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Abstract

Range is an important factor to the design of autonomous underwater vehicles (AUVs), while drag reduction efforts
are pursued, the investigation of body-propeller interaction is another vital consideration. We present a numerical and
experimental study of the hull-propeller interaction for deeply submerged underwater vehicles, using a proportional-
integral- derivative (PID) controller method to estimate self-propulsion point in CFD environment. The
hydrodynamic performance of hull and propeller at the balance state when the AUV sails at a fixed depth is
investigated, using steady RANS solver of Star-CCM+. The proposed steady RANS solver takes only hours to reach
a reasonable solution. It is more time efficient than unsteady simulations which takes days or weeks, as well as huge
consumption of computing resources. Explorer 1000, a long range AUV developed by Shenyang Institute of
Automation, Chinese Academy of Sciences, was studied as an object, and self-propulsion point, thrust deduction,
wake fraction and hull efficiency were analyzed by using the proposed RANS method. Behind-hull performance of
the selected propeller MAU4-40, as well as the hull-propeller interaction, was obtained from the computed
hydrodynamic forces. The numerical results are in good qualitative and quantitative agreement with the experimental

results obtained in the Qiandao Lake of Zhejiang province, China.
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1 Introduction

As demands for autonomous underwater vehicles
(AUVs) are becoming more and more challenging and com-
plex, AUVs are supposed to be faster, be operated for
longer range and be more maneuverable than ever before.
The requirement for energy efficiency in design and opera-
tion of AUVs has been continuously increasing over recent
decades. For AUV designers and researchers, one funda-
mental is about correctly estimating the resistance and self-
propulsion performance for different operating cases. As re-
viewed for hydrodynamics of naval architecture and ocean
engineering by Stern et al. (2015), computational fluid dy-
namics (CFD) continue to develop at ever-faster speed. It is
showing inevitable potential to change engineering design
from build-and-test design process to simulation based

design approach, which will improve safety while saving
cost. CFD codes are also widely used for the optimization
and estimation of propeller-hull interaction of underwater
vehicles.

Open water performance of propellers have been stud-
ied and experimentally tested for more than two hundred
years since it was invented. Towing tank tests were widely
adopted to investigate open water performance and wake
variation of propellers under various loads (Denny, 1968; Di
Felice et al., 2009, Felli et al., 2011). As numerical tech-
nique developed, both potential flow and CFD approaches
became popular for propeller design and optimization. Po-
tential flow method is easier to develop and use, but it is re-
liable only when limited viscous effects need to be con-
sidered (Young and Kinnas, 2003). According to the com-
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parison of open water performance obtained from the poten-
tial flow Panel code and Reynolds averaged Navier—Stokes
(RANS) solver by Gatchell et al. (2011), potential flow
methods only gave reasonable results when the advance ra-
tio is higher than 1.3. CFD method has higher accurate than
potential flow approaches and lower cost than tank tests,
and many works were carried out to capture wake and tran-
sient effects of propellers by CFD codes. Some of these re-
searches include Martinez-Calle et al. (2002), Rhee and
Joshi (2005), Califano and Steen (2011) and Morgut and
Nobile (2012). These works prove that CFD approach can
predict torque and thrust in good agreement with experi-
ment test results. Besides routine simulation, CFD method
may also be applied to research on special operating condi-
tions of propellers (Martio et al., 2017).

For the prediction of hydrodynamic performance of pro-
pellers, there are also different specific techniques such as
sliding mesh (Shen et al., 2016), overset mesh (Shen et al.,
2015), steady moving reference frame (MRF) (Bhat-
tacharyya et al., 2016) and actuator disk (Kim et al., 2018).
When sliding mesh and overset mesh techniques simulate
actual rotation of propellers, their only difference is the way
dealing with the interface between rotating and non-rotating
mesh domains. As unsteady solver is needed for the simula-
tion, and to capture features of the flow around propellers,
very small time step has to be used, and this dramatically in-
creases the computational burden. MRF and actuator disk
methods are compromise proposals to reduce CPU time.
Actuator disk method can produce thrust and torque on the
base of the known propeller performance curves, it is prac-
ticable but not accurate. MRF is a good solution to mimic
the effect of a constant rotation without actually moving the
vertices of mesh, and a steady solution without the neces-
sary of a transient method is required. This is a simplifica-
tion and time-efficient approach for prediction of hydro-
dynamic performance of propellers.

When being fixed in the stern region of ships or AUVs,
action of propellers may lead to a significant difference in
the pressure field on the hull body. Because it is restricted
by measurement technique, factors for assessment of hull-
propeller interaction cannot be evaluated according to in-
service data only (Hobson et al., 2012). CFD method is also
widely applied in this field. Works by Phillips et al. (2009),
Ueno and Tsukada (2016), Dubbioso et al. (2017), Hayati et
al. (2013) prove that the effect of the hull-propeller interac-
tion should not be neglected, but these approaches still need
a large amount of time-consuming computations. To date,
CFD methods have been used to assess the hydrodynamic
performance of propeller in the presence of an AUV or ship
hull. Carrica developed a method to perform self-propul-
sion computations of surface ships (Carrica et al., 2010) and
underwater vehicles (Chase and Carrica, 2013), even per-
formance near surface in calm water and waves correspond-
ing to a sea state 5 (Carrica et al., 2018), in which the pro-

peller is gridded as an overset object, and a speed controller
is used to adjust its rotational velocity to figure out the self-
propulsion point. Sezen et al. (2018) estimated self-propul-
sion characteristics of DARPA SUBOFF with E1619 pro-
peller. Besides self-propulsion simulations, some numerical
test basins can also be used to study hull-propeller interac-
tion. Coe (2013) developed an unsteady RANS simulation
method that in conjunction with a 6-DoF rigid-body kin-
ematic model to conduct AUV maneuvering simulations.
Other works by Wang et al. (2018) and Guo et al.
(2018) also made great contribution to the study of hull-pro-
peller interaction of ships. Besides numerical simulations,
experiments were also carried out as benchmark and valida-
tion of CFD predictions for deeply submerged manoeuv-
ring performance, as well as concept studies. Experiments
by Overpelt et al. (2015) were widely referenced to proceed
further research for validation of manoeuvring simulations.

As remarkable as numerical simulation development is,
to date, the obtained technology for assessment of hull-pro-
peller interaction is still a time and resource consuming pro-
cess. If unsteady simulation method is used, it may take
days or weeks to evaluate propeller performance even using
supercomputers. An efficient approach to figure out hull-
propeller interaction of underwater vehicles is proposed in
this paper. Self-propulsion point, thrust deduction, wake
fraction and hull efficiency can be easily estimated while
accuracy is guaranteed. Explorer 1000, a long range AUV
developed by Shenyang Institute of Automation, Chinese
Academy of Sciences, with a MAU4-40 series propeller
fixed at its rear was studied in detail by using both numeric-
al and experimental methods.

The paper is organized as follows. Section 2 gives a
brief introduction of Explorer 1000 AUV, whose experi-
mental data were used to validate the proposed approach.
Section 3 describes the simulation strategy used in this pa-
per. Section 4 presents experimental and numerical study on
the open water performance of the MAU4-40 propeller.
Section 5 introduces the proposed simulation method in de-
tail, and gives a comprehensive assessment on the hull-pro-
peller interaction of Explorer 1000.

2 Explorer 1000 AUV

Explorer 1000 AUV shown in Fig. 1 is 6.5 m long, dis-
places 1.2 m? of water and has a dry weight of 1160 kg. The
vehicle has been designed for ocean observation with high
endurance and long range operations. It is supposed to meet
the 800 m depth rating and two weeks endurance. The cruis-
ing speed is 2 kn, and the maximum speed is 5 kn. To
achieve maximum range, the angle of attack of vehicle can
remain close to zero with the help of adjustable buoyancy,
which is produced by two high-precision variable buoyance
systems. The system advantages lie in three aspects: two-
way adjustable with high accuracy and efficiency, and ar-
ranged fore and aft separately offers convenience to control
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Fig. 1. Explorer 1000 AUV.

pitch angle. After launch, the system generates negative
buoyance and constant pitch angle to dive with limited en-
ergy consumption. When it closes to target depth, the sys-
tem works again to reach a balanced condition. When ship
moves at a fixed depth, both angle of attack and control sur-
faces will be near zero to save energy.

The hull of Explorer 1000 is a typical body of revolu-
tion with long middle-cylindrical form, which is a favorite
option for AUV designs. The ratio of the hull length to dia-
meter is about 12, which produces better stability rather than
maneuverability. Owing to the necessary of communication,
measurement and recovery, some appendages are fixed
along the hull, and they generally amplify the unsteady fea-
tures of the flow and deteriorate hydrodynamic perform-
ance of vehicles.

Hull-propeller interaction is a key component of endur-
ance; after hull and appendages are decided at detailed
design stage, propeller is designed. Besides requirement of
cruising and maximum speed, it should also fit to speed-
torque characteristic curve of motor to achieve an overall
high power efficiency. According to the principle of pro-
peller design by atlas method, propeller is designed on the
basis of MAU4-40 series, a well-known series in marine in-
dustry. According to the design result, a four-blade pro-
peller is designed as shown in Fig. 2, whose diameter is
0.300 m, area ratio is 0.40, and hub-diameter ratio is 0.23.
As the vehicle works in large depth with low speed, cavita-
tion influence is unnecessary to consider.

3 Numerical simulation

The numerical simulation results presented in this paper
were produced using STAR-CCM+, a prominent commer-
cial CFD package. Reynolds averaged Navier—Stokes
(RANS) approach is used to predict flows around vehicle
and propeller because its computational cost is lower than
those of large eddy simulation (LES) and detached eddy
simulation (DES). “k — @ shear stress transport” (k—w SST)
turbulence model introduced by Menter (1994) was adop-
ted for the numerical simulations due to good results ob-
tained in our previous researches (Gao et al., 2016) and

Fig. 2. MAU4-40 propeller.

some other literatures in this field of study (de Barros and
Dantas, 2012). It is also because this turbulence model
provides good prediction of vortices distribution around
vehicles (Phillips et al., 2010).

Research in this paper includes three types of cases to
simulate: open water characteristics of MAU4-40 propeller,
drag variation of vehicle hull and self-propulsion of under-
water vehicle. Unstructured trimmed mesh was employed to
generate grid, since it can generate 3D mesh containing a
predominantly hexahedral mesh with minimal skewed cell.
For regions where vortices and flow separation occur, users
can define refinement according to how intensively the flow
is disturbed, and mesh size increases from vehicle surface to
outer boundaries. This offers a robust and efficient ap-
proach to generate high quality mesh for complex geomet-
ries or flows.

For the mesh near the hull and propeller external sur-
face, enhanced wall treatment, a chosen turbulence model,
is used to correctly model the viscous sublayer in the
boundary layer. A function of non-dimensional wall dis-
tance y*, which is the representative of the local Reynolds
number, is defined as:

o et _ Ay i
I v \p’

where Ay is the distance of the first layer from the body sur-
face; p is the water density; y, is the friction velocity; u and
v are the dynamic and kinematic viscosity coefficient, re-
spectively; 7, is the shear stress at the body surface. For the
enhanced wall treatment, the value of y* should be as close
to one as possible. For this research, we adopted the All-
y* treatments as our previous work (Gao et al., 2018). Its ac-
curacy and robustness have been proven by good agree-
ment between experimental data and simulation results.

Q)

4 Propeller in open water

4.1 Numerical simulation
The open water characteristics of propellers can be de-
scribed with principal parameters defined as:
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where J, K7, K¢, and 7, represent the advance ratio, thrust
coefficient, torque coefficient and propeller hydrodynamic
efficiency, respectively; V, is the average inflow to pro-
peller; p is the density of the fluid; » is the propeller rota-
tional velocity; D is the propeller diameter; 7 and Q are the
thrust and torque generated by propeller at open water test.
For open water test, the Reynolds number is defined as:

2

Re = Cos[V2+(0.75n-n-DY] " / v, 3)

where Cg75 is the chord length of blade at the position of
0.75D. According to the advice by ITTC, Reynolds number
for open water test should be about 3.0x105.

CFD simulation using the steady RANS solver of Star-
CCM+ forms the present investigation of performance of
propeller. Different from the towing tank test, propeller and
shaft do not move forward, instead, constant inlet velocities
are specified parallel to the propeller axial direction. The
steady Moving Reference Frame (MRF) method is applied
to simulate the propeller rotation. Fig. 3 shows the boundar-
ies and mesh regions in the computational domain for open
water performance prediction. It is composed of two re-
gions, a static region where stationary with respect to the lab
reference frame is applied, and a rotating region where the
propeller rotation is defined by the MRF technique.

atic region ||

{Rotating ||
| region

Fig. 3. Computational domain boundaries and mesh regions for open wa-
ter prediction.

4.2 Open water test and validation

Towing tank test was conducted to evaluate the reliabil-
ity of the selected simulation strategy and the open water
performance of the designed MAU4-40 propeller. The tow-
ing tank is 150 m in length, 4.5 m in depth and 7.0 m in
width. The propeller was fixed 0.5 m below the water sur-
face. A standard test procedure with an ITTC propeller was
first conducted to make sure all measuring instruments func-
tion normal. For values of advance ratio whose correspond-
ing hydrodynamic efficiency is smaller than the maximum
value, the relative error for K7 and Ko should not be larger
than +1%. The rotational velocity of the propeller shaft was
set to 720 rpm (revolutions per minute) throughout the tank
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test, and the towing velocity was changed between 1.5 m/s
and 3.3 m/s to get different values of advance ratio. To
eliminate the shaft impact on open water performance of
propeller, a bare hub without blades was first fixed onto the
shaft to conduct the test, axial force and torque were meas-
ured and recorded, and then propellers with blades were ar-
ranged and tested. The difference between without-blade
test and with-blade test is thrust and torque generated by
propeller rotation. The test procedure is shown in Fig. 4.

(b) Propeller test with blades

(a) Propeller test without blades

Fig. 4. Test of open water performance of the MAU4-40 propeller.

CFD simulation follows the same procedure as towing
tank test. Fig. 5 shows the open water performance (thrust
coefficient, torque coefficient and efficiency) evaluated by
Star-CCM+ compared with the towing tank test results for
the MAU4-40 propeller. Good agreement can be concluded
except for the efficiency when the advance ratio is large.
This is expected due to the influence of smaller thrust coef-
ficients. For Explorer 1000 AUV, according to previous
design, its advance ratio is between 0.6 and 0.7. In this
range, the average margin of error for efficiency, thrust and
torque coefficients are about 6.8%, 6.2% and 1.2%, respect-
ively.

5 Self-propulsion performance assessment
Two types of simulations of Explorer 1000 AUV were

0

4K, (CFD) -@- 10K (CFD) -@ 5 (CFD)
4+ K (Exp) = |0X;J(F.xp) = 5 (Exp)
0.8 -

oo 7
"

LHOK

K,

0.
%.4 0.5 0.6 0.7 0.8 0.9
J

Fig. 5. Comparison between CFD and EFD results for the MAU4-40 pro-
peller.
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performed using Star-CCM+ and the methodology de-
scribed in Gao et al. (2018). One type is AUV-only simula-
tions at diverse angles of attack, and the other type is simu-
lations of the AUV fitted with the MAU4-40 propeller un-
der self-propelled conditions at diverse angles of attack.
Self-propulsion points for different conditions were figured
out with the help of the PID controller.

5.1 AUV-only simulation

In order to figure out the hull-propeller interaction of the
AUV (Explorer 1000), The total drag of it has been firstly
computed by CFD for both arrangements with and without
nose appendages, which are named Layout01 and Layout02,
respectively. The drag analyses have been carried out for
different velocities as well as angles of attack from 0° to 3°.
Drag coefficient is defined as:

R
Cy= —n

P “4)
where Ry, is the hull total drag without propeller behind, / is
the hull length and V is the upstream velocity. Fig. 6 illus-
trates drag coefficients of LayoutO1 and Layout02 for dif-
ferent upstream velocities and angles of attack. It is evident
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that drag coefficients generally decrease as the upstream ve-
locity increases, and the tendency is more obvious when the
angle of attack is large. For Layout02, when the angle of at-
tack is 3°, drag coefficients dropped by 8.2% as the up-
stream velocity changes from 3 kn to 5 kn, and the corres-
ponding percentage for Layout02 is 4.4%. It is also notice-
able that drag coefficients for upstream velocities of 3 kn
and 4 kn are the largest when the angle of attack is 2°, but
for 5 kn, the AUV experiences more resistance when the
angle of attack is 0°, and the least when 3°. The only differ-
ence between LayoutO1 and Layout02 is that three append-
ages (Fig. 7), whose sizes are very small compared with the
hull, are removed from Explorer 1000. This change makes
the total drag drop by approximately 7.4%. The drop fur-
ther verifies our previous research (Wang et al., 2019) that
appendages fixed in the front of AUV make more contribu-
tion to the total drag than the others. Although drag coeffi-
cients decline with velocity increment, the gradient of chan-
ging is unpredictable especially when the angle of attack is
small. This is mainly due to the fact that the total drag does
not change much in those cases, as well as the variation of
pressure drag is unpredictable.

I
2.15 y
(b) ) e
o P VO
2200 -7 ST \
& - . e
&7 _
225 PR TR P LS b
’a’ ‘_'B’ a=(jo
230 PR
238
3.0 35 4.0 4.5 5.0
Fkn)

Fig. 6. Drag coefficients of LayoutO1 (a) and Layout02 (b) for different upstream velocities.

Fig. 7. Layout02 without the three marked appendages fixed on it.

5.2 Self-propulsion simulation

Different from previous works by Chase and Carrica
(2013), Shen et al. (2015) and Phillips (2010), to figure out
self-propulsion point for Explorer 1000 AUV at different
velocity, an embedded controller was developed in the sim-

ulation platform to adjust rotational velocity. Proportional-
integral-derivative (PID) was adopted because of its usabil-
ity. The PID control system, as shown in Fig. 8, adjusts ro-
tational velocity according to the deviation between resist-
ance from water and thrust generated by propeller. The con-
trol law can be written as:

u(r) = Kpe(t) + K; fot e()d’ + Ky dz(tt) , )
where Kp, Kj, and Ky are coefficients for the proportional,
integral and derivative terms, respectively. Proportional
part K, adjusts the controller linearly according to the dif-
ference between the desired set point 7(f) and current meas-
ured variable y(#), the integral part Kj is in charge of elimin-
ating the residual error by adding a control factor due to the
historic cumulative value of the error, and the derivative
part Ky estimates the future trend of the error according to
its current rate of change.
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Fig. 8. PID control system.

For the rotational velocity control system, integral and
derivative parts cannot be calculated directly. They need to
be discretization handled as:
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where 7 is the sampling period. The variation of rotational
velocity and total drag during the procedure of finding self-
propulsion point with the developed controller is shown in
Fig. 9. Although steady flow equations are used to conduct
simulations, oscillation of total force can be detected thanks
to the propeller rotation defined by moving reference frames
and the hull-propeller interaction. The rotational velocity
fluctuates around a particular value while the monitored
total hydrodynamic force averages around zero, which
means a relative balance between hull resistance and pro-
peller thrust.

The total grid number of the self-propulsion simulation

t=kT: is up to 10.5 million cells. The behind-hull flow distribu-
. k tion in velocity magnitude when simulation reaches a com-
jo e(f)df' =T Z e(j); paratively convergent state is shown in Fig. 10. Significant
Jj=0 turbulence can be detected at the locations closed to the ro-
de() e(b)—e(k—1) 6) tating propeller, but the intensity weakens obviously with
dt T ’ distance increase.
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Fig. 9. Procedure of finding self-propulsion point (V=5 kn, §=0°).
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Fig. 10. Behind-hull flow distribution at the comparatively convergent
state (V=5 kn, =0°).

5.3 Experimental data

Some trials for the two layouts mentioned in Section 5.1
were carried out in the Qiandao Lake of China’s Zhejiang
province to obtain some in-service data, so that the hull-pro-
peller interaction of Explorer 1000 could be evaluated and
validated. Three independent controllers were designed to
make the AUV sail straight forward 10 m below the surface.
The depth kept the minimum vertical forces and pitching
moments due to the free surface. The three controllers were

in charge of controlling forward speed, depth and orienta-
tion, respectively. The AUV was controlled to sail with
depth and orientation unchanged at forward speed varying
from 2 kn to 5 kn. Fig. 11 shows the variation of LayoutO1
in terms of forward velocity and pitch angle, both of them
kept oscillating around particular value when the AUV

5
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Fig. 11. In-service data of Explorer 1000 AUV.
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reached a target status. The control precision of the forward
velocity was about 0.3 m/s, while that of the pitch angle
was approximately +0.2°.

5.4 Behind-hull performance

To achieve the expected speed and range, the in-service
resistance of AUV and behind-hull performance of pro-
peller need to be fully considered. For the in-service resist-
ance, its components can be broken down into bare hull
drag, appendage drag and induced drag. Bare hull drag is a
basic component that can be obtained from towing tank test
or numerical simulation; appendage drag adds both to the
pressure drag and skin friction, for different AUVs, append-
ages lead to different level increase in resistance. Various
instruments, aerials, etc., will also have associated impacts
on total resistance, and induced drag is a consequence for an
AUV to maintain its depth, because when keeping depth,
AUV has to use control surfaces to reach a nose down fly-
ing condition to counteract a net positive buoyancy, which
is an insurance to ensure AUV back to the surface in the
event of a failure. Another contribution for drag increment
is behind-hull rotation of propeller, which modifies the flow
at the tail of the AUV while generating thrust to self-propul-
sion.

450
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5.4.1 Self-propulsion point

When the target velocity, depth and orientation keep un-
changed, after the adjusting stage, the AUV will come to a
relatively stable state as shown in the subplot of Fig. 11. All
parameters, including control inputs like control surfaces
and propeller rotational velocity, as well as the monitored
values of velocity, depth and orientation will fluctuate
around a constant value in small range. The method adop-
ted in this paper could not take the fluctuation into consider-
ation, but multiple simulations for different angles of attack
from 0° to 3° were carried out, and the PID controller intro-
duced in section 5.2 was used to figure out their self-propul-
sion points. The comparison between simulations and trial
data for LayoutO1 and Layout02 can be found in Fig. 12.
For all simulations of the two layouts, the calculated pro-
peller rotational velocities all were smaller than the average
values from lake trials due to the ignorance of parameter
fluctuations in lake trials. It can also be found that for the
case V' =3 kn, the AUV experiences smaller propeller rota-
tional velocity when the angle of attack is close to 1°, as for
the case V=5 kn, it will be better if the angle of attack is 0°.
This is because that the pressure drag makes more contribu-
tion to the total drag than skin friction when the velocity is higher.
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Fig. 12. Propeller rotational velocities under self-propulsion conditions for different angles of attack and different forward speeds.

Fig. 13 shows changes in the propeller rotational velo-
city for different velocities according to CFD simulations
and lake trials. The CFD results were obtained from cases
whose angle of attack was set to 1°. It is significant that pro-
peller rotational velocity is nearly proportional to the velo-
city of the AUV because the drag of the AUV is theoretic-
ally equal to the thrust from the propeller when the bal-
anced state without linear acceleration is reached, the ad-
vance ratio J for all velocities should be the same. The aver-
age errors between CFD simulations and lake trials are ap-
proximately 5%, which is acceptable for engineering applic-
ation. According to the comparison between the two lay-
outs, the removal of the three appendages at the nose makes
the rotational velocity drop by around 2.7%, which saves
about 7.3% of energy consumption consequently.
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Fig. 13. Comparison of propeller rotational velocities between simulation
results and data from lake trials for different layouts and forward velocities
with the angle of attack being 1°.
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5.4.2 Thrust deduction

Reduction of the local pressure in turn increases the
pressure drag acting on AUV hull. The increase, also
defined as thrust deduction factor ¢, can be written as:

t=1-— (7

where T is the thrust generated by propeller when rotating
behind hull. Pressure distribution on the surface of the AUV
cannot be monitored from lake trials, but can be obtained
with the help of CFD simulation. Fig. 14 shows changes in
pressure variation along one of the AUV’s longitudinal sec-
tions for different cases at the constant forward speed of 3
kn. For all those cases, pressure distributions between 0.1
and 0.8 of the total length are almost the same, which means
that propeller rotation and angle of attack have no impact on
this part at the balanced state. There are slight differences at
the nose part among cases due to the effect of the angle of
attack, but no distinction can be found whether the pro-
peller is fixed behind the body of the AUV. Significant re-
duction of the local pressure can be found from 0.8 of the
total length to the end, especially for the case the angle of
attack is 3°. High fluctuation of pressure can be found at the
rear of the AUV, which means that the larger angle of at-
tack generates more vortexes, and plays negative effect on
propeller thrust, because fluctuating input velocity leads to
higher dissipation of energy.
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Fig. 14. Pressure distribution along hull nose (a) and tail (b) for the AUV
with and without propeller, as well as different angles of attack.

With the help of numerical simulation, thrust from pro-
peller fixed behind the AUV, as well as hull total drag
without propeller behind, can be monitored, and the thrust
deduction factors can be consequently calculated. The res-
ults are shown in Fig. 15. For all cases, the thrust deduction
factors fluctuat between 0.15 and 0.22, and the average
value is around 0.18. Smaller angle of attack tends to obtain
smaller hull-propeller interaction. However, a relatively bet-
ter performance can be found when the angle of attack is 2°,
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compared with the value of 1°. This indicates that a de-
tailed investigation should be conducted to improve the
overall performance of underwater vehicles.

5.4.3 Wake fraction

When AUVs sail forward at certain speed, water close to
hull surface is disturbed to generate wake behind their tail.
This makes the average velocity of water flow into pro-
peller smaller than the velocity of AUVs. This phenomenon
consequently makes propellers generate less thrust than ex-
pected. Wake fraction w, a dimensionless coefficient for the
wake field strength, is used to evaluate the behind-hull per-
formance of propellers. It is an essential consideration when
designing a propeller for AUVs, and is defined as:

®)

where V, is the actual inlet velocity to the propeller. V, can-
not be monitored from CFD simulation directly. But it can
be obtained with the help of open water curves as shown in
Fig. 5. For each case, thrust generated by the rotation of
propeller is firstly calculated from CFD simulation which
reaches a balanced state. Thrust coefficient K7 can be ob-
tained as water density, propeller rotational velocity and
propeller diameter are known. Its corresponding advance ra-
tio J is calculated by easy curve fitting. The advance ratio
helps get the actual inlet velocity V, in the end. The vari-
ation of wake fractions for all cases can be seen in Fig. 16.
Most wake fractions fluctuated between 0.3 and 0.37, with
an average value of 0.35. When the angle of attack is 1°,
wake fraction changes in a very limited range for all velocit-
ies and layouts, while that of the attack angle of 3° varies
greatly. It indicates that the propeller experiences the most
stable inlet flow when the angle of attack is 1°, contrast to
3° of the worst.

5.4.4 Hull efficiency
Hull efficiency #y, the ratio of effective power to pro-
peller thrust power, can be expressed as:

1-1t

=g ©

It actually is not the efficiency in meaning of techno-
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Fig. 16. Wake fraction for different angles of attack.

logy. It is rather the value that evaluates the influence of
hull-propeller interaction on the efficiency of propulsion
system. If this value is higher than 1, there is the beneficial
mutual fit between propeller and AUV hull, in other words,
it increases the overall efficiency of propulsion system. Fig. 17
shows the variation of hull efficiency, and it is noticeable
that hull efficiency is lower than that in other cases when
the angle of attack is 3°. For other angles of attack, the hull
efficiency fluctuated between 1.20 and 1.32.
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Fig. 17. Hull efficiency for different angles of attack.

6 Conclusions

The numerical and experimental study on self-propul-
sion of an autonomous underwater vehicle in deep water
was presented in this paper. Simulations were carried out
under constant depth conditions for different forward velo-
cities and angles of attack without actuation on the control
surfaces. The hull-propeller interaction of Explorer 1000
AUV for forward velocities from 2 kn to 5 kn was analyzed
using a steady simulation method, in which a PID control-
ler was designed to adjust propeller rotational velocity, so
that a balance between propeller thrust and hull resistance
can be reached. Good agreements with experimental results
indicate that the developed approach is reliable while a large
amount of computing time can be saved. We must acknow-
ledge that some factors could not be taken into considera-
tion, such as excitation force and unsteady vortex due to vi-
bration of hull and adjustment of control surfaces. But we

would also stress that our method is very time efficient, and
is a suitable option for engineers and scientists to figure out
self-propulsion point, thrust deduction, wake fraction and
hull efficiency in a short period, which is highly beneficial
to the design of underwater vehicles. Design can be optim-
ized according to initial simulation results. When design is
confirmed, further unsteady simulations can be carried out
to better assess its overall performance.

For Explorer 1000, its average thrust deduction and
wake fraction are 0.18 and 0.35, respectively, compared
with most submarines whose average thrust deduction is
between 0.10 and 0.18, and wake fraction between 0.10 and
0.25. It indicates that the hull-propeller interaction problem
is serious and can be further improved. Our next steps will
include optimization of hull-propeller interaction.
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