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Abstract

Blended-Wing-Body Underwater Glider (BWBUG), which has excellent hydrodynamic performance, is a new kind of underwater glider in
recent years. In the shape optimization of BWBUG, the lift to drag ratio is often used as the optimization target. However this results in lose of
internal space. In this paper, the energy reserve is defined as the direct proportional function of the internal space of BWBUG. A motion model,
which relates gliding range to steady gliding motion parameters as well as energy consumption, is established by analyzing the steady-state
gliding motion. The maximum gliding range is used as the optimization target instead of the lift to drag ratio to optimizing the shape of
BWBUG. The result of optimization shows that the maximum gliding range of initial design is increased by 32.1% though an Efficient Global
Optimization (EGO) process.
Copyright © 2017 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/).
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1. Introduction

Underwater glider as a type of Autonomous Underwater
Vehicles (AUVs), which glides through the ocean by control-
ling their buoyancy and converting the lift on wings into
propulsive force to propel themselves forward (Bachmayer
et al., 2004), has been widely used in oceanographic sensing
and data collection.

Blended-Wing-Body Underwater Glider (BWBUG), such
as Liberdade XRAY (ONR, 2006) and Liberdade ZRAY
(Hussain et al., 2011), is a new kind of underwater glider in
recent years. The disk body of the BWBUG is blended and
smoothed into the wings, and it is also a wing and a pitch
control surface. This configuration reduces interference drag
and provides additional effective wing chord at the wing-body

junction, so the BWBUG has excellent hydrodynamic
performance.

In the shape design research of underwater gliders (Graver,
2005, Ma et al., 2006, Jenkins et al.), the lift to drag ratio is the
most important index to determine the shape of underwater
gliders. In the authors previous study (Sun et al., 2015), the lift
to drag ratio, as the optimization target, was used to optimize
the shape of BWBUG, and excellent hydrodynamic perfor-
mance has been obtained, However, from the result, it can be
seen that the design which has sharper nose and thinner airfoil
of the centerline achieves higher hydrodynamic performance
but loses large volume. Hence, the lift to drag ratio is not
suitable as the optimization target of shape optimization,
because the interior space is also a important index for
BWBUG. In 2013, Jiancheng Yu et al. (Yu et al., 2013) have
studied how to increase gliding range of underwater gliders by
optimizing the gliding motion parameters. This paper's author
got enlightenment from this research that the gliding range can
be a suitable optimization target of BWBUG's shape
optimization.
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In this paper, the research focuses on studying the feasi-
bility and the effect of using gliding range as the optimization
target to optimize the shape of BWBUG. The energy con-
sumption model has been established by analyzing the steady-
state gliding motion of the BWBUG. For a specific BWBUG,
the hydrodynamic parameters were estimated by the com-
mercial code Fluent, and the maximum gliding range was
obtained by optimizing the motion parameters. The Efficient
Global Optimization (EGO) (Jeong et al., 2005) method is
applied to solving this expensive black-box function
optimization.

2. Parametric geometric model

2.1. Shape parameters of BWBUG

Fig. 1 shows the definition of the BWBs planform. The oval
body is blended and smoothed into the wing by two cubic
Bezier curves (Farin, 2002). Each cubic Bezier curve is drawn
by four control points, and (z1,z2,z3) represents the spanwise
coordinate of the control points.

Typical symmetrical airfoil NACA 0012 is used as a
baseline airfoil. As shown in Fig. 2, any section of the airfoil is
designed with changing thickness of NACA 0012 (¼12.0%c, c
is the chord length of local section). Thickness is defined at the
centerline (t1c), the merging point (t2c), and the section be-
tween the center-line and the merging point (tbodyc) as shown
in Fig. 3. To maintain spanwise monotonic distribution of the
relative thickness, tbody is decided by following equation.

tbody ¼
�
1� z

z3

�
$t1 þ z

z3
$t2ð0� z� z3Þ ð1Þ

In order to determine the BWBUGs shape, 10 non-
dimensional parameters which include 4 wing parameters, 4

body parameters and 2 airfoil parameters were defined as
shown in Table 1.

In the authors' previous study (Sun et al., 2015), the relative
sensitivities of the design variables have been analyzed as
shown in Fig. 3. According to the sensitivities, L/D is sensitive
to the change of t2,t1,n1,n2 and angle, and is insensitive to the
change of n3,AR,TR,DR and CR. In this paper, these high
sensitivity parameters are used as the variables of this shape
optimization design, and the values of the low sensitivity pa-
rameters are defined as the optimal design.

2.2. Volume of BWBUG

According to these shape parameters, the volume of the
BWBUG can be obtained by computing a definite integral of
the area of the foil section as shown in Fig. 4. The volume of
the BWBUG can be expressed as

VUG ¼ 2

Zbt
0

SðzÞdz ð2Þ

where s(z) is the area of the foil section at the z plane. Because
every foil section of BWBUG is NACA00 series airfoil, the
s(z) can be computed as

SðzÞ ¼ SNACA0010$½CðzÞ�2$tðzÞ ð3Þ

where, SNACA0010 is the area of NACA0010 airfoil with unit
length, c(z) is the chord length of local section, and t(z) is the
relative thickness of local section. So the volume of the
BWBUG can be computed as

Fig. 1. Definition of planform.
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VUG ¼ 2

Zbt
0

SNACA0010½CðzÞ�2tðzÞdz ð4Þ

2.3. Energy reserves of BWBUG

Fig. 5 shows the internal device layout of the BWBUG.
During the steady-state gliding motion, the buoyancy-
regulating device controls the buoyancy of the BWBUG by
suction or drainage, and the pitch-regulating device controls
the attitude angle of the BWBUG by moving the battery
module.

The battery module is both a movable mass and a energy
source, and its volume, which changes with the volume of the
aircraft, can expressed as

VB ¼ kB$VUG ð5Þ
where, VB is the volume of the battery module, kB is the
percentage of the BWBUG's volume and it is equal to 0.12 in
this paper. The energy reserves of the BWBUG can be
computed as

EB ¼ wB$VB ð6Þ
where wB is the energy density of the battery module.

3. Steady-state gliding range

The steady-state gliding motion of the underwater gliders is
a saw-tooth cyclical motion as shown in Fig. 6. The cycle
starts when the glider is in the diving preparation phase. The
buoyancy-regulating device starts putting the water into
reservoir. As water injected, positive buoyancy gradually
transform into negative buoyancy. When the expected negative
buoyancy is achieved, the buoyancy-regulating device is
turned off, and the pitch-regulating device adjusts the pitch
angle to a desired value for downward gliding. Then, the glider
begins diving until it reaches a desired depth. At the desired
depth, the glider will begin the ascending preparation phase.
The buoyancy-regulating device begins to pump water out of
the reservoir. When the glider reaches neutral buoyancy, the
buoyancy-regulating device will stop running until the diving

Fig. 2. Definition of section.

Fig. 3. The relative sensitivities of the design variables.

Table 1

Parameters of planform.

Parameter Explanation Equation

AR Aspect ratio AR ¼ bt/ct
TR Taper ratio TR ¼ ctip/croot
angle Sweep back angle angle ¼ a

DR Relative distance of

wings root from

gliders nose

DR ¼ d/ct

n1,n2,n3 Relative spanwise

coordinate of the

control points

ni ¼ zi/bt

CR Relative body chord

at the centerline

CR ¼ ct/bt

t1,t2 Relative thickness

control points

tbody ¼ (1 � z/n3)$t1 þ (z/n3)$t2

Fig. 4. The volume of the BWBUG is obtained by integrating.
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speed is reduced to near zero. Then, the buoyancy-regulating
device is started again to adjust the glider to the desired pos-
itive buoyancy after the pitch angle is changed to the desired
value for ascending. The glider will begin to climb and enter
the ascending phase. When the glider arrives at the specified
height, it will start again the diving preparation phase. A full
gliding cycle is thus completed.

3.1. Steady gliding motion modeling

According to the process of glider steady glide, the steady
gliding motion modeling of the BWBUG is built to describe
the relationship between the motion parameters and steady-
state gliding, as shown in Fig. 7. The inertial coordinate sys-
tem E-xhz is assigned with its origin of inertial frame E on the
surface of sea and its coordinate axis E-z pointing vertically
downwards to the center of earth. The body-fixed frame B-xyz
is assigned to the vehicle and the origin of body frame B is
located on the buoyancy center of vehicle. Coordinate axis B-
x, B-y and B-z are arranged by right-hand rule and respectively
point at nose, starboard side and bottom of the vehicle. In this
figure, g is the gliding angle, a is the angle of attack, q is the
pitch angle, U is the gliding speed, L and D are vehicle lift and
drag, M is the hydrodynamic torque and DB is net buoyancy,
respectively. When gliding down, g and q are defined as
negative and a is defined as positive. On the contrary, when

gliding up, g and q are defined as positive and a is defined as
negative.

The kinematic and equilibrium relations of the steady-state
gliding motion can be expressed as

g¼ q� a ð7Þ

DB¼ G�B ð8Þ

tanjgj ¼ h

Dh

ð9Þ

Fig. 5. The internal device layout of the BWBUG.

Fig. 6. The steady-state gliding motion of BWBUG.

Fig. 7. Vertical plane forces of an underwater glider.
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DB cos g¼�L ð10Þ

DB sin g¼�D ð11Þ

xG co sqþ yG sin q¼M ð12Þ
where, G is the net mass of the glider, B is the buoyancy of the
glider, xG and yG are coordinates of the center of gravity of the
vehicle in the body-fixed coordinate.

The hydrodynamic drag, lift and torque can be defined
(Leonard and Graver, 2001) as:

D¼��KD0 þKDa
2
�
U2 ¼�1

2
CDrUU

2 ð13Þ

L¼�ðKL0 þKLaÞU2 ¼�1

2
CLrUU

2 ð14Þ

M ¼�ðKM0 þKMaÞU2 ¼�1

2
CMrUlcU

2 ð15Þ

where, KD0 and KD are the drag coefficients, KL0 and KL are
the lift coefficients, KM0 and KM are the torque coefficients,
CD, CL and CM are the non-dimensional coefficient of drag, lift
and torque, U is the wetted surface area and lc is the charac-
teristic length of BWBUG, which is equal to the wingspan of
BWBUG.

The expression for the angle of attack as a function of the
gliding angle can be derived from Eqs. (7)e(15):

a¼ KL tan g

2KD

 
� 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4

KD

K2
L

cotgðKD0cotgþKL0Þ
s !

ð16Þ
The gliding speed of the BWBUG can then be expressed

from the Eqs. (10) and (14) as follows:

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DB

KL0 þKLa

r
ð17Þ

3.2. Energy consumption model

The energy consumption model is built to describe the re-
lationships between the energy consumption of one steady-
state gliding motion cycle and steady gliding motion param-
eters that include the gliding speed U, the gliding angle g, and
the gliding depth h.

3.2.1. Buoyancy-regulating device
In a gliding cycle, the buoyancy-regulating device is

operated, respectively at the diving preparation phase and the
ascending preparation phase. The energy consumptions for the
two operations are different.

The required driving buoyancy to achieve a specific gliding
speed can be computed from Eq. (17), that is

DB¼ U2ðKL0 þKLaÞ
cos g

ð18Þ

The volume change can be computed according to the
driving-buoyancy force as

DV ¼ 2DB

rg
ð19Þ

In the diving preparation phase, the buoyancy-regulating
device puts the water into reservoir, so the operational power
Pv of the buoyancy-regulating device is usually a constant. As
a result, the energy consumption is

Ebd ¼ Pv

jDV j
qv

¼ Pv

qv

����2U
2ðKL0 þKLaÞ
rg cos g

���� ð20Þ

where qv is the flow rate of the buoyancy-regulating device.
The buoyancy-regulating device pumps water out of the

reservoir in the ascending preparation phase. The work of
pumping water can be computed as

W ¼ jDV jp¼ jDV jrgh ð21Þ

where, p is the pressure at the depth h. If the efficiency of
pumping water is hba, the energy consumption of the
buoyancy-regulating device at ascending preparation phase
can be computed as

Eba ¼ hbaW ¼ hbah

����2U
2ðKL0 þKLaÞ
cos g

���� ð22Þ

The total energy consumption of the buoyancy-regulating
device in a gliding cycle can be calculated as

Eb ¼ Ebd þEba ¼
�
hhba þ

Pv

rgqv

�����2U
2ðKL0 þKLaÞ
cos g

���� ð23Þ

3.2.2. Pitch-regulating device
Like the buoyancy-regulating device, the pitch-regulating

device operates twice in a gliding cycle. In each time, the
pitch-regulating device moves the internal battery package
along the axis B-x to adjust the pitch angle of the glider. The
relationship between the pitch angle q and the gravity center
position can be expressed as

xG ¼�yG tan q ð24Þ
The moving distance of the battery module is

Dp ¼ 2mjxGj
mp

ð25Þ

where m is the total mass of the BWBUG and mp is the mass
of the battery module.

So the energy consumption for the pitch-regulating device
operating twice can be computed as

Ep ¼ 2PpDp

vp
¼ 4mPpjyGtanðgþ aÞj

mpvp
ð26Þ

where, vp is the moving speed of the battery module, and Pp is
the power of the pitch-regulating device operating at the
speed.
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3.2.3. Control system
In the course of the gliding, the control system of the

BWBUG always keeps the working state, and the average
power of the control system is a constant in a gliding cycle. So
the energy consumption of control system is proportional to
gliding time. The gliding time of a gliding cycle can be
computed as

tgc ¼ 2h

U sinjgj ð27Þ

Hence, the energy consumption of the control system can
be defined as

Ec ¼ Pctgc ¼ 2hPc

U sinjgj ð28Þ

where Pc is the average power of the embedded control
system.

3.2.4. Total energy consumption of one gliding cycle and
max gliding range

In conclusion, the total energy consumption of one gliding
cycle can be defined as

EGðU;h;gÞ ¼ Eb þEp þEc: ð29Þ
As shown in Fig. 6, the horizontal gliding distance of one

gliding cycle can be computed as

Dh ¼ 2h

tanjgj : ð30Þ

The energy consumption of unit gliding distance can be
expressed as

EmðU;h;gÞ ¼ EGðU;h;gÞ=ðDhÞ: ð31Þ
The battery capacity EB, carried by the BWBUG, can be

computed as

EBðt1; t2;n1;n2;angleÞ ¼ HB$VBðt1; t2;n1;n2;angleÞ ð32Þ
where HB is the energy density of the battery, VB is the volume
of the battery, and t1,t2,n1, n2,angle are the geometric param-
eters of the BWBUG. Hence, the gliding range of the BWBUG
can be expressed as

RG ¼ EBðt1; t2;n1;n2;angleÞ
EmðU;h;gÞ ð33Þ

From Eq. (33), it can be seen that the gliding range is a
function of the shape parameters and motion parameters.
When the shape of a BWBUG is determined by the geometric
parameters, the gliding range only varies with the steady
gliding motion parameters, including the gliding speed U, the
gliding angle g, and the gliding depth h. For a specific
BWBUG, an optimization model is established according to
the optimization target with the maximum gliding range. The
optimization model can be defined as.

J ¼max RGðU;h;gÞ
s:t: Umin � U � Umax

hmin � h� hmax

gmin � g� gmax

ð34Þ

where (Umin,hmin,gmin) and (Umax,hmax,gmax) are the upper and
lower bounds of the motion parameters, which are limited by
the design of the BWBUG.

4. Shape optimization of BWBUG

In this paper, the gliding range was used as the optimization
target instead of the lift to drag ratio to optimize the shape of
BWBUG. For a specific BWBUG, the hydrodynamic param-
eters were estimated by the commercial code Fluent, based on
finite volume method, and the maximum gliding range was
obtained by the optimization of motion parameters as shown in
Eq. (34). Because the hydrodynamic numerical simulations of
BWBUG could take a considerable amount of time to com-
plete, this paper uses EGO, which is based on Kriging surro-
gate model, for the hydrodynamic shape optimization. The
Kriging-based optimization depends on several enabling
techniques which will be introduced in the following.

4.1. Design of experiment methods

Modern Design of Experiment (Chandra, 2013) (DoE)
methods use certain mathematical algorithms to generate
samples within the design space in an optimal way to gain as
much information of the objective function as possible from
a given number of samples. A certain number of samples are
required for constructing an initial Kriging model. The
choice of the samples has an obvious effect on the efficiency
and accuracy of the Kriging-based optimization chain. A
good sampling method can make the samples evenly
distributed in the design space, so that could avoid the pre-
mature convergence to the region with a local optimum or a
huge amount of expensive high-fidelity computations in the
sample refinement procedure. In this paper, the Latin Hy-
percube Sampling (Kay et al., 1979) (LHS) was used to
generate the samples.

4.2. Kriging model

In the Kriging model, the unknown function byðxÞ can be
expressed as

byðxÞ ¼ bþ ZðxÞ ð35Þ

where x is an n-dimensional vector (n design variables), b is a
linear regression part. Z(x) represents a local deviation from
the global model, and Z(x) is a model of a Gaussian and sta-
tionary random process with zero mean and covariance:
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E½ZðxÞ� ¼ 0 ð36Þ

E½ZðxÞZðxiÞ� ¼ s2Rðx;xiÞ ð37Þ

where s2 is the variance of stationary random process, R(x,xi)
is the spatial correlation function which represents the corre-
lation between Z(x) and Z(xi), and it is related to the distance
between the two corresponding points x and xi. The spatial
correlation function (SCF) is defined as:

Rðx;xiÞ ¼ exp½ � dðx;xiÞ� ð38Þ

dðx;xiÞ ¼
Xn
k¼1

qkðxki � xkÞ2 ð39Þ

where, d(x,xi) is a special weighted distance, and qk(qk > 0) is
the kth element of correlation vector parameter q. According
to the spatial correlation function, the correlation matrix can
be defined as:

R¼

2
664
Rðx1;x1Þ Rðx1;x2Þ … Rðx1;xNÞ
Rðx2;x1Þ Rðx2;x2Þ … Rðx2;xNÞ

« « 1 «
RðxN ;x1Þ RðxN ;x2Þ … RðxN ;xNÞ

3
775 ð40Þ

Each element of this matrix R is a spatial correlation
function of two known points, and this matrix R shows each
possible combination of all known points. The correlation
between an unknown point x and the N known samples is
represented by a vector r(x):

rðmat hb fxÞ ¼ ½Rðx;x1Þ Rðx;x2Þ … Rðx;xNÞ �T ð41Þ
In this paper, the authors just give the final equations for

Kriging formulation, while the more details regarding their
development can be found in e.g. Martin (Martin and Simpson,
2005). The Kriging predictor byðxÞ is
byðxÞ ¼ bbþ rTðxÞR�1

�
Y�Ebb	 ð42Þ

where Y is N-dimensional vector, and bb is the least-squares
estimated of b:

Y¼ ½yðx1Þ yðx2Þ … yðxNÞ �T ð43Þ

bb ¼ ðETR�1EÞ�1
ETR�1Y ð44Þ

The Kriging predictor byðxÞ has uncertainty, and this un-
certainty is expressed as

MSE½byðxÞ� ¼ s2


1� rTðxÞR�1rðxÞ

þ ½1�ETR�1rðxÞ�2ðETR�1EÞ�1� ð45Þ

where s2 is the mean squared error of byðxÞ, and it indicates the
uncertainty at the point x. When point x is added into samples,
the value of s2 converges to zero. This means that the uncer-
tainty of the estimation point largely depends on the distance
from samples. In other words, the farther point x to the sample,
the more uncertain is the prediction byðxÞ.

4.3. Sample refinement strategies

The EGO algorithm adaptively refines the design space by
maximizing the Expected Improvement (EI) Function. It
evaluates the potential improvement of the objective function
on the Kriging model by balancing the probability that the
objective at any location in the design space will fall below the
current minimum and the model error there.

The EI is computed as follows. Let fmax ¼ max( y1,…,yn) be
the current best function value. The improvement at the point
x is expressed as I(x) ¼ max(Y � fmax,0) where Y is a random
variable because the Kriging predictor by has uncertainty. The
expected improvement is:

E½IðxÞ� ¼ E½maxðY � fmax;0Þ� ð46Þ
To compute this expectation, Y is defined as a normal dis-

tribution, and Y is Nðby; s2Þ. by is the Kriging predictor and s is
its standard error at x. The expected improvement can be
expressed as

E½IðxÞ� ¼ ðby� fmaxÞF
�by� fmax

s

�
þ sf

�by� fmax

s

�
ð47Þ

where F is the standard distribution, and f is normal density.
According to Eq. (47), the maximum EI point means the
optimal point or the maximum uncertainty point in the Kriging
model. The maximum EI point as additional sample is used to
update the Kriging model, and this process is iterated until the
maximum EI close to zero.

4.4. Shape optimization procedure using EGO

According to the basic process of EGO (Jeong et al., 2005)
method, a process of shape optimization for BWBUG is built,
as shown in Fig. 8.

1. Putting the sampling information file in the LHS code
which can create initial samples by using LHS approach;

2. Generating the 3D model of the samples using the UG-PD
code, which is edited by C language;

3. Generating the mesh of the samples;
4. Estimating the hydrodynamic forces of the samples by

using the commercial code Fluent;
5. Finding the maximum gliding Range by optimizing the

motion parameters of BWBUG in RGmax code;
6. Putting the sampling data file in the EGO code, then the

EGO code will establish Kriging model and find the
maximum EI point;

7. Determining whether the EImax is negligible, and if it's not
negligible, return to step 2.

5. Validation

In surrogate modeling technique, the ability of reaching the
global optimum depends on the initial sample. In this paper,
LHS is used to generate the initial samples of the Kriging
model. We do a test to verify whether the EGO algorithm can
find the global optimal.
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The Hartman 6 function (Lee, 2007), which is a six
dimensional function, is used to do this test. Firstly, 61 initial
samples are generated by LHS. Then, we maximize the ex-
pected improvement and the maximum EI point is added to the
Kriging model. If the expected improvement is less than 1% of
actual optimal value of Hartman 6 function, we stop. This
process has been done 50 times. We record the result of the
convergence, as shown in Table 2.

In the 50 tests, the EGO algorithm can meet the conver-
gence condition each time. However, the convergence rates
are quite different. The EGO algorithm only added 7 samples
to find the optimal solution in fastest iteration, while 43
samples were added in slowest iteration. The average
numbers of adding samples is about 18. The shape optimi-
zation of BWBUG in this paper has 5 design variables, which
is less than the dimension of Hartman 6 function, so we have
reason to believe that, in this work, the EGO algorithm can
reach the global optimum with the 61 initial samples
generated by LHS.

In this paper, we use the cross validation (Jones et al., 1998)
to assess the accuracy of the initial Kriging model, because

this procedure allows us to assess the accuracy of the model
without sampling any points beyond those used to fit the
model. The basic principle of cross validation is that one
observation y(x(i)) is left out and it is predicted based only on
the n� 1 sampling points. Then, we can get a cross-validated
prediction of the observation, say by�iðxðiÞÞ, and a cross-
validated standard error of prediction, say bs�iðxðiÞÞ. The
subscript �i means that the observation i is not used in making
the Kriging model. These two quantities can be used to
compute standard quantity to judge whether the initial Kriging
model is valid:

Sr ¼ yðxðiÞÞ � by�iðxðiÞÞbs�iðxðiÞÞ ð48Þ

where, the Sr is called standardized cross-validated residual. If
the Sr lies in the interval [�3,þ3], the Kriging model will be
approximately 99.7% confident, which means the model is
valid.

In this case, we select 61 samples by LHS code to establish
the initial Kriging model. Fig. 9 shows the results of the
diagnostic tests for the initial Kriging model. In Fig. 9a, the
observation versus cross-validated predictions was plotted. If
the model is good, the points will lie on a 45� line. As can be
seen in Fig. 9a, 61 samples are basically distributed in the
vicinity of the 45� line. In Fig. 9b, it is more clear that the
standardized cross-validated residuals of 61 samples are all in
the interval [�3,þ3], so the initial Kriging model is
satisfactory.

Fig. 8. Process of shape optimization for BWBUG.

Table 2

Convergence test for EGO algorithm based LHS.

Convergence rate No. of adding samples Actual error when stopped

Fastest 7 0.50%

Slowest 43 0.78%

Average 17.94 0.57%
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6. Results and discussion

According to the parametric design of BWB underwater
glider, the parameter ranges of design space and the value of
initial design is shown in Table 3.

6.1. Results of motion parameters optimization

As shown in Eq. (34), the maximum gliding range is found
by the motion parameters optimization. The initial design is
used to evaluate the effect of the motion parameters optimi-
zation. The calculated hydrodynamic coefficients and the
relevant energy consumption coefficients are listed in Table 4.

The motion parameters is set such that 0 < U < 0.8 m/s,
100 m < h < 1000 m, and 3 < g < 15. The optimal gliding
parameters are obtained by solving the optimization problem

of (36). Fig. 10 shows the two-way interaction of the motion
parameters in the gliding angle. Fig. 10a and b shows that it is
the monotonic relationship between the gliding range and the
gliding depth, and the gliding range will increase with the
increase of the gliding depth, so we will not find the maximum
gliding range if the gliding depth is variable. When the gliding
depth is given a fixed value as shown in Fig. 10c, it can be see
that the gliding angle and the gliding speed are the non-
monotonic function of the gliding range, and the maximum
gliding range is about 3400 km when the BWBUG glides with
around 0.4 m/s gliding speed and 6� gliding angle. For getting
the maximum gliding range, the gliding depth of BWBUG is
set at 500 m.

6.2. Results of shape optimization

According to the process of shape optimization, initial 61
samples were selected by LHS code and the maximum gliding
range of these samples was calculated by above method. The
initial Kriging model was then constructed based on sample
data. The maximum EI point was found as an additional
sample. Then, the maximum gliding range of additional
sample was calculated and the new Kriging model was built
with 62 sample data. This process is iterated until the expected
improvement is less than 0.3%. After 10 additional samples,
the expected improvement dropped to 0.25% and the iteration
stopped. Fig. 11 illustrates the iteration process of EGO al-
gorithm. In initial Kriging model, the EI was as much as 3.4%
of maximum glide range, and after 2 iterations the EI quickly
dropped to below 1%.

Table 5 shows the comparison between the initial design
and optimal design. The maximum gliding range of the
optimal design is 4872.3 km, and it is 32.1% higher than the
initial design. This is a very significant improvement of
gliding range for BWBUG, and the main reason underlying
the result is that the volume of optimal design increase by

Fig. 9. Diagnostic tests for the initial Kriging model: (a) actual observation versus cross-validated predictions; (b) standardized cross-validated residuals versus

cross-validated predictions.

Table 3

Parameter ranges of design space.

Parameter Lower bound Upper bound Initial design

n1 0.15 0.45 0.33

n2 0.10 0.40 0.30

Angle 25 35 27

t1 0.18 0.28 0.22

t2 0.08 0.12 0.1

Table 4

Hydrodynamic coefficients and energy consumption coefficients.

Hydrodynamic coefficients Energy consumption coefficients

KD0 3.505 VB(m
3) 0.0493 Pp(W ) 10

KD 271.27 wB(J/m
3) 1.13 � 109 vp(mm/s) 1.5

KL0 0 Pv(W ) 12 Pc(W ) 5

KL 1141.67 qv(cc/min) 150 e e

KM0 0 hba 0.35 e e

KM 56.75 yG(mm) 50 e e
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41.4% while the maximum L/D of optimal design reduce by
only 10%. The optimal design gets both high hydrodynamic
performance which keeps the BWBUG high gliding efficiency
and large volume which enables the BWBUG to carry more
energy.

Fig. 12 illustrates the relative sensitivities of the design
variables. Compared with our previous study as shown in
Fig. 3, there is no change in the order of the sensitivities of the
design variables, but t1 and t2, which control the thickness of
airfoil, is more sensitive than before.

The shape and the pressure distributions of the initial and
optimal design are shown in Fig. 13. The optimized and the
initial design have a similar pressure distribution that the low
pressure area is appeared around the leading edge of the upper
surface at the merging point and the high pressure area is
appeared at lower surface of the wing. The initial design has
sharper nose (lower n1) and thinner airfoil of the centerline
(lower t1). Conversely, the optimal design has mellower nose
(higher n1) and thicker airfoil of the centerline (higher t1) so
that the optimal design has larger volume.

It can be seen from the result of shape optimization that
the volume of BWBUGs is more sensitive to the change of
design variables than the maximum L/D, and the volume is
anti-correlated with the maximum L/D. When the shape
optimization of BWBUG is done to obtain the maximum L/
D, the BWBUG will lose large interior space. Hence, the
maximum L/D is not suitable as an optimization target of
shape optimization for BWBUG. The maximum gliding
range as an optimization target makes up for this disadvan-
tage of the maximum L/D, because obtaining the maximum
gliding range needs both high hydrodynamic performance
and large volume, in other words, the maximum gliding

Fig. 10. The relationship between the gliding range and motion parameters: (a) U ¼ 0.4 m/s; (b) g ¼ 7�; (c) h ¼ 500 m.

Fig. 11. Iteration process of optimization.

Table 5

Comparison between the initial design and optimal design.

Volume(L) L/Dmax Gliding range (km) The value of shape parameters

n1 n2 angle t1 t2

Initial design 49.7 18.51 3689.6 0.330 0.30 27.0 0.220 0.10

Optimal design 70.3 16.82 4872.3 0.427 0.17 33.2 0.272 0.105

Fig. 12. Sensitivity of gliding range to changes in the design variables.
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range can well balance the weight between volume and hy-
drodynamic performance.

7. Conclusions

In this paper, a shape optimization of BWBUG with 5 most
sensitive shape design variables was established by using
maximum gliding range as the optimization target instead of
Lift to Drag ratio. The hydrodynamic performance of the
BWBUG was evaluated using a Fluent code, and the
maximum gliding range was found by optimizing motion pa-
rameters of BWBUG. The EGO method was used to solve this
shape design optimization with expensive black-box functions.
The following conclusions can be drawn.

1. The gliding range of BWBUG increases with the increasing
of the gliding depth, and it increases and then decreaseswith
the increase of the gliding speed or gliding angle.

2. By shape optimization, the initial design has obtained a
very significant improvement of maximum gliding range
(32.1% higher).

3. The maximum gliding range is more suitable as the opti-
mization target of BWBUG's shape optimization, because
the maximum gliding range can well balance the weight
between volume and hydrodynamic performance.

In this paper, the typical symmetrical airfoil NACA 0012 as
a baseline airfoil has excellent hydrodynamic performance,
but its section area is not prominent. In the future research,

Fig. 13. Pressure distributions around the optimal and initial design.
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authors will force on how to design a new type of airfoil which
is suitable for BWBUG.
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