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Abstract

The Reynolds-averaged Navier—Stokes (RANS) equation was solved using computational fluid dynamics to study the effect of the circulating
tank wall on the hydrodynamic coefficient of an autonomous underwater vehicle (AUV). Numerical results were compared with the
experimental results in the circulating water tank of Harbin Engineering University. The numerical results of the model with different scale
ratios under the same water in the flume were studied to investigate the effect of blockage on the hydrodynamic performance of AUV in the
circulating flume model test. The results show that the hydrodynamic coefficient is stable with the scale reduction of the model. The influence
of blocking effect on AUV is given by combining theoretical calculation with experiment.

Keywords Hydrodynamic coefficients; Blocking effect; Circulating water channel (CWC); Model test; Autonomous underwater vehicle

1 Introduction

Autonomous underwater vehicles (AUVs) play an im-
portant role in different application fields, such as ma-
rine research, environmental monitoring, and resource
exploration (Wang et al., 2016; Botelho et al., 2005; Ed-
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wards et al., 2004). Establishing its precise dynamic gov-
erning equation is necessary to study the hydrodynamic
performance of a submersible. However, the forces and
moments in these equations are represented by hydrody-
namic coefficients. Thus, numerous researchers have
conducted a considerable amount of research on the
method of obtaining the hydrodynamic coefficients of
submersibles. Numerous methods have been reported for
calculating the hydrodynamic coefficients of AUV: com-
putational fluid dynamics (Lee et al., 2011; Qi et al.,
2018; Tian et al., 2017; Randeni, 2015), experimental
(Jagadeesh et al., 2009; Avila et al., 2012; Zhang et al.,
2013; Chakrabarti et al., 2014; Jagadeesh et al., 2009;
Krishnankutty et al., 2014; Tian et al., 2019), analytical,
and semi-empirical methods (Dey et al., 2020; Kumar
and Subramanian, 2007; Kepler et al., 2018; Mansoorza-
deh and Javanmard, 2014), or by calculating hydrody-
namic parameters to optimize performance (Wang et al.,
2021; Ming et al., 2021; Yang et al., 2021). The hydrody-
namic coefficients obtained by model test methods are the
most accurate but are associated with many errors and
uncertainties relative to other methods. For example, ex-
perimental results obtained in the towing tank are influ-
enced by the experimental setup, the scale effect, the
model, and other factors (such as manufacturing error,
calibration error, and tank wall influence). By contrast,
the results of numerical simulations are affected by the in-
accuracy of the physical model and numerical error. De-
termining which method is highly accurate is difficult.
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Numerous achievements have been made in predicting
the hydrodynamic coefficient of AUV through model ex-
periments or computational fluids dynamics (CFD) simula-
tions. However, the free surface, side walls, and support
bars of the towing tank or Circulating water channel
(CWC) can affect the flow field and prediction accuracy;
for example, the low-pressure area formed by the high-
speed flow between the AUV surface and the pool wall.
One study showed that reducing the model width to a tenth
of the width of the pool effectively reduced the blocking
effect (Kumar and Subramanian, 2007). This method en-
sures that the blockage effect is small but is too conserva-
tive, and a remarkably small model scale may increase
the scaling effect. The effect of blockage on model resis-
tance in a pool experiment has attracted the attention of
some researchers. Kumar and Subramanian (2007) numer-
ically simulated the influence of free surface and towing
tank walls on barge resistance by using the VOF method.
They maintained the size of the model constant and var-
ied the width of the towing tank in numerical simulations.
The results show that when W/B=5 (tank width W, model
width B), the resistance of the selected model is unaffect-
ed by the pool wall. Liu et al. (2017) compared the results
of the oblique sailing and numerical simulation tests of
the KVLCC2 mode and found differences in the pressure
fields around the model in the CWC and the wide flow
field test.

Regarding the study of the influence of the blocking
effect in the experiments, many papers have studied the
influence of the pool wall on the resistance performance
of the model. By referring to the towing tank experi-
ments of others (Sun et al., 2021) in this paper, the hy-
drodynamic coefficients of different scale models in the
same tank are obtained by the CFD method. In addition,
the numerical simulation results are compared with the
experimental results.

This paper is organized into five parts. Section 2 de-
scribes the test apparatus and a test model. Section 3 intro-
duces the numerical method, and the accuracy of the nu-
merical simulation method is verified by comparing the
CFD results with experimental studies. Section 4 presents
the effect of blockage on the AUV hydrodynamic coeffi-
cient. Section 5 draws the conclusion.

2 Investigation methodology
2.1 Experimental model

The shape of the AUV considered in this paper is a rect-
angular streamline. A fairing is installed on the front and
back of the rectangular body to reduce flow separation and
excessive shape resistance. The fairing was designed with
practical use in mind and can be utilized as a potential bal-
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last tank for underwater operations to store additional
equipment. Figure 1 illustrates the selection process of the
front and rear fairings for a streamlined model design.
The bow fairing is shaped similarly to the leading edge of
the NACA 0030 airfoil section. The tail fairing is a part of
the NACA 0030 airfoil, which is tangential to the bottom
and top of the model. The half angle « is defined as the an-
gle at which the wing deviates from the main symmetrical
horizontal plane, that is, the sweep angle of the wing. The
half angle also defines the length of the tail fairing. The ta-
per S is defined by a circular arc tangent to the side of the
model. Notably, the increase of the model surface area
will raise the frictional resistance, resulting in a large total
resistance. Therefore, design constraints should be proper-
ly considered before modeling, which minimizes the
length of the fairing while achieving low wake separation.
The design featuring o = 10° and £ = 30% was chosen for
this project. The final design of the main body is shown in
Figure 2. The length of the model is 2.23 m, the length of
the bow guide cover is 0.4 m, the length of the stern guide
cover is 0.63 m, the height of the model is 0.42 m and the
width of the model is 0.6 m. The airfoil of the rudder is
NACAO0012.

B=By/B,

'_ - 5=100% [—-

a=0° §

a=s> @ - 0% | »

a=10°" F=30% .
Figure 1 Model design process

Figure2 3D diagram of the experimental model

Figure 3 shows the model used for the model test. The
model for experimental testing comprised bakelite. The
structure is wrapped in fiberglass and painted with yellow
paint to maintain a smooth surface and ensure the durabili-
ty of the structure. The bottom of the model is cut with
water holes to test the possible immersion of the model in
water. The upper part of the model must be opened and
drilled, and the range of activity of the balance support
rod during the test is considered when opening the hole to
install a fixed six-component force balance. The balance
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is fixed on the flange plate of the internal support plate of

the model during the test.

Figure 3 Model for tank test

2.2 Test device

The model test was conducted in a circulating water
tank of 1.7 mx1.5 mx7 m at Harbin Engineering Universi-
ty. The common flow rate of the water tank is 0.3—1.6 m/s,
and the maximum flow rate is 2.0 m/s. The uniform flow
rate can be achieved in the cross-section of the tank, and
the value of the flow rate will be displayed on the control
room platform. The water tank is equipped with a honey-
comb device, a rectifier network, a bubble elimination de-
vice, and a wave elimination device. When the flow rate
is less than 1.5 m/s, the standing wave height is not larger
than 7 mm. The standing wave refers to the failure of the
experimental equipment of the pool itself to produce
large standing waves under the experimental conditions
of the pool in this paper, which will not affect the accura-
cy of the experimental results. In addition, the circulating
water tank is provided with a vertical small-amplitude
planar motion mechanism (as shown in Figure 4), which
can provide an amplitude of 40 mm, an oscillation period
of 1-5 s, an oscillation frequency of 0.2—1 Hz, and a two-
bar span of 400 mm. The AUV model is installed onto the
VPMM through the support rod. The center of gravity of
the AUV model is 0.75 m below the free water surface (as
shown in Figure 5).

The experiments comprise drag and static drift tests. In
the drag test, the full-scale AUV is mounted under the
VPMM, and the flow velocity increases from 0.3 m/s to
0.5 m/s. The data acquisition instrument will collect forces
and moments in the three axial directions.

Figure4 VPMM

Figure5 Model in CWC

In the static drift test, the sway velocity is generated by
adjusting the AUV heading angle from —10° to 10° while
the flow velocity is 0.3 m/s. The forces and moments re-
corded on the AUV are as follows (Renilson, 2018).

X = % PV2LIC, )
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where X, Y, and Z are forces in the x-, y-, and z-axes, re-
spectively; L is the characteristic length, and the character-
istic length of this model is selected as the total length of
the model, L = 2.23 m; u, v, and w are velocities in the x,
y, and z directions, respectively, because the AUV is sym-
metric from top to bottom, left to right; Y',, Z',, N',, and
M', are sufficiently small and can be ignored. L is the
length of AUV, p is the density of fluid; Y',, Y' Z'

v|v] w?
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The supporting column of the pool is a long cylinder
with a length of 1m and a diameter of 8 cm.

3 Numerical calculation of hydrodynamic
performance

The CFD software STAR-CCM+12.02 is used to dis-
cretize the Reynolds-averaged Naivier-Stokes (RANS)
equations with the second-order precision finite volume,
and RANS based on the k-¢ turbulence model has been
solved. Turbulence model k-¢ has numerous advantages,
such as a fast convergence rate, low memory requirement,
and good solving effect of external flow problems around
complex geometry, and has been widely used in engineer-
ing practice.

3.1 Governing equation

When the fluid flow around the RANS analytical model
is assumed to be incompressible, the flow equation is as
follows:

div(pU) =0 )

o(pu) | a(puy) Cf o ap . e, o(puy)
X X X X;0X; X,

(7

where p is the density of the fluid, t represents time, U is
the velocity vector, and u, v, and w are the magnitudes of
the velocity component of U in the three axes in the
three-dimensional Cartesian coordinate system. u; is
time-mean velocity component, u;" is the turbulent pul-
sating velocity component relative to the time-mean flu-
id velocity, p means pressure, f, is mass force compo-
nent, and u;"u;" is the mean Reynolds stress. k-¢ is one of

the turbulence models used to calculate Reynolds stress.
The transfer equations of turbulent kinetic energy k and
turbulent dissipation rate ¢ must be solved in this applica-
tion to determine turbulent vorticity viscosity, and turbu-
lent kinetic energy k and turbulent dissipation rate ¢ are
defined as:

Z ufou) au’
S_P(axk)(axk) ©
The transport equation of the standard k-¢ model is as
follows:
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where G, is the turbulent Kinetic energy generated by the
average velocity gradient, G, is the turbulent kinetic ener-
gy created by buoyancy, Y,, represents the influence of tur-
bulence pulsation on the total dissipation rate, C,,, C,. and
C,. are empirical constants, ¢, and o, represent the Prandtl
coefficient corresponding to turbulent kinetic energy and
turbulence dissipation rate, respectively, and S, and S, are
the custom source items.

3.2 Calculation of domain and boundary conditions

The size of the calculation domain during numerical cal-
culation is equivalent to the stable flow field segment of
the CWC, which has a size of 7 mx1.7 mx1.5 m, as shown
in Figure 6, to simulate the real environment of the CWC.
The distance to the center of the model for the origin
(from the front of the computational domain) is 3 m. The
model is placed in the center, and the distance between the
center of the model and the upper and lower surfaces is
0.75 m. According to the actual scene of the test, the up-
stream and top of the calculation domain are set as veloci-
ty inlets, the downstream of the calculation domain is set
as pressure outlets, and the two sides and bottom are set as
no-slip walls. The surface of the hull and numerical pool
wall grid is presented using multiple prismatic layer grids,
as shown in Figure 7.

Inlet

Outlet
Wall
Figure6 CWC calculation of the domain

The unbounded computing domain adopts the cuboid
computing domain, and the volume of the rectangular do-
main is 6Lx2Lx2L (where L represents the length of the
AUV vessel). The wake flow field calculation domain was
3.5L; the front of the boat is 1.5L, the hull is 1L, the pres-
sure outlet is set 3.5L from the tail of the model, the fluid
domain boundaries are set to speed entry, and the subma-
rine is set to no-slip wall surface to simulate the AUV un-
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Figure 7 CWOC grid diagram

derwater situation. The flow field calculation domain clas-
sification is shown in Figure 8.

Inlet
P R
N S e
Y
_.fl Il \.\ || |
r .-,". '\\q g |
I| “ [ s |
| _____,__————___ Tl | |
— .5
L\_ '.' ____________*-T“-_J
[ e e Outlet

Figure 8 No blockage calculated domain

3.3 Mesh generation

The iterative solution of discrete grids will produce er-
rors in the numerical solution. Theoretically, a fine mesh
leads to a small error in the iterative results and a low sen-
sitivity to the mesh size. However, the time cost required
for the calculation will be high under a fine mesh. Choos-
ing the appropriate mesh size during mesh division is nec-
essary to ensure the accuracy of the calculation results and
reduce the time needed for the calculation.

The cutting volume mesh is mainly used in the numeri-
cal simulation in the current study. The wall function meth-
od is utilized for the flow field at the wall surface. A di-
mensionless quantity y* is introduced herein, which is de-
fined as (Wu et al., 2014), to simulate the flow in the near
wall area effectively.

. _YJ/pt
y 1
Re = pUL/u
y = Ly*,/80 Re™ 134 (10)

where y is the mesh height of the first layer near the wall,
z,, 1S the wall shear force, and x is the dynamic viscosity of

a fluid. According to Equation (10), the size of y* is related
to the grid size and the fluid properties. Selection of the val-
ue of y* should be realized on the basis of the selected turbu-
lence model. 30 < y* < 300 is generally required for the
high Reynolds number model k-¢. In meshing, the thickness
of the boundary layer ¢ should also be considered, and its
calculation formula is as follows (Biringen and Chow, 2011):

0.382L
0= Re®?

(11)

y* = 103 based on the calculated boundary layer thickness.

The simulation calculation must set an appropriate num-
ber of grids; therefore, a grid convergence verification
study is conducted. If the solution is independent of the
mesh size, then the numerical results are accurate and valid.
In the verification process, a group of calculation models
with different numbers of grids was established, in which
the height of the first layer grid was the same, to eliminate
the influence on the calculation results. The number of
grids in this set of computing models is 2.4x10°, 4.4x10°,
1.06 x10°, 1.27x10°% 1.67x10° and 3.31x10° and the basic
grids are all cut volume grids. The sailing status of the
AUV is set to horizontal movement with a sailing speed of
1.2 m/s during the calculation. Figure 9 summarizes the cal-
culation results for different mesh numbers. The conver-
gence value is 22.056 N for 1.67 million mesh, and the re-
sistance convergence value is 22.054 N for 3.31 million
mesh. The deviation is substantially small, which indicates
that further increasing the number of mesh will not affect
the calculation results. This paper selects 1.67 million grids
for subsequent simulation to ensure the efficiency of calcu-
lation and save the cost of calculation.

250
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240+
235}

Drag (N)

23.0F
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Figure 9 Grid dependency study for drag
3.4 Verification of test data

CFD modeling was performed on the CWC to compare
the CFD results with the model test results and verify the
accuracy of the numerical simulation. The influence of the
circulating tank wall on the AUV is obtained by compar-
ing the CWC and unbounded calculation domains.
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As shown in Figure 10, the comparative data included
the model experiment, CWC domain, and unbounded wa-
ters. The three aforementioned groups all predicted the
AUV axial resistance at a current velocity of 0.3—1.5 m/s.
Taking the solar AUV as the research object with a speed
range of 0.5-1.5 m/s, the direct navigation test in the calcu-
lation domain of infinite water area and circulating water
tank was numerically simulated. The statistics of the
above results and model test results are shown in Table 1,
and the speed is 1.5 m/s. The results of the model test, the
CWC domain, and the unbounded water are 45.52, 38.72,
and 33.51 N, respectively. Some differences are observed
between the simulation results in the CWC domain and the
model test results.

50

= Model test
40+ + CFD CWC domain
4 CFD no blockage domain

3
=l1]
S &
a

(3]

0_

02 04 06 08 1.0 12 14 16
Velocity (m/s)

Figure 10 Comparison of CFD and drag test

Table 1 Comparison of CFD and drag test (N)
Velocity (m/s)
Term
0.3 0.6 0.9 1.2 15
Model test 2146  7.715 15489 27.231 42524
CWC domain 2139 7.456 14.781 25.039 38.723

No blockage domain  1.713  6.067 12.866 22.056 33.510

Model test results, numerical results of infinite water ar-
ea, and numerical results of the calculation domain of the
circulating flume were converted into dimensionless drag
coefficients for comparison, as shown in Table 2, to quanti-
fy the error between the model test and numerical calcula-
tion. Error comparison revealed that the deviation of the
numerical results in the calculation area of the circulating
flume was 7.82%, and that of the numerical results in the
infinite water area was 24.21% compared with the model
test results. However, the resistance of the flume model ex-
periment is generally larger than the result of the flume nu-
merical simulation. This finding is due to the suspension
of the real object by the experimental equipment in the re-
al experiment and the interference of the experimental
equipment in the water with the results of the model test,
demonstrating a high resistance value. The resistance val-
ue of the experimental model under the no blockage do-
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main is small due to the absence of pool wall effect under
the condition of infinite water. By contrast, the numerical
simulation results of the computational domain using cir-
culating flumes are close to those of the flume experiment.

Table 2 Comparison of CFD and resistance test for the drag
coefficient
Term Drag coefficient Deviation (%)
Model test 0.007 347 -
CWC domain 0.006 814 7.82
No blockage domain 0.005 915 24.21

In addition, a 0.45% difference exists between the re-
sults of the calculation domain prediction Y', of circulat-
ing flume and the model test results, N', results differ by
1.84%, 7', results differed by 4.76%,and M',, by 6.86%.
Among these results, the error mainly comes from the in-
fluence of the support column and some pool conditions.
Compared with the infinite water area, the calculation re-
sults in the circulating flume area are remarkably close to
the model test results. Figure 11 shows the results of the
horizontal dip trial, and Figure 12 presents the results.

8 -
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6 = CFD CWC domain
4 * CFD no blockage domain _#
£ P
2 Zl
e ./’
& 0f -
By &
=2 y 4
A
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’ r
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-8 ; : . ,
-10 -5 0 5 10

Drift angle £ (°)
(a) Diagram of the relationship between lateral force
and drift angle
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31« CFDCWC domain .
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g 0 ¢
= 3 " 4
'y
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=24 8
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(b) Diagram of the relationship between yaw torque
and drift angle
Figure 11
dip trial

Comparison of CFD and resistance test for horizontal
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Figure 12 Comparison of CFD and resistance test for vertical dip trial

4 Numerical results and discussion

The direct course test was performed on equal-scale
models with different scale ratios by the numerical simula-
tion method to investigate the influence of the blocking ef-
fect on the direct course resistance model test in circulat-
ing flumes, and the variation law of the resistance coeffi-
cient with the model scale was also studied. The oblique
sailing test was performed on the same scale models with
different scale ratios using a numerical simulation method
to examine the influence of the blocking effect on the cor-
responding hydrodynamic coefficient of the oblique sail-
ing test. The Reynolds number and the size of the numeri-
cal circulation pool are not modified during the numerical
simulation to ensure the flow similarity of the models with
different scale ratios. The viscosity coefficient of the fluid
in the model test in this paper is constant. Therefore, the
Reynolds number can be changed by adjusting the flow
rate with the experimental equipment.

4.1 Influence of the blocking effect on AUV direct
flight resistance

Figure 13 shows the resistance calculation of four groups

of models with different scale ratios in numerical simulation,
in which the scale ratios are 1:1, 2:3, 1:2, and 1: 3. In the
direct flight test, the 1: 1 model was used as an example.
The flow rate ranged from 0.3 m/s to 1.5 m/s, and the
Reynolds number range was 6.7x10° to 3.31x10° The cal-
culation results revealed that the resistance of the boat
body decreases with the gradual reduction in the scale ra-
tio. Table 3 shows the resistance coefficient obtained
from the direct sailing test of models with different scale
ratios, and the resistance coefficient obtained from the
model with a 1: 3 scale ratio is taken as the cardinal group
of the deviation term.

407

]
a—1:1 :
5F ° 2:3 g
a—1:2
30F Y O1:3 e
2
g 25 v
20+
g '
a 5t 7
10} ¥
5t [ .
0 L L L n L s %107
5 10 15 20 25 30 35

Re
Figure 13 Drag of models with different scale ratios

Table 3 Drag coefficient of models with different scale ratios

Scale ratio Drag coefficient Deviation (%)
1:1 0.006 814 14.24
2:3 0.006 444 8.03
1:2 0.006 191 3.79
1:3 0.005 965 -

4.2 Influence of the blocking effect on AUV
horizontal deviation

Table 4 describes four groups of simulations with dif-
ferent scale ratios, which are compared with the last
group as a benchmark. The scale ratios are 1:1,2:3,1:2,
and 1: 3. The transverse force Y and the yaw moment N
are shown in Figure 14. In the simulation, the Reynolds
number is 6.7x10° and the transverse velocity is generat-
ed by adjusting the heading angle, which varies between
-10° and 10°.

As the scale ratio of the model decreases, Y',, N',, Y'
and N',, gradually converge to the data of the control

group, and the blockage effect on second-order coeffi-
cients Y', and N',, is larger than that on first-order coef-

ficients Y', and N',. As the model size decreases, the per-
centage difference between Y', and N', reduces to 0.15%
and 13.51%. The effect of blockage is considered in the
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Table 4 Hydrodynamic coefficient of horizontal deviation

Scale " ' ' ' '
atio | Deviation Y, Yoo N', N',,
1:3  Coefficient -0.07294 -0.37523 -0.028 97 0.024 13
12 Coefficient -0.07304 -0.40322 -0.03288 0.042 90
' Deviation 0.14% 7.46% 1351%  77.83%
2:3 Coefficient -0.07333 -0.45095 -0.036 90 0.065 19
' Deviation 0.54% 20.18%  27.39%  170.22%
11 Coefficient -0.07382 -0.53211 -0.04701 0.08517
' Deviation 1.20% 41.81%  62.29%  253.03%
8 -
1.1
| —e-2:3 :
o a1 2
. L}
41 Y13 B
. F
_ § P
£ ot . 5
B /.l
2t M
-4+ ¥
]
6%
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-8 L L L )
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(a) Diagram of the relationship between lateral force
and drift angle
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Figure 14 Results of horizontal deviation

model test, and highly accurate horizontal deviation results
can be obtained by selecting an appropriate proportion.

4.3 Influence of the blocking effect on AUV
vertical deviation

Table 5 describes four groups of simulations with different
scale ratios, which are compared with the last group as a
benchmark. The scale ratios are 1:1, 2:3, 1:2, and 1: 3. Lat-
eral force Z is shown in Figure 15, and the pitching moment
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N is shown in Figure 2. In the simulation, the Reynolds num-
ber is 6.7x10°, and the vertical velocity is generated by ad-
justing the pitch angle, which varies between —10° and 10°.

Table 5 Hydrodynamic coefficient of vertical deviation

Scale e , ! , '
1atio  Deviation z. A M, My
1:3  Coefficient —0.25199 -0.26779 0.07255 —0.005 40
Li Coefficient -0.25861 -0.29653 0.07458 -0.005 23
" Deviation 2.63%  10.73% 2.80% -3.13%
)iz Coefficient -0.26369 -0.37728 0.07680  0.004 06
"~ Deviation 4.64%  40.89% 5.86%  -175.21%
Coefficient -0.31469 -0.49886 0.08861  0.018 04
Deviation 24.88%  86.29%  22.14%  -434.40%
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Figure 15 Results from pure sway test and pure heave tests

The reference value of the deviation in Tables 4 and 5 is
the data with the model scale of 1: 3, and the calculation
aims to convert the differences with the data in the first
row of the table into percentages. As the scale ratio of the
model decreases, Z',, M",, Z',,,, and M, gradually
converge to the data of the control group, and the effect of
blockage on second-order coefficients Z*,,, and M",, , is

wiw
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larger than that on first-order coefficients Z',, and M',. As
the model size decreases, the percentage difference be-
tween Z', and M', decreases to 0.15% and 13.51%. Con-
sidering the blocking effect in the model test, a highly ac-
curate vertical deviation result can be obtained by select-
ing a suitable scale model.

5 Conclusion

By comparing the data results of the circulating flume
calculation domain, the infinite water area calculation do-
main, and the model test, the hydrodynamic coefficient ob-
tained in the circulating flume calculation domain in this pa-
per is close to the calculation results of the model test, in
which the second-order hydrodynamic coefficient ', and

M‘W‘W‘ in the oblique sailing have the largest error. When

predicting the relative hydrodynamic coefficients of hori-
zontal deviation, the errors of Y', infinite water area are
small, and those of Y' , , N', and N',, are large. When the

correlation hydrodynamic coefficient of vertical deviation
is predicted, the correlation hydrodynamic coefficient of the
infinite water area is substantially large, among which the
second-order hydrodynamic coefficient M",, , is the largest.

By comparing the numerical results of the models with
different scale ratios under the same Reynolds number, the
relevant hydrodynamic coefficients of the AUV in direct,
horizontal, and vertical sailing gradually converge with the
decrease in the model scaling ratio. In the horizontal sail-
ing test, with the change in the model scale, the variation
range of Y', is the smallest and that of N',, is the largest.
In the vertical inclined navigation test, with the change in
the model scale, the variation range of Z', and M"',, is the
smallest, and that of M",, is the largest. The smallest

scale ratio of the model should be 1:3 under the presented
conditions in this paper.
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