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a b s t r a c t

We used a numerical method to estimate the hydrodynamic maneuvering derivatives for the heave-pitch
coupling motion of an underwater glider. It is very important to assess the hydrodynamic maneuvering
characteristics of a specific hull form of an underwater glider in the initial design stages. Although model
tests are the best way to obtain the derivatives, numerical methods such as the Reynolds-averaged
Navier-Stokes (RANS) method are used to save time and cost. The RANS method is widely used to es-
timate the maneuvering performance of surface-piercing marine vehicles, such as tankers and container
ships. However, it is rarely applied to evaluate the maneuvering performance of underwater vehicles
such as gliders. This paper presents numerical studies for typical experiments such as static drift and
Planar Motion Mechanism (PMM) to estimate the hydrodynamic maneuvering derivatives for a Ray-type
Underwater Glider (RUG). A validation study was first performed on a manta-type Unmanned Undersea
Vehicle (UUV), and the Computational Fluid Dynamics (CFD) results were compared with a model test
that was conducted at the Circular Water Channel (CWC) in Korea Maritime and Ocean University. Two
different RANS solvers were used (Star-CCMþ and OpenFOAM), and the results were compared. The
RUG’s derivatives with both static drift and dynamic PMM (pure heave and pure pitch) are presented.

© 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

Recently, research has been carried out on underwater gliders
that can be operated for an extended period to explore marine
resources and seabed environments. Underwater gliders are
controlled by an internal buoyancy tank and the lift from wings
attached to the sides and do not have a propulsion system. There-
fore, they are advantageous in terms of energy consumption
because the buoyancy is changed by using a small pump located
inside of the hull. This feature is also advantageous in terms of
operation time, production cost, and operation space compared to
manned and unmanned underwater vehicles such as Autonomous
Underwater Vehicles (AUVs) and Remotely Operated Vehicles
(ROVs). Many studies on underwater gliders are focusing on this
approach.

Slocum (Webb et al., 2001), Spray (Sherman et al., 2001), and
Sea-glider (Eriksen et al., 2001) are commercial underwater gliders
that are capable of long-term operation at low power and low cost.
Most of the shapes of these gliders have a cylindrical cross-section,
which has low resistance. However, due to its geometric charac-
teristics, there are restrictions on the arrangement of various
equipment. The glider called XRay (D’Spain et al., 2005) was
developed recently, which is a ray-type underwater glider that has
a different cross-sectional shape and hydrodynamic characteristics
than typical gliders. However, although these studies on the un-
derwater gliders have been conducted, there is not enough tech-
nical information to mention in the design process for this kind of
underwater vehicle. Especially, these studies focused on the
experimental approach rather than the numerical approach to the
hydrodynamic derivatives acting on the moving underwater
vehicle. When an underwater vehicle such as a glider is designed at
the initial design stage, it is very important to check the hydrody-
namic characteristics of the target vehicle. Therefore, the numerical
approach proposed in this study can be very useful in terms of both
cost and design time reduction.
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Generally, the first consideration when designing this type of
underwater glider is the resistance and the maneuvering perfor-
mance. Estimating the hydrodynamic maneuvering characteristics
for a particular hull shape is a significant factor in the initial design
stages. The best way to estimate the hydrodynamic maneuvering
characteristics is to perform captive model tests to measure and
analyze the forces and moments acting on the hull in various
modes of motion, such as forward, oblique, and rotational motions.
However, model tests have some limitations, such as cost and time,
because the design is frequently changed in the initial stages.
Therefore, numerical methods are widely used to estimate the
maneuvering performance of an underwater vehicle in these
stages.

There are several numerical methods based on the Reynolds-
Average Navier-Stokes (RANS) equations that consider the viscos-
ity of the fluid and potential-theory-based methods that ignore the
viscosity. Methods based on the RANS equations are also used in
various other fluid analyses. RANS-based analysis procedures have
been applied to the design of ships and in othermarine applications
(Sung et al., 2015; Bhushan et al., 2009; Pereira et al., 2017). A
RANS-based CFD method was used to estimate the hydrodynamic
maneuvering characteristics and resistance performance of a sub-
marine, which presented good results (Vaz et al., 2010). Quasi-
regression and potential-based USAERO methods were used for
the design of Slocum and XRay (Geisbert, 2007). A RANS-based CFD
method was used to identify the hydrodynamic characteristics
required to implement the spiral motion of the Seawing glider
(Zhang et al., 2013).

A RANS-based CFD method was also used to analyze the per-
formance and the design of an autonomous underwater glider
(Singh et al., 2017). The relationship between the lift and anti-
rotation on the wing of a glider was examined in a series of
speed and attitude changes during the straight-forward movement
of the glider. RANS-based CFD calculations have also been used to
simulate a Rotating-Arm (RA) captive model test to derive the hy-
drodynamic force coefficients related to the rotational motion
(Zhang et al., 2013).

Generally, when considering the hydrodynamic characteristics
of underwater vehicles and surface-piercing vessels, captive model
tests such as Planar Motion Mechanism (PMM) and RA tests are
conducted. However, with numerical methods, the force and
moment acting on a moving body can be obtained and analyzed by
simulating these tests. The PMM test is used to analyze the hy-
drodynamic characteristics related to the acceleration and velocity
of translational and rotational motions of a moving body. RA tests
are mainly used when analyzing the hydrodynamic characteristics
related to rotational motion. Therefore, static drift model tests are
also performed to analyze the hydrodynamic characteristics
resulting from translational motion.

Research on the hydrodynamic characteristics of ray-type
gliders has not been widely performed. An experimental study
was conducted on a manta-type Unmanned Undersea Vehicle
(UUV), which has a similar hull shape to a RUG (Bae and sohn,
2009). The hydrodynamic characteristics of maneuvering motion
of the UUV were investigated using both a captive model test in a
Circular Water Channel (CWC) and potential theory (Bae et al.,
2009). The model test results can be used to validate RANS-based
CFD calculations.

The hydrodynamic characteristics of a RUG were estimated us-
ing numerical CFD studies. For this purpose, validation studies were
performed using the resistance and the oblique motion of a manta-
type UUV with CFD and compared to model test results. In order to
obtain the model test results, several model tests were performed
at the CWC in Korea Maritime and Ocean University (KMOU). After
validating the method, resistance, static drift, and dynamic PMM

calculations for the RUG were performed using the RANS-based
CFD method. Finally, the hydrodynamic maneuvering derivatives
obtained by both the static drift and the dynamic PMM methods
(pure heave and pure pitch) are presented for the RUG.

2. MATHEMETICAL model

2.1. Coordinate systems

The body-fixed coordinate system (O � XOYOZO) and the global
coordinate system (OE � XEYEZE) shown in Fig. 1 were used to
describe the six-degree-of-freedom (DOF) motion of the RUG. The
origin of the body-fixed coordinate systems is positioned at the
middle of the depth of the hull in the center cross section of the
RUG.

The positive direction of the X axis in the body-fixed coordinate
system points from the tail to the nose of the RUG, the Y axis points
from port to starboard, and the direction of the rotation is coun-
terclockwise in accordance with the right-handed coordinate sys-
tem. The positive direction of XE in the global coordinate system is
the initial direction of X for the body-fixed coordinate system, and
ZE points from the surface to the center of the earth.

2.2. Equation of 3-DOF motion

Based on the coordinate systems shown in Fig. 1, the 3-DOF
equations of motion can be expressed as Eqs. (1)e(3) without any
rudders or propellers. These equations are derived by removing the
sway, roll, and pitch motions from the equations that were initially
proposed by Feldman (1979) and modified by Sohn et al. (2006). In
order to simplify the problem, it is assumed that there is no hori-
zontal, sway, yaw, or roll motion. Each component of the motion
parameters and the hydrodynamic derivatives in Eqs. (1)e(3)
follow the notation used by Feldman (1979) unless otherwise
mentioned. The prime symbol denotes nondimensionalized values
with 1=2rL2U2 for the force and 1=2rL3U2 for the moment. r is the
density of water, L is the length of the RUG, and U is its velocity.

Surge motion:
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Fig. 1. Coordinate systems for the six-degree-of-freedom (DOF) motion.
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3. Validations on numerical calculation

3.1. Configuration on the model test and the calculation

To validate the RANS-based CFD method, the model test results
were compared with the calculation results for a manta-type UUV
for the validation of the numerical calculation. The model test was
performed at the CWC in KMOU. The principal dimension of the
studied underwater vehicle for the validation is presented in
Table 1 and the layout of the experiment is presented in Fig. 2. The
validations are consisted of two parts such as resistance and static
drift tests. In addition, the numerical calculations are performed
with two different Computation Fluid Dynamics (CFD) solvers. The
same grid is used in both CFD calculations, and the number of grids
is about 2.3M cells. The yþ value of the grid is about 10 in Open-
FOAM and Star-CCM þ calculations. Both inlet and outlet bound-
aries are placed at 1.4L from the studied vehicle to simulate in the
same configuration as the CWC in KMOU, respectively. The layout of
the domain is presented in Fig. 2.

OpenFOAM (Open-source Field Operation And Manipulation)
and the commercial software Star-CCM þ v.13 were used as CFD
solvers. For the turbulence model, the k� u SST model was used in
both CFD solvers, and the Volume of Fluid (VOF) method was
selected to capture the free surface. All calculations were per-
formed with unsteady conditions because of the asymmetric hull
shape, and the time step for the unsteady calculationwas 0.05 s. An
image of the model test at the KMOU CWC is presented in Fig. 3.

Table 1
Principal dimensions of the manta-type UUV.

unit Full scale Model

Length [m] 12.0 1.2
Breadth [m] 4.4 0.44
Height [m] 1.2 0.12
Dipl. Vol. [m3] 31.88 0.03188
Centroid [m] 6.333 0.6333
Scale ratio [-] 10.0

Fig. 2. Layout of the manta-type UUV in the model test.

Fig. 3. Image of the model test (resistance case).
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3.2. Comparison results between the model test and the calculation

Fig. 4 and Table 2 show the comparison results between the
model test and the calculation for the resistance. As the speed in-
creases from 0.5 m/s, the difference between the CFD results and
model test results increases slightly. The difference may occur for
several reasons, such as the grid refinement near the UUV and the
turbulence model used for the calculation. Additionally, the flow
calibration was not performed correctly in the model test for flows
faster than 0.5 m/s because of the limitations of the KMOU CWC,
which could be another reason for the differences. Although the
calculated resistance differs more at higher speed, the CFD calcu-
lation provides meaningful results for understanding the flow
mechanism around the UUV body.

An image of the static drift model test is presented in Fig. 5.
Figs. 6e8 present the results of comparison between the model
tests and CFD calculations for the surge forces, heave forces, and
pitchmoment acting on the UUV body at drift angles of�15 toþ15�

at V ¼ 0.4 m/s. Although there are small differences in the surge
force (Fig. 6), the global trend is captured well. In the case of the
heave force (Fig. 7), the difference between the model test and the
CFD calculation is smaller. The surge force has smaller magnitude
than the heave force and is more sensitive, so the expression with
the percentage of error must be carefully treated when analyzing
the physical phenomena by using CFD calculation.

For the pitch moment in Fig. 8, there are also small differences
like in the surge and the heave force, but the trend is captured well.
Figs. 6e8 show that the forces and moment are asymmetrical
because of the geometrical asymmetry of the hull shape and the
obliquemotion of the UUV in themodel test. The asymmetric forces
and moment were also found in the CFD calculation. This is the
main reason why the CFD calculation can be used in the initial
design stage of the underwater glider. The CFD calculation gives

useful information to understand the mechanism of the flow and
the pressure field around the underwater vehicle when designing
it. Although the result from the two different CFD solvers (Star-
CCMþ and OpenFOAM) were slightly different, the results agree
well each other. Only the Star-CCM þ solver was used for the
analysis of the RUG. All results for the surge force, heave force, and
pitch moment are summarized in Table 3.

4. Numerical calculations for Ray-type Underwater Glider
(RUG)

In section 3, it was confirmed that the numerical approach can
provide reasonable results and is useful when used in the very

Table 2
Numerical comparison results between the model test and the calculation for the resistance.

Velocity Exp. CFD (Star-CCMþ) CFD (OpenFOAM) Difference (¼ Exp:� CFD
Exp:

� 100)

[m/sec^2] [N] [N] [N] Star-CCMþ OpenFOAM

0.32 �0.743 �0.710 �0.808 4.4% 8.7%
0.4 �1.118 �1.071 �1.159 4.2% 3.6%
0.5 �1.732 �1.631 �1.810 5.8% 4.5%
0.6 �2.509 �2.316 �2.359 7.7% 6.0%

Fig. 5. Image of the static drift model test at CWC.
Fig. 4. Comparison results between the model test and the calculation for the
resistance.

Fig. 6. Comparison results for the surge force.
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initial design stage. In this section, the same numerical approach is
applied to predict the hydrodynamic derivatives of the ray-type
underwater glider. Although it was validated in section 3 that
two different CFD solvers can predict nearly similar results, Star-
CCMþ solver, widely used in the engineering field, was used in this
section in order to focus on the main problem identifying the hy-
drodynamic derivative of RUG. In the simulation, all boundaries
except outlet and RUG body are imposed as the inflow boundary
and the outlet boundary is set as the pressure outlet boundary
condition. RUG body is set as the wall boundary condition. Figs. 9

and 10 present an external view and the internal layout of the
RUG, which has a symmetrical hull form. It has no vertical wing,
unlike the manta-type UUV. Resistance and static drift calculations
were performed, and then the dynamic PMM calculations were
performed using the Star-CCM þ flow solver. Fig. 11 presents the
CFD domain for the resistance, static drift, and dynamic PMM. As
mentioned previously, the same configurations with the manta
UUV is used in the calculation of RUG.

Fig. 8. Comparison results for the pitch moment.

Fig. 7. Comparison results for the heave force.

Table 3
Numerical comparison results between the model test and the CFD calculation for the static drift.

Model tests CFD calculations (Star-CCMþ) CFD calculations (OpenFOAM)

Surge Heave Pitch Surge Heave Pitch Surge Heave Pitch

Unit [N] [N] [Nm] [N] [N] [N] [N] [N] [N]

�15 �1.540 31.6 �0.441 �1.592 37.1 �0.757 N/A N/A N/A
�10 �1.538 21.3 0.110 �1.678 23.9 �0.145 �1.550 23.8 �0.198
�5 �1.127 13.1 0.368 �1.423 14.0 0.250 �1.450 13.8 0.400
0 �1.112 5.6 0.630 �1.071 6.8 0.706 �1.159 7.7 0.766
5 �0.962 �0.3 1.147 �0.874 �0.4 1.155 �0.860 �0.4 1.100
10 �0.553 �7.2 1.694 �0.641 �6.6 1.984 �0.580 �7.0 1.770
15 �0.346 �13.9 2.429 �0.054 �15.2 2.930 N/A N/A N/A

Fig. 9. Layout of the ray-type underwater glider (RUG).

Fig. 10. Inside view of the RUG.
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4.1. Resistance

The hull surface of the RUG used by Choi et al., (2017) was
modified to remove the surface holes used to assemble and lift the
model. Removing the holes makes the flows around the hull
asymmetrical, so the problem becomes simpler. Fig. 12 presents the
resistance calculation results, and Fig. 13 presents the contours of
the pressure acting on the RUG and the vorticity behind the hull. In
Fig. 13, there are complicated vortexes behind the hull because of
the widely spread leading edge of the delta-shaped hull geometry.

The hydrodynamic derivative for the resistance is presented in
Table 4.

4.2. Vertical static drift

In general, the range of the drift angle is selected from �30
to þ30� when performing static drift tests for a surface-piercing
vessel such as a tanker, container ship, or LNG carrier. However,
the range of the static drift angle for the RUG was selected as �10
to þ10� because the glider has no rudder or propulsion system. In
addition, the heading angle of the glider must be designed to
change within a small range to increase its dynamic stability.

The calculation conditions and the hydrodynamic derivatives
can be obtained from the vertical static drift calculation and are
presented in Table 5. Figs. 14e16 present the forces and moment
acting on the RUG at various vertical drift angles. The results show
that the hydrodynamic characteristics of the RUG are similar to
those of the manta-type UUV. However, a symmetric trend was
found for the RUG, in contrast to the asymmetric trend of the
manta-type UUV.

Fig. 17 shows the pressure acting on the RUG and the vorticity
field around it when the drift angle is 10�. There is a vortex from the
entire wing that is similar to a phenomenon in the aerodynamics of
a delta wing. This means that the RUG may suffer from some un-
desirable characteristics that a delta wing experiences in the
aerodynamics. Although some undesirable characteristics may
occur in the motion of underwater glider, as mentioned previously
it can be thought that the ray-type underwater glide should be
considered to mount various equipment such as sonar and battery.
In addition, the effect of this tip-vortex on the motion of

Fig. 11. Domain for the CFD calculation.

Fig. 12. Resistance calculation results of the RUG.

Fig. 13. Pressure and vorticity contours (V ¼ 1.0 m/s).

Table 4
Hydrodynamic derivatives for the resistance.

Hydrodynamic derivatives Value

X0
uu �0.0078

Table 5
Calculation conditions and hydrodynamic derivatives for the vertical static drift.

Types Conditions Hydrodynamic Derivatives

Static drift Vertical drift angle, a:
0�;±5�;±10�

X0
ww; Z

0
w; Z

0
ww; Z

0
www;

M0
w; M

0
ww;M

0
www

Fig. 14. Calculation results for the surge force at various drift angles.
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underwater glider should be studied more detail.
Table 6 shows the hydrodynamic derivatives obtained from the

vertical static drift calculation. To check for undesirable character-
istics of the RUG, further research should be conducted using the
hydrodynamic derivatives obtained in this study to examine the
dynamic stability and simulate the maneuvering motion.

4.3. Dynamic PMM (pure heave and pure pitch)

CFD calculations were performed for both pure heave and pure
pitch with the same angle limitations used for the static drift
calculation. For the pure heave calculation, the maximum non-
dimensionalized heave acceleration was set to 0.2 m=sec 2. For the
pure pitch calculation, the maximum nondimensionalized pitch
rate was set to 0.2 rad/s.

Pure heave motion is harmonic motion that generates move-
ment with vertical velocity and accelerationwhile the pitch motion
is fixed. It is possible to obtain the hydrodynamic derivatives
related to both the velocity and the acceleration from the heave
motion, but it is generally used to obtain the hydrodynamic de-
rivatives related to the acceleration. Fig. 18 shows the time history
of the pure heave motion with a period of T ¼ 28.74. The harmonic
analysis results (the in-phase and out-of-phase components) can
be obtained from the CFD calculation.

Figs. 19 and 20 show the harmonic analysis results for the pure
heave motion of the RUG. There was scattering at low frequency
( _w0

max ¼ 0:01; 0:02) because the velocity induced by the heave

Fig. 15. Calculation results for the heave force at various drift angles.

Fig. 16. Calculation results for the pitch moment at various drift angles.

Fig. 17. Pressure and vorticity contours 8n drift conditions (drift angle ¼ 10 deg.).

Table 6
Hydrodynamic derivatives obtained from the static drift.

Hydrodynamic derivatives Value

X0
ww 0.196

Z0w �0.377
Z0ww 0.0031
Z0www �2.699
M0

w �0.0245
M0

ww �0.001
M0

www 0.207
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acceleration is too slow to capture the in-phase component of the
forces and the moment accurately, and the in-phase component is
sensitive to small changes. Increasing the heave acceleration could
help to capture the in-phase component of the forces and the
moment well. The hydrodynamic maneuvering derivatives are
summarized in Table 7. The added mass and added moment of

Fig. 18. Time history of pure heave motion (T ¼ 28.74).

Fig. 19. Calculation results for pure heave motion ( _w0
maxvs: Z

0
heave�in�phase). Fig. 20. Calculation results for pure heave motion ( _w0

maxvs: M
0
heave�in�phase).

Table 7
Hydrodynamic derivatives obtained from pure heave motion.

Hydrodynamic derivatives Value

Z _w
0 0.100

M _w
0 0.011
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inertia can be determined from these results.
Pure pitch motion is harmonic motion that generates angular

movement with angular velocity that has a 90� phase lag from the
heave motion. It is possible to obtain the hydrodynamic derivatives
related to the angular motion from the pure pitch motion. The
phase lag between the pitch motion and heave motion results in
tangential motion to the trajectory of the RUG. In Fig. 21 shows the
time history of the pure pitchmotionwith a period of T¼ 28.74. The
harmonic analysis results for the pure pitch motion of the RUG are
presented in Figs. 22-25

The hydrodynamic derivatives related to the angular velocity
and the angular acceleration were obtained from the out-of-phase
and in-phase components of the harmonic analysis, respectively. In
these results, the same insights for the in-phase component of the
forces and the moment can be discussed as in the case of pure
heave motion. The results were relatively well captured in the case

of the out-of-phase component of the forces and moment. Table 8
shows all hydrodynamic derivatives obtained from the pure pitch
motion.

Fig. 21. Time history of pure pitch motion (T ¼ 28.74).

Fig. 22. Calculation results for pure pitch motion (r0maxvs: Z
0
heave�out�phase).

Fig. 23. Calculation results for pure pitch motion (r0maxvs:M
0
heave�out�phase).

Fig. 24. Calculation results for pure pitch motion ( _r0maxvs: Z
0
heave�in�phase).

Fig. 25. Calculation results for pure pitch motion ( _r0maxvs: M
0
pitch�in�phase).
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5. Conclusions

In this study, model testswere performed for amanta-type UUV,
and the results were utilized for validation in a CFD study. The CFD
calculations were compared with the model test results using two
different CFD solvers. The CFD calculations can be used to design an
underwater glider or AUV in the initial design stages. The dynamic
PMM motion was examined using the CFD method, and the in-
phase component of the forces and moment obtained had to be
treated carefully. In order to increase the accuracy of the calcula-
tions of the in-phase component and the surge force, the calcula-
tion conditions must be chosen carefully, especially the velocity
due to the acceleration.

The CFD method can be utilized to obtain the hydrodynamic
maneuvering derivatives, which can be used in maneuvering sim-
ulations of underwater gliders in the initial design stages. However,
further studies on the optimization of the turbulence model and
the grid refinement are required, and more model tests should be
performed for underwater vehicles such as the RUG to confirm the
CFD method.
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M0
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