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a b s t r a c t

The purpose of this study is to discuss how to improve the maneuverability of lifting and diving for
underwater vehicle’s vertical motion. Therefore, to solve these problems, applied the 3-D numerical
simulation, Taguchi’s Design of Experiment (DOE), and intelligent parameter design methods, etc. We
planned four steps as follows: firstly, we applied the 2-D flow simulation with NACA series, and then
through the Taguchi’s dynamic method to analyze the sensitivity (b). Secondly, take the data of pitching
torque and total resistance from the Taguchi orthogonal array (L9), the ignal-to-noise ratio (SNR), and
analysis each factorial contribution by ANOVA. Thirdly, used Radial Basis Function Network (RBFN)
method to train the non-linear meta-modeling and found out the best factorial combination by Particle
Swarm Optimization (PSO) and Weighted Percentage Reduction of Quality Loss (WPRQL). Finally, the
application of the above methods gives the global optimum for multi-quality characteristics and the
robust design configuration, including L/D is 9.4:1, the foreplane on the hull (Bow-2), and position of the
sail is 0.25 Ls from the bow. The result shows that the total quality is improved by 86.03% in comparison
with the original design.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The maneuverability of the underwater vehicle has closely
related to the foreplane/tailplane, but the design of the planes often
influenced by the shape of the underwater vehicle. Therefore, the
design of the underwater vehicle could divide into two types: the
position of Sail and the foreplane, which were designed by per-
formance requirements. In the view of underwater vehicle devel-
opment, the characteristics focus on the submerged speed, easier
controlling, lower resistance and better seakeeping, etc. In this
study, we went through the analysis of the foreplane configuration
and location of the foreplane/Sail arrangement, which influence of
the vertical movement and total resistance of submerged cruise on
underwater vehicle lines shape. There are six Degrees of Freedom
(6-DOF) motions on the underwater vehicle, such as Surge, Sway,
Heave, Rolling, Pitching, and Yawing. In this study, we focus on the

pitching of the underwater vehicle, and through pitching
controlled by the user could change the diving depth arbitrarily. For
the depth of underwater vehicle, we could conclude the both of
balance water tanks arrangement and airfoil be the main control
factor. Hence, we applied the Computational Fluid Dynamics (CFD)
technique, the Taguchi method analysis, and intelligent parameter
design to perform multiple quality characteristics for the two-
dimensional vertical motion of the underwater vehicle. Therefore,
through the two quality characteristics of the underwater vehicle:
pitching torque and total resistance, we expected to obtain the
optimal configuration design of an underwater vehicle. In recently,
Al Mahmu (2013) applied CFD technology to discuss the pressure
coefficient of the NACA-0012 airfoil in the inviscid flow field, while
the angle of attack is 2 and 14�. Then found the coefficient of
pressure (Cp) almost the same at a smaller angle of attack,
regardless of the number of grids, and at a larger angle of attack, the
Cp has a slight difference. Saadia et al. (2015) used CFD software to
simulate the airfoil, such as NACA-0012 and NACA-0015, in relative
motion mode at underwater and floated surface. They applied the
Volume of Fluid (VOF), k-ε, turbulence model, and found the
simulation results of the 2-D flow field could satisfy the
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hydrodynamic characteristics. Ariful Hoque, 2017 applied the Finite
Volume Method (FVM) technique to calculate the performance of
NACA-4412 airfoil at different depth underwater and found the lift
coefficient (CL) and drag coefficient (CD) are getting smaller with
depth. In recently, some studies of the configuration design that
influent the vertical movement of an underwater vehicle. Pan et al.
(2012) through numerical simulation to calculate the steady and
unsteady flow field of the SUBOFF submarine, and analyzed the
movements of heave, sway and pitch, and calculated the torque
values of the submarine. Ridwan Utina et al. (2016) calculated
Computational Fluid Dynamics (CFD) and experiments that the
foreplane is placed at different vertical depth, and the lift of the
submarine also differently. Some studies focus on the resistance of
submarines, such as Zhang et al. (2005) used numerical simulation
methods to calculate the resistance of the submarine. They set the
three turbulence mode as follows, k-ε, RNG k-ε and k-u to simulate
the resistance of SUBOFF and SM-x submarine. Besides, compared
with the experimental results and found that the error is extremely
small. Hence it could verify the reliability of the numerical method.
Gao et al. (2012) applied the Computational Fluid Dynamics (CFD)
technique of slidingmeshes to discuss the relationship between the
four configurations of underwater vehicle’s rudder and propeller,
and analyzed the resistance of the vehicle, propeller thrust, torque,
and power, and found the best combination. Omer Faruk et al.
(2014) applied numerical simulation RANSE methods to solve the
resistance of the submerged body and compared with the towing
tank experimental results. They found both error was smaller for
the resistance of bare hull and the appendages and these numerical
methods also could reasonable find out the form drag and friction
drag of submerged body. Also, to improve the quality, the experi-
ment of design (DOE)methods has beenwidely used in engineering
and design. Taguchi et al. (2005) published the textbook “Experi-
mental of Design Method” for engineers, which opened the mile-
stone of DOE. Santhakumar et al. (2009) applied numerical
simulation to solve the hydrodynamic of underwater vehicle and
Taguchi DOE orthogonal array L49 (78) analysis of variance to
discuss the 6-DOF motion. They found that the pitch torque
contribution in the y-axis about 66.1%, the heave effect in the z-axis
about 15.74%, and others less than 7%. Therefore, we want to
shorten the research period, in this case, only to discuss the
pitching torque for vertical motion and the total resistance of the
underwater vehicle. Some of the studies about the intelligent
parameter design methods were widely application, such as James
and Russell (1995) proposed the Particle SwarmOptimization (PSO)
algorithm. Zhan et al. (2009) proposed Adaptive Particle Swarm
Optimization (APSO), which changed the convergence speed of
particles through evolutionary factors and carried out the best so-
lution in the global region. To explore the multiple quality char-
acteristics problems, Wu Fuqiang (2004) proposed to use the
Percentage Reduction of Quality Loss (PRQL) as an indicator, com-
bined with the Signal-to-Noise Ratio (SNR) of the Taguchi method
to solve the optimal solution of multiple objective problems. In
addition, to calculate the optimization of the underwater vehicle
design issue, in recent years, some scholars have also proposed
other intelligent methods. Martz (2008) applied the Multiple
Objective Genetic Optimization (MOGO) to discuss the multi-
objective for cost, performance, and risk of the underwater
vehicle design. Bahatmaka et al. (2017) applied the Genetic Algo-
rithm (GA) to analyze the optimal design of the propeller size of the
remote control underwater vehicle. Through the numerical simu-
lation, they found the optimal propeller generated thrust has
increased by about 27.43% compared with the original propeller.
Qasim et al. (2018) indicated the Optimal Latin Hypercube Design
(OLHD) could apply for quadratic polynomial surface meta-
modeling, the second generation GA and Pareto optimal solution

to find the best solution for themulti-objective optimization design
of the underwater vehicle’s pressure hull. Based on the above
research results, in this study, we would use the Taguchi DOE
method combined with intelligent parameter design to analyze the
optimal combination of configuration design for the underwater
vehicle’s vertical motion and total resistance.

2. Study methods

The purpose of this study is to use numerical simulation
methods to analyze the underwater vehicle’s vertical motion and
total resistance. We define the pitching torque and total resistance
as quality characteristics. We drew the procedures of this study
shown as Fig. 1.

2.1. Numerical methods

In this study, we applied the commercial software (e.g., FLUENT)
to solve the flow field problems. The fluid belongs to the turbulent
flow field. Therefore, we adapted the standard k-ε mode to solve
this flow field d the parameters set in Table 1 shown as follows.

2.2. Design of experimental methods

2.2.1. Taguchi method
Quality characteristics or response values (y) would be influ-

enced by three factors: signal factor (M), control factor (X), and
noise factor (N). In this study, we applied the Taguchi Design of
Experiment (DOE) method and used the Signal-to-Noise Ratio
(SNR) to discuss, and analysts analyze. In this study, we applied
standard Taguchi Orthogonal Array L9 table (Lee, 2008), and this is
basis on the three control factors (such as factor-A is the ratio of L/D,
factor-B is the position of foreplane, and factor-C is the distance
between sail and bow), and three-level fractional factorial design.
We considered each factor’s main effect and factors’ interaction
effects. Hence, the control factors and interactions were set in the
internal orthogonal array (shown in Table 2). Additionally, we also
applied the zero-point proportion, which is used to express the
input-output relationship in the dynamic case, that passes through
the origin point, such as y ¼ bM. The SNR in dynamic analysis, the
value of sensitivity (b), (e.g., the slope of regression line) obtained
from the least square method. Therefore, the minimum of the sum
square variance (SSV) could be defined as follows:

SSV ¼
Xk

i¼1

Xh

j¼1

�
yij � bMi

�2
(1)

Meanwhile, the b was defined as:

b¼
Pk

i¼1
Ph

j¼1MiyijPk
i¼1

Ph
j¼1M

2
i

¼
Pk

i¼1
Ph

j¼1Miyij

h
Pk

i¼1M
2
i

¼
Ph

j¼1Lj
r

(2)

where h is the number of repeated experiments, and Lj is a linear
combination, which used to represent the product of the signal
level and the response values. To obtain a dynamical SNR, we
should get the root Mean Square Error (MSE) as soon as quickly, and
which definition as following:

MSE¼ SSV
kh� 1

¼
Pk

i¼1
Ph

j¼1

�
yij � bMi

�2

kh� 1

¼
Pk

i¼1
Ph

j¼1

�
y2ij � 2byijMi þ b2M2

i

�

kh� 1
(3)
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Bringing the b into the above equation, we could obtain the
other equation, shown as:

SSV ¼ SST �
1
r

2
4Xk

i¼1

Xh

j¼1

Miyij

3
5
2

¼ SST � SSb (4)

where:
SST is the sum squares of the total variance for data of k and h.

SSb is the sum squares of the slopes. Hence, we could obtain the SSb
as the following:

SSb ¼
1
r

2
4Xk

i¼1

Xh

j¼1

Miyij

3
5
2

¼1
r

2
4Xh

j¼1

Lj

3
5
2

¼ rb2 (5)

Therefore, the dynamic SNR could define as:

h¼10log10
b2

MSE
(6)

Furthermore, the three critical indicators in the dynamic anal-
ysis are a linear relationship, sensitivity, and variance. Therefore,
we could use the two-step optimal processes to approach, and
these steps are as follows: Firstly, we should reduce the variation
near the ideal function. That could through the determining control
factorial levels to maximize the SNR and making it less sensitive to
noise. Secondly, we could adjust the sensitivity (b) to the desired
level from choice the control factors that have the maximum
impact on sensitivity (b) but theminimum impact on SNR. The two-
step optimization processes of dynamical problems shown in Fig. 2.

The Analysis of Variance (ANOVA) has two purposes: one is to
evaluate the experimental error. The other is the verification of
each factorial contribution. Hence, to determine the effect is sig-
nificant, we could verify by the F-ratio and T-ratio.

2.2.2. Intelligence parameter design
In this study, we applied the intelligence parameter design to

Fig. 1. The diagram of study procedures.

Table 1
The parameters of Fluent set-up list.

FLUENT Scheme

Model Solver Formulation Implicit
Time Steady

Viscous Model Standard k-epsilon
Solution Pressure-Velocity Coupling SIMPLE

Discretization Pressure Body Force Weighted
Momentum Second Order Upwind
Turbulence Kinetic Energy QUICK
Turbulence Dissipation Rate QUICK

Table 2
L9 (34) Orthogonal Array.

Factor-A Factor-B Factor-C Error

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1
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construct the meta-modeling and the least-squares method for
regression analysis. However, what were the ways of intelligence
parameter design employed in this study? We describe it as the
following:

1. Regression Analysis: we apply the least-squares method to
construct the regression model and then predicted the regres-
sion coefficient. We could use the regression coefficient to
predict the regression equation and the response surface model.
The model quality based on the correlation coefficient R, which
should approach one as well as possible. When R approaches 1,
the representative prediction model is closer to the actual
model.

2. The Artificial Neural Network (ANN): ANN is a kind of calcula-
tion method of the biological cell neural network architecture.
In this study, we applied the Radial Basis Function (RBF)
network to train and construct the meta-modeling. ANN uses
the response surface method to predict the meta-modeling. The
advantage of RBF is less training time and better generalization
than the standard Back Progression Network (BPN). Further-
more, the RBF could define the spread constant and the allow-
able error to obtain the optimal global solution. This study is
based on commercial software- MATLAB, we applied the newrb
function to design a radial basis network (RBF). Although newrb
can construct an approached zero error network, we still should
ensure the spread constant is large enough to have a smooth

approximation function. This RBF network architecture shown
in Fig. 3.

3. Particle Swarm Optimization: Eberhart and Kennedy (1995)
proposed this algorithm, which is influenced by two aspects:
artificial life and evolutionary calculations. The concept of PSO

algorithm is initialize the particles with random velocity (vi
!G

)

and instantaneous rate of position (xi
!G

), and according to the
equations (e.g. Eq. (7) and Eq. (8)) to update the next possible
position and velocity of each particle. In addition to using his
own experience and using the historical information of the
group, the individual is iteratively updated to achieve the goal of

pbesti
���!G

¼ pbesti
���!Gþ1

and gbesti
���!G

¼ gbesti
���!Gþ1

stop iteration and
found the optimal solution. The processes of particle swarm
optimization presented in the flow chart (shown in Fig. 4).

v!Gþ1
i ¼w v!G

i þc1r1
�
pbesti
���!G

� x!G
i

�
þc2r2

�
gbesti
���!G

� x!G
i

�
(7)

x!Gþ1
i ¼ x!G

i þ v!Gþ1
i (8)

where r1 and r2 are the randomvalue between 0 and 1; c1 and c2 are
the learning factors; w is the inertia weight.
4. Percentage Reduction of Quality Loss Function (PRQL): Tradi-

tional Taguchi methods mostly seek optimal parameter condi-
tions for a single quality characteristic. However, the quality

Fig. 2. Two-step optimization process of dynamical problems.

Fig. 3. The RBF network architecture diagram.
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characteristics of a product usually involve multiple reaction
values. This problem is called the Multi-Objective Optimization
Problem. Percentage Reduction of Quality Loss (PRQL) is
explained by Wu Fuqiang (2004), describing the relationship
between Taguchi SNR, the loss function, and then deducing the
relationship between PRQL and MSD.

Taguchi defined the average quality loss as follows:

L¼ k’ �MSD (9)

where: L is the average quality loss per unit, k is the quality loss
coefficient, and MSD is the sample mean square deviation.

The SNR defined as:

h¼ � 10logðMSDÞ (10)

After the parameter design and improved the SNR, the new
average quality loss (L’) is less than the first original quality loss (L),
hence the PRQL can be defined as:

PRQL ¼ L� L’
L

� 100% ¼

2
6641�

k’
�
10�

h’
10

�

k’
�
10�

h
10

�

3
775� 100%

¼
�
1� 10�

d
10

�
� 100% (11)

where d ¼ h0-h, this is the SNR difference between the new design
and the initial design. Therefore, through the above relationship,
we can see that while SNR increased to d¼�10 log (1e50%)¼ 3 dB,
they could improve the quality characteristic to 50%.

The Simultaneous Optimization Technique is a common tech-
nique used to solve multi-objective optimization problems, which
was proposed by George and Ronald (1980). First, each reaction
value yi converted into an individual desirable function di, and
0� di � 1. While the value di ¼ 1. It means that the reaction value yi
is equal to the target value; therefore, it meets the expectation. On
the contrary, if di ¼ 0. It means that the reaction value is out of the
acceptable range. Multiple reaction values are be combined by the
following equation into one indicator:

D* ¼ðd1 � d2 �/� dmÞ
1
m (12)

where: D* is the Overall Desirability value of the multiple reaction
values. When D* is larger, it means yi meet the individual targets,
and m is the number of reaction values of yi.

3. Numerical simulation of two-dimensional flow field of
NACA airfoil

3.1. Reproduction of NACA experimental flow field

The airfoil was first designed to describe its configurations,
which are the NACA four-digital series. These widely used in low-
speed aircraft’s wing shapes in the early years. The NACA four-
digital airfoil is used to indicate the relationship between the
Chord Line (C) and the Chordwise Position of theMaximumCamber
(PM) (shown in Fig. 5).

However, the first digit represents the maximum wing arc
(Maximum Camber, MC) as a percentage of the Chord Line, and the
second digit is the maximum arc position. The distance from the
leading edge is 1/10 of the rate of the Chord Line. Hence the first
and second digits that are determined by two parabolic equations
as follows:

yc ¼Mc

P2M

�
2PMx� x2

�
; from x ¼ 0 to x ¼ PM (13)

Fig. 4. The flow chart of process of particle swarm optimization.

Fig. 5. Schematic diagram of the airfoil.
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yc ¼ Mc

ð1� PMÞ2
h
ð1�2PMÞþ2PMx� x2

i
; from x ¼PM to x ¼C

(14)

The third-digit and fourth digit are the maximum thickness as a
percentage of the Chord Line.

According to Karthick (2012) experimental results of Flow over
NACA-0015 airfoil, that was carried out under initial velocity of
19 m/s and length of span of 61.5 mm, they conducted an experi-
ment in wind tunnel with a dimension of 150 mm
(Width) � 150 mm (Height) � 455 mm (Length), respectively. They
installed ten pressure gauges on the upper and lower sides of the
airfoil to record the pressure value at that time, and then, the co-
efficient of lift (CL) of the airfoil can be defined as following
equation:

Cp¼ P � P∞
1
2r∞V2

∞
(15)

CL ¼
ð1

0

ðCPL� CPUÞd
�x
C

�
(16)

where: CP is the coefficient of pressure; P is the measured pressure
values of the pressure gauge at that points; P∞ is the atmospheric
pressure value; r∞ is the air density; V∞ is the initial velocity; CPL is
the lower-part of coefficient of pressure; CPU is the upper-part of
coefficient of pressure, and C is the Chord Line. The author calcu-
lated the coefficient of lift (CL) for each angle of attack (a) through
0o; 2o; 4o;6oand 8o. The formula of the lift coefficient for the Thin-
Airfoil Theory is:

CLtheory ¼ 2� p� a (17)

where the unit of a is a radian.
The comparison between the CL of the Thin-Airfoil theory and

the experimental shows range of error from 7.07% to 17.7%.
Although the error is slightly larger at the attack angle of 4

̊

, the
trend of the whole experiment is quite similar to the theory (such
as Fig. 6).

3.2. The 2-D flow test of NACA-0015 in wind tunnel

In this study, we applied the commercial software (Rhinoceros)
to draw thewind tunnel same as the scholar Karthick’s experiment.

To save the simulation time, we used the two-dimensional flow
field for verification in advance. Therefore, we arranged the grids of
the flow field by commercial software (Gridgen) and used struc-
tural grids around the airfoil. Besides, the fine-grids arranged at
airfoil, where has significantly curvature change. On the other
hands, we designed the unstructured grids in the calculation
domain, except airfoil. Finally, we adapted the commercial software
(FLUENT) to calculate the information of the flow field. The grids
arranged and the Boundary Conditions (BC) setup shown in Fig. 7.
Due to the airfoil test in the wind tunnel and the viscosity of air is
very small; hence, the air viscous effect is negligible. Therefore, this
numerical simulation would divide into three phases to calculate
the flow field, such as Inviscid flow, Laminar flow, and Turbulent
flow.We based on the previous article and set the Reynolds number
of the wind tunnel flow field was 1.95 � 105. The coefficient of lift
(CL) had over-estimated in the model of Laminar and Turbulent
flow solution. Therefore, we decided to choose the inviscid flow of
the wind tunnel and tried to solve some case studies in this study.
However, the grids cannot arrange in accurately position the same
as the experimental pressure gauge. To improve this problem, we
used the spline function of MATLAB and interpolation to obtain the
relative reference point corresponding to the experimental data.
Besides, we also applied the trapezoidal rule and Simpson’s rule to
calculate the CL. Meanwhile, plot the result as a trend graph of the
angle of attack (a) and the coefficient of lift (CL) (shown as Fig. 8).

As a consequence, we found that the results of theoretical,
experimental, and numerical simulations were very similar. Based
on the numerical simulation of the coefficient of lift (CL), compared
to the theoretical coefficient of lift (CL), the error from 0.8 to 5.3%.
Meanwhile, compared to the experimental coefficient of lift (CL),
the error from 3.7 to 15.7%.

3.3. The 2-D flow test of NACA-Airfoil in water channel

Finally, to simulate the underwater vehicle cruise state under
the sea and the free surface effect neglected. In this study, we
applied the same boundary conditions but changed the medium
from air towater for analysis of the coefficient of lift (CL) in different
NACA shapes. Thenwe set the initial velocity of underwater vehicle
dived with 5 knots (2.55 m/s), and the Reynolds number was
1.56 � 105. Therefore, the flow field changed to the laminar flow
model for solving. Through the three shapes of the airfoil, such as
NACA-0012, NACA-0015, and NACA-0018, the numerical simulation
used to obtain the CL in the relative motion of hydrodynamics for
different angles of attack (a); this study results from comparison
with reported steady-state CL of the NACA-0015 airfoil (Rand N. and
B. R., 1994) (shown as Fig. 9). The results showed that the numerical
simulation and experiment of NACA-0015 airfoil appeared to be
consistent.

Fig. 6. Wind tunnel experiment and theoretical angle of attack a and CL.
Fig. 7. Schematic of 2-D flow field grids and boundary conditions of NACA-0015 airfoil
in the wind tunnel.
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4. Numerical simulation of the three-dimensional flow field
of the underwater vehicle

4.1. Configuration design of the underwater vehicle

To study this issue of sails and fins arrangement for the under-
water vehicle configuration design, we selected the Dutch sword-
fish submarine as the reference mother ship. The purpose of this
study is to improve the maneuverability for the vertical motion of
the underwater vehicle. Moreover, we planned to base on this
configuration type and change the external attachments (such as
sails and fins) under a similar displacement and the full length.
According to this configuration of underwater vehicle, we selected
three control factors, such as length-diameter ratio (L/D), the po-
sition of foreplane, and the position of the sail. The numerical
simulation carried out through different factors array table and
achieved a robust design for the multi-quality characteristics. To
determine the factor level combination smoothly, we surveyed the
diesel-electric submarines currently in service in various countries,

and the displacements are similar to the Swordfish class and
conclude the flexible configurations. The first control factor is the
length to diameter ratio (L/D), we set up the Dutch Swordfish class
is 8:1, the Japanese S�ory�u-class (SS-501) is 9:1, and the German U-
214 class is 10:1 (Reference from the web, shown in Fig. 10). The
second control factor is the position of the foreplane; there are
three types, such as the Dutch Swordfish class foreplanes are
located on the Sail Plane. The Russian Kilo-class foreplanes situated
on the hull, and the distance is about 3/4 length of Bow to sailplane.
The German U-214 class foreplanes located on the hull and the
range is about 1/2 length of Bow to sail (Reference from the web,
shown in Fig. 11). The third control factor is the position of sail; we
defined the length of the ship is Ls. Hence set up the distance be-
tween sail and bow of Dutch Swordfish class is about 0.25 times the
length of ship (i.e., 0.25Ls), the Japanese S�ory�u-class (SS-501) is
approximately 0.35 times length of the ship (0.35Ls), and the
German U-214 class is about 0.5 times the length of ship (0.5Ls)
(Reference from the web, presented in Fig. 12).

As previously mentioned, these three control factors are the
three levels. In the Swordfish-class sail configuration, we would
discuss the torque and drag effects affected by different sail and fins
positions arrangement under the assumption of shape and size are
not changed. The three levels of each control factor shown in
Table 3:

4.2. Numerical simulation

In this study, we would use the numerical simulation methods
to discuss the torque and drag for the underwater vehicle’s motion
under the water.

4.2.1. The fore-process phase
In this phase, we applied the commercial software “Rhinoceros”

to draw the lines of the underwater vehicle. Therefore, we used the
Dutch Swordfish class submarine to construct the underwater
vehicle and set up the three levels of the length to diameter ratio (L/
D). According to the similar displacement and the position of the
Center of Gravity (CG) of the underwater vehicle, we planned the L/

Fig. 8. Numerical simulation, experiment and thin wing theory angle of attack a and
CL in the wind tunnel.

Fig. 9. Present study results and comparison with reported steady-state CL of the
NACA 0015 airfoil (Rand N. Conger et al. 1994) in water channel.

Fig. 10. Three levels of Length to Diameter ratio (L/D).
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D as about 8:1, 9:1, and 10:1. Furthermore, according to the original
reference configuration, the sails are placed on three different
levels d the drawing sizes of airfoil shown in Table 4.

4.2.2. The middle-process phase
This phase for grids construction, we applied the commercial

software “Gridgen” to construct grids. We divide it into three parts
to introduce this study as follows: for the role of foreplane, hull, and
calculating domain. Before the numerical simulation of these nine
configurations, we had to confirm that the independent grid test is
probe and reasonable. There are four steps to describe the grid-
construction, as follows:

Firstly, in order to calculate the accuracy and make sure the
downstream calculation domain does not influence the flow field,
we found that when the downstream is about 3LS away from the
stern of the underwater vehicle, the calculation result has
approached to stable and the rate of variance less than 1.2% (shown
in Table 5).

Secondly, to consider the wake effect in different angles of
attack, we set the length of downstream was 4LS. Moreover,
considering the underwater vehicle cruised under the sea; hence,
we do not concern the free-surface influence in this study. Besides,
the assumption of the Swordfish class submarine has diving safety-
depth is about 50 me100 m, based on this concept, and this study
set the calculation domain of depth is 75 m.

Thirdly, for the grid-independent test (shown in Table 6), the
drag force results indicated that the grid space (DS) around the
foreplane is 0.2, and the percentage of variance is 0.93%. In the
others, the grid space (DS) around tailplane is 0.9, and the rate of
difference is 0.7%. These results showed the drag forces approached
to stable (the rate of variation less than 1%).While the grids number
are about 400,000, and the drag force of the underwater vehicle
was approaching stable (shown in Table 7). Therefore, we con-
structed the grids in this calculation domain as follows: the struc-
tural grids adopted for the foreplane and grids space as DS ¼ 0.2.
Considering the hull of the underwater vehicle was challenging to
build orthogonal grids, so it constructed with an unstructured grid
and grids space as DS ¼ 0.5.

Finally, the outer calculation domain constructed with un-
structured grids (DS ¼ 3). The grid space as DS ¼ 3 to 9.3 outwardly
decay, and the total number of grids were about 910,000 in this
study.

4.2.3. The post-process phase
After the grid construction, this study applied the commercial

software “FLUENT” for simulation. The unsteady, viscosity, and
incompressible model was adopted; hence, we based on the
Navier-Stocks equation to solve this kind of problem and applied
the standard k-ε model. The relative settings have shown the same
as Table 1.

For pitching torque: wewent would through the solved the flow
field and obtained the first quality characteristic “pitching torque”

Fig. 11. Three levels of the position of foreplane.

Fig. 12. Three levels of the position of Sail from bow.

Table 3
The three-levels of control factors.

Control factors Level-1 Level-2 Level-3

L/D (Factor-A) 8:1 9:1 10:1
Position of Foreplane (Factor-B) Sail Bow-1 Bow-2
Distance of Sail from Bow (Factor-C) 0.25LS 0.35LS 0.5LS

Table 4
Dimension of underwater vehicle configuration.

Length/Width Control Fin Sail

67m/8.4 m NACA-0015 NACA-0012
67m/7.4 m Length of plane (2.5 m) Height (6.7 m)
67m/6.7 m Width of plane (2.5 me1.7 m) Width (2 m)

Table 5
The relationship between the size of the downstream computing domain and the
submarine force.

Length of downstream range 2Ls 3Ls 4Ls 5Ls

Drag Force (N) 33779 33388 33202 33,126
Percentage of Variance e 1.2% 0.56% 0.23%
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of the common CG position of the underwater vehicle. Based on the
Taguchi orthogonal array L9 table, we would carry out nine sets of
different configurations simulation. Furthermore, we would
analyze the torque magnitude in the y-axis component, and take
the maximum, medium, and minimum values in this solution
period. Summation the torque values of the foreplane, tailplane,
and hulls, etc., as the analysis database (shown in Table 8). For drag
force: to obtain the second quality characteristic “total resistance”
acted on the underwater vehicle, we took the drag in the x-axis
component of the flow field solution. Therefore, we calculated the
maximum, medium, and minimum of drag values in this solution
period for the database (shown in Table 9).

For flow field visualization: in this study, we used the com-
mercial software “Fieldview” to show each physical phenomenon
and to easier observe each physical meaning. For example, Fig. 13
indicates the surface pressure distribution of the underwater
vehicle. Furthermore, it showed the nose, and the leading edge of
the sail is warm-color areas and presented the drag force was the
largest. Hence, the lower pressure zone occurred behind the sail
and sternd this phenomenon caused by inverse pressure gradient
flow and separation effect on the boundary layer. In addition, the
bottom of the foreplane shown the cool-color zone and presented
the higher velocity. These results were consistent with the physical
phenomenon and the Bernoulli equation. Therefore, based on the
visual observation of the flow field, we explain the physical phe-
nomena in this study.

5. Results and conclusion

5.1. NACA airfoil configuration analysis

The airfoil of NACA-0012, NACA-0015, and NACA-0018 were

used to solve the flow field with the angles of attack at 0

̊

, 2

̊

, 4

̊

, 6

̊

,
and 8

̊

, respectively. After the numerical simulation in water
channel, we obtained the pressure values on the surface of airfoil
and used the trapezoidal-rule and Simpson’s-rule to calculate the
corresponding coefficient of lift (CL). According to Fig. 9, we can find
the airfoil shape of NACA-0015 has better coefficient of lift (CL)
performance. Therefore, in this study, we could conclude that the
NACA-0015 airfoil is the optimal configuration to maneuver the
underwater vehicle diving-cruise. Besides, most of the Taguchi
dynamic analysis used the zero-point proportional equation to
solve the optimum ofmultiple targets relationship. In this study, we
found the angle of attack (a) and coefficient of lift (CL) are almost
the linear relationship. Therefore, we applied the Taguchi et al.
(2005) proposed the zero-point proportional equation that
defined as the following equation:

y¼ bM (18)

where y is the response, M is the signal, and b is the slope of the
response line.

5.2. Analysis of quality characteristics of underwater vehicle
configuration

In the first phase of this study, we did not consider the inter-
action between these control factors, and then, this analysis was
carried out using the Taguchi orthogonal array L9 (34) table. The
three control factors included as follows: factor-Awas the length to
diameter ratio (L/D), factor-B was the position of foreplane, and
factor-C was the position of the sail. And then, we set these control
factors in the orthogonal table. Furthermore, we would define the
pitching torque and total resistance as the quality characteristics for
data analysis.

5.2.1. Analysis of pitching torque for 1st quality characteristic
The first quality characteristic is pitching torque, to obtain the

values of b and SNR, we applied the Taguchi method dynamic
analysis. Meanwhile, we also used the analysis of variance (ANOVA)
of statistical methods to judge the influence of the control factors
on the pitching torque (the ANOVA of SNR shown in Table 10). From
this table, it shows that the confidence level is 75% and the F-ratio
larger than F0.25 for the factor-A and factor-B. It indicates that both
factor-A and factor-B have a significant influence in this study.
Furthermore, the factor-B has a substantial contribution up to
20.26%, and factor-A was 16% for the pitching torque. The factor-C
and residual error could not pass the F-ratio so that these factors
can regard as an experimental error. Furthermore, the contribution
of error was up to 63.74% that shows the interaction between these
factors has significantly.

On the other hand, the analysis of variation (ANOVA) of sensi-
tivity (b) shown in Table 11. From this table, it shows that the

Table 6
Front and rear airfoil cylinder grid spacing and airfoil force relationship table.

Space of grids 0.5 0.4 0.3 0.2

Drag on Forward Fin 4148 3910 3868 3832
Percentage of Variance e 5.7% 1.1% 0.93%
Space of grids 1.2 1.1 1.0 0.9
Drag on Tail-plane 4638 4506 4445 4414
Percentage of Variance e 2.8% 1.4% 0.7%

Table 7
The relationship between the number of non-structural grids in the calculation
domain of the submarine and the submarine force.

Number of unstructured meshes 380000 390000 400000 410000

Drag of underwater vehicle (N) 33771 32570 31913 31754
Percentage of Variance e 3.6% 2.0% 0.5%

Table 8
Taguchi orthogonal array L9 analysis for pitching torque.

Exp. A B C e M1 (� 3
�
) M2 (� 6

�
) M3 (� 9

�
)

N1 N2 N3 N1 N2 N3 N1 N2 N3

1 1 1 1 1 356465.30 355775.62 355967.57 681975.93 682122.81 681308.61 1309243.90 1308812.30 1309140.20
2 1 2 2 2 576166.41 576995.92 576359.78 1008730.90 1008624.80 1008854.90 1440354.20 1443999.20 1439798.20
3 1 3 3 3 539409.33 539013.39 539473.89 965883.77 966076.30 966663.70 1388189.00 1387129.40 1384485.70
4 2 1 2 3 393537.82 393067.88 392061.55 704806.63 705417.69 704814.21 1001700.00 1002057.00 1001612.10
5 2 2 3 1 426440.93 426023.45 426351.57 899411.08 899663.33 900039.86 1227466.50 1227376.50 1227444.20
6 2 3 1 2 461663.56 461206.90 462152.93 941967.88 941638.51 941885.91 1391631.90 1391625.80 1391487.20
7 3 1 3 2 411899.22 411613.48 422545.40 757301.26 757673.84 757673.84 1089072.40 1089215.60 1089241.70
8 3 2 1 3 500435.45 500043.84 501107.69 844704.42 844705.62 844705.62 1224598.30 1224529.70 1224476.90
9 3 3 2 1 453767.75 453701.73 453677.84 871486.30 871355.82 871355.82 1226287.30 1226023.60 1227278.70
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confidence limit is 90%, and the F-ratio larger than F0.1 for the
factor-A and factor-B. It indicated that factor-B was the primary
control factor and contribution significant (about 57.11%); the
factor-A was the minor control factor and contribution of approx-
imately 21.85%. However, the contribution of residual error about
21.03%, which means some phenomena still could not be clearly
explained in this analysis.

To solve the previous problem, we would apply the Taguchi’s
orthogonal array L9 (34) to analyze this interaction issue. Therefore,
we set the factor-A and factor-B in columns 1 and 2, and column 3
and 4 existed the possibility of interaction A � B (Shown in
Table 12).

Meanwhile, we went through the two-dimensional diagram of
the interaction A � B for SNR and b (shown in Figs. 14 and 15).

The sum square of interaction A � B factor is precisely equal to
the sum square of factor-C and error in this ANOVA table so that we
could judge this case study of the orthogonal array in column 3 and
4 was the interaction A � B factor. Therefore, the SNR addition
mode with the first quality characteristic (pitching torque) and
interaction A � B factor is predicted by the additive model as
follows:

bh¼ hþ �
hAi

� h
�þ

�
hBj

�h
�
þ �

hCk
�h

�þ
h

�
�
hAiBj

�h
�
� �

hAi
� h

��
�
hBj

�h
�i

(19)

The above equation also could write as follows:

bh¼ hAiBj
þ hCk

� h (20)

where bh is the predicted value, hAiBj
is the combined effect of factor-

A and factor-B, hCk
is the main effect of factor-C, and h is the total

averaged value. The additive model of sensitivity (b) is also the
same. Following the prediction model, to calculate the nine set
factor level combination of the L9 (34) orthogonal array (same
shown in Table 12). It shows that the predicted SNR and b are very
close to the original data. Therefore, this study could confirm that
the interaction factor A� B existed in the original model. According
to the factorial response table of the first quality characteristic (the
h of the pitching torque) (shown as Table 13) and the interaction
factor A � B diagram (same as Fig. 15). The higher SNR indicates a
higher quality; therefore, we select the level with the higher SNR
value. From Fig. 14, the optimal factor level combination is A2B3C1.
The optimal configuration means the L/D is 9:1, the position of
foreplane is on the Bow-2, and the location of the sail is 0.25 LS.

5.2.2. Analysis of the total resistance for 2nd quality characteristic
The 2nd quality characteristic is total resistance. Same as the

study methods and procedures in the previous study, we applied
the Taguchi method for static analysis firstly. Through the repeated
experiment of the models and analysis of total resistance for SNR,
we obtained drag data in 9 different configurations and used

Table 9
Taguchi orthogonal array L9 analysis for total resistance.

Exp. A B C e M1 (3
�
) M2 (6

�
) M3 (9

�
)

N1 N2 N3 N1 N2 N3 N1 N2 N3

1 1 1 1 1 31547.78 31506.52 31482.60 33718.54 33842.45 33797.20 35696.32 35715.00 35665.64
2 1 2 2 2 33313.87 33328.42 33329.68 35980.35 35971.77 35928.66 37098.81 37197.37 37064.84
3 1 3 3 3 34945.70 34938.04 34983.59 35144.59 35197.59 35046.99 37754.02 37841.35 38050.18
4 2 1 2 3 32468.46 32461.03 32531.01 32791.30 32734.66 32727.02 34676.07 34699.60 34591.76
5 2 2 3 1 31227.88 31226.09 31226.70 32960.53 32961.80 32959.17 35446.06 35450.12 35434.31
6 2 3 1 2 31745.09 31796.07 31863.54 31750.18 31775.79 31724.94 34125.23 34132.24 34116.07
7 3 1 3 2 29203.07 29282.35 29230.02 31419.44 31377.79 31432.97 33384.96 33413.45 33403.35
8 3 2 1 3 29763.49 29815.19 29817.24 30596.65 30591.78 30602.25 33176.71 33166.43 33158.88
9 3 3 2 1 29268.94 29259.03 29267.27 30633.88 30662.31 30618.95 33495.68 33477.38 33467.80

Fig. 13. Pressure distribution on the surface of the underwater vehicle.

Table 10
ANOVA of SNR for pitch torque.

Factor SS DOF Var F F0.25 P SS0 Contribution

A 101.69 2 50.84 2.00 2.00 0.25 50.95 16.00%
B 115.23 2 57.61 2.27 2.00 0.22 64.49 20.26%
C (5.78) (2) (2.89) e e e e e

e (95.69) (2) (47.85) e e e e e

Error 101.47 4 25.37 S ¼ 5.04 (dB) 202.94 63.74%
Total 318.39 8 *At least 75% confidence

level
318.39 100.00%

Table 11
ANOVA of sensitivity (b) for pitching torque.

Factor SS DOF Var F F0.25 P SS0 Contribution

A 568052208.02 2 284026104.01 5.16 4.32 0.08 457862701.17 21.85%
B 1306985304.81 2 653492652.41 11.86 4.32 0.02 1196795797.96 57.11%
C (18437856.90) (2) (9218928.45) e e e e e

e (201941156.79) (2) (100970578.40) e e e e e

Error 220379013.69 4 55094753.42 S ¼ 7422.58 (dB) 440758027.39 21.03%
Total 2095416526.53 8 *At least 75% confidence level 2095416526.53 100.00%
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ANOVA analysis to understand the effect of the control factors
(shown as Table 14).

It shows the confidence level of 80%, F-ratio of both factor-A and
factor-C are larger than F0.2 so that these two factors have a

significant influence on total resistance. According to the contri-
bution in this study, the factor-A (L/D) was 85.07%, and the factor-C
(position of the sail) was 4.4%. However, the residual error is about
10.53%; we could conclude that this error was the model error.
Therefore, we judged this case has not the interaction. And then, we
applied the other additive model to predict the SNR; this equation
defined as follows:

bh¼ hþ �
hAi

�h
�þ

�
hBj

� h
�
þ �

hCk
�h

�
(21)

We also could simplify the above equation as follows:

bh¼ hAi
þ hBj

þ hCk
� 2h (22)

where hAi
; hBj

; and hCk
be the control factor of A, B, and C. eq. (22)

predicted the SNR of the second quality characteristic, and then,
comparedwith the original SNR, we could find the values were very
close (shown as Table 15).

Besides, through the 2-D dimensional factorial response table
(shown as Table 16) and the response diagram (shown as Fig.16) for
the total resistance, we could find the optimal factor level combi-
nation is A3B1C1. This result means that the underwater vehicle’s
configuration of factor-A (L/D) was 10:1, factor-B (position of fore-
plane) on the sail, and factor-C (position of the sail) was 0.25 LS, that
has the best drag reduced efficiency.

5.3. Intelligent parameter design for multiple quality characteristics

Through the Taguchi DOE and ANOVA analysis, we could find
the optimal configuration of underwater vehicle for the first and
second quality characteristics individually. However, to find the
best factor level combination under these two quality characteris-
tics, we have to trade-off the weighting between these quality
characteristics. Therefore, in this study, we would apply the intel-
ligent parameter design methods that include Artificial Neural
Network (ANN), Particle Swarms Optimization (PSO), and Per-
centage Reduction of Quality Loss (PRQL).

5.3.1. Meta-modeling of linear regression
Firstly, from the prediction model equation, the 27 set

Table 12
Taguchi orthogonal array L9 analysis for predicted b and predicted SNR table.

Exp. A B C e MSE Sd b SNR Predicted
b

Predicted SNR

1 1 1 1 1 10364681405.35 101807.08 134449.30 2.42 136376.57 3.46
2 1 2 2 2 3373942385.65 58085.65 164622.21 9.05 163122.65 8.14
3 1 3 3 3 2193628656.05 46836.19 157893.31 10.56 157465.60 10.43
4 2 1 2 3 1345682608.99 36683.55 114482.95 9.89 112983.39 8.98
5 2 2 3 1 1728407631.38 41574.12 140665.92 10.59 140238.22 10.46
6 2 3 1 2 58359697.95 7639.35 155240.02 26.16 157167.28 27.20
7 3 1 3 2 924079026.22 30398.67 123673.34 12.19 123245.64 12.06
8 3 2 1 3 2904622257.42 53894.55 139608.13 8.27 141535.39 9.31
9 3 3 2 1 1218116223.14 34901.52 139911.83 12.06 138412.27 11.15

Fig. 14. A � B factor interaction diagram of pitching torque for SNR.

Fig. 15. A � B factor interaction diagram of pitching moment for b

Table 13
Factor response table for pitching torque of SNR.

SNR Factor-A Factor-B Factor-C Error

Level-1 7.34 8.16 12.28 8.35
Level-2 15.54 9.30 10.33 15.80
Level-3 10.84 16.26 11.11 9.57
Range 8.20 8.10 1.95 7.44
Rank 1 2 4 3
Significant Yes Yes No No

Table 14
ANOVA analysis of SNR for total resistance.

Factor SS DOF Var F F0.2 P SS0 Contribution

A 1.49 2 0.74 33.32 2.47 0.0032 1.44 85.07%
B (0.03) (2) e e e e e e

C 0.12 2 0.06 2.67 2.47 0.1833 0.77 4.40%
e (0.06) (2) e e e e e e

Error 0.09 4 0.02 S ¼ 0.15 (dB) 0.18 10.53%
Total 1.70 8 *At least 80% confidence level 1.70 100.00%
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configurations for SNR of these two quality characteristics obtained.
(Shown as Tables 17e18). Secondly, we used the least square
method to establish the response surface of the SNR. Thirdly, we
applied the linear regression analysis to discuss this response sur-
face. In this case study, the linear regression of the first quality
characteristic (pitching torque) the correlation coefficient R ¼ 0.86.
This result indicated that the prediction model still has to be
significantly improved. The response surface of SNR for first quality
characteristic shows as Fig. 17. For the second quality characteristic,
the correlation coefficient R ¼ 1 of the linear regression and rep-
resented this prediction is consistent with the actual model. This
response surface of SNR for second quality characteristic shows as
Fig. 18. From the result of previous linear regression, we could
observe the predicted model of first quality characteristic has a
difference with the actual model. Therefore, we would apply the
nonlinear method to predict and improve this study.

5.3.2. Nonlinear neural network meta-modeling
In this study, we would apply the Radial Basis Function (RBF)

neural network to train the nonlinear response surface meta-
modeling. We set the input as 27 data of the Taguchi orthogonal
array for SNR and set the output as one target for pitching torque.
RBF trained the meta-modeling, and the correlation coefficient R
used for identification. The correlation coefficient R ¼ 1 of the first
quality characteristic (pitching torque) shown in Fig. 19, and the
correlation coefficient R ¼ 0.99995 of second quality characteristic
(total resistance) shown in Fig. 20. The results show that the pre-
diction models of these two quality characteristics were consistent

with the actual model.
Therefore, in this study, Fig. 21 shows the response surface of

the first quality characteristic (pitching torque) meta-modeling
trained by RBF. The nonlinear neural network meta-modeling is
more reasonable than linear regression modeling.

It could observe from different viewpoints shown in Fig. 22.
From the results above, the interaction factor A � B for the first
quality characteristic (pitching torque) has a significant influence.

Fig. 23 shows the response surface of the second quality char-
acteristic (total resistance) trained by RBF. It could also observe
from a different viewpoint shown in Figs. 24 and 25. According to
Fig. 25, we could clearly to find the curve is parallel to each other,
and that means the factor-A and factor-B almost no interaction in
this case study.

5.3.3. Percentage Reduction of quality loss (PRQL) optimization
results

To improve the multiple quality characteristics issue, we tried to
apply the Percentage Reduction of Quality Loss (PRQL) to adjust
these two different targets to achieve the optimization results. In
this study, we could define the Weighted PRQL for the first quality
characteristic (pitching torque) as W1, and the second quality
characteristic (total resistance) as W2. Therefore, based on Table 19
and Fig. 26, we could find the ratio of W1/W2 equal to 1, that means
the W1 and W2 has the same weighted right; the values of
SNR1 ¼ 20.51 dB and SNR2 ¼ �89.91 dB. Besides, we could observe
the value of W1/W2 is increasing to 6, the weighted PRQL
approaching stable, while W1/W2 ¼ 5.5 to 6, the difference of PRQL
less than 1%. Therefore, we compared of W1/W2 ¼ 5.5 and W1/
W2 ¼ 1, and we found that the SNR1 of pitching torque increased
4.61 dB and the SNR2 of total resistance decreased 0.15dB. From the
results of the above, we selected the W1/W2 ¼ 5.5 to be the basis of
the multi-quality characteristics configuration design condition.
Thus, in this study of underwater vehicle’s configuration design
were L/D ¼ 9.4, the position of foreplane on the sail, and position of
the sail¼ 0.25 LS. In other words, under this new design conditions,
the diving maneuverability of the underwater vehicle had much
improved, and the weighted PRQL value could increase to 86.03%.

In this study, we also applied the Particle Swarm Optimization
(PSO) to search the global optimum (shown as Figs. 27 and 28). The
results indicated the best factor level combination is the factor-A (L/
D) as 9.4:1, the factor-B (position of foreplane) on the sail (Bow 2),
and the factor-C (position of a sail) as 0.25 LS. In conclusion, both of
the two methods (PRQL and PSO) have been shown the results
consistent.

5.3.4. Optimization result of total desirability
In this study, we used larger the better of SNR for two quality

characteristics (such as pitching torque and total resistance).
Furthermore, according to the data of SNR converted to expected
function/meta-modeling by ANN, and Particle Swarm Optimization
(PSO) to find the global optimum. Here we have merged these two
quality characteristics into the total desirability (D*), that as a
quality improvement indicator. According to the results of optimal
analysis (shown as Fig. 29), we could concluded that, while
D*¼ 0.8135, the best factor level combination: the factor-A (L/D) as
9.4, the factor-B (position of the foreplane) on the sail, and the
factor-C (position of the sail) at 0.25 LS. This result shows the
WPRQL agrees well with the PSO.

5.4. Parameter analysis of optimized design

In this study, we review this new configuration design condition
to verify and discuss the flow field. Firstly, from the ANOVA analysis
for first and second quality characteristic (shown as Tables 20e21)

Table 15
Predicted SNR of total resistance.

Exp. A B C e y S SNR Predicted SNR

1 1 1 1 1 33663.56 1709.05 �90.55 �90.66
2 1 2 2 2 35468.20 1588.82 �91.01 �91.00
3 1 3 3 3 35989.12 1342.70 �91.13 �91.03
4 2 1 2 3 33297.88 966.92 �90.45 �90.36
5 2 2 3 1 33210.29 1730.47 �90.44 �90.54
6 2 3 1 2 32558.79 1107.75 �90.26 �90.25
7 3 1 3 2 31349.71 1699.88 �89.94 �89.93
8 3 2 1 3 31187.62 1437.38 �89.89 �89.79
9 3 3 2 1 31127.92 1755.37 �89.88 �89.98

Table 16
Factor response table for total resistance SNR.

SNR Factor-A Factor-B Factor-C Error

Level-1 �90.90 �90.31 �90.23 �90.29
Level-2 �90.38 �90.44 �90.44 �90.40
Level-3 �89.90 �90.42 �90.50 �90.49
Range 1.00 0.13 0.27 0.20
Rank 1 4 2 3
Significant Yes No Yes No

Fig. 16. Factors response diagram of total resistance for SNR.
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and drawn the Pareto chart, regardless of the first or second quality
characteristics, at 95% confidence level, it could explain most of the
factorial contribution of these twometa-modeling, and the value of
residual error was less than 3%. The analysis results also shown that
the first quality characteristic (pitching torque), the factor-A, factor-
B, and the interaction A � B have a significant contribution (shown

as Fig. 30). For the second quality characteristic (total resistance)
shows that the factor-A was a significant influence factor, but the
factor-C just for minor influence; the residual error and interaction
could ignore (shown as Fig. 31).

Secondly, we compared with the SNR of the original design
(A1B1C1) and optimal designed by PRQL. We could find the SNR of

Table 17
Pitching torque of L27 (313) orthogonal table prediction SNR.

NO. A B AxB AxB C AxC AxC BxC e e BxC e e Predicted SNR

1 2 3 4 5 6 7 8 9 10 11 12 13

1 1 1 1 1 1 1 1 1 1 1 1 1 1 3.46
2 1 1 1 1 2 2 2 2 2 2 2 2 2 1.51
3 1 1 1 1 3 3 3 3 3 3 3 3 3 2.29
4 1 2 2 2 1 1 1 2 2 2 3 3 3 10.09
5 1 2 2 2 2 2 2 3 3 3 1 1 1 8.14
6 1 2 2 2 3 3 3 1 1 1 2 2 2 8.92
7 1 3 3 3 1 1 1 3 3 3 2 2 2 11.60
8 1 3 3 3 2 2 2 1 1 1 3 3 3 9.65
9 1 3 3 3 3 3 3 2 2 2 1 1 1 10.43
10 2 1 2 3 1 2 3 1 2 3 1 2 3 10.93
11 2 1 2 3 2 3 1 2 3 1 2 3 1 8.98
12 2 1 2 3 3 1 2 3 1 2 3 1 2 9.76
13 2 2 3 1 1 2 3 2 3 1 3 1 2 11.63
14 2 2 3 1 2 3 1 3 1 2 1 2 3 9.68
15 2 2 3 1 3 1 2 1 2 3 2 3 1 10.46
16 2 3 1 2 1 2 3 3 1 2 2 3 1 27.20
17 2 3 1 2 2 3 1 1 2 3 3 1 2 25.25
18 2 3 1 2 3 1 2 2 3 1 1 2 3 26.03
19 3 1 3 2 1 3 2 1 3 2 1 3 2 13.23
20 3 1 3 2 2 1 3 2 1 3 2 1 3 11.28
21 3 1 3 2 3 2 1 3 2 1 3 2 1 12.06
22 3 2 1 3 1 3 2 2 1 3 3 2 1 9.31
23 3 2 1 3 2 1 3 3 2 1 1 3 2 7.36
24 3 2 1 3 3 2 1 1 3 2 2 1 3 8.14
25 3 3 2 1 1 3 2 3 2 1 2 1 3 13.10
26 3 3 2 1 2 1 3 1 3 2 3 2 1 11.15
27 3 3 2 1 3 2 1 2 1 3 1 3 2 11.93

Table 18
Total resistance of L27 (313) orthogonal table prediction SNR.

NO. A B AxB AxB C AxC AxC BxC e e BxC e e Predicted SNR

1 2 3 4 5 6 7 8 9 10 11 12 13

1 1 1 1 1 1 1 1 1 1 1 1 1 1 �90.66
2 1 1 1 1 2 2 2 2 2 2 2 2 2 �90.87
3 1 1 1 1 3 3 3 3 3 3 3 3 3 �90.93
4 1 2 2 2 1 1 1 2 2 2 3 3 3 �90.79
5 1 2 2 2 2 2 2 3 3 3 1 1 1 �91.00
6 1 2 2 2 3 3 3 1 1 1 2 2 2 �91.06
7 1 3 3 3 1 1 1 3 3 3 2 2 2 �90.77
8 1 3 3 3 2 2 2 1 1 1 3 3 3 �90.98
9 1 3 3 3 3 3 3 2 2 2 1 1 1 �91.03
10 2 1 2 3 1 2 3 1 2 3 1 2 3 �90.14
11 2 1 2 3 2 3 1 2 3 1 2 3 1 �90.36
12 2 1 2 3 3 1 2 3 1 2 3 1 2 �90.41
13 2 2 3 1 1 2 3 2 3 1 3 1 2 �90.27
14 2 2 3 1 2 3 1 3 1 2 1 2 3 �90.48
15 2 2 3 1 3 1 2 1 2 3 2 3 1 �90.54
16 2 3 1 2 1 2 3 3 1 2 2 3 1 �90.25
17 2 3 1 2 2 3 1 1 2 3 3 1 2 �90.46
18 2 3 1 2 3 1 2 2 3 1 1 2 3 �90.52
19 3 1 3 2 1 3 2 1 3 2 1 3 2 �89.66
20 3 1 3 2 2 1 3 2 1 3 2 1 3 �89.87
21 3 1 3 2 3 2 1 3 2 1 3 2 1 �89.93
22 3 2 1 3 1 3 2 2 1 3 3 2 1 �89.79
23 3 2 1 3 2 1 3 3 2 1 1 3 2 �90.00
24 3 2 1 3 3 2 1 1 3 2 2 1 3 �90.06
25 3 3 2 1 1 3 2 3 2 1 2 1 3 �89.77
26 3 3 2 1 2 1 3 1 3 2 3 2 1 �89.98
27 3 3 2 1 3 2 1 2 1 3 1 3 2 �90.04
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Fig. 17. Pitching torque of linear regression response surface for SNR:(a)Factors A、B (b)Factors A、C.

Fig. 18. Total resistance of linear regression response surface for SNR: (a)Factors A、B (b)Factors A、C.

Fig. 19. Predictive model correlation coefficient diagram for nonlinear modeling of
Pitching Torque.

Fig. 20. Predictive model correlation coefficient diagram for nonlinear modeling of
total resistance.
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optimal design had significantly improved about 21.54 dB for the
first quality characteristic (pitching torque). That means the un-
derwater vehicle has better vertical diving maneuverability.
Furthermore, the SNR of optimal design had smaller improved
about 0.42 dB for the second quality characteristic (total resistance).
And overall, for the multi-quality characteristics design, this
optimal design has improved 86.03% by the weighted PRQL
(WPRQL) compared to the original design (shown as Table 22).

Thirdly, through the visual analysis of the flow field, the physical
phenomenon is observed. From this optimal design of the under-
water vehicle and numerical simulation, we could see some event
as follows: since the pressure distribution of original design/
optimal design (Figs. 32 and 33), we could find the optimal design
has less pressure on the bow. It means the optimal design under-
water vehicle’s form drag and total resistance has significantly
improved.

Fig. 21. Pitching torque of RBF for SNR: (a)Factors A、B (b)Factors A、C.

Fig. 22. Pitching torque of factor A and B of RBF response surface.

Fig. 23. Total resistance of RBF for SNR:(a)Factors A、B (b)Factors A、C.
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Fig. 24. Total resistance of factor A and B of RBF response surface.

Fig. 25. Total resistance of factor A and C of RBF response surface.

Table 19
Weighted ratio (W1/W2) and weighted PRQL comparison table.

W1/W2 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Weighted
PRQL (%)

43.47% 56.88% 65.17% 70.75% 74.77% 77.80% 80.16% 82.06% 83.06% 84.93% 86.03% 86.98%

A (L/D) 10.00 9.70 9.63 9.58 9.55 9.51 9.48 9.46 9.44 9.42 9.40 9.38
B 1 3 3 3 3 3 3 3 3 3 3 3
C 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
SNR1 (dB) 13.23 20.51 21.77 22.64 23.20 23.69 24.12 24.42 24.68 24.96 25.12 25.33
SNR2 (dB) �89.66 �89.91 �89.95 �89.97 �89.99 �90.00 �90.02 �90.03 �90.04 �90.05 �90.06 �90.06

Fig. 26. Relationship of weighted PRQL vs. W1/W2.
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Fig. 27. The diagram of searching for the global optimum by PSO.

Fig. 28. The optimal solution located on Factor-A and Factor-B response surface by
PRQL.

Fig. 29. The best value of overall desirability of RBF response surface: (a)Factors A、B (b) Factors A、C.

Table 20
Analysis of the variance of the pitch moment prediction model.

Factor SS DOF Var F F0.05 P SS0 Contribution

A 305.02 2 152.51 158.28 3.55 0.00 303.09 31.17%
B 345.64 2 172.82 179.36 3.55 0.00 343.72 35.35%
A � B 304.41 4 76.10 78.98 2.93 0.00 300.56 30.91%
C (17.34) (2) e e e e e e

A � C (0.00) (4) e e e e e e

B � C (0.00) (4) e e e e e e

e (0.00) (4) e e e e e e

Error 17.34 18 0.96 S ¼ 0.98 (dB) 25.05 2.58%
Total 972.42 26 *At least 95% confidence level 972.42 100.00%

Table 21
Analysis of the variance of the total resistance prediction model.

Factor SS DOF Var F F0.05 P SS0 Contribution

A 4.46 2 2.23 538.19 3.44 0.00 4.45 90.80%
B (0.09) (2) e e e e e e

A � B (0.00) (4) e e e e e e

C 0.35 2 0.18 42.44 3.44 0.00 0.34 7.01%
A � C (0.00) (4) e e e e e e

B � C (0.00) (4) e e e e e e

e (0.00) (4) e e e e e e

Error 0.09 22 0.00 S ¼ 0.06 (dB) 0.11 2.20%
Total 4.90 26 *At least 95% confidence level 4.90 100.00%

Fig. 30. Pareto chart for pitching torque.
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6. Conclusion

In recently, there are many developed-countries quickly inves-
ted human resources, cost, and R&D schedules in developing un-
derwater vehicles. The purposes of development include military,
commercial, and ocean investigation, etc. Thus, based on these
multi-functional purposes, in this study, we considered the
configuration design to the development of the underwater vehi-
cles is essential. Therefore, we discussed two quality characteristics,

such as pitching torque and total resistance. We applied the nu-
merical simulation for confirming the experimental data of the
airfoil and selected the NACA-0015 to be the sample of this study;
then simulated the 3-D water channel to discuss the underwater
vehicle performance for vertical motion. We also used Taguchi’s
dynamic analysis and SNR for these two quality characteristics, and
carried out the better SNR for the first quality characteristic
(pitching torque) was A2B3C1. However, the better SNR for the
second quality characteristic (total resistance) was A3B1C1. These
two configurations of the underwater vehicle had a significant
difference. Therefore, to select the optimal factor level combination,
we need to conduct a trade-off for these two quality characteristics;
based on these measured data of SNR and sensitivity (b), this study
applied the ANN methods to train the surrogate models. Applica-
tion of artificial intelligence technique, we expected to acquire a

relative better optimal solution. Furthermore, we applied the PRQL
and PSO methods to find the global optimum for multi-quality
characteristics and found the robust design configuration such as
factor-A (L/D) as 9.4:1, factor-B as the position of foreplane on the
hull (Bow-2), and factor-C as the position of the sail at 0.25LS. This
result shows that the total quality improved by 86.03% compared
with the original design (A1B1C1). These findings lead us to believe
that the intelligence parameter design could significantly improve
the underwater vehicle’s performance and approach to robust

Fig. 31. Pareto chart for total resistance.

Table 22
Original design and WPRQL optimization design comparison table.

Factor-A Factor-B Factor-C Simulation
SNR (dB)

Predicted
SNR (dB)

Gain (dB) WPRQL (%)

Original Condition (A1B1C1) 8:1 Sail Plane 0.25Ls Q1 ¼ 2.42 (dB) 3.46 (dB) 0 (dB) 0%
Q2 ¼ �90.55 (dB) �90.66 (dB) 0 (dB)

Original Condition (by WPRQL) 9.4:1 Bow Plane II 0.25Ls Q1 ¼ 23.96 (dB) 25.12 (dB) 21.54 (dB) 86.03%
Q2 ¼ �90.13 (dB) �90.06 (dB) 0.42 (dB)

Fig. 32. (a) Prototype/(b) new design submarine flow field external longitudinal pressure distribution map.

Fig. 33. (a) Prototype/(b) new design submarine surface pressure distribution map.
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design goals. Future research is required, but this is an exciting first
step. Among the many topics to be explored in a later study, some
important ones can be listed as follows, based on this study results
to simulate and experiment relative 6-DOF motions, specification
definition, quality engineering, and discussion more detail issues to
promote the development of underwater vehicle.
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