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Abstract

A high-efficiency propeller can enable a long mission duration for autonomous underwater vehicles (AUVs). In this study,
a new method with OpenProp coupled with computational fluid dynamics was developed to design a propeller for an
Explorer100 AUV. The towed system simulation of the AUV was used to measure the nominal wake, and a self-propulsion
simulation was used to measure the effective wake at the disc plane just in front of a propeller. Two propellers referring to
the nominal wake (propeller 1) and effective wake (propeller 2) were designed with OpenProp and appended with the
AUV for self-propulsion simulations, respectively. Through the numerical simulation of the AUV self-propulsion tests, the
cruising velocity of AUV was obtained. The flow characteristics of the self-propulsion in pressure and velocity contours
were also analyzed. The propeller designed with an effective wake improved the thrust, velocity, and efficiency by approximately
11.3%, 6.7%, and 2.5%, respectively, as compared with those with a nominal wake. The cruising velocity of the final
designed propeller for the Explorer100 AUV improved by 21.8%, as compared to that of the original propeller from the
AUV free-running tests.
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1 Introduction

Autonomous underwater vehicles (AUVs) are untethered
vehicles and have been used by military, commercial, and
academic operators in different mission scenarios. One of
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the goals of AUV design is to reduce the power require-
ment and extend its mission duration with contained limited
power. Although the AUV line is optimized to reduce its
resistance, designing a propeller with high efficiency is
critical for AUVs. Traditionally, an AUV would choose an
available commercial propeller due to the costly, difficult,
and time-consuming design and fabrication. However, the
propeller is not optimized for the capabilities of a specific
vehicle. Therefore, it is necessary to design an efficient
propeller required for unique vehicle characteristics.

Various design methods for ship propellers are the charts-
based method (Wu et al., 2011; Sheng and Liu, 2013), lift-
ing-line approach, and surface panel method (Epagnier et al.,
2007; Su and Huang, 2013; Sun and Huang, 2019). Charts
based on the results of standard series tests provide meth-
ods that enable standard screws to be designed with mini-
mum computation effort. Although a chart-based method is a
fast and reliable method, a lower efficiency is observed as
compared with the latter two methods. The surface panel
method and lifting-line method require a solution to the
radial load distribution of the propeller and are relatively
complex.

In recent years, owing to its high efficiency, the lifting-
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line method for propeller design has become increasingly
popular in marine applications as an alternative to the tra-
ditional chart-based method. Zhang et al. (2019) designed
a two-blade propeller for a long-range AUV based on the
lifting-line theory. Epagnier et al. (2007) optimized an AUV
propeller with a given desiring speed by varying the blade
number, propeller diameter, hub position, and chord length
distribution. Bellingham et al. (2010) and Li et al. (2017)
designed an AUV propeller using OpenProp based on the
lifting-line theory. Wang et al. (2019) designed a highly
skewed propeller based on the lifting-line theory by con-
sidering the harmonic analysis, propeller side slope, and
longitudinal inclination. Rao (2017) conducted a hydrody-
namic optimization for submarine propulsors based on the
panel method and optimization algorithms, including the
design of two-dimensional (2D) blade sections, numerical
prediction of the effective wake field and tonal noise of
propellers, optimization of seven-bladed propellers, and the
rotor of a pump-jet propulsor in effective wake fields. Sahi-
li and Zaida (2018) designed a propeller for a remotely op-
erated vehicle (ROV) activated by thrusters, and two pro-
pellers with a special blade design were analyzed.

In addition to the conventional propeller design method,
an optimization method combined with the conventional
propeller design method was recently studied. Kyung et al.
(2014) used a lifting surface optimization method coupled
with a blade alignment procedure to characterize a vortex
lattice discretization of the true blade mean camber surface
for the determination of the optimum circulation distribu-
tion. Wu et al. (2014) presented the marine propeller design
optimization with a genetic algorithm by finding the highest
efficiency from chart data. Stefano et al. (2016) devised a
new tip-loaded propeller geometry to mitigate some of the
downsides of the contracted and loaded tip geometries in-
creasingly adopted to improve the full-scale propeller effi-
ciency. It was designed via an optimization strategy using
a boundary element method, a custom parametric descrip-
tion of the unconventional blade geometry, and the genetic
algorithm. Wang et al. (2019) presented a wake-adapted
theory design and parameter optimization design of pro-
pellers to reasonably design a propeller suitable for opera-
tion under an accompanying flow field. It was established
by combing the harmonic analysis method, propeller side
slope, longitudinal inclination selection principle, lift-line
program, lift-surface program, unsteady surface element pro-
gram, and propeller parameter optimization design program.
Wang et al. (2020) proposed a propeller optimization meth-
od by combing the experimental design method, elliptical
basis function neural network approximation model, and
genetic algorithm, which can improve the propeller efficien-
cy and reduce the time cost in the optimization process.

This study presents a propeller design for an Explorer
100 AUV to improve its cruising velocity as it cannot reach
its cruising velocity appended with its original propeller. The

propeller design is based on the lifting-line code of Open-
Prop and computational fluid dynamics (CFD). The numeri-
cal method was demonstrated through open-water tests and
self-propulsion tests (Wu et al., 2019; Wu et al., 2020).

2 Methodology
2.1 OpenProp based on a lifting-line theory

OpenProp (Kimball et al., 2008) is a suite of open-source
propeller design codes developed by MIT based on the
moderately loaded lifting-line theory. The propeller blade
is modeled as discrete sections, having velocities and forces
on a 2D blade section in the e, axial and e, tangential di-
rections, as shown in Figure 1. V,and V, are the axial and
tangential velocities, u, and u, are the induced axial and
tangential velocities, and wris the apparent tangential in-
flow at radius 7, respectively. The total resultant inflow ve-
locity, ¥, has the following magnitude:

Figure 1 Velocity and force distribution on a 2D blade section

V*=,/(Va+u;)z+(a>r+ Vv u) (1)

The hydrodynamic pitch angle is .. « is the angle of at-
tack, 6 is the blade pitch angle, I" is the circulation, F, is
the lift force, and F, is the viscous drag force.

V+) ®
wr+V,+tu,
The efficiency of a single section at radius 7 is

p; = arctan
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where ¢ is the lift-to-drag ratio.

The axial and tangential induced velocities are dis-
cretized at control points on the lifting line at radial loca-
tionsr, (m),m=1---M by summing the velocity induced by
each horseshoe vortex:

w, (r,(m)) =S T(i) u,(m.i), )

u) (r.(m)) =" T(i)u, (m.i), (5)
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where u,(m,i) and u, (m,i) are the axial and tangential
velocities induced at r,(m) by a unit-strength horseshoe
vortex surrounding panel i.

The propeller optimization aims to find the set of M cir-
culations of the vortex lattice panels that produce the least
torque:

Q=pZ2521{[Va+uZ]F+lV*CDC[wrc+ V,+u::|}rCArv

2
(6)
For a specified thrust,
T, :pZzZ:]{[oorC +uy |- %V*CDC[Va + u:]}Arv
(M
— . LZZ T + 2
Hiy - 5o {m(ro) 3}r(1)

where H,, is set to 1 to model a hub or 0 for no hub.
{p.Zw} are constant and{F,uZ,u:,V*,c,Va,CD,rC,Arv} are
evaluated at each control point radius.

2.2 AUV model

The Explorer100 AUV is a low-cost, man-portable AUV
developed at Shenyang Institute of Automation (Chinese
Academy of Sciences) for a long-range oceanic survey at
an operating speed of 3 kn, with a non-inertial blade fixed
coordinate oxyz and inertial coordinate E&n¢ (Figure 2).
The origin of oxyz is located at the center of the propeller,
and its x-axis coincides with the propeller shaft. The origi-
nal propeller for the Explorerl00 AUV works with a low
efficiency, which cannot provide a thrust enough to propel
the AUV at an operating velocity of 3 kn at a given power.
Therefore, the current effort focuses on designing a new
propeller to improve efficiency and provide a large thrust
to reach the required operating velocity.

Figure 2 Model of the Explorer100 AUV without a propeller

2.3 Propeller design flow chart

The propeller was designed based on OpenProp codes. At
the beginning of the design, the radially varying circum-
ferential inflow is required to be inputted in the graphical
user interface. There are two inflows at the disk (Allston
et al., 2014; Regener et al., 2018): a nominal wake and an
effective wake. The nominal wake is the wake of the AUV
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in the absence of a propeller, whereas the effective wake
is that with the presence of a propeller. The effective wake
was contracted and accelerated by a rotating propeller, which
modified the wake profile. Therefore, it is important to ob-
tain the wake profile upstream of the propeller to optimize
the propeller design. The whole flow chart of the propeller
design is shown in Figure 3, which includes three steps: 1)
simulate the towed AUV to measure the nominal wake and
design an initial propeller (named propeller 1); 2) conduct
a self-propulsion test to measure the effective wake to de-
sign a final propeller (named propeller 2); and 3) conduct
a self-propulsion test to validate the interaction of the AUV
and propeller 2 and then compare the performance of the
designed propeller with that of the original propeller.

Ty
AUY model Measured
without :
effective wake w,
propeller
Propeller 2:
Towed AUV Design a
simulation propeller with w,
Measured Self-propulsion
nominal wake w, test2
. Compared
ll;ropeller 1: propulsion
esigiia. parameters
propeller with w,
| ,
Self-propulsion Save data
testl
L |

Figure 3 Propeller design flow chart

2.4 Towed AUV simulation

To obtain the nominal wake, a towed AUV cruising in a
straight line without a propeller was simulated (Bellingham
et al., 2010). The domain was a cylinder whose length was
four times the vehicle length (one length before the vehi-
cle and two lengths after the vehicle), and the diameter was
approximately five times the vehicle diameter. The mesh
for the whole 3D cylinder domain is shown in Figure 4.
To capture the boundary layer of the AUV wall, a 10-layer
prismatic mesh was built near the AUV wall. The y* value
is approximately 100. The whole volume was filled with
tetrahedral grids. The mesh number was 2 263 852, which
was verified with grid convergence (Wu et al., 2014). The
shear stress transport turbulence model was used. The
boundary conditions for the AUV, rudders, and fins were
set as the no-slip wall. A velocity was set at the inlet. Zero
static pressure was used at the outlet. The resistance of the
AUV without a propeller at an operating speed of 3 kn
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was 11.88 N, which is in excellent agreement with the mea-
surement in the sea test.

Figure4 Mesh of the AUV without a propeller

2.5 Nominal wake

The nominal wake distribution is usually used for ship
propeller design due to the unavailable effective full-scale
wake distribution. In this study, the nominal wake astern
the AUV without a propeller was used to design an initial
propeller. The nominal wake can be measured at the disc
location of the propeller from the towed AUV simulation,
which is shown in Figure 5. The nominal wake is a non-
uniform inflow to the propeller. It has four quadrants influ-
enced by four rudders and fins. In addition, the four quad-
rants of the nominal wake are different due to effects from
other appendages of the AUV. In the initial propeller de-
sign, the average nominal wake at each radius was used,
as shown in Figure 6. The average nominal wake increases
as the radius increases.
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Figure 5 Contour of the axial velocity in the nominal wake
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Figure 6 Average nominal wake at different radii

2.6 Design of an initial propeller

After determining the nominal wake, the thrust deduc-
tion factor ¢ was estimated to obtain the desired thrust of
the propeller. In the OpenProp program interface, the main
propeller parameters, such as the blade number, diameter,
hub diameter ratio, ship speed, and nominal wake distribu-
tion at each radius and desired thrust are inputted, and con-
sequently, a 2D propeller data can be designed. The efficien-
cy of each section was also analyzed, as shown in Figure 7.
A radius of 0.6R has the maximum efficiency. By trans-
forming the 2D propeller data to the three-dimensional (3D)
data (Wu et al., 2011), a 3D initial propeller (named pro-
peller 1) is obtained.

0.60
0.58
056 1
0.54 1

0.52}

@30 0.07 0.08 0.09 0.10
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Figure 7 Efficiency of each section

3 Open-water test validation

To validate the numerical approach for the self-propul-
sion of the AUV with a propeller, open-water tests were
simulated for the standard propeller (Wu et al., 2019), as
shown in Figure 8. The open-water tests were conducted
at the water tunnel of Dalian Maritime University. The
water tunnel allows a maximum flow velocity of 2.0 m/s.
During the open-water tests, the free-stream velocity was
set as 0.5 m/s, and the rotation speed was changed from
138 r/min to 1 500 r/min, which resulted in advance coef-
ficients varying from 1 to 0.1. The advance coefficient
J =0 was obtained by setting the inflow velocity at 0 and
rotating speed at 1 500 r/min. Measurements were used
for comparison with the current simulations, shown in Fig-
ure 8. The results show that the numerical results of the
open-water test are generally in good agreement with the
experimental data over the majority of the propellers’
working range.

4 Effective wake

There is a difference between the actual thrust and the
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Figure 8 Comparison of the numerical and experimental results in

the open-water tests

desired thrust for the propeller designed by the nominal wake.
Sometimes, the propeller designed by the nominal wake
cannot obtain the thrust needed to push the ship. This re-
sulted from the difference between the nominal wake and
effective wake and the difference between the estimated
thrust deduction factor and real thrust deduction factor.
Such a difference can be revised by a self-propulsion to ob-
tain the effective wake and real thrust deduction factor. Tra-
ditionally, it is impossible to obtain the effective wake for
a full-scale ship with a rotating propeller. The effective
wake is often measured by particle image velocimetry for a
scale ship model in a water tunnel (Ellenrieder and Pothos,
2008; Gui et al., 2001; Jung et al., 2009). In this study, the
effective wake from the AUV and propeller interaction
was measured through the self-propulsion simulation of the
AUV (Wei and Wang, 2013; Carrica et al., 2010; Chase
and Carrica, 2013; Sezen et al., 2018; Wang et al., 2017).
Figures 9 and 10 show the axial velocity and tangential
velocity just before the propeller interaction, respectively.
As can be seen, the effective wake modifies the inflow
field and results in upstream wake pre-spiraling by the ro-
tating three-blade propeller. The velocities in the effective
wake field have strong non-uniform radial and tangential
distributions. The lowest axial velocity occurs near the face
surface and the maximum velocity on the back surface of
the propeller. To measure the average effective wake at each
radius as an input to OpenProp to design a final propeller,
different circumferential locations are needed to measure,
as shown in Figure 11. Ten radii were selected: 0.4R, 0.45R,
0.5R, 0.6R, 0.65R, 0.7R, 0.8R, 0.9R, 0.95R, and R. The
first radius was chosen from 0.4R because the hub radius
was 0.38R. At each radius, the disc plane was located at
the interaction point between the leading edge and radius,
as shown in Figure 11(a). In each disc plane, the axial ve-
locity and tangential velocity were measured at an equal
angle interval of 5 degrees, as shown in Figure 11(b). The
average measured axial velocity and tangential velocity
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along the radius are shown in Figure 12. Noticeable differ-
ences are observed between the axial velocity for the nom-
inal wake field (Figures 5 and 6) and the effective wake
field (Figures 9 and 12). The effective wake is strongly
non-uniform due to the pre-swirling effect from the rotat-
ing propeller and has a higher average axial velocity than
that in the nominal wake.
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Figure 9 Contour of the axial velocity in the effective wake

Tangential velocity (m/s)

Figure 10 Contour of the tangential velocity in the effective wake

5 AUV self-propulsion simulation

The axial velocity and tangential velocity at each radius
were inputted into OpenProp, and the thrust deduction fac-
tor was recalculated. Then, a new propeller was designed
with OpenProp. The main parameters of the designed pro-
peller are shown in Table 1. The 2D data were transformed
into 3D one, and a 3D propeller was obtained, as shown
in Figure 13 (named propeller 2). The propeller is a three-
blade propeller and has a large hub. The hub diameter can
be decreased from the view of the high-efficiency propel-
ler design. However, its original value was kept to fit with
the AUV and is convenient for comparison between the de-
signed propeller and the original propeller. Then, a three-
blade propeller was amounted to the AUV (Figure 14) to
conduct the self-propulsion simulation. The mesh for the
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Figure 12 Average effective wake at different radii

AUV appended propeller is shown in Figure 15, with the
propeller domain having 861 062 meshes. The total num-
ber of elements is 3 114 795. The propeller rotation speed
was set to 1 000 r/min. By changing the inflow velocity,
the curve of the propeller thrust and AUV resistance at the
inflow velocity can be calculated (Stefano et al., 2016). The
self-propulsion point was determined at the intersection of
the two curves at an inflow velocity of 1.481 m/s. In this
self-propulsion point, the thrust 7, resistance R, and self-
propulsion factors, such as the advance ratio J, wake frac-
tion w, and thrust deduction ¢, can be determined, as shown
in Table 2. The thrust deduction factor 1-¢ is calculated

from Eq. (8), where R g and R, opusion are the resistances
in the towed and self-propulsion conditions, respectively.

1-¢t= Rtowed (8)
Rself - propulsion
Table 1 Main parameters of the final propeller
D(m) P/D,, d/D zZ A,/4, section
0.16 1.0 0.32 3 0.308  NACAG65A010

Table 2  Self-propulsion factors of the AUV appended by the final
propeller

n (r/min) T(N)
1000 14.351

R(N) J w t
14.32 045 019 024

Figure 13 Final designed model (propeller 2)

Figure 14 AUV with a propeller and appendages

The flow fields before and after a propeller interaction
are presented to investigate the hydrodynamic characteris-
tics of the propulsion system. Figure 16 shows the veloci-
ty contour of the AUV at the self-propulsion point. As can
be seen, a boundary layer increases from the AUV bow to
the stern. The separating flow from the up-extruding append-
age near the AUV’s stern highly interacts with the inflow
to the propeller, which contributes to the non-uniform in-
flow to the propeller and thus induces the vibration of the pro-
peller. Tip vortexes are observed downstream of the pro-
peller. Figure 17 shows the pressure contours of the AUV
self-propulsion, which shows the high pressure at the AUV’s
bow and propeller face. In addition, retarded flows were
observed at the regions of extruding appendages, which re-
sulted in an increase in the resistance and a non-uniform
inflow to the propeller. Figure 18 shows the comparison of
the pressure for the final propeller at four slices, two upstream
positions (x/R = 0.06, 0), one at the blades (x/R = —0.09) and
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(a) AUV mesh

(b) Stern mesh

A

(c) Middle vmesh

(d) Bow mesh
Figure 15 Mesh for the AUV appended by the final designed propeller

(a) Velocity contour of the AUV self-propulsion

(b) Closed-in propeller wake

Figure 16 Velocity contours of the AUV self-propulsion with the
designed propeller

Figure 17 Pressure contours of the AUV self-propulsion with the
designed propeller
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one downstream of the propeller (x/R = —0.25). The pres-
sure for the propeller blades on the back and face are shown
in Figure 19, which also shows a low pressure on the back
and high pressure on the face.

(a) x/R = 0.06

(c) /R =-0.09

(d) x/R=-0.25

Figure 18 Axial pressure contours for four slices

The comparison of the hydrodynamic performance be-
tween the designed propellers (propeller 1, designed referring
to the nominal wake; propeller 2, referring to the effective
wake) and the original propeller is shown in Table 3. At
the maximum input torque, the thrust, cruising velocity,
and efficiency of the final designed propeller (propeller 2)
all improved as compared with those of propeller 1, which
are 11.3%, 6.7%, and 2.5%, respectively. The cruising veloc-
ity of the designed propeller improved by 21.8%, as com-
pared to that of the original propeller, although not reach-
ing the goal of 3 kn, which is partly due to the large hub
diameter needed.
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(a) Back
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Figure 19 Pressure contours for the back and face surfaces of the
propeller blades (propeller 2)

Table3 Comparison of the propeller performance

Name T(N) V(m/s) n
Propeller 1 12.897 1.389 0.78
Propeller 2 14.351 1.481 0.8
Original propeller 1.215
Improved (%)
(Comparison of Propeller 11.3 6.7 2.5

2 with Propeller 1)

6 Conclusions

A high-efficiency propeller for Explore100 AUV was de-
signed by OpenProp based on the computation of the nom-
inal wake and effective wake. The propeller designed with
the effective wake improved its thrust, velocity, and efficien-
cy by approximately 11.3%, 6.7%, and 2.5%, respectively,
compared with those with the nominal wake. The cruising
velocity of the designed propeller improved by 21.8% com-
pared to the original propeller. The flow survey performed
for the towed and self-propulsion simulations of the AUV
fully characterizes the behavior of the upstream and down-
stream flows of the propeller. A non-uniform nominal wake
occurred at the propeller plane, which has four quadrants
influenced by four rudders and fins. In addition, due to the
complex interaction between the AUV and its appendages,
there are differences among the quadrants. With the propel-
ler, the effective wake was strongly non-uniform due to the

pre-swirling effect from the rotating propeller and had a high-
er average axial velocity than the nominal wake.
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