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ABSTRACT:

Ocean exploration is a challenge which provides knowledge of the environment
and ecosystem. Autonomous underwater gliders are advantageous over
conventional underwater vehicles. Performance can be evaluated by
hydrodynamic characteristics. This paper presents a study of an hydrodynamics
estimation for various underwater glider configurations. The designs of hull
shape configuration of underwater gliders which is similar to torpedo shape
are investigated. The hydrodynamics (drags) are estimated by using
computational fluid dynamics. Reynolds-averaged Navier-Stokes equations with

thampton, S016 7QF, UK . : .
Southampton, 5016 7QF, U the SST model are used to solve this problem. The numerical studies are

determined using the open-source software. The work shows results of
hydrodynamics comparing a designed underwater glider with the Slocum
glider. Performance of the gliders is also evaluated.

Received 20 April 2020
Revised 18 May 2020
Accepted 19 May 2020

Keywords: Underwater glider, Hydrodynamics, Hull shape

1. INTRODUCTION

Underwater gliders are capable of travelling through the ocean by utilising the change of buoyancy force and
internal moving actuators [1]. Underwater gliders can change their buoyancy from negative to positive in a cyclic
manner. Moving mass actuator allows the change of the position of centre gravity and consequently, the pitch angle
can be adjusted. They also have external fixed wings and tails which produce stabilsing movement. Lateral plane
motion is controlled by the rudder movement. They have advantages over conventional underwater robots (for
example, Autonomous Underwater Vehicle (AUV) and Remotely Operated Vehicle (ROV), for instance, low
energy consumption and long-term operational durations. Underwater gliders move with low speed and
consequently have low drag. There are widely used in both education and military application in oceanography [2].
The original concept of an underwater glider was proposed by [3]. Various underwater gliders have been
extensively developed, for example, Slocum [4], Spray [5] and Seaglider [6]. Figure 1 shows several designs of
underwater gliders. Slocum is 3.2 m long and 40 kg displacement. The Slocum glider uses either electric power or
thermal powered engine, which was able to operate up to 150 m depth with glide angles from 10° to 40° with
longitudinal speed of 0.15 to 0.22 m/s. They are aimed to operate in fleets in a coordinate networks (e.g. monitoring
grid, feature tracking, station keeping). Spray has a 2 m long body and weighs 50 kg. Spray glider is a slender
ellipsoid shape and uses electrical power. Hull shape is key design for performance. Spray had been successfully
tested up to 1500 m depth with operating speed of 0.2 to 0.3 m/s. Seaglider with low drag axisymmetric shape has
1.8 m long body and weighs 52 kg. It uses battery powered is able to operate up to 1500 m depth with travelling
speed of 0.25 m/s. Other remarkable glider designs have been also investigated. Those vehicles are ALBAC [7],
Rogue [8], SeaExplorer glider [9], USM underwater glider [10] and Sterne sea glider [11].
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Fig. 1. Underwater gliders: (a) Slocum glider [4] (b) Spray glider [5] (c) Seaglider [6].

Design of a hull shape for an underwater glider is one of the main characteristics in determining the motion
behaviour and operational duration. Hull shape design provides hydrodynamics estimation. Currently, various
efforts [12-17] are found that investigate hydrodynamic coefficients of underwater vehicles from computational
fluid dynamics (CFD) with experimental validation. CFD techniques are used to study the hydrodynamics because
of low cost, less time and acceptable result. Most research has been investigated in various issues of hydrodynamics
such as grid generation, boundary resolution technique and influence of boundary condition. A multi-objective
optimisation design framework [12] integrated with the computer aided design (CAD) and CFD is studied for AUV
hydrodynamics in shape geometry variation AUV drag estimation and shape optimization are considered using
CFD. An AUV with a ducted propeller [13] was evaluated for estimating hydrodynamic characteristics using CFD.
In [14], unstructured mesh and adaptive mesh refinement using commercial CFD software improved efficiency and
shown accuracy. Optimisation of hull shape was utitlised with multi-island genetic algorithm. A high lift to drag
ratio glider shape, the blended-wing-body [15] was investigate for optimized hydrodynamics parameters using
Kriging-base genetic algorithm. Hydrodynamic drag and life parameters were obtained using CFD approach to
steady state motion of the torpedo shape underwater glider [16]. Steady state CFD analysis method with automated
meshing and parametric hull shape definition of Autosub AUV was investigated [17]. Furthermore, a strip theory
and CFD [18] were used for estimating hydrodynamics. Experimental data has been carried out for validating the
simulation. Moreover, CFD analysis approach with Hess-Smith’s added mass method obtained hydrodynamic
coefficients of underwater glider in a saw-tooth path of a vertical motion [19]. Optimal tordepo-like shape AUV
moving near free surface was determined using simulated annealing algorithm to reduce the total resistance [20].
Various underwater glider’s parameters, for example, drag, power conversion ratio and barycenter offsets were
comparing using CFD analysis software [21]. Steady state CFD analysis simulation was used to evaluate the
dynamic stability subjected to external disturbances of a low speed underwater glider [22].

In summary, this paper aims to develop hull concept design techniques that are robust and reliable using CFD

analysis procedures. Section 2 presents a mathematical model of the underwater glider. Section 3 presents hull
shape design and CFD. Section 4 delivers numerical simulation results. Conclusion is given in the last section.
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2. MODEL OF AN UNDERWATER GLIDER
2.1 Kinematics and dynamics

In general, kinematics and dynamics model of an underwater glider are similar to the 6-DOFs nonlinear equation of
an underwater vehicle. The notation used in this work defined by SNAME [23]. They are obtained by using a
global reference of the NED-frame and the body-fixed frame (see Fig. 2).

The kinematic model of an underwater glider is defined as,

1n=J0mv (1)

The rotation and transformation matrix of the Euler angle is obtained by,

Ry(m)  Osxs ]
= 2
J(m O3xs Ty (M) @
The dynamics model derived from the Newton-Euler equation is,
Mv+CW)v+DWw)v+gn) =1 3)

2.2 Equation of motion

Equation of motion of an underwater vehicle is 6-DOFs nonlinear equation of motion [23, 24]. The mode of an
underwater glider is similarly suggested in [25]. From Fig. 2, the vertical motion equation is simplified by
neglecting the diagonal and coupling terms and tether dynamics. It is assumed that added masses are constant. The
contribution of wings is dominated by the lift and drag forces during a low angle of attack because the glider body
is symmetry.

Surge, Roll
Sway, Pitch

y4
Y Heave, Yaw
Fig. 2. Frame coordinates of an underwater glider

The equation of motion of an underwater glider is given as follows,

m(u —vr+wq—x4(q* + 1) + y,(pq — ) + 2, (pr + ('1)) =X

m(ﬁ —wp 4 ur —y,(r2 +p?) + z,(qr —p) + x,(qp + 1'")) =Y 4

m(v‘v —uq +vp — z5(p* + q*) + x,(rp — §) + y,(rq + ri)) A

Lp+ (Iz - Iy)qr - +pDl, + (r? - qz)lyz + (pr — ‘.I)Ixy + m(}’g(w —uq +vp) — Z‘g(ﬁ —wp+ur))=K

Iy q + (Ix - Iz)rp - (P + qr)lxy + (PZ - T‘Z)sz + (qp - f')lyz + m(Zg (u —vr+ WQ) —Xg (W —uq + Up)) =M (5)
L7+ (Iy —L)pq— (¢ + D)Ly, + (% = Py + (rq — Py + m(xg (0 — wp + ur) — yg (i — vr + wq)) = N
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2.3 Vectorial representaion

A) Inertial matrix

According to [24], inertial matrix is composed of the rigid body inertial matrix and rigid body-like hydrodynamic

added mass. It can be written as,

m 0 0 0 mzg  —mygl [Xy X, Xo Xp Xg Xi]

0 m 0 —mz, 0 mxg Y, Y, Y, Y, Y, Y

M= 0 0 m my, —mxg 0 3 Zy Zy Zy Zy Zy Zy
0 —-mz; my, I, —Ly K, K, K, K5 K; K

mz, 0 —mxg =L, L, —I, M, M, M;, My M, M;
[—-my, mx, 0 =l —ly I, [N, N, N, My, M; M,;]

B) Coriolis and centripetal matrix

Coriolis and centripetal matrix are derived from system inertial matrix. They combine
Centripetal matrix and hydrodynamic Coriolis-Centripetal matrix. They can be expressed as,

rigid body

=S(My1vy + Myv;)
=S(Ma1vy + My,v,

=S(A11vy + A1207)
—S(Av1 + Ao,

03)(3

O3x3 ]+[
=S(A11v1 + A7)

cw = [_5(M11V1 + My,v,)

where the hydrodynamic Coriolis-Centripetal matrix is defined as,

0 0 0 O _a3 az
[ 0 0 0 a3 0 _all
_lo 0 0 -a, o 0 |
CA(V)_ | 0 _a3 az 0 _b3 bz I
| a3 0 _al b3 0 _bll
l_az a1 0 _bz bl 0 J
and

a =Xpu+ X v+ Xyw+ Xpp+ X4q + X1 by =Kyu+K,v+K,w+ Kyp+Ksq+ K7
b, =Myu+M,v+M;,w+ Myp + Myq + My

b; = Nyu+ N,v+ N, w+ Nyp + Ngq + Np1

a, =Yu+Y,v+Y,w+ Yﬁp+qu+Yr-r
az =Zyu+Zyv+Zyw+ Zyp+Z4q+ Zpr

C) Damping matrix

(6)

Coriolis-

(7.1)

(7.2)

(7.3)

Damping matrix is a collection of other hydrodynamic forces and moment which is the quadratic lift and drag,

D(V) = _diag {Xu' Yvr Zw' Kpr Mq: Nr} - diag {Xulul |u|: levl |U|' Zwlwl |W|' Kplpl |p|’ Mplpl |p|' errl |T|' }

D) Restoring force matrix

A vehicle is affected by the gravity and buoyancy forces. It is expressed as,
g = [fe + 1

T X fp + 15 X fo]T

where f,,f, are buoyancy force and gravitational force and r,,7,
buoyancy/gravity with respect to the centre of origin.
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3. HULL DESIGN
3.1 Hull geometry

Hull shape parameters of the glider are defined by [20]. The body comprises of a nose and a tail section that are
connected with a middle hull section (see Fig. 3). Nose and tail radii are given by,

1
d x_lt-_lm in E d lt_xnt (10)
"n—z(l‘(—zn ) ) : “5(“( L )

where n,, ,n; are two exponents and r, ,r; are the radius at the nose and tail section at position x and d is the
diameter of the middle hull section. The length of the middle hull section L, is obtained with a volume constraint.

™ d Tt

] Ly | Ui | l¢ ‘

Fig. 3. Parameters of the hull geometry
For a particular example, the hull shape of the Slocum glider is how considered. Two designs of glider’s hull are
investigated for the minimum total resistance. Figure 4 exhibits the comparison geometry of the hull shape. Table 1
shows hull parameters in this study.

----- Slocum—Design-1++++*Design-2

~
~
~

Fig. 4. Hull shape of the Slocum glider and two designs

Table 1: Hull design parameters

Parameters Slocum [4] Design-1 Design-2
L, 240 mm 240 mm 240 mm
ln 800 mm 800 mm 800 mm
l; 380 mm 380 mm 380 mm

l 1,420 mm 1,420 mm 1,420 mm
d 160 mm 160 mm 160 mm
ny, 2.3 1.7 15

n; 3 1.7 15

|4 0.0245 m? 0.0227 m? 0.0224 m?
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3.2 Flow analysis

In this study, the fluid created around a glider’s hull is incompressible water [26]. The Reynold Average Navier
Stokes (RANS) equation is used to define the flow field (U; = u, v, w) and the pressure (P) around a vehicle’s hull
[22],

aU;
axi
_ _ _ (1D
au, ouy, 19P 0 ou, ay, ouu,
+ U; = ——+— + - + i
at dx; pOx; 0x; dx;  0x; 0x;

Various turbulence models are used to provide solution to the Reynolds stresses. The k — w sheer stress transport
(SST) is commonly used for turbulence model due to its robustness and cost effectiveness. For the steady state drift
tests, the fluid domain consists of the glider model, flow velocity inlet, zero relative pressure outlet, ceiling, bottom
wall and two free slip walls. Figure 5 shows the entire computational domain. The location of the glider model is
defined 1.0 time body length from the flow inlet and 4.0 times body length from the outlet. The ceiling, bottom
and side walls are 0.5 time body length from the wall.

Free slip wall

—
% ~
n
N S
5 — 1/ 41 ko)
g _ — ) El
- S
S %
% c
—

Free slip wall
Fig. 5. Boundary condition for the numerical drift test

The mesh parameter is very important. The boundary layer was estimated using the following equation,
8 = 0.035LRe™ /7 (12)

and the first layer thickness Ay* can be estimated from [22],
Ay = LAy*+/80 Re~13/14 (13)

The coefficients are used to described the hydrodynamic forces of the glider,

C; = B 14.1
47 0.5pS,U? (14.1y
C, = By 14.2
L7 0.5p8,U2 (14.2)
Co = i 14.3
™ 0.5pS,L,U? (14.3)
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where Cy4, C;and C,, are the coefficients of drag, lift and pitch moment of the glider, respectively. S, is the
maximum cross-section area of the glider shape. Furthermore, mesh quality is vital. This is essential for archiving
the accuracy and stable requirements of the numerical simulation. Optimal number of elements can be used from a
grid dependence test. Table 2 shows the numerical calculation of the grid dependence test using CFD software.
Obviously, Grid #3 and Grid #4 are satisfactory for using in the numerical simulation. The entire layer mesh of
Slocum was shown in Fig. 6(a). A refine mesh at nose and tail sections is used in this study is shown in Fig. 6(b).

(b)
Fig. 6. Boundary layer refined mesh of Slocum glider (a) whole body
(b) trimmer at nose (left) and tail (right) sections

Figure 7 selectively shows a comparison of the longitudinal section view of computational mesh around the design-
1 and design-2 gliders. The CFD model is validated with the experimental measured drag of the glider with no-
wave condition. Figure 8 shows the Slocum’s drag coefficient of the CFD study which is in good agreement with
the experimental study [12] with a maximum relative error of 1.5% at Re = 1.79 x 10° and a minimum relative
error of 0.1% at Re = 0.59 x 10°.

Table 2: Grid dependence test of the Slocum glider at speed of 1 m/s

Grid Number of elements C,y

Grid #1 214,512 0.00537
Grid #2 228,483 0.00514
Grid #3 242,381 0.00510
Grid #4 256,279 0.00510
Grid #5 270,104 0.00509
Grid #6 284,002 0.00507
Grid #7 297,973 0.00508
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Fig. 7. Boundary layer refined mesh of (a) design-1 (b) design-2
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Fig. 8. Comparison of drag coefficient using CFD and from experiment [20]

The velocities (0.5, 1.0, 1.5 and 2 m/s) were used in experiment [20], the drag and drag coefficients of three designs
are then compared with the CFD software. These results (see Fig. 9) show that drag coefficients of the design-1 and
design-2 are lower than that of the Slocum glider. At speed of 1 m/s the drag coefficients of design-1 and design-2
is about 6.8% and 7.2% smaller than that of the Slocum. The volume of the design-1 is a little bit larger than that of
the design-2. Furthermore, the velocity profile shows the wake occurred in design-2.
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Fig. 9. Comparison of drag calculation using CFD for various designs

3.3 Performance

Energy consumption is another criterion to be considered for evaluating the performance of the glider. The power
usage proposed by [21] is then simplified as,

e= Fv (15)
where F, is the drag force and v is the velocity of the glider.

4. SIMULATION RESULTS
4.1 CFD analysis

Using CFD simulation for the design-1 glider in the steady state and incompressible flow, the hydrodynamic
coefficients, flow behavior, force distribution and pressure distribution on the glider for velocities (0.05, 0.10, 0.15,

0.20, 0.25, 0.30 m/s) and angle of attack (¢ = -10 to 10 in the step of 2 degrees) are obtained. The design-1 hull
shape is used for the study.

4.2 Drift tests

The fluid domain is defined as a cuboid fixed in space as previously shown in Fig. 5. The results in Fig. 10-11 show
the effect of attack angle on the life and drag coefficient in various velocities. High lift to drag is desirable for a
glider which the result is shown in Fig. 12. It shows the maximum L/D ratio is about 2 at « = 16° at the velocity
of 0.25-0.3 m/s. Figure 13 shows the effect of attack angle and velocity on pitching moment coefficients.

x10-3 %1073
4.5 . 6 ‘ T ]
-] 4t
SR,
53 23
i 5
ER| 20
A LS ——0.05 ms| | E i —+—0.05 mis
——0.1 m/s —o—0.1 m/s
i = ==
0.5F —6—0.25 m/s| | —6—0.25 mis
0 —5—0.3m/s 6 ‘ —v—03ms |
.10 -8 -6 4 9 0 2 4 6 8 10 -10 -8 -6 4 -2 0 2 4 6 8 10
Attack angle (deg) Attack angle (deg)

Fig. 10. Comparison of drag and lift coefficients as function of attack angle for design-1
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Fig. 13. Comparison of pitching moment coefficient as function of attach angle and velocity for design-1

4.3 Hydrodynamics coefficients

The results compare the variation in fluid velocity around the hull at the attack angle of 0° of the heave force with
pitch and velocity (see Fig. 14) and the heave moment with pitch and heave velocity (see Fig. 15).
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4.4 Power usage

The total power usage of the Slocum and design-1 glider is computed and shown in Fig. 16. Power usage of the

design-1 is about 5.76% and 11.12% smaller than that of the Slocum at the velocity

respectively.

Net power usage (Watt)
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5. CONCLUSION

In conclusion, this work investigates the numerical calculation of hydrodynamic coefficient of the underwater
gliders’ hull shape using CFD with RANS with SST turbulence model. The total resistance of the designed hull
geometry reduces by 7% whereas the design’s volume is similar to the Slocum glider. The results show that the
drag coefficients calculating from CFD reasonably agree with the experimental work. Both lift and drag coefficient
are increased when the attack angle is increased and the highest lift/drag ratio occurred when the attack angle is
a = 16° at a velocity of 3.0 m/s. Numerical prediction of the hydrodynamics show how the heave force-pitch
velocity, heave force-heave velocity, heave moment-pitch velocity and heave moment-heave velocity are related.
These hydrodynamic derivatives are also in accordance with physical behaviour of the undersea glider. The
variation of hydrodynamics trends is not much different for the studied velocity. It is obvious that the energy
consumption for the proposed design is marginally lower than that of the Slocum. The performance is quite well.
Therefore, future work needs to study the performance of the underwater glider with wings under the waves.
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NOMENCLATURE

cv) Coriolis and centripetal matrix

Cy Drag coefficient

G Lift coefficient

Cn Pitch moment coefficient

D) Hydrodynamic damping and lift matrix

g Gravity and buoyancy forces and moment matrix

Lo Ly, I, Inertia matrix with respect to the x, y, z -axis

[K,M,N] Moment of external force vectors about origin in the body-fixed frame
M Inertia and added inertia matrix

[p,q,7] Angular velocity vectors about origin in the body-fixed frame
Ry (m) Linear velocity transformation

NO) Skew-symmetric matrix

o' () Angular velocity transformation

[u,v,w]  Translational motion vectors along the x, y, z -axes
[X,Y,Z] External force vectors about origin in the body-fixed frame

X, Hydrodynamic added mass coefficient, the force X along the x-axis due to a velocity u

Xy Hydrodynamic added mass coefficient, the force X along the x-axis due to an acceleration
Xuu Hydrodynamic damping coefficient defined using SNAME notation

Re Reynolds number

1) Boundary layer

n Position and attitude vector

T External force and moment input vector

v Linear and angular velocity vector
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