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Abstract: Underwater transportation is an essential approach for scientific exploration, maritime
construction and military operations. Determining the hydrodynamic coefficients for a complex
underwater transportation system comprising multiple vehicles is challenging. Here, the suitability of
a quick and less costly semi-empirical approach to obtain the hydrodynamic coefficients for a complex
transportation system comprising two Unmanned Underwater Vehicles (UUVs) is investigated, where
the interaction effects between UUVs are assumed to be negligible. The drag results were verified
by Computational Fluid Dynamics (CFD) analysis at the steady state. The semi-empirical results
agree with CFD in heave and sway; however, they were overpredicted in surge due to ignoring
the wake effects. Furthermore, experiments were performed for the validation of the time-domain
motion simulations with semi-empirical and CFD results. The simulations which were performed
with the CFD drags were close to the experiments. The semi-empirical approach could be relied on
once a correction parameter is included to account for the interactive effect between multiple UUVs.
Overall, this work makes a contribution by deriving a semi-empirical approach for the dynamic and
controlling system of dual UUVs, with CFD and experiments applied to ascertain its accuracy and
potential improvement.

Keywords: hydrodynamics; unmanned underwater vehicles; transportation system; semi-empirical;
computational fluid dynamics; experiments

1. Introduction

Underwater transportation is an important requirement for the scientific, commercial
and military sectors as it can place an underwater structure at a precise location [1-3].
Unmanned Underwater Vehicles (UUVs) can be used in different systems to undertake
underwater transportation based on the connection between the vehicles and the payload,
i.e., Rigid Connection Transportation System (RCTS) and Flexible Connection Transporta-
tion System (FCTS). In RCTS, UUVs are connected to the payload via solid links as used
in [4-7]. The whole system is considered to be a single body. Alternatively, in FCTS the
vehicles are connected to the payload via flexible links, as adopted in [8-12], where there
is a relative motion between the vehicles and the payload. In this paper, hydrodynamic
modelling is studied for an RCTS system operating underwater.

The development of the dynamic model for an underwater transportation system is
vital to design stable, robust, high-accuracy and low-power-consumption control systems.
The dynamic model consists of inertia, hydrostatic and hydrodynamic terms. The inertia
and hydrostatic parameters can be directly measured with accuracy as they mainly depend
on the physical system. The hydrodynamic parameters describe the opposition to the mo-
tion of the system due to the medium in which it is moving. Obtaining an accurately tuned
dynamic model for an ROV and designing an appropriate control system are challenging
due to the uncertainties in the hydrodynamic parameters [13,14]. The difficulty increases
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for complex systems comprising multiple vehicles. It is important that the hydrodynamic
parameters for an underwater vehicle or an underwater system are determined accurately,
which can be performed experimentally, numerically or semi-empirically.

A wide range of different experimental methods has been used to determine the
hydrodynamic parameters of UUVs. For example, a planar motion mechanism (PMM)
can be used to forcibly oscillate the vehicle whilst being towed through water in a towing
tank; in [15], PMM was employed to work out the hydrodynamic coefficient for an open-
frame ROV called LAURS. An alternative approach, the free decay test, can also be used
to work out the hydrodynamic coefficients [16,17]. This technique was first proposed by
Morisons [18] on ROV Hylas for determining the hydrodynamic coefficients in heave. In
his procedure, the ROV was suspended in water and then released with the oscillations
decaying over time. The hydrodynamic coefficients were calculated from the recorded
location data history. Currently, the System Identification (SI) technique is widely used to
determine the model parameters of UUVs from free water trials [19-21]. Here, the data of
onboard sensors and the control signals of thrusters are used to identify the parameters.
This technique is relatively cheaper than using a PMM and repeatability is high [15].
However, the accuracy of the parameters is affected due to sensor noise, which is caused
by the magnetic field of the thruster motors, and due to difficulties in determining the
thrusters’ actuation forces/moments exactly [15].

Mesh-based CFD methods, e.g., Finite Volume Method (FVM), can account well for
complex structures, such as UUVs. FVM allows for the precise representation of a complex
geometry inside a computational domain, in which a 3D geometry may be expressed as a
closed surface that is in contact with numerous computational cells, which fully accounts
for its structural complexity and boundary effect. The fluid fields outside the geometry
and inside the computational domain can be obtained through solving fully nonlinear
Navier-Stokes equations [22]. The accuracy of CFD has been reported to be very good for
hydrodynamic problems where a solid body interacts with fluid flows [23-27] with viscous
and turbulent flows being well modelled [28-32]; particular CFD studies on UUVs can be
seen in [33-39].

Although the CFD and experimental methods can provide accurate results, they are
generally time-consuming and expensive. This is a problem especially for multi-vehicular
transportation systems due to their complexity and reconfigurability to many different
arrangements. Therefore, a semi-empirical approach is preferred for determining hydrody-
namic parameters in many studies [40—44]. Due to its rapidity and low cost, the estimated
parameters using the semi-empirical method help in the optimal design of an underwater
vehicle and to predict its behaviour [45]. Moreover, the parameters could be used for the
plant/controller optimisation for increased performance of an underwater vehicle before it
is fabricated and tested [46].

The semi-empirical approach of estimating the hydrodynamic coefficients for an un-
derwater vehicle is mainly based on Morison’s equation [47], which divides the parameters
into non-viscous added mass and viscous damping terms. The added mass part is derived
based on the potential flow theory and the drag part is obtained from the experimental
analysis. Hence, the term “semi-empirical” stems from the added mass term coming from
a fluid dynamics model, whereas the viscous drag term is from an empirical coefficient.

There are high uncertainties associated with the assumptions which are made in the
semi-empirical method of calculating hydrodynamic coefficients. For instance, when Det
Norske Veritas (DNV) standards [48] are used to calculate the added mass of an ROV, as
accomplished in [40], it was assumed that the vehicle is a rectangular prism where two
of the three sides are equal or the difference between two of the three sides is not more
than £10%. Moreover, the ROV was initially assumed to be a solid prism; therefore, the
results needed adjusting to account for the gaps. Therefore, the results of the semi-empirical
approach need to be verified and validated and necessary coefficients must be added to
make the approach’s application feasible.
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Hydrodynamic models have been developed for a single UUV based on a semi-
empirical approach. Prestero [41] developed a semi-empirical hydrodynamic model for
a torpedo-shaped Autonomous Underwater Vehicle (AUV). The empirical formula was
used to work out the drag term in the axial direction, whereas strip theory was used for the
drag terms in other direction separately for the cylindrical hull and fins. The coefficients
were used from the empirical data. The roll drag was estimated by considering only the
fins, as the major portion of rolling resistance comes from fins. For the axial added mass
term, the vehicle hull was approximated by an ellipsoid for which the major axis is half the
vehicle length and the minor axis is half the vehicle diameter. The added mass terms in
other directions were worked out using the strip theory separately for the cylindrical and
cruciform hull cross-sections. The rolling added mass was calculated only for the fins as
the smooth hull sections only generate a small added mass in roll which was neglected.
The empirical formulas were used to work out the body and fin lift coefficients in all
directions. Humphreys [44] worked out the added mass terms in detail for each part
of a torpedo-shaped AUV using the semi-empirical approach. In [43], the lift, drag and
pitching moment coefficients were calculated for a bare hull AUV using the semi-empirical
equations which were derived in the literature, and CFD analysis was carried out to verify
them. In [42], analytical and semi-empirical (ASE) methods were used to approximate the
hydrodynamic parameters for AUV. Eidsvik [40] calculated the hydrodynamic parameters
for a box-shaped Remotely Operated Vehicle (ROV) using the DNV-standard [48], which
is based on the Applied Fluid Dynamics book by Blevins [49]. In his approach, the ROV
was assumed to be a solid prism where two to three sides are equal. This assumption
could be true for some specific ROVs such as SE-30k, AC-ROV 100, Seabotics LBV600-6 and
Videoray PRO-4, where the height and width are approximately the same. Appropriate
scaling coefficient was included to account for the penetrating flow through the ROV. The
translational added mass terms were calculated using the potential flow data. However,
the 3D data for the rotational added mass terms could not be found. Therefore, they
were approximated by the 2D data and strip theory. The translational drag terms were
calculated using the empirical. Again, the 3D data for the rotational drag parameters were
not available. Therefore, they were approximated for small angles where rotational motion
can be transformed to translational motion.

The calculation of hydrodynamic parameters for complex-shaped underwater vehicles
or the underwater systems which consist of multiple UUVs is lacking in the literature.
Therefore, hydrodynamic models are required to be developed for such systems. Moreover,
the semi-empirical approach needs to be improved to reduce hydrodynamic uncertainties.
The contribution of this work is twofold: (1) an effective semi-empirical approach is
introduced to estimate the hydrodynamic coefficients for a system of multiple UUVs; (2) the
method is verified against CFD results and validated with experimental measurements.

In this paper, the hydrodynamic parameters were not calculated in the experiments.
Instead, the system was run in the towing tank and its motion response was recorded in the
time domain. On the other hand, the dynamic model was developed for the system with
the calculated hydrodynamic parameters from, respectively, the semi-empirical approach
and CFD. The time-domain motion simulations were performed on the dynamic model.
The motion response of the simulations was compared to the experiments for validation. A
similar approach was used by Singh [50] for an underwater glider in which the hydrody-
namic parameters were calculated using CFD analysis. These coefficients were used in the
motion equations proposed by Leonard and Graver [51] in the vertical plane to obtain a
simulation model. Subsequently, the motion response in simulations was compared to the
experiments for validation.

The rest of the paper is arranged as follows. Section 2 describes the fabrication of the
rigid connection transportation system (RCTS), which was tested in the towing tank and
velocities were measured. This system, comprising two UUVs, represents the case study
analysed in this work. In Section 3, the hydrodynamic parameters are calculated using the
semi-empirical approach and the drag forces are verified with CFD analysis. A dynamic
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model is also developed to run time-domain motion simulations. In Section 4, the drag
forces, which are obtained by semi-empirical and CFD methods, are compared and the
difference is discussed to analyse the potential deficiency of the semi-empirical approach.
The time-domain motion simulations are carried out with the coefficients computed with
both methods, which are compared to the experiments for validation. Finally, concluding
remarks are given in Section 5.

2. Experiment

The hydrodynamic modelling is performed on an available system that can be tested
in the towing tank for validation.

2.1. Fabrication

For the dual UUVs transportation system, which is rigidly connected to the payload,
two identical modified Seaperch UUVs [52,53] were fabricated using PVC pipes which
were connected through elbows and T joints, as shown in Figure 1. The sizes of pipe, elbow
and T-joint are shown in Table 1.

Figure 1. Two Seaperch UUVs.

Table 1. Size of pipe, elbow and T-joint of Seaperch UUV.

Size
Pipe Diameter = 1.65 = 0.1 cm
Elbow [1 XLy xD=354+01cm x35+0.1cm x3+0.1cm
T-joint Ly XLyxL3xD=244+01cm x24+01cm x24+0.1cm x34+0.1cm

This design of Seaperch was selected as it is highly stable with a COG well below its
COB. Four thrusters were attached to each Seaperch: two to move the vehicle in the vertical
direction and two to move the UUV in the axial direction. Each vehicle is underactuated as
no thrusters are applied in the transverse direction, so that only surge, heave, pitch and
yaw can be controlled.

After the fabrication, the mass and volume of each UUV were measured to determine
the weight and buoyancy. The COG of each vehicle was also measured, whilst the COB of
the vehicle was calculated using the COB and volume of each part of the vehicle.

In practice, the underwater vehicles are made slightly positively buoyant so that
they rise to the sea surface in case of an emergency [54]. However, for research studies,
especially for designing the control systems, the test models are made to be neutrally
buoyant to ease analysis [40,55-58]. Therefore, each Seaperch UUV was made neutrally
buoyant, and after attaching the manipulators and payload to the UUVs, the whole system
was made neutrally buoyant by attaching small patches of buoyancy sheet. The power
cables were made neutrally buoyant to nullify their impact on the hydrostatic parameters.
After fabrication and connections, the whole system is shown in Figure 2.
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Figure 2. System of two Seaperch UUVs connected to a plated payload via plated manipulators (RCTS).

A MATLAB program was developed to provide input to the thrusters of the system
using the Arduino hardware. An initial estimate of the dynamic stability of the system was
obtained from the Routh Hurwitz criteria [59]. However, after the fabrication of the system,
several initial tests were performed to ensure the dynamic stability of the system. The
parameters of the fabricated RCTS are shown in Table 2, including instrument precision.

Table 2. RCTS parameters.

Parameters Values
Mass of Seaperch UUV (mgov) 0.8 kg & 0.02 kg
Mass of RCTS (m) 1.97 £ 0.05 kg
Centre of Buoyancy from Keel (COB) (1.8 £ 0.1 cm, 0 cm, 0 cm)
Centre of Gravity from Keel (COG) (2.5+ 0.1 cm, 0 cm, 0 cm)

2.2. Velocity Measurement

In tests conducted in the UCL towing tank, the system was given a constant thrust
input via the Arduino hardware and the time taken to achieve the marked distances on the
towing tank glass boundary was measured. The acceleration stage was assumed to last a
short time from simulations and was thus neglected. The velocities, which were measured
in surge and heave, are shown in Table 3. An uncertainty analysis was undertaken to
quantify the systematic and random errors, with the uncertainty being driven low by
repeating the tests multiple times.

Table 3. Measured velocities.

Velocity Value (m/sec)
Surge 0.167 4 0.0058
Heave 0.144 + 0.016

3. Hydrodynamic Modelling

In this section, the hydrodynamic forces are calculated for the fabricated RCTS using
the semi-empirical approach, with each piece of the Seaperch UUV, manipulator and
payload being analysed separately and then summed together. Additionally, in this section,
a CFD model was built and used to obtain the drag forces.

3.1. Geometry

A 3D model of the system was produced in the SolidWorks software [60], as shown in
Figure 3. The plan, profile and front views are shown in Figures 4-6, respectively.
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Figure 3. Three-dimensional CAD model of the transportation system (developed with Solid-
Works [60]).

Figure 5. Front view of the model (dimensions in cm) (developed with SolidWorks [60]).

j l-i.lk?ﬁi F_ — N o )

Q

36.05

Figure 6. Profile view of the model (dimensions in cm) (developed with SolidWorks [60]).

3.2. Assumptions

The following assumptions were made when calculating the hydrodynamic parame-
ters for the studied system using the semi-empirical and CFD methods:
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1.  The system is a rigid body; i.e., there is no relative motion between the mass particles
of the system. This is generally true as the parts on the system were not found to bend
during testing.

2. The system’s mass and its distribution do not change during the motion. This is a
valid assumption and ensured during testing.

3. The system is operating below base wave depth, i.e., the depth at which the sea wave
effects are negligible. The baseline depth is equal to A/2 where A is equal to the
wavelength [61]. This was ensured in the experiments.

4. The system only has translational motion, i.e., in surge, sway and heave. This was
ensured during experiments as only the respective thrusters were used for motion in
each direction and no disturbances were included.

5. The vehicle does not experience a memory effect, i.e., the vehicle does not pass
through its own wake.

6.  The vehicle does not experience the ocean current. The calm water in the towing tank
would have negligible water currents.

7. Interaction with the seabed or other underwater bodies is neglected. This was ensured
during the experiments.

8.  The flow interaction amongst the parts of the system is ignored in the semi-empirical
approach. This is something of concern and could be the main reason to cause an
error. This effect is accounted for in CFD.

9.  The blades of the thrusters are ignored. They are small in size; therefore, their effect
on the overall hydrodynamic results is small.

10. The elbows and T-joints are considered to have pipes of the same inner and outer
diameters as of the other pipes, and the length is the same as of the respective elbow
or T-joint. This would have a small impact as the extended portion of elbows and
T-joint is only 6.5 mm.

11.  The impact of buoyancy sheet patches on the hydrodynamic parameters is also ignored.

Although the system is underactuated and cannot move in pure sway, the added mass
and drag forces were calculated in all three translational directions, i.e., surge, sway and
heave. The velocity in sway is assumed to be the same as in surge.

3.3. Semi-Empirical Approach

The semi-empirical methods which are mostly applied in the literature to calculate the
hydrodynamic parameters for a single UUV consider the whole vehicle, either a cylinder
with fins or a solid prism. However, they are only true for specific types and shapes of
UUVs. For the complex shaped UUV or a system of multiple UUVs, there is a lack of
research in the literature to work out the hydrodynamic parameters. Therefore, in this
study, a different approach of estimating the hydrodynamic parameters for an underwater
vehicle is proposed, in which the system is cut down to simple individual parts. The
parameters are calculated for each part and combined to obtain the net effect.

The hydrodynamic parameters were calculated for one Seaperch UUV and one ma-
nipulator plate, which were then doubled to obtain the effect of two Seaperch UUVs and
two manipulators. The payload plate was evaluated separately. For the Seaperch UUYV, the
hydrodynamic parameters were evaluated separately for each pipe and thruster motor.
They were then summed to obtain the net effect in each direction. The system parts are
shown in Table 4.

3.3.1. Added Mass

The added mass is the inertia added to the vehicle as it displaces the surrounding
water during acceleration or deceleration. The calculation of added mass does not take into
account the viscous effects. The added mass part of Morison’s equation for a solid body is
given as [47]:

Aj = pCuVg, @
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where A; is the added mass term due to acceleration i or, in other words, the derivative of
the added mass w.r.t acceleration i. For instance, the added mass terms in surge, sway and
heave are X, Y; and Z_, respectively. p is the density of water (in this case, freshwater), C,
is the added mass coefficient and Vy is the reference volume.

Table 4. Quantity of each part in the combined system.

Serial Number Parts Quantity
1. 30.05 m pipe 04
2. 26.59 cm pipe 02
3. 36.05 cm pipe 06
4. 13.55 cm pipe 04
5. Axial thruster motors 04
6. Vertical thruster motors 04
7. Manipulator plate 02
8. Payload plate 01

The added mass terms were calculated separately for each pipe and thruster motor
of the Seaperch UUV and for the manipulator and payload plates using the data which
are based on the DNV standards [48]. The detailed calculations are shown in Appendix A.
After calculations, the added mass terms for each part of the system are shown in Table 5.
They were summed together to obtain the total added mass terms in each surge, sway and
heave, as shown in Table 6. The impact of added mass on the overall motion response
would be less significant due to the short acceleration duration.

Table 5. Added mass terms calculated for each part.

Serial Number Parts Surge (kg) Sway (kg) Heave (kg)

1. 30.05 m pipe 0.064 0 0.064
2. 26.59 m pipe 0.057 0 0.057
3. 36.05 cm pipe 0 0.077 0.077
4. 13.55 cm pipe 0.027 0.027 0.0025
5. Axial thruster motors 0.005 0.004 0.004
6. Vertical thruster motors 0.004 0.004 0.005
7. Manipulator plate 0.002 0.002 0.01

8. Payload plate 0.0022 0.0022 0.15

Table 6. Total added mass terms.

Serial Number Parts Quantity  Surge (kg) Sway (kg) Heave (kg)

1. 30.05 m pipe 04 0.256 0 0.256
2. 26.59 m pipe 02 0.114 0 0.114
3. 36.05 cm pipe 06 0 0.462 0.462
4. 13.55 cm pipe 04 0.11 0.11 0.01
5. Axial thruster motors 04 0.02 0.016 0.016
6. Vertical thruster motors 04 0.016 0.016 0.02
7. Manipulator plate 02 0.004 0.004 0.02
8. Payload plate 01 0.0022 0.0022 0.15

Total 0.52 0.61 1.05

The added mass terms are added to the total mass of the system to obtain the net
inertia terms, which are then multiplied by the accelerations to obtain the inertial forces.

3.3.2. Drag

The resistance to the motion of the vehicle due to the viscosity of water is called drag.
The drag part of Morison’s equation for a solid body is given as [47]:
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B; = gCD/fAc/S/ ()

where B; is the drag term due to velocity i. For instance, the drag terms in surge, sway
and heave are X,,,,|, Yy, and Z,,|, respectively. Cp is the drag coefficient where D or f
depends on the form or frictional drag, which further depends on the shape of the part
in front of the flow and the flow velocity. The drag coefficients were also calculated from
the data based on DNV standards given in [48]. A,/ is the cross-sectional or surface area
depending on the form or frictional drag.

Initially, it is important to know whether the flow over a body predominantly exerts
form or frictional drag.

Similar to the added mass, the drag terms were calculated separately for each part of
the Seaperch UUVs, manipulators and payload. Initially, it was worked by Reynold’s num-
ber (Re) whether the flow over a part body predominantly exerts form or frictional drag.

The detailed calculations are shown in Appendix B. The total drag terms for the system
in surge, sway and heave are shown in Table 7.

Table 7. Total drag terms.

Serial Number Parts Surge (kg/m) Sway (kg/m)  Heave (kg/m)

1. 30.05 cm pipe 7.2 0.612 7.2

2. 26.59 cm pipe 3.16 0.28 3.16

3. 36.05 cm pipe 1.02 13.38 13.38

4. 13.55 cm pipe 2.96 2.96 0.445

5. Axial thruster motors 0.628 0.48 0.48

6. Vertical thruster motors 0.48 0.48 0.628

7. Manipulator plate 0.011 0.039 5.7

8. Payload plate 0.017 0.031 5.93
Total 15.5 18.26 36.92

The drag forces in surge, sway and heave were obtained by multiplying the drag
terms by the square of the velocities in each direction.

3.4. CFD Analysis

The computational domain was built for the studied transportation system introduced
in Section 2, using the STAR-CCM+ CFD software [62]. A three-dimensional cuboid com-
putational domain was established, and the transportation system is fixed in the middle of
the domain, as shown in Figure 7. The domain size is sufficiently large to avoid the system
feeling any boundaries, in line with the experiments. The boundary conditions consist of a
velocity inlet and a pressure outlet to propagate a constant flow against the device. The
other four boundaries were defined as zero-gradient to model far fields. The domain is
filled with water, and the water was defined as flowing with a constant velocity (Uwater)
against the system. Thus, a relative velocity exists between the system and water, where
Uwater indicates the advancing speed of the system in calm water (Uwater = U), which is
known in surge, sway and heave. This approach is similar to previous work studying the
hydrodynamic performance of objects in water [63,64]. The direction of the water flow
is set according to different motions of the system, as shown in Figure 8, in which the
corresponding velocity fields at steady state are presented.

The solution of the fluid domain was obtained by solving the Reynolds-averaged
Navier-Stokes (RANS) equations for an incompressible Newtonian fluid:

V.v=0 3)

9(pv)

ot
where ¥ is the time-averaged velocity, v’ is the velocity fluctuation, p is the fluid density, 7
denotes the time-averaged pressure, T =  [Vv+ (Vv)1] is the viscous stress term, 1 is the

+ V- (pW) = ~VF+ V- (T—pv'V) +pg @)
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dynamic viscosity and g is gravitational acceleration set at 9.81 m/s2. The density of the
water was set at 1000 kg/m? and the dynamic viscosity was 8.90 x 10~% N:s/m?. Since the
RANS equations have been adopted to account for the turbulent effects, a turbulence model
needs to be applied; here, the Shear Stress Transport (SST) k — w model was adopted to
close the equations.
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Figure 7. CFD domain with the mesh layout for heave; the domain size and refined region were
adjusted when simulating surge and sway (developed with STAR-CCM+ [62]).

(b)

2 maam I

L 3

(c)

Figure 8. Simulation view of the transportation system of two Seaperch UUVs (developed with
STAR-CCM+ [62]). (a) Heave; (b) Surge; (c) Sway.
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The drag force is the steady-state force from fluid on the transportation system against
the motion. This can be calculated as the integration of pressure and viscous forces on the
system’s surface depending on the direction of motion.

The mesh was refined around the device and for the nearby flow field. Following the
ITTC guideline [65], the mesh was globally scaled by a factor of /2, which resulted in three
mesh sets of, respectively, 1.56, 2.2 and 3.1 million cells. The corresponding drag forces in
heave are 0.75, 0.80 and 0.80 N, which means the drag achieved convergence at 2.2 million
cells, and further increasing the cells to 3.1 million could not alter the results. Therefore, the
mesh set with 2.2 million cells was applied for further studies to save computational costs.
The time step size was set based on the Courant number equalling to one. The applied CFD
is a standard method and the numerical setup follows mature guidelines of the field [65],
which has been extensively validated to be highly accurate, while this specific CFD model
will be further validated by an experimental model introduced later.

3.5. Dynamic Modelling

The dynamic model is developed for the transportation system to run the time-domain
motion simulations. Fossen’s approach [66] is used in the development of the dynamic
model in which the position and orientation of the system are defined in the earth-fixed
frame (EFF), whereas velocities, forces and moments are defined in the body-fixed frame
(BFF). Though the power cables were made neutrally buoyant, their inertia would have an
impact on the overall inertia of the system. However, the inertia of the power cables was
ignored in the system’s dynamic model due to the difficulty of taking their effect on the
centre of origin of the system (CO). Moreover, assumptions 1 to 7 in Section 3.2 were also
made in the development of the dynamic model for the studied transportation system.

The kinematics provides the change in the position and orientation of the system,
which is written in the vectorial form as:

1=Jo, (5)
where [ is the transformation matrix to convert velocity vector (v) in the earth-fixed frame
(EFF), which is equated to the change in position and orientation vector ().

The kinetics provides the change in the velocity terms, which can be written in the
vectorial form as [2]:

o =M (=C(v)v - D(v)v|v| - g(y) + 1), ©6)

where:
M = MRgp + Ma—Mass matrix (rigid body + added mass matrices).
C(v) = Crp(v) + Ca(v)—Coriolis and centripetal matrix (rigid body + added mass Corio-
lis and centripetal matrices).
D(v)—Damping matrix.
g(17)—Vector of hydrostatic forces and moments.

Only the translational motions are investigated for the system in this study. The

same is also ensured during the experiments. Therefore, the rigid body mass matrix (Mgg)
consists of only the mass terms, given as:

m 0 0
Mpgp = 0 m 0 (7)
0 0 m

The mass of the system (m) was measured, as shown in Table 2. The added mass
matrix is shown in Equation (8). The added mass terms which were used in the time-
domain motion simulations for both the semi-empirical and drag methods were the ones
calculated by the semi-empirical method. They were ignored in the calculations using the
CFD method and would have less impact as the acceleration lasts a short time.
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X, 0 0
M,=| 0 Y, 0 (8)
0 0 2z,

The damping matrix contains the terms which were calculated either by the semi-
empirical or CFD method. The separate motion simulations would take place with the
damping results of semi-empirical and CFD methods. The damping matrix is written as:

Xu|u| 0 0
0 Yy 0 ©)

0 0 Zypy

D(v) =

The Coriolis and centripetal terms are due to the rotation of the body-fixed frame
(BFF) about the earth-fixed frame (EFF). Due to the consideration of no rotational motion,
Crp(v) and Cx(v) become zero.

g(#) is the vector of hydrostatic forces and moments, which is obtained by the differ-
ence between weight and buoyancy. This is given as:

0
g(n) = [ 0 ] (10)
(W—B)

T is the vector of thrust forces and moments of the system.
The thrust vector of each thruster ( ;) can be calculated from [66]:

j‘cx
Y
ri—[ ! }— S , an
l,'Xf fy}cz_;zfry
Lify — Ly fx

where fy, fy and f are the thrust forces applied in surge, sway and heave by each thruster,
(l by, lz) is the position of each thruster w.r.t the centre of the combined body (CO), which
is taken at the centre of the payload.

Due to the consideration of only the translational force effects, 7; for each thruster is

written as:
fx
T = [ fy ] (12)
fz

The combined thrust vector (T) can be written as the product of the thrust allocation
matrix (T,) and the vector of thrust forces of the thrusters (f), given as:

T =T,f (13)
The thrust allocation matrices for the two Seaperch UUVs in the system are shown as:
1 1 0 0]
T, = 0 0 0 0 (14)
0 0 1 1

—_
—_
o
o

To=| 0 0 0 0 (15)
L 0o 0o 1 1

All these matrices were incorporated in MATLAB [67] and the 4th order Runge-Kutta
method was applied to simulate the motion response of the system over time.
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4. Results and Discussion

For the experimental velocities, the corresponding CFD drag forces, as well as those
calculated by the semi-empirical method, are shown in Table 8.

Table 8. Drag forces from CFD and semi-empirical methods.

Title Heave Surge Sway

System velocity (m/s) 0.144 0.167 0.167
CFD drag force (N) 0.80 0.32 0.49
Semi-empirical drag force (N) 0.77 0.43 0.51

4.1. Comparison between the Semi-Empirical and CFD Predictions

It can be seen that the CFD and the semi-empirical values of heave and sway drag
forces agree very well. For surge, CFD predicted a considerably lower value of drag than
the semi-empirical method. This is because the semi-empirical method considers the parts
of the system as encountering the flow directly and separately. Hence, the assumption that
the semi-empirical method ignores the interaction between the individual components of
the two UUVs may not be appropriate. In Figure 8b, it can be seen that the aft of the system
stays in the wake of the forward side in surge, which significantly reduces the drag of the
aft parts, though this was ignored in the semi-empirical equation. For heave and sway, the
interaction effect of the front part on the back part is not notable, thus the semi-empirical
equation reasonably predicted the drag forces.

Overall, the CFD analysis proved the general accuracy of the semi-empirical method.
For surge, a correction coefficient needs to be added to the semi-empirical equation to
calibrate the drag prediction. The value of the correction parameter should be a function of
velocity and could be derived through further CFD tests. Once the calibration is done, the
semi-empirical method is expected to be reliable for the prediction of the UUV’s resistance.
Despite its higher accuracy, CFD cannot provide immediate assessment when a new set of
input conditions is given, limiting its application for real-time purposes. Therefore, using
CFD to derive the parameters for the semi-empirical method is a superior solution to enable
real-time UUV control.

4.2. Validation Against Experiments

The time-domain motion simulations were carried out separately for the semi-empirical
and CFD drag coefficients and they were then compared to the experimental velocity results
in surge and heave.

Figure 9 compares the heave results of the system which were obtained during simu-
lations and experiment. The experimental results assume zero initial acceleration and the
immediate achievement of steady-state conditions. It can be seen that the simulation results
which were obtained using the semi-empirical and CFD drag parameters are close to the ex-
perimental result. These findings show that the simulations using both the semi-empirical
and CFD drag terms have well predicted the motion response in heave. Nonetheless, it can
be seen that the heave response shows a slight shift for either the CFD or semi-empirical
method. There could be a small impact of ignoring the blades of thruster and buoyancy
sheet patches in the hydrodynamic calculations and considering the elbows and T-joints
having the same diameters as pipes (as can be seen between Figures 2 and 3). Therefore,
the deviation may result from the fact that the dynamic model ignores the inertia of the
power cables.
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Figure 9. Heave response (developed with MATLAB [67]).

Figure 10 shows the surge response of the system. A substantial difference can be seen
between the results of experiments and motion simulations using the semi-empirical drag
terms. Conversely, when the CFD drag terms were used in the simulations, the obtained
surge response is much closer to the experimental results. This justifies the assumption of
the limited impact of the neutrally buoyant tether on the system’s dynamics.

4.5 T T T

= Semi-empirical R4

. d
3.5 F experiment R

0 1 1 | 1
0 5 10 15 20 25

Time(sec)

Figure 10. Surge response (developed with MATLAB [67]).

An estimate of the time and cost involved in the three methods is shown in Table 9.
The whole experimental procedure had the highest time involvement due to several steps
involved in the fabrication, programming and tank tests, as shown in Section 2. On the
other hand, CFD analysis was carried out in less time compared to experiments, which
involved the development of a 3D CAD model in SolidWorks, building a 3D computational
model in STAR-CCM+ [62], CFD mesh convergence study and obtaining the drag forces.
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For the semi-empirical method, the practical system or the 3D model of the system was not
required. Therefore, this method was completed in comparatively less time.

Table 9. Time and cost estimate of experiments, CFD and semi-empirical methods.

Method Time (Hours) Cost (GBP)
Fabrication and Attachments 168 2400
Experiments Programming 2 30
Tests 35 500
3D CAD Model 5 75
Computational Model 5 75
CFD Mesh Convergence Study 10 150
Simulation 2 30
. . Calculations 5 75
Semi-empirical Simulation 2 30

For the cost analysis, the material costs were only involved in the fabrication and
attachments of the physical system in the experiments. Other costs were estimated based on
the cost of the man-hours. The cost of experiments is the highest as this involves the cost of
fabrication and attachments, the manpower cost of fabrication, attachments, programming
and tank tests. For the CFD and semi-empirical methods, only the manpower cost was
involved, which is higher for CFD compared to the semi-empirical approach.

The time and cost requirements would increase with the complexity of the transporta-
tion system. However, the rise would be lower for the semi-empirical approach compared
to the experiments and CFD.

Although the semi-empirical method is less accurate, it still offers the superior so-
lution for the design of dynamic models of transportation systems, as its much lower
computational cost and time-efficiency enable the treatment of multiple configurations
with ease. Additionally, the performance of the semi-empirical method can be improved
by applying corrections from the CFD solutions.

4.3. Future Work

The added mass terms used in the validation study were calculated by the potential
flow theory based on the DNV standard. The potential flow theory is proved to be accurate
for finding added mass terms for underwater vehicles in the translational directions. For
instance, the added mass terms calculated using WAMIT potential flow software closely
matched the terms found using free decay pendulum tests [68,69]. However, due to the
spatial combination of multiple parts of various geometric shapes in the studied transporta-
tion system, the pressure gradient of added mass is likely to be affected by the arrangement
of these parts in the combined system. For instance, accelerated flow over one part blocked
by another would exhibit a pressure gradient different from the stand-alone rigid bodies
of specific shapes. Therefore, a further experimental study is required for the accelerated
motion of the system. This can be performed by attaching an Inertial Measurement Unit
(IMU), which has accelerometers to measure linear acceleration and gyroscopes to mea-
sure angular velocities [70]. A commonly used IMU for underwater vehicles is MPU6050,
which contains a triple-axis accelerometer and triple axis gyroscope [71,72]. After attaching
MPU6050 to the transportation system, serial communication can be set to obtain the
real-time acceleration reading in MATLAB via Arduino hardware. The linear acceleration
profile can be integrated to obtain the velocity response and double integrated to obtain
the displacement response of the system over time. The displacement response during
the acceleration phase can be included in the experimental graph for the validation of the
simulation response. This, in turn, validates the semi-empirical added mass terms which
were used in the dynamic model for simulations.
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5. Conclusions

The hydrodynamic parameters were estimated using a semi-empirical approach for a
fabricated transportation system of two Seaperch UUVs. The hydrodynamic coefficients
were worked out for each part of the system separately and they were summed together to
obtain the net value in each direction. The semi-empirical drag results were then verified
with a CFD analysis. It was found that the heave and sway drag forces are well estimated
by the semi-empirical method, whereas the surge drag is overestimated. This is because
the wake region generated by the front of the system, which affects the drag force on the aft
bodies, was ignored in the semi-empirical method. Therefore, a corrective function needs
to be derived and included in the semi-empirical equation to account for the interactions.

The semi-empirical approach can be improved by including a corrective function in the
semi-empirical equation to account for the interactions. Once the semi-empirical equation
is refined, it has the potential to facilitate the hydrodynamic assessment of multiple UUV
systems. Although experiments and CFD are proved to be generally more accurate, they are
relatively slow to complete and also costly. Thus, the rapid and less costly semi-empirical
calculations are useful to develop a powerful tool in the design and controller optimisation
of an underwater vehicle before it is built and tested.

Author Contributions: Conceptualization, FU.R., L.H. and E.A.; methodology, EU.R., L.H. and
E.A.; software, FU.R.,, L.H. and E.A; validation, FU.R., L.H.; formal analysis, EU.R. and L.H.;
investigation, EU.R., L.H. and E.A.; writing—original draft preparation, FU.R., L.H.; writing—review
and editing, FU.R., L.H., E.A. and G.T; supervision, E.A. and G.T.; project administration, E.A. and
G.T.; funding acquisition, FU.R. and E.A. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
Appendix A.1. Added Mass Terms for Seaperch UUV

Added mass terms were calculated for the pipes and thruster motors of Seaperch UUV.

30.05 cm and 26.59 cm pipes: The flow passes over the circumference of the 30.05 cm
and 26.59 cm pipes in surge and heave, i.e., perpendicular to the pipe. Therefore, the added
mass terms in surge and heave were calculated using the data for the circular cylinder, as
shown in Table A1.

Table Al. Added mass data for the flow perpendicular to the circular cylinder (reproduced from [48]
with permission from DNV, 2021).

Body Shape Direction of Motion bl2a Ca VR
Circular Cylinder 12 0.62
25 0.78
Vertical 5.0 0.90 a2
i 9.0 0.96
) 1.00

Conversely, in sway, the flow occurs horizontally over the 30.05 and 26.59 cm pipes,
i.e., parallel to the pipe. However, the data are not available for the cylinder in [20]; therefore,
the data for the parallel flow over a square prism were used, as shown in Table A2.
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Table A2. Added mass coefficients for the flow parallel to the square prism (reproduced from [48],
with permission from DNV, 2021).

Body Shape Direction of Motion bla Ca Vr
1.0 0.68
Square Prism 2.0 0.36
1 3.0 0.24
4.0 0.19

b Vertical 50 015 a%b
a 6.0 0.13
oL 7.0 0.11
10 0.08

The flow parallel to a circular cylinder can be converted to the flow parallel to a square

section using;:

a=+/nR, (A1)
where R is the radius of the circular cross-section of the cylinder, which is equal to 0.825 cm.
Therefore, a becomes 1.46 cm.

36.05 cm pipes: The flow over 36.05 cm pipes is perpendicular in sway and heave and
parallel in surge. Therefore, the added mass coefficients for sway and heave were worked
out using the data from Table Al and for surge from Table A2.

13.55 cm pipes: Due to the position and orientation of 13.55 cm pipes, the flow passes
over the circumference of the pipe in surge and sway, whereas it is parallel in heave.
Therefore, the added mass coefficients for surge and sway were calculated using the data
from Table A1 and for heave from Table A2.

Thruster motors: The added mass terms were worked out for the two axial and two
vertical thruster motors. The flow passes over the circumference of the axial thrusters in
sway and heave, whereas applying horizontally in surge. Therefore, data from Table A1l
were used for calculating the added mass for sway and heave and from Table A2 for surge.
For the vertical thruster motors, the flow passes over the circumference of the pipe in surge
and sway, whereas it is horizontal in heave. Therefore, the added mass terms were worked
out accordingly from Tables Al and A2.

Appendix A.2. Added Mass Terms for Manipulator and Payload Plates

The manipulators and payload are the rectangular plates. The added mass terms for
the manipulators and payload in heave were worked out using the added mass coefficients
from Table A3.

The added mass terms in surge and sway were worked out by integrating the 2D
added mass over the thickness. The 2D added mass was estimated using the coefficients
from Table A4.

Table A3. Added mass data for the flow perpendicular to the flat plate (reproduced from [48], with
permission from DNV, 2021).

Body Shape Direction of Motion bla Ca VR
1 0.579
1.25 0.642
1.50 0.690
1.59 0.704
2.00 0.757
Flat plates 250 0.801
. 3.00 0.830 T2
I VAR o Vertical 3.17 0.840 1a’b
4 b s 4.00 0.872
5.00 0.897
6.25 0.917
8.00 0.934
10.00 0.947

00 1.000
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Table A4. Added mass data for the flow parallel to the 2D flat (reproduced from [48], with permission
from DNV, 2021).

Body Shape Direction of Motion alb Ca AR
Flat plates o 1.0
10 1.14
I 5.0 1.21

2b . 2.0 1.36 s

Vertical 10 151 mta
0.5 1.70
2a 0.2 1.98
0.1 223

Appendix B

Appendix B.1. Drag Terms for Seaperch UUV

The Seaperch UUYV is a blunt body for the flow in all directions, making the form drag
a dominant term which is calculated by:

B; = 0.50Cp AL. (A2)

The drag term B; was calculated for each pipe on the Seaperch in surge, sway and
heave. In Equation (A2), A. is the cross-sectional area of the pipe and Cp is the drag
coefficient of the pipe, which depends on the Reynolds number (R,).

To calculate the drag terms, R, was first worked out. This helps in deciding the data
which are required to obtain the drag coefficient. The R, is calculated as:

R, = p(DorL)V

H
where p is the density of fresh water, y is the dynamic viscosity, D is the diameter and L is
the length of the pipe. D or L depends on whether the flow is perpendicular or parallel to
the pipe. V is the flow velocity.
30.05 cm and 26.6 cm pipes: The R, for the flow in surge and heave was calculated from:

, (A3)

R, ="—, (A4)

where D is equal to 1.65 cm, V is equal to 0.167 m/sec in surge and 0.144 m/sec in heave.
The R, in both surge and heave came out to be below 10°. Therefore, the drag
coefficients were calculated from the data in Table A5 for R, < 10°.

Table A5. Drag coefficients for the flow normal to the circular cylinder (reproduced from [48], with
permission from DNV, 2021).

Subcritical Flow Supercritical Flow
L P
Body Shape D R.<10° R,>10°
K K
Circular cylinder normal to flow 2 0.58 0.80
5 0.62 0.80
10 0.68 0.82
20 0.74 0.90
u ! 40 0.82 0.98
50 0.87 0.99
100 0.98 1.00
Cp = KCjy
—p K is the reduction factor due to the finite length

C3 is the 2D steady drag coefficient

Cp for a circular cylinder of infinite length came out to be equal to 1 from Table A6.
Therefore, K values can directly be taken as drag coefficients for the flow perpendicular to
the pipe.
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Table A6. Drag coefficients for the flow normal to the infinitely long ellipse (reproduced from [48],
with permission from DNV, 2021).

Body Shape % Cp
Ellipse 0.125 0.22
—"T 0.25 0.3
— % D 0.50 0.6
[ * 1.0 1.0
|-— L—= 2.0 16
In sway, the flow is parallel to the axis of the pipe. Therefore, R, was calculated as
LV
Re::Bﬁf. (A5)

R, was calculated to be greater than 10% in sway for both 30.05 and 26.6 cm pipes. Therefore,
the data from Table A7 were used to work out the drag coefficients.

Table A7. Drag coefficients for the flow parallel to the circular cylinder (reproduced from [48], with
permission from DNV, 2021).

Body Shape % Cp for R,>10°
Circular cylinder. Axis parallel to flow 0 112
? 1 0.91
u D 2 0.85
— Q:)* 4 0.87
—1 7 0.99

36.05 cm pipes: The drag coefficients were calculated from Table A5 in sway and
heave for R, < 10° due to the same outer diameter of the pipe. Moreover, R, was worked
out to be greater than 103 in the surge; therefore, Table A7 was used.

13.55 cm pipes: Similarly, the drag coefficients were calculated from Table A5 in surge
and sway for R, < 10°, whereas from Table A7 in heave for R, > 10°.

Thruster motors: The axial and vertical thruster motors on Seaperch UUV have a
length and diameter of 2.10 cm. Therefore, R, remains the same in surge and sway for both
the axial and vertical thrusters, and was worked out to be greater than 103 and less than
10° at the velocity of 0.167 m/sec. Therefore, Tables A5 and A7 were, respectively, used to
work out the drag coefficients. On the other hand, R, was worked out at the velocity of
0.144 m/sec in heave and also came out to be between 10° and 10°. Therefore, Tables A5
and A7 were used, respectively, to work out the drag coefficients.

Appendix B.2. Drag Terms for Manipulator and Payload Plates

For the manipulator and payload plates, form drag is dominant in heave, whereas
frictional drag is dominant in surge and sway. For both the manipulator and payload
plates, the R, in heave was worked out to be greater than 103. Therefore, the data from
Table A8 were used.

In surge and sway, the friction drag terms were calculated from:

B; = 0.50C As, (A6)
where Cy is the frictional coefficient and A; is the surface area of the plate.
At the velocity of 0.167 m/sec in surge and sway, the R, was worked out to be lower

than 10° over the flat plate of the manipulator and payload. Therefore, the following
equation was used to work out the friction coefficient:

0.664

Cr= .
f VRe

(A7)
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Table A8. Drag coefficients for the flow normal to the rectangular plate (reproduced from [48], with
permission from DNV, 2021).

Body Shape Cp for R,>10°

Rectangular Plate Normal to Flow Direction 1.16

. t 1.20
T 10 1.50
\B —

g~ | Tw

00 1.90
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