhaled
by the blades restricts the outflow from the gap close to the inner sur-
face of the rim, which changes the mechanical properties. Figure 12
shows the circumferentially averaged rms values of the pressure and
wall shear stress acting on the inner surfaces of the rims for cases M0

and MI1. As can be seen, the influence of outflow is more pro-
nounced upstream of the leading edge (LE) than downstream of the
trailing edge (TE) for the pressure and wall shear stress. Pressure dis-
tribution was almost constant the further downstream the flow was.
In addition, the wall shear stress immediately downstream of S,
from M1 was significantly altered by the outflow and was slightly
stronger than that in the original case. The wall shear stress acting
on the inner surface can be divided into axial and tangential compo-
nents based on the columnar geometry. Apparently, the tangential
component dominates the frictional force acting on the inner sur-
face. The axial component behaves similar to the pressure and is
enhanced near S,. Figure 13 shows the vortices leakage from the gap
with the Q iso-surface colored by turbulent kinetic energy (TKE). Q
is defined as follows:
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FIG. 13. Vortices leakage from the gap outlet for two cases: (a) M0 and (b) M1.
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As mentioned earlier, leakage vortices with low levels of TKE attach
tightly to the inner surface and spread unevenly downstream. The
leaky vortices from the two cases shown in Fig. 13 behaved similarly,
and limited differences were still observed when they were close to the
blade tips. The leakage vortices from the modified case appear to
extend farther downstream than in the original case, consistent with
the variations shown in Fig. 12.

There is no doubt that restricted leakage vortices would encoun-
ter blades at the joints between the blades and rim. The blades pre-
vented the influence of the leakage vortices from extending
downstream. Nevertheless, Fig. 14 shows the limited effects of the leak-
age vortices on the mechanical properties (C, and Cyare the pressure
and friction coefficient) of the blade tip. As shown, the quantities on
the pressure side of the blade are more sensitive to the leakage vortices
than those on the suction side, which could be related to the thicker
boundary layer due to the lower relative velocity between the pressure

side and the fluid. In addition, the pressure distribution near the lead-
ing edge (LE, and TE means trailing edge) was altered. The optimiza-
tion reduces the peak pressure, which may be beneficial for reducing
the risk of cavitation inception, according to Ref. 37. The wall shear
stresses of the two cases varied slightly along the chord and coincided
at the trailing edge.

It is believed that the influence of the leakage vortices was
blocked by the blades. Nevertheless, we compared the circumferen-
tially averaged rms values of the pressure and velocity magnitude in
the two types of wakes, as shown in Fig. 15. In general, the effect of
optimization on the wake is difficult to observe because the rotational
motion of the blades dominates. This finding is consistent with the
results reported by Lin et al.*

C. The mechanism of the optimization

In the previous analysis, it was believed that the influence of the
concave cavity was confined to the gap and front inner surface of the
rim. Therefore, concave cavities reduce the torque acting on the rim
due to the variations within the gap.

FIG. 14. Mean pressure and shear stress on the blades at /Ry = 0.99 for two cases.
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FIG. 15. The circumferentially averaged flow quantities in the wake behind the duct [the rms of pressure coefficient (left) and dimensionless velocity magnitude (right)].

Figure 16 shows the distributions of the pressure coefficient and
dimensionless wall shear stress. The gradients of the mechanical prop-
erties on the rim from MO were smoother and more uniform than
those of M1. A strip-shaped high-pressure zone is located at the bot-
tom of CCfon, Whereas a low-pressure zone is located near CCpye.
The distribution of wall shear stress was significantly different. The
wall shear stress increased significantly as the flow approached CC;,
and CC,,. Except for these regions, the mechanical properties were
almost unaffected by the concave cavity. The tangential velocities
along the radial lines located at the axial middle of the rim, as shown
in Figs. 2(a) and 2(c), were extracted and are plotted in Fig. 17. The
tangential velocity is uniformly distributed in a zigzag pattern along
the radial direction. In the modified case, the flow in the gap differs
significantly and transforms into an L-shape when it falls into a cavity,
although it still zigzags in other zones. There was no clear gradient

Mo|

rotational direction

CCsideZ

M1|

near the outermost gap, indicating that the wall shear stress was low in
these zones. In addition, the velocity magnitude was much smaller in
the concave cavity zone. To obtain further insight into the characteris-
tics of the tangential velocity, the radial derivative, i.e., the acceleration
of the tangential velocity, was calculated and is plotted in Fig. 18. It
can be seen that the acceleration is much larger when the fluid
approaches or leaves the concave cavity. The T = p(du/dn) equation
shows that the wall shear stress (7) is proportional to the normal veloc-
ity gradient (du/dn). Therefore, a greater acceleration results in an
increase in the wall shear stress, as shown in Fig. 16. Although axial
velocity contributes to the wall shear stress, the S; surface data in
Tables IX and X imply that the tangential component plays a domi-
nant role in the variation in the wall shear stress.

From Subsection III A, we see that the concave cavities improve
the propulsive efficiency of the RDT by reducing the torque acting on

Mo|

FIG. 16. The distributions of pressure and wall shear stress in the rims from two cases.
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FIG. 19. The hypothesis for the improved propulsive efficiency.

the rotor or rim. In Subsection II1 B, we find that the leakage vortices
have a negligible effect on the inner surface, consistent with the slight
variation in the torque in Table VII Based on Fig. 19(c), the torque
that the rotor must overcome is the product of the tangential force
(against the direction of rotation) and its radial arm with respect to the
center of rotation. For m1SP974, the maximum thickness of the con-
cave cavity is 5 mm, which means the ratio equals 4.74%. The thick-
ness of the concave cavities is so small relative to the radius of the

rotor (<5%) that we can simply consider the arm of force to be con-
stant. Thus, the reduced torque is closely related to the tangential force,
as shown in Fig. 19(c).

Tables VIIT-X list the integral of the pressure and frictional quan-
tities acting on the various surfaces of the rims in two cases. In general,
the pressure components are at least one order of magnitude larger
than the frictional components. As is well known, the pressure always
presses perpendicularly on the wall, which means that the integrals of
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TABLE VIII. The integral of pressure on various surfaces of the rims.

Case No. Sl SZ S3 CCSidel
MO —0.9885 —14.50 —41.22 e
M1 —3.941 —17.64 —61.53 —0.3967
Case No. CCSideZ CCfront CCback chottom
Mo . . . .
Ml 0.1846 5.002 —4.935 —1.839

TABLE IX. The integral of the tangential wall shear stress on various surfaces of the
rims.

Case No. Sy S, S3 CCside1
MO 0.5376 0.3052 3.343 .
M1 0.5964 0.8155 3.091 0.4933
Case No. CcsideZ Ccfront chack chottom
MO e . .. e
M1 0.5191 0 0 4.504

TABLE X. The integral of the axial wall shear stress on various surfaces of the rims.

Case No. S S, S5 CCiider
MO 0 0 —0.6148

M1 0 0 —0.2303 0
Case No. Ccsidel Ccfront CCback chottom
MO e .. e e
M1 0 0.001 624 0.01344 0.1773

the pressure over S; and CCporom are parallel to the radial direction,
while the integrals over S;, S,, CCgiger, and CCgiqe are parallel to the
axial direction. In both cases, the torque involved does not change, as
shown in Figs. 19(a) and 19(b). However, the integrals of pressure
over CCfont and CCpyq as shown in Fig. 16 are strictly along the tan-
gential direction and contribute to the torque acting on the rotor. If
the integral of pressure over the CCg,y is greater, the torque acting on
the rotor or rim will reduce. Conversely, the torque in question
decreases. The data in Table VIII correspond exactly to the former
phenomenon. Therefore, the propulsive efficiency increases
noticeably.

IV. CONCLUSION AND FUTURE WORK

In this study, the performance of an RDT whose rim was modi-
fied with multiple concave cavities was carefully calculated by solving
the RANS equations based on STAR CCM+. Compared with the orig-
inal thruster, the numerical results and analysis yielded the following
conclusions:

ARTICLE pubs.aip.org/aip/pof

(1) The concave cavities on the rims improved the hydrody-
namic efficiency of the RDT by reducing the torque acting
on the rotor (a combination of blades, rim, and partial
hub). The increase in the propulsive efficiency was posi-
tively correlated with the parameters of the concave cavi-
ties. In our study, the best layout of the concave cavities
improved efficiency by a maximum of 3.52% and a mini-
mum of 2.01%.

(2) Similar to most previous studies, the pressure difference
between the gap inlet and outlet resulted in the flow direction
opposite to that of the mainstream within the duct and free-
stream. The influences of the leakage vortices were limited by
the mainstream near the inner surface and prevented from
expanding downstream by the blades.

(3) The difference between the integrals of the pressure over
CCfront and CCy, produces a torque in the rotational direction
of the rotor, which offsets some of the driving torque or con-
sumption torque. This improves the propulsive efficiency of the
RDT.

Concave cavities were found to reduce the consuming torque act-
ing on the rim, with the reduction in torque or increase in efficiency
being linear to the concave cavities parameters. The effects of concave
cavities on vibration, noise, and cavitation in the RDT require further
investigation. In addition, it is unknown whether the structural
strength meets the requirements. The optimization of the concave cav-
ity is important for the next study.
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