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Abstract

Navigational range is an important attribute of autonomous underwater vehicles (AUVs), and drag reduction efforts have
been pursued to improve overall efficiency. Improved efficiency results in a more capable vehicle over all. Historically, the
majority of research focused on drag reduction has been concentrated on the optimization of vehicle hull geometry. The influ-
ence of the hull appendages on drag, however, has been largely ignored owing to their smaller size. In this study, the impacts
of appendage size and position on vehicle drag are investigated using a computational fluid dynamics method. The results
indicate that appendages increase more drag because of their impact on the development of turbulence. The investigation of
the interactions between multiple appendages fixed on a vehicle hull shows that optimization is necessary for drag reduction.
This paper presents an arrangement optimization method for AUV appendages based on the Kriging approximation model
and the multi-island genetic algorithm. The results of the optimization show that appendage influence on hydrodynamic

performance is directly proportional to its size, and that a distributed arrangement is beneficial for drag reduction.

Keywords Computational fluid dynamics - Hydrodynamics - Underwater vehicles - Drag

1 Introduction

Autonomous underwater vehicles (AUVs) can operate inde-
pendently in unpredictable ocean environments through the
use of unmanned control systems and wireless communica-
tion technology. They have a broad scope of use in both
civilian and military applications owing to their important
role in ocean resource exploration and development.

Drag performance is critical to the navigational range of
AUVs. An AUV with smaller drag can execute more assign-
ments and save more energy to finish tasks such as detect-
ing and tracking. Historically, the majority of research has
focused on optimizing the main hull to reduce drag [1-6].
However, modern AUVs have to carry equipment for com-
munication or detection. As a result of this demanding
activity, some of these devices have to be stowed outside of
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the main hull. It then follows that the smaller the AUV, the
smaller its hull, and the greater quantity of equipment that
must be stowed externally. This externally stowed equip-
ment has an influence on the hydrodynamic performance of
the AUV, especially in regards to direct drag performance.
According to the test results obtained by Allen et al. [7],
when the REMUS underwater vehicle navigated at a speed
of 3 kn, the drag generated by the acoustic Doppler current
profiler (ADCP) accounted for 27.4% of the total drag. This
value is almost equally matched with the drag generated by
bare hull. Current research on AUV appendage arrangement
focuses only on a simple assessment of a designed layout,
and its reference value is too small for the design of a new
AUV.

In this study, the accuracy of the computational fluid
dynamics (CFD) method is first validated in Sect. 2 using
test data from the SUBOFF model. The effects of appendage
size and position on the drag of an AUV are then studied
in Sect. 3. An approximate model is established between
arrangement parameters and their corresponding drag val-
ues, and then optimization is conducted to reduce the AUV
drag. According to results calculated by CFD simulation,
the overall vehicle navigational range is improved by 6%.
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2 CFD validation
2.1 CFD simulation of SUBOFF

The SUBOFF model was specifically designed by the
Defense Advanced Research Projects Agency (DARPA)
to verify the accuracy of CFD simulations. The overall
length of SUBOFF model is 4.356 m, while the maximum
diameter is 0.508 m. The submarine has been built as two
geometrically identical models: 5470 and 5471 [8], whose
linear scale ratio is 24. The former was used for a towing
tank test, and the latter was used as a wind tunnel test
model. The David Taylor Model Basin (DTMB), located
in the United States of America, was utilized to complete
the towing tank tests with the 5470 model. The open
source code library, OpenFOAM [9], is used to simulate
the towing test performed with the SUBOFF model, and
the results are compared with the results of this experi-
ment. OpenFOAM is an object-oriented open-source CFD
library based on the finite volume method. The analysis in
this study uses the snappyHexMesh utility in OpenFOAM
to generate three-dimensional meshes. The module has
the ability to control the parameters used for mesh gen-
eration. Parameter variations will produce corresponding
grid changes. The greatest strength of the strategy used by
snappyHexMesh is that it generates predominantly hexa-
hedral meshes with minimal cell skewness. Additionally,
body fitted technology used to change the configuration
of grid nodes and increase density, in the calculation of
nearby objects only. Moreover, prism layers can be eas-
ily generated according to the needs of designers. The
mesh generated by snappyHexMesh is shown in Fig. 1.
The calculation domain is a cuboid around SUBOFF, the
inlet boundary is positioned 2L upstream, and the pressure
outlet condition is defined 4L downstream. The generated
grid has about 9 million grid cells. The y* value, which is
the non-dimensional normal distance to the hull surface
from the first grid, is approximately between 30 and 100.

In this study, the unsteady Reynolds-averaged
Navier—Stokes (URANS) approach was used to conduct
simulations. To satisfy the requirement that solving time
advancing faster than physical disturbance speed, the time
step is set as an automatic adjustment. The adjusting law
requires the Courant number to be less than 1. That is, for
any grid in the flow field, the time step, Az, should satisfy:

_ Atlul

Co = <1,
Ax

where Co is Courant number, lul is the fluid velocity through
the mesh, and Ax is the grid length along the flow direction.
In this study, the PIMPLE algorithm is used to deal with
the coupling of pressure and velocity in the URANS equa-
tion. The PIMPLE algorithm is a combination of the semi-
implicit method for pressure linked equations (SIMPLE)
algorithm and the pressure implicit with splitting of operator
(PISO) algorithm. Its basic principle is that each time step is
taken as a steady flow, and the simple steady-state algorithm
is used to solve equations. In the last step of the solution, the
PISO method is used to advance to the next time step. If the
flow changes dramatically between the two time steps, the
sub-relaxation method is employed to control it.

2.2 Validation of CFD simulation

Drag values for the SUBOFF model at speeds of 1.50, 2.57,
3.05, 5.14, and 6.10 m/s were calculated with the introduced
method. The speed range for most AUVs ranges from 3 to
5 kn; therefore, the first two speeds were used for append-
age optimization for subsequent chapters, and the last three
speeds were used to verify the accuracy of the calculation
method. Works by Wu [10] and Dantas and Barros [11],
and our previous investigation [6, 12] were referred to con-
ducted the validation procedure. As shown in Fig. 2, the
CFD calculated values are consistent with the experimental
results [13] at the last three speeds, the relative errors are
within 3%. Figure 3 shows a comparison between the CFD
calculations and the experimental values for the hull surface

Fig. 1 Hexahedral mesh gener-

ated by snappyHexMesh
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Fig.2 Drag curve of the SUBOFF model
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Fig.3 The change in pressure coefficient along the SUBOFF model
hull surface
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Fig.4 The change in friction coefficient along the SUBOFF model
hull surface
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pressure changes when the velocity is 3.05 m/s. Figure 4
shows the results of the SUBOFF hull surface friction drag
coefficient comparison between the CFD simulation values
and the experimental values. From the computational results,
we can see that the CFD simulation of the SUBOFF drag
value is consistent with the experimental results, and also
that the distribution of surface pressure coefficient and the
friction coefficient. The simulation results validated that the
CFD simulation results can provide a valuable reference for
related research.

3 Single appendage influence on AUV
hydrodynamic performance

3.1 Numerical model

Based on the previously validated simulation method, addi-
tional cylindrical appendages of different sizes were sepa-
rately added into the simulation in different positions. The
effects of size, height, and location on the overall hydrody-
namic performance of the SUBOFF model were systemati-
cally analyzed. A successful analysis would serve as a useful
reference for AUV pre-design. To make the analysis more
representative and comprehensive, four locations: x=0.2,
0.4, 0.6, 0.8 [ (I=4.356 m), four cylinder sizes: dapsz.l,
0.2, 0.3, 0.4d (d=0.508 m), and five appendage heights:
h,,,=0.05,0.1, 0.15, 0.2, 0.3d, were investigated. The grid

app
is illustrated in Fig. 5.

3.2 Calculation results

Figure 6 shows an increase in drag resulting from different
appendage arrangements compared with the bare hull condi-
tion at two different flow speeds: 1.5 and 2.57 m/s. Accord-
ing to the simulation results, drag variation shows that the
same tendency at different speeds that could be summarized.

The variation in total drag is the same at two different
flow speeds. While all other conditions are the same, the
velocity variation leads to the same percentage increase in
drag. For the same appendage, when the mounting position
changes from bow to stern, the hull drag will reduce to some
extent and then increase later. The larger the appendage

Fig.5 Computational grid of
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Fig.6 Drag increase of the SUBOFF model with different append-
ages

diameter, the more obvious this variation law becomes. For
example, the appendage diameter, d,,,=0.2d, and outrigger
height, happ: 0.2d, mounted in four positions, x=0.2, 0.4,
0.6, 0.8 [, can result in direct drag increasing by 26.5, 24.4,
25.2, and 26.0%, respectively. For the same appendage, with
increase in its out-reaching height, the drag variation follows
a linear law approximately. An appendage with d,,,=0.3d
and location x=0.2/ can cause the drag to increase by 11.2,
24.8,34.7,43.8, and 57.0% when the out-reaching height of
appendage happ 15 0.05, 0.1, 0.15, 0.2, and 0.3d, respectively.

For most arrangement schemes, the lift and pitching
moments are small. For instance, a rudder with an area

of 0.03 m? mounted on the stern of a ship can counter act

Fig. 7 Unsteady turbulent flow
field of the SUBOFF model
with appendage (Q=10)

@ Springer

those moments with rudder angle less than 1°. Plans that
dypp=0.3d, hy,,=0.3d, x=0.8 [ and d,,,,, = 0.4d, h,,,=0.2d,
x=0.8 [ have special results. The lift and pitching moments
oscillate within a large range, which indicates that those
arrangements produce unstable, turbulent flow. The Q cri-
terion is the vorticity squared minus the shear strain rate
squared, it is used to visualize the resolved turbulence struc-
tures. It is defined as:

1
0= E(WUVVU - SijS,'j),
where Wl-j = u“—;u", Sij = % If Q is positive, its corre-
sponding ISO surface is indicating distribution of vortex.
Unstable turbulent flow as shown in Fig. 7, in which differ-
ent color of the ISO surface is velocity vibration, can have
very negative influence on AUV stability. Therefore, when
designing an AUV, appendages with larger diameters and

higher out-reaching should not be positioned at the rear end
of the hull.

4 Calculation and optimization of the AUV
drag with multiple appendages

Analysis of the influence of appendages on AUV hydrody-
namic performance will help designers predict changes in
the overall performance of an AUV after adding appendages.
However, when designing an actual AUV, the shape of the
appendages is not always cylindrical, and there may not be
only one appendage. When the quantity and the shape of the
appendages have been determined, designers can develop an
approximate model to compare the appendage position and
drag with the experimental design. Then, the model is used
to perform the optimization to obtain a proper layout pro-
gram for appendage arrangement with the minimum direct
drag.

4.1 Calculation model

As shown in Fig. 8, a large depth AUV is selected as the
computing object. Its total length, diameter, and design
cruising speed are 5.6 m, 0.82 m, and 1.5 m/s, respectively.
Because of the practical application requirement, the AUV
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Fig.8 AUV model

Table 1 Body size and

No. Appendages
arrangement range of

Size and out-reaching height

Arrangement range (m)

appendages 1 Sonar 1 Cylinder, diameter 100 mm, height 58 mm 0<x<0.47
2 Sonar 2 Cylinder, diameter 130 mm, height 117 mm 0<x<3.8
3 Sonar 3 Cylinder, diameter 70 mm, height 80 mm 0<x<3.8
4 Lifting ring 1 Width 84 mm, thickness 12 mm, height 108 mm 04<x<1.2
5 Antenna Maximum diameter 83 mm, height 280 mm 0<x<3.8
6 Lifting ring 2 Width 84 mm, thickness 12 mm, height 108 mm 2.6<x<3.6

2.00

Velocity magnitude

Fig.9 Flow field comparison between the bare hull and full append-
ages conditions

model has six appendages, shown in Fig. 8, including three
cylindrical sonar sensors, two rings, and an antenna. Six
appendages are separately attached to the bare hull to deter-
mine drag increase due to each appendage. Table 1 shows
the size, arrangement, and adjustment range of the various
appendages, where x=0 shows the location of sonar 1 in
Fig. 8. Figure 9 shows the flow field comparison between
the bare hull and the full appendage condition when the
AUYV cruising speed is 1.5 m/s. The colored surface is an
isosurface for which O =10. It reveals that although the
size of appendages is much smaller than hull, they have a
strong influence on drag increases. The larger the size of the
appendages, the more turbulent the flow is, especially when
four appendages are arranged near the AUV nose.

First, the direct drag of bare hull with flow speed
u=1.5 m/s is calculated, and then the simulation is

Table 2 Drag variation with different appendage arrangement

Arrangement Drag
increment
(%)
Bare hull + sonar 1 3.6
Bare hull + sonar 2 11.3
Bare hull + sonar 3 4.6
Bare hull + lifting ring 1 1.7
Bare hull + antenna 16.9
Bare hull + lifting ring 2 1.7
SUM 39.8
Full appendage 43.9

performed again with an additional appendage added
each time. Table 2 shows the increments of direct drag
compared to bare hull. The condition with the bare hull
and all six appendages are also calculated. Appendages 2
and 5 have the maximum size, so they show greater incre-
ments of drag, which reach to 11.3 and 16.9%, respec-
tively. The addition of other appendages leads to relatively
small increases in drag, no more than 5%. Calculating the
models with different appendages to obtain the drag and
accumulate the results, we obtain a total increase of 39.8%.
However, when six appendages were placed on the hull,
the total drag increased by 43.9%. This indicates that the
mutual interference between the appendages does not
help to reduce the AUV drag under the current arrange-
ment. The model needs to be optimized to obtain a better
arrangement with the least amount of drag.
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4.2 Experimental design

To obtain an appendage arrangement with the least drag,
theoretically, the optimization algorithm should be com-
bined with the simulation to obtain the optimal solution
gradually. However, more than 10 h would be required
to obtain a reasonable result for each case. As an alter-
native, a typical sample could be simulated to reach an
approximation model. Further optimization could then be
conducted based on this approximation model. This will
reduce optimization time significantly. Sample cases were
first chosen based on the experimental design. Simulation
results will then be calculated to reach an approximation
model. The model will reveal the relationship between the
arrangement parameters and the total drag.

There are many different experimental design methods,
such as random parameter design (RPD) [14], parameter
study (PS), central composite design (CCD) [15], orthog-
onal arrays (OA) [16], uniform design (UD) [17], Latin
hypercube design (LHD) [18], and optimal Latin hyper-
cube design (Opt LHD) [19].

In the ith particular arrangement plan, the location set
of six appendages will be defined to be x' = (x|, x5, ..., x0).
According to practical design requirements, in addition
to be in the range defined in Table 1, it should also be
ensured that

i. Appendage 1 should always be in the front of all the

appendages, that is x| = min(x, x5, ..., x,)
ii. The position of two lifting rings should
(x5, +xg)

meetl.86 < =< 2.06

iii. The distance between any two bodies cannot be less
than 0.005 m

iv. The vertical height of appendages fixed in the nose
section of the hull should be adjusted according to
the curve shape, to ensure that they receive adequate
exposure.

The RPD method is employed to generate sample
points, and parameter sets that do not meet anyone require-
ment will be filtered. A Python code was developed to
generate the parameter set, which ensures that the test
space accommodates all of the requirements. The Python
code will also calculate drag of 50 parameter combi-
nations. The Python code is responsible for calling the
OpenFOAM program that was used to move appendages,
generate meshes, conduct the simulation, and read drag
values. Figure 10 shows the range of adopted parameter
sets. The combination covers the whole range of param-
eters. Figure 11 is a map of viscous pressure drag Cy, and
friction drag Cy; of 50 samples. Within the experimental
flow speed, frictional drag varies in a very small range; its
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proportion to the total drag is slightly higher than the vis-
cous pressure drag. The maximum viscous pressure drag
increases by 25% compared with the minimum condition.
The total drag increase corresponds to approximately 10%.
It is obvious that a good appendage arrangement layout is
beneficial to the navigational range of AUVs. The current
AUYV arrangement still needs to be optimized so that the
drag value may also be decreased. Therefore, we should
work for arrangement optimization.

4.3 Arrangement optimization of AUV appendages

A high-accuracy approximation model needs to be con-
structed between arrangement parameters and their corre-
sponding drag values to make the optimization more relia-
ble. Four types of approximation models are constructed and
assessed. They include the response surface method (RSF),
radial basis function (RBF) neural network, elliptical basis
function (EBF) neural network, and the Kriging model. The
model that yields the smallest error is then used as the final
approximation model to finish the arrangement optimization.
A total of 45 samples were used to construct the approxima-
tion model, and the other 5 were used to check the model
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accuracy. Figure 12 shows the comparison between the CFD
results and the output values from the approximation models
of the five sets. It can be determined that the EBF neural
network method shows the worst performance, and that the
accuracy of the RBF neural network method is slightly bet-
ter than the RSF method. The Kriging model has the best
accuracy performance overall. This is mainly because the
Kriging model honors the actually observed value, weighted
moving average algorithm is used to evaluate the value of
new position. It has more flexibility than RBF and EBF
when dealing with samples, and better performance on
local estimation than RSM. Therefore, the Kriging model
was adopted as the final optimization method.

4.4 Optimization results

The multi-island genetic algorithm [20, 21] is used as the
optimization algorithm in this study. The location set of the
appendages x' = (x',x}, ..., x}) are the input variables, and
the output variable is the total drag coefficient, C4. The num-
ber of populations in the algorithm is set to be 10, the size
of the population is 20, and the generation of iteration is 50.
The optimization process is shown in Fig. 13, which shows
that optimization result converges after 3000 steps.

Figure 14 shows the distribution of total drag when
changing the position of each appendage according to the

optimization result based on the Kriging model. The two
lifting rings show very limited impact on the total drag com-
pared with other appendages because of their small size. The
location of appendage 1 determines the starting position of
the turbulent flow because it is always located at the front
of the hull. In addition, the further the starting position is
from the hull nose, the more beneficial it is for drag reduc-
tion. There are perfect positions for appendages 2, 3, and 5
to reach a minimum drag. Appendage 5 carries the greatest
responsibility for the total increase in drag because of its
size. Its position also has a major influence. In fact, a small
adjustment of appendage 5 could lead to a rapid reduction
in the total drag.

To further validate the reliability of the approximation
model, the optimized appendage arrangement was simulated
with CFD code. The comparison shows that there was a
1.5% error, which is acceptable. Figure 15 shows the flow
field comparison between two appendage arrangements;
the first is the original arrangement and the second is the
optimized arrangement. Obviously, the latter shows less
turbulence and thus results in less energy loss. The CFD
simulation results indicate a drag reduction of 9.25% after an
adjustment of the appendage arrangement. In other words,
if the original AUV could complete a 100-km voyage, with
the optimized arrangement, the range would be 106 km if
all other conditions remained the same. Thus, it is clear that
the optimization of an appendage layout can improve the
navigational range of an AUV and provide better energy
security for its safety and recovery operations.

5 Conclusions and discussion

In this study, the influence of AUV appendages on overall
hydrodynamic performance was investigated with specific
emphasis on drag reduction. According to the results of the
study, the size of appendages installed externally should
be as small as possible. If multiple appendages need to be
arranged in a practical design, the following conclusions
should be considered to improve AUV navigational range.
(1) The location of the first appendage should be posi-
tioned as far away from the hull nose as possible, to delay
the development of turbulence. (2) The largest appendage
should always be considered first. (3) Appendages should
be arranged in a wide distribution because narrow spaces
between appendages may lead to increases in drag. (4)
Appendage arrangement optimization should be conducted
based on approximation models as time permits.

This paper proposed an optimization procedure for
arrangements of AUV appendages. But uncertainty assess-
ment and propagation are not considered at this stage, this
may limit the reliability of optimization results to an extent.
Our next steps will include consideration of such effect.
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Fig. 15 Comparison of flow field before and after optimization
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