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Abstract: This paper presents the design calculations, implementations, and multi-engineering based
computational constructions of an unmanned amphibious vehicle (UAmV) which efficiently travels
underwater to detect and collect deep-sea minerals for investigations, as well as creative usage
purposes. The UAmV is expected to operate at a 300 m depth from the water surface. The UAmV is
deployed above the water surface near to the approximate target location and swims underwater,
checking the presence of various mining, then extracts them using a unique mechanism and stores
them in an inimitable fuselage location. Since this proposed UAmV survives in deep-sea regions,
the design construction of this UAmV is inspired by hydrodynamic efficient design-based fish, i.e.,
Rhinaancylostoma. Additionally, standard analytical approaches are followed and, subsequently, the
inimitable components such as wing, stabilizers, propellers, and mining storage focused fuselage
are calculated. The computational analyses such as hydrodynamic investigations and vibrational
investigations were carried out with the help of ANSYS Workbench. The hydrodynamic pressures at
various deployment regions were estimated and thereafter the vibrational outcomes of UAmVs were
captured for various lightweight materials. The computed outcomes were imposed in the analytical
approach and thereby the electrical energy generations by the UAmV’s components were calculated.
Finally, the hydrodynamic efficient design and best material were picked, which provided a path
to further works on the execution of the focused mission. Based on the low drag generating design
profile and high electrical energy induction factors, the optimizations were executed on this work,
and thus the needful, as well as suitable UAmV, was finalized for targeted real-time applications.

Keywords: CFD; flexible fuselage; oceanic environments; piezoelectric; polymetallic nodules; Rhi-
naancylostoma; seabed; unmanned amphibious vehicles; vibrations

1. Introduction

Unmanned Amphibious Vehicles (UAmVs), also known as underwater drones, are any
submersible vehicles that can operate underwater without the presence of a human operator.
UAmVs are commonly used in oceanic research for purposes such as measuring current and
temperature, mapping the ocean floor, detecting hydrothermal vents, and so on. To carry
out the aforementioned applications, the UAmVs rely heavily on digital cameras, magnetic
sensors, ultrasonic imagers, seafloor maps, and bathymetry measurements. Remotely
Operated Underwater Vehicles (ROUVs) and Autonomous Underwater Vehicles (AUVs)
are two types of UAmVs. A ROUV is an unmanned submersible vehicle that is controlled
by a person on a surface vessel using a joystick in the same way that a video game is
controlled. The ROUV is connected to the ship by a series of cables, or tethers, which
send electrical signals back and forth between the operator and the vehicle. Most ROUVs
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have at least a still camera, a video camera, and lights, allowing them to transfer images
and videos back to the ship. To collect samples, vehicles may be outfitted with additional
equipment such as a manipulator or cutting arm, water samplers, and instruments that
measure parameters such as water clarity and temperature.

An AUV is an unmanned submersible vehicle that operates autonomously because it
does not require real-time input or control from a human operator or driver. Before embark-
ing on any complicated missions, the AUVs are generally programmed with instructions
and then deployed into the ocean. AUVs can drift, glide, or propel themselves through the
water, depending on their design. Propelled AUVs can travel faster and are more manoeu-
vrable than non-propelled AUVs, but they have less battery life and are typically used on
missions lasting several hours to days. Non-propelled AUVs (drifters or gliders) either drift
without power or glide up and down in the water column by changing buoyancy, making
them much less manoeuvrable. The AUVs do not require a large and complex support
system, but they do carry their energy source and thus do not require external power. The
lack of external control lowers the operational cost of employing a human operator: Unlike
other unmanned vehicles such as ROUVs, AUVs work without control from an operator,
which makes it faster, increasing its data-to-signal ratio makes surveys faster and more
accurate. The geographical positions to be followed, navigation requirements for following
these positions, measures to avoid obstacles, measures to take if any equipment fails, and
payload device operation procedures are all predetermined. For these reasons, the AUV is
the most appropriate type for detecting and collecting seabed-based mining available up to
300 m below the water’s surface. As a result, this proposed UAmV is classified as an AUV.

1.1. Literature Review

A literature survey is a collection of previously completed and relevant studies that
aid the researcher in gaining a complete picture of the short-listed problems, as well
as providing the best methodology for solving the problems. It also provides support
for implementing the proposed methodology. The literature review for this project is
focused on the following themes: UAmV design and components, computational fluid
and vibrational analysis procedures, analytical approach for energy extraction, details of
suitable materials for UAmV, and mission execution capability and supporting components.

Muhammad et al. [1] showed the dynamic stability of an underwater glider, wherein
two different forms of wings such as rectangular and tapered on hydrodynamic characteris-
tics were investigated. They also explained the motion, which was based on six degrees of
freedom (DOF). A highly manoeuvrable glider requires dynamic stabilities in both horizon-
tal and vertical directions. The stability was controlled by eternal fixed wings and a rudder.
The paper also explained the performance of the glider, i.e., glide ratio, horizontal, vertical,
and sink were related to its hydrodynamic characteristics. This also provided steady-state
CFD analysis to determine the hydrodynamic characteristics and dynamic stability of a
glider. It concluded that the glider with tapered wing forms had a positive relationship
between the velocities of the glider at the same angle compared to the rectangular wing.
The rectangular wing had better dynamic stability with a high lift force. This shows that the
CFD simulation results are important for the dynamic stability of the glider. Additionally,
we also confirmed which wing form is suitable for our model based on this paper [1].

Finger [2] investigated the design space for VTOL (Vertical Take-Off and Landing)
UAmVs and evaluated the performance by direct comparison with conventional aircraft.
The VTOL combines the helicopter’s ability to take-off and land almost anywhere, with the
speed range and load-carrying capability of a fixed-wing aircraft. The paper also showed a
different VTOL aircraft that uses single and double propulsive units. The scope of this paper
was limited to fixed-wing aircraft that use a propeller to convert the propulsion system’s
power into thrust power. The endurance performance, mass fraction model, aerodynamic
modelling, propulsion system modelling, propeller efficiency, fuel consumption, maximum
engine power, etc. for the models were estimated. In this paper, the effects of the VTOL
requirement on aircraft performance were assessed and this work showed that, with today’s



Minerals 2022, 12, 342 3 of 43

technology, VTOL UAmVs are certainly feasible. It is clear from the paper that the VTOL
aircraft gives better efficiency compared with conventional aircraft. This present work
helps design the UAmV and performance of the UAmV. From this paper [2], we have
finalized the configurations and design parameters for our work.

Chung et al. [3] defines the design process by defining performance requirements, the
wing loading and associated power, the wing area mass and power requirements, motor
size, and stability design based on selected material and wing area. The flight duration
depends on the energy carried by the UAmV. High-energy fuel density enables lower
weight and better performance; therefore, a method was developed by sizing the electric
propulsion subsystem. Thus, the performance requirement of an electric-powered UAmV
is defined as stall speed, the maximum speed at depth and turning radius, and the absolute
ceiling is used to determine the wing load and power load. The UAmV’s wing area and
power required can be calculated from weight and loading. The paper also gives a brief
description of the conceptual design. The stall speed is a limit to the maximum speed
at a safe lift. The cruising speed is 1.15 times the maximum lift-to-drag ratio and the
maximum speed is 1.2 times the cruising speed. Then, it also gives the ceiling types and
the critical performance. The paper described the weight estimation such as battery weight
according to range and endurance, specific payload, and endurance. In aerodynamic
configuration and stability design, the wing configuration greatly influences the aircraft’s
aerodynamic characteristics and efficiency. It is necessary to understand the wing and
aerofoil parameters to ensure that the aircraft has good aerodynamic characteristics under
mission requirements. To increase the flying wing UAmV’s lateral stability, its dihedral
angle was designed suitably. The manufacturing parameters are also given in this paper.
The maximum cruising speed and design for the given payload are designed and reported
in this paper. From this paper, the authors can determine the stable hydrodynamic design,
the payload which we carry, the absolute ceiling used to determine the depth of the
surveillance and energy fuels, and also able to determine its motor size with maximum
cruising speed.

The study by Wood [4] focuses on the reasons for using AUV, highlighting its ability
to help scientists carry out complex studies, such as the effects of metals, pesticides, and
nutrients on fish abundance, reproductive success, and ability to feed, or on contaminants
such as chemicals and biological toxins and the effects of plastics offshore. The paper also
mentioned that there are currently over 50 types of AUV’s for research and commercial
purposes, including gliders, which are vehicles that glide down slowly to a given depth
and then return to the surface with a buoyancy effect. Gliders are capable of travelling in a
horizontal path and a typical propeller follows saw tooth, which can descend or ascend
vertically. There are several types of gliders. Among them are Slocum gliders, optimized for
operation in shallow waters in coastal areas, and spray gliders, which are hydrodynamic in
shape and give 50% less drag, so their range is up to 4700 km. Deep gliders are made out
of a composite pressure hull of thermoset resin and carbon fibre and operate for one year
in 4600 km missions. Both sea and deep gliders have been used in the hydraulic system to
control their buoyancy. The military has developed an advanced underwater winged glider
based on the air force’s flying wing design. The above paper also presents the systems
in hybrid AUV-powered gliders, such as active buoyancy and trim control, fluid intake
and sample taking system, communication and navigation, etc, highlighting knowledge
about gliders and their types. It also provides the use of controlling the buoyancy to steer
underwater. With this in mind, we can define the type of model we to use in our ideas
in addition to the system required for underwater purposes and the efficient propulsive
system for our requirements.

Abdullah et al. [5] highlights the convenience of computational methods for solving
fluid flow problems. They give a brief definition of the gliders, in which the AUV dive and
return with buoyancy and the gliders are mainly used to collect oceanographic data. The
Lattice Boltzmann methodology (LBM) is used for the numerical background in place of
meshing because the Meshing process is time-consuming. The paper showed that the bell
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span-load wing (BSW) shape was applied to the existing glider to improve the efficiency of
the glider without considering its yaw and roll motion and, hence, the tail was not removed
from the glider. The CAD (Computer-Aided Design) of the BSW-shaped glider and the
lattice structures around it has been represented. After several calculations, it was shown
that the BSW design generated less drag force than the elliptical span-load wings (ESW)
design. In this paper, a wing design form was implemented to the benchmark glider design
and the computations were taken, in which it was concluded that the lift and drag forces
reduce while the stall angle increases. From this, it was seen that BSW provides less drag
and lift forces. The variations in the drag and lift forces with the various AOA showed that
the BSW shape design increased the stall angle of the vehicle. As shown in this paper, the
BSW wing gives minimum drag compared to the ESW design; hence, it is clear that the
BSW design is used to obtain better efficiency compared to the ordinary wing design.

Zihao et al. [6] suggest underwater gliders with low lift-to-drag ratios to solve the
targeted problem, developing the flying-wing design. To optimize the shape design using
the computational fluid dynamics code, further calculations were undertaken. CFD simula-
tion was performed to investigate the hydrodynamic force at various velocities and angles
of attack. It was used to determine the wingspan of the AUV glider. In the flying wing
configuration, which was configured to travel farther in horizontal per unit distance and
ascend vertically with great gliding efficiency, they used NACA 6 series aerofoil, which
provided maximum laminar flow. The reason for selecting laminar flow aerofoil was that
the Reynolds’s number of gliders is laminar and the turbulent transition layer in which the
winglets under reasonable design can improve glide efficiency. The performance prediction
suggested that the flying wing underwater gliders were more suitable for AOA, which
was 5 degrees and had a small glide slope angle. The paper concluded that, in the future,
further designs of the HFWUG will be carried out. Appendages of the glider, such as a
winglet—a flap that can reduce the drag and enhance manoeuvrability—will be developed.
It is clear that the flying wing configure improves the performance and is more suitable for
big AOA.

Since the targeted mission location is very dangerous, in order for the UAmV to
withstand high hydrodynamic pressures, the need for an efficient, structurally robust,
streamlined design is essential. Therefore, this work proposes a design that mimics the
appearance and ability of deep-sea fish. According to the data based on the first literature
survey, a design based on Rhinaancylostoma was found to be the most suitable to carry
out the current investigation [7–10]. Since the extremities of the UAmV were inspired
by Rhinaancylostoma, it was also suggested that the length and breadth of the UAmV
also mimic this species. The UAmV was therefore similar in length to Rhinaancylostoma.
Additionally, the finalized wing, already introduced in this work, was straight tapered,
the finalized horizontal stabilizer shape was straight tapered, and the shortlisted vertical
stabilizer design was backward tapered. According to the data based on the second
literature survey, conventional analytical approaches were used to design the wings and
stabilizers, while the fuselage, forward propeller and vertical propeller were designed
following unique analytical approaches [11–15]. When analysing other studies on the
development of unmanned marine vehicles and their components, the authors noticed a
few problems. The first problem was that the same propulsive system failed to provide
a perfect needful thrust for both the aerodynamic and hydrodynamic environments. The
second was that in the previous studies, wings were used instead of fins, but these imposed
wings produced an additional lift, causing the smooth flight of the UAmV to collapse.
Thus, this work predominantly focused on implementing an optimized wing that could
not collapse the smooth lift. This is why this proposed configuration is regarded as
the best. Additionally, through CFD, the drag and lift forces at various locations were
computed, providing the working conditions and handling capabilities of these components
of the UAmV.

After a method was developed for constructing this UAmV, the next major phase
comprised domain preparation, discretization, and computational procedure. These phases
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are based on data from the third literature survey [16–22]. Since the authors of this current
work have predominantly relied on the ANSYS Workbench tool for all kinds of computa-
tions, this third sub-section is filtered and focused only on obtaining the boundary and
initial conditions relevant for the aforesaid computational set-up. The information about
the development of control volume, procedures to develop structural meshes, and pro-
cedures to attain reliable outcomes for computational hydrodynamic simulations were
obtained [16–22]. Apart from the primary conditions, the secondary conditions provide
significant support in computational fluid dynamic (CFD) simulations. The secondary
conditions are a selection of suitable turbulence models and their additional enhancements,
such as viscous heating, buoyancy effect consideration, etc., the selection of a suitable cou-
pling scheme between fluid properties, and the provision of perfect values for turbulence
models, such as value for viscosity ratio, value for hydraulic diameter, value for eddy
length-scale ratio, etc. The incompressible flow-based computations were considered based
on data from the fourth literature survey, and so the abovementioned conditions were
determined [23–25].

Aside from the CFD observations, computational vibrational analyses (CVA) also
play a vital role in this investigation. The essential computational data for CVA were
planned to extract from the fifth literature survey. Noted observations from this survey
included an analytical approach carried out for the extraction of electrical energy through
piezoelectric patches. The formula for this analytical approach included the important
supports fixed on the object and the remote displacements implemented on the rotating
components [26–31]. Additionally, the suitable material to withstand under fluid dynamic
loads, as well as a suitable material to undergo high energy extraction-based observations,
was executed. Density, young’s modulus, bulk modulus, and Poisson’s ratios, especially,
were major focused initial conditions for computational structural analyses. Hence, the
works [32–35] executed were supported hugely to attain the aforesaid properties. Finally,
earlier applications completed by the UAmVs were collected, wherein the involvement
of major and minor components for their mission executions were completely recorded.
Through these studies [36–42], the selection of electrical and electronic components for this
current work was executed.

Finally, aerodynamic and hydrodynamic forces generation and their components were
studied, wherein the aerofoils imposed on the development of various components of
UAmV were focused majorly. Primarily, the authors found that NACA profiles-based
aerofoils were implemented on the various kinds of Unmanned Underwater Vehicles,
which vary from slow to high-speed operational vehicles, low to heavy payload-based
vehicles, short to long-range and endurance-based vehicles. Through focused study, more
than twenty-five relevant aerofoils were found to be existing users in the UAmVs. The
complete list of relevant aerofoils is listed in Table 1. Additionally, symmetrical aerofoils
were used predominantly in UAmVs rather than unsymmetrical aerofoils. The symmetrical
aerofoils implemented in the components of UAmVs were fins, tail portions, and wings.
Additionally, the selection of an aerofoils phase was completed with the support of Table 1.

Table 1. The detailed data of NACA-based aerofoils imposed in the development of UAmVs.

References Aerofoils Used References Aerofoils Used

[14] NACA 4412 [43] NACA 0015, and NACA 0020

[20] NACA 0015 [44] NACA 0022

[21] NACA 2408 [45] NACA 2414

[22] NACA 0015 [46] NACA 0020 to NACA 0010

[47] NACA 0012, NACA 0014, NACA 0016, NACA 0022, NACA 0008

From Table 1, it was found that symmetrical characteristics-based NACA aerofoils
were used in all kinds of UAmVs. Based on the literature surveys, the authors developed
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four research articles [14,20–22] that demonstrate the major constraints on the development
of symmetrical NACA aerofoils-based UAmVs, wherein the required lifts were achieved
in all the cases for the maximum speed of 15 m/s at various angles of attack. Technically,
the flow in and over this current UAmV is mostly laminar, so the implementation of
low Reynolds Number-based aerofoils in this work has been suggested. Since hybrid
configuration is proposed in this work (the separate VTOL propellers for depth increment
and decrement, also hovering), the various angle of attack-based computations are avoided.

1.2. Proposed Concept for the Collection of Deep-Sea Minerals

Due to the fact that this UAmV is able to thrive in more difficult circumstances, tradi-
tional construction is unsuitable for this design and development. Thus, both visibly and
internally, a unique arrangement is imposed. As previously said, the external configuration
was developed based on the outer limit of a deep-sea fish; similarly, the internal arrange-
ments and their positions were developed with extreme care. Within the fuselage part, a
separate waterproofed bay has been proposed to house electronic components such as a
battery, piezoelectric energy storage devices, a microcontroller, and a power distribution
board. Because the primary mining accessible near the bottom regions is polymetallic
nodules, this proposed UAmV is focused on collecting polymetallic nodules via the flexible
section of this UAmV. The fuselage’s bottom section is intended to function as a flexible
displacer with a flat shape. When the UAmV reaches its destination, the flexible bottom of
the fuselage is pre-programmed to retract in a straight line from the UAmV to the locations
where the minerals have accumulated. This aforementioned function is easily executable
with the aid of linear actuators. Following retraction, the bottom plate’s integrated compo-
nents, such as miniature robotic arms, suction devices, and so on, can begin the mineral
collection process. Before this, the targeted minerals must be checked and validated by
detection sensors in order to avoid mineral collocation failure. Following successful mineral
collection, the filtering apertures in the fuselage’s bottom part will be opened to eliminate
any excess underwater. Due to the fuselage’s division into distinct bays, the authors are
assured that the collection of minerals will be carried out with a high possibility of success.

2. Conceptual Design of Unmanned Amphibious Vehicle

As mentioned earlier, the conceptual design of this UAmV is inspired by the selected
fish, i.e., Rhinaancylostoma. The working environment of this selected mission is around a
depth of 300 m, so the internal capability of this UAmV needs to be handled effectively. The
selected fish is capable of surviving at a depth of 300 m depth, thus this nature inspiration
is perfectly fit for this work.

2.1. Estimation of Preliminary Design Data of Straight Tapered Wing

The matured length of the Rhinaancylostoma fish is 1.5 m. From the design, the
wingspan is 40% of its entire length. Thus,

bUAmV = 0.4× `UAmV (1)

The wingspan is equal to 0.40-times the length factor (1.5 m). i.e., 1.5× 0.4 = 0.6 m. The
aspect ratio for the unmanned underwater vehicle lies between 2 and 6. Hence the design
calculations follow the standard literature survey [12,14] and are listed in Equations (2)–(8).
The aspect ratio, chord at root, chord at the tip, planform area of the wing, and a taper ratio
of this wing are provided in Equations (2)–(6), respectively.

[Aspect Ratio]Wing =
2× bUAmV(

CWing−Root + CWing−Tip
) (2)

⇒
(
CWing−Root + CWing−Tip

)
=

1.2
3
⇒ 0.4

CWing−Root + CWing−Tip = 0.4 (3)
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SWing = bUAmV ×
(
CWing−Root + CWing−Tip

)
2

(4)

SWing = 0.6× (0.4)
2
⇒ 0.12 m2

Taper Ratio
[
λWing

]
=

CWing−Tip

CWing−Root
(5)

⇒ 0.20 =
CWing−Tip

CWing−Root
⇒ CWing−Tip = 0.20×CWing−Root (6)

Henceforth,

CWing−Root + 0.20×CWing−Root = 0.4⇒ CWing−Root =
0.4
1.2
⇒ 0.3334 m

CWing−Tip = 0.20×CWing−Root ⇒ 0.20× 0.3334⇒ 0.06668 m

The analytical approach of span-wise chord estimations of this straight tapered wing
is mentioned in Equation (7). The procedures are,

Cn%

CWing−Root
= 1−

[
2
(
1− λWing

) yn%
bUAmV

]
(7)

Thus, the chord length at 25% percentage of wingspan is estimated as, C25%
CWing−Root

=

1−
[
2(1− 0.20) 0.075

0.6
]
= 0.8× 0.3334 ⇒ C25% = 0.26672 m; the chord length at 50% per-

centage of wingspan is estimated as, C50%
CWing−Root

= 1−
[
2(1− 0.20) 0.15

0.6

]
= 0.6× 0.3334 ⇒

C50% = 0.20004 m; the chord length at 75% percentage of wingspan is estimated as,
C75%

CWing−Root
= 1−

[
2(1− 0.20) 0.225

0.6
]
= 0.4× 0.3334⇒ C75% = 0.13336 m; the chord length

at 100% percentage of wingspan is estimated as, C100%
CWing−Root

= 1 −
[
2(1− 0.20) 0.3

0.6
]
=

0.2× 0.3334⇒ C100% = 0.06668 m.
And the Sweep angle of wing is given as,

ΛLE−W = tan−1

(
2× d

bStraight Tapered Wing

)
(8)

⇒ ΛLE−W = tan−1

(
2× 0.4×CWing−root

bStraight Tapered Wing

)
⇒ ΛLE−W = tan−1

(
2× 0.4× 0.3334

0.6

)
⇒ ΛLE−W = 23.967◦

2.2. Estimation of Coefficient of Lift

Estimation of the coefficient of lift drastically depends on the overall weight of the
UAmV when it flies just above the water surface. Whereas the coefficient of lift predom-
inantly relies on two factors when the UAmV undergoes the mission under the water:
the weight of the UAmV and the buoyancy force. From the literature survey [32–35], the
suitable lightweight materials shortlisted are Carbon Fibre Reinforced Polymer (CFRP),
Glass Fibre Reinforced Polymer (GFRP), aluminium alloy, magnesium alloy, and grey
cast iron. All of these materials have a higher density than water, thus the occurrence of
buoyancy force is mandatory when the UAmV has initiated submersible manoeuvring.
Thus, the need for the wing is unavoidable for all the manoeuvring phases of this UAmV.
When estimating the overall weight of the UAmV, it is important to consider the weight
of the payload. For this work, a unique relationship was developed between the overall
weight of the UAmV and its payload weight. The numerical form of the aforesaid analytical
relationship is provided in Equation (9). Hence, the collections of payloads and its weight
finalization are always important contributors in the design and development of all kinds
of unmanned vehicles. For this work, the weight of the payload was estimated as 2 kg,
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thus, WPl = 2 kg. The compositions involved in this payload weight are the weight of
the mineral detection sensors (1.25 kg), the weight of the collection devices of minerals
(0.25 kg), and the weight of arrangements for the payload holdings (0.50 kg).

WPl
WOverall

= 0.1711 (9)

WPl
0.1711

= WOverall ⇒
2

0.1711
= 11.7 kg

At Steady Level Flight, the force equilibrium is Lift = Weight; Thrust = Drag,

WOverall = 0.5×VForward
2 × ρW ×CL × SWing (10)

⇒ 11.7× 9.81 = 0.5× 5× 5× 1000×CL × 0.06 ⇒ CL =
(11.7× 9.81)

(0.5× 5× 5× 1000× 0.06)
⇒ CL = 0.153036

The above-estimated coefficient of lift is only assumed to be developed from the wing
of the UAmV. Apart from this wing lift, the lift generation by the fuselage and stabilizers
are not considered for the analytical approach because the lift generation by the fuselage is
negligible and symmetrical aerofoils-based developed stabilizers are always maintained at
zero angle of attack, producing zero lift only. But in real-time, these avoided components
could provide additional lifts along with the main wing lift, creating the unstable flight
conditions of UAmV. Thus, the authors were able to overcome this unstable issue in two
ways: (1) Increment and decrement in the rotational speed of the VTOL propellers can
tackle this complicated situation, (2) Maintain the stabilizers at zero angle of attack at all the
manoeuvring phases of the UAmV. This work is totally different from conventional wings,
wherein this proposed wing has the platform to hold the VTOL propellers; the unique
design calculations are included in Sections 2.1 and 2.2. The VTOL propellers are able to
fit in the middle of the wing due to the structural stability, so the mid chord position was
carefully monitored. Few of the formula are familiar in Sections 2.1 and 2.2, but those are
optimized as per the diameter of the VTOL propellers.

2.3. Aerofoil Selection

The aerofoil used in the UAmV is NACA 0008, in which the following aerofoils are
used for the comparative analyses: NACA0020 to NACA0010, NACA0022, NACA6721,
and NACA CLARK YH Cross Section. The authors introduced a symmetrical aerofoil
instead of the unsymmetrical aerofoil to avoid the generation of additional upward forces
when the UAmV exposes the steady level flight phase. Owing to this additional force
generation, the balanced flight of the UAmV may collapse, so symmetrical aerofoil is the
best option. At the mission execution state, when the UAmV needs additional upward force
than through the Angle of Attack (AoA) parameter, the symmetrical aerofoil loaded to the
straight taper wing can achieve the required force. The complete results of the coefficient of
drag variations for different symmetrical aerofoils are listed in Table 2.

Table 2. Comparative analysis of Aerofoils.

Aerofoils Name CD Aerofoils Name CD

NACA 0009 0.0145 NACA 0012H 0.01650
NACA 0012 0.0155 NACA 0015 0.0255
NACA 0006 0.01155 NACA 0018 0.0255
NACA 0008 0.01130 NACA 0021 0.02255
NACA 0010 0.0155 NACA 0024 0.02650

The values loaded in Table 2 are developed based on the supports of the chord length
of the wing, Reynolds number of the flow, and the working velocity of the UAMV. From
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Table 1, it can be seen that NACA 0008 generated low drag, so the selected aerofoil is NACA
0008 for this work. The final developed straight tapered wing is revealed in Figure 1.
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The work was mainly focused on developing a unique UAmV. The authors are there-
fore avoided the unique design of the aerofoil. Instead of the aerofoil design, the authors
focused only on the selection of aerofoil. Additionally, the turbulent flow is applicable
for this investigation due to the presence of complicated components such as VTOL and
forward propellers. Owing to these presences, the laminar flow collisions of high-density
fluid (water) are also able to occur. This is why turbulence flow-based design factors and
computational conditions are suggested in this work. The estimated CL is very low, which
is a surprise to the authors. The CFD validation is carried out and hence the same value of
CL is obtained. After the validation only, the same coefficient of lift value is established in
this calculation.

2.4. Design of Fuselage

For this work, the construction of the fuselage plays the predominant role because
it is the position where the minerals and electronics instruments are located without any
direct interactions. The bottom of the fuselage was planned to be fixed as a flat-shaped
one in order to perfectly settle at the seabed regions. Inspired by Rhinaancylostoma’s
outer shape, half-shaped symmetrical aerofoil-based outer boundaries for this UAmV were
suggested. Therefore, the conventional approaches are updated, and thereafter the unique
relationships for thickness and breadth of this UAmV fuselage are obtained, which are
provided in Equations (11) and (12).

TF = 15×TMax.
F

[(
0.2969× (L%)

1
2
)
− (0.126× L%)−

(
0.3516× (L%)2

)
+
(

0.2843× (L%)3
)
−
(

0.1015× (L%)4
)]

(11)

BF = 15× BMax.
F

[(
0.5938× (L%)

1
2
)
− (0.252× L%)−

(
0.7032× (L%)2

)
+
(

0.5686× (L%)3
)
−
(

0.203× (L%)4
)]

(12)

Through Equations (11) and (12), the thicknesses and breadths of the fuselage at vari-
ous chord lengths are determined. The comprehensive data of primary design parameters
are listed in Table 3. The final fuselage is developed as per the data calculated from the
analytical approaches. Figure 2 contains the representations of the isometric view of the
fuselage.

While the proposed UAmV is inspired by deep sea fish, not all the designs are from
the same fish. This work uniquely followed the construction of the fuselage of the UAmV,
wherein the imposed fuselage outer boundary is developed from the shape of the aerofoil.
Due to the effective movement of payloads, half of the aerofoil-based outer shape is
imposed in this fuselage of UAmV and the remaining half of the fuselage is left at a flat
surface. Therefore, the procedures involved in the development of fuselage are based
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on the construction of the internal design parameters of aerofoils. Since this fuselage
follows the modified analytical approach of aerofoil, it must fulfil the major fluid dynamic
performance factors.

Table 3. Complete design data of fuselage.

Sl. No. Chord (m) Breadth (m) Thickness (m)

1 0.15 0.320709613 0.160354807
2 0.3 0.360103598 0.180051799
3 0.45 0.3348442 0.1674221
4 0.6 0.273802144 0.136901072
5 0.75 0.189618374 0.094809187
6 0.9 0.086863036 0.043431518
7 1.05 −0.035885263 0.017942632
8 1.2 −0.00185278843 0.0092639422
9 1.35 −0.000372861523 0.00186430761
10 1.5 −0.0000614896192 0.000307448096
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2.5. Horizontal Stabilizer

Utilising the literature survey [41], the historical relationship between the planform
area of the horizontal stabilizer and the planform area of the wing was determined, which
is given in Equation (13).

SH−Tail = 0.1737× SWing + 0.00366 (13)

⇒ 0.1737× 0.06 + 0.00366 ⇒ 0.014082 m2 ⇒ SH−Tail = 0.014082 m2

For this work, the empennage design data are calculated through the extension ob-
served from the conventional analytical approach [12,14]. The aspect ratio of the horizontal
stabilizer, tail-span of the horizontal stabilizer, and the taper ratio of the horizontal stabilizer
are given in the Equations (14)–(16), respectively.

ARH−Tail =
bH−Tail

2

SH−Tail
(14)

bH−Tail
2 = ARH−Tail × 0.014082 = 3× 0.014082⇒ bH−Tail = 0.21 m

SH−Tail = bH−Tail ×CH−Tail (15)

CH−Tail−root =
0.014082

0.21
= 0.0671 m
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From the literature survey [12,14], it is found that λ = 0.15 is more suitable to provide
low drag with high lift at a positive angle of attack, so in this work λ = 0.15 is used.

λH−Tail =
CH−Tail−tip

CH−Tail−root
(16)

CH−Tail−tip = λ×CH−Tail−root = 0.15× 0.0671 = 0.0101 m

The span-wise position of the horizontal stabilizer is estimated with the same an-
alytical procedure of the wing. Thus, the outputs are, C25% = 0.05284125 m; C50% =
0.0385825 m; C75% = 0.02432375 m; and C100% = 0.010065 m. In addition, the sweep angle
of the horizontal stabilizer is,

ΛLE−HT = tan−1

(
2× d

bTapered H−Tail

)
(17)

ΛLE−HT = tan−1

(
2× 0.85×CH−Tail−root

bTapered H−Tail

)
⇒ ΛLE−HT = 28.51◦

The final developed horizontal stabilizer is revealed in Figure 3, wherein the predomi-
nant design parameters are determined through Equations (13)–(17). For this work, the
stabilizers are imposed to successfully handle the manoeuvrings and provide good stability
to the UAmV when it undergoes the payload capture process. Since the working condition
is very dangerous and difficult, the probability of achieving the aim of this mission needs
to be fixed with a high value. So, the sudden achievement of yawing execution needs
to occur with the help of rudder (vertical stabilizer). When the UAmV approaches the
action of payload collection, there is a possibility of longitudinal and lateral instabilities.
The presences of both vertical and horizontal stabilizers are therefore mandatory for this
design. The size and shape of the stabilizers always play an important role in the successful
completion of the aforesaid mandatory actions. The perfect size and shape of the imposi-
tion of stabilizers will lead to the perfect attainment of overall weight of the UAmV. Thus,
the proper calculations for the development of a stabilizer are mandatory; therefore the
Sections 2.5 and 2.6 are involved.

2.6. Vertical Stabilizer

According to the literature survey [41], the historical relationship between planform
area of vertical stabilizer and overall weight of the UAmV was determined, which is given
in Equation (18). The imposed relationships were derived by considering remotely aerial
piloted vehicles. Therefore, there may be a mismatch due to the working nature of the
current research. The planform areas of horizontal and vertical stabilizers predominantly
rely on the planform area of the wing and the overall weight of the UAV, respectively. Both
of these factors are not directly related to the environments because the planform area of
the wing is inspired by Rhinaancylostoma and the weight of the payload is obtained with
the uniqueness of the selected missions. Thus, the authors implemented the fixed-wing
aerial vehicle-based relationship for this work.

SV−Tail = 0.0006×WO[kg] + 0.1475 (18)

SV−Tail = 0.0006× 11.7 + 0.01475⇒ SV−Tail = 0.02177m2

The aspect ratio of the vertical stabilizer, tail-span of vertical stabilizer, and the taper
ratio of the vertical stabilizer are jointly given in the Equations (19) and (20).

ARV−Tail =
(bV−Tail)

2

SV−Tail
(19)
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ARV−Tail =
(bV−Tail)

2

SV−Tail
⇒ 2.5× 0.02177 = (bV−Tail)

2 ⇒ bV−Tail = 0.2333 m

ARV−Tail =
bV−Tail

CV−Tail−root
⇒ CV−Tail−root =

bV−Tail
2.5

=
0.2333

2.5
= 0.09332 mMinerals 2022, 12, x 12 of 45 
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As the taper ratio of the vertical tail increases, the yawing moment arm is reduced,
which reduces the directional control of the aircraft. Moreover, an increase in the taper ratio
of the vertical tail would reduce the lateral stability of the aircraft. A compromise between
these positive and negative features determines the value for the vertical tail taper ratio.

λV−Tail =
CV−Tail−tip

CV−Tail−root
(20)

λV−Tail =
CV−Tail−tip

CV−Tail−root
⇒ CV−Tail−tip = 0.15× 0.09332 = 0.014 m

The span-wise position of the vertical stabilizer is estimated with the same ana-
lytical procedure as the wing. Thus, the outputs are, C25% = 0.0734895 m; C50% =
0.053659 m; C75% = 0.0338285 m; and C100% = 0.013998 m. In addition, the sweep an-
gle of the vertical stabilizer is:

ΛLE−V−Tail = tan−1

(
2× d

bTapered−V−Tail

)
(21)

⇒ ΛLE−V−Tail = tan−1

(
2× 0.85×CV−Tail−Root

bForward Swept Wing

)
⇒ ΛLE−V−Tail = 34.26◦

The final developed vertical stabilizer is revealed in Figure 4, wherein the predominant
design parameters are determined through Equations (18)–(21).

2.7. Design of Hydro-Propellers

Generally, propulsive devices play an incomparable position due to their force gen-
erations. The achievement of forward speed and hovering especially has been executed
through the help of forward and vertical propellers, respectively. The analytical approaches
involved in these propellers are provided in Equations (22)–(32), wherein the Equations
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(22)–(29) are obtained from the literature survey [14,42] and the Equations (30)–(32) are
generated uniquely from the principle of historical data collections.

T = 0.5× ρ×A×
[
(VUAmV)

2 − (V0)
2
]

(22)

θ = arctangent
(

P
2× π× r

)
(23)

bP =

8× π×
(

sin(θ)×(tan(θ)− 1
1.2×tan(θ))

(1+ 1
1.2×tan(θ))

)
× r

n×CL
(24)

Advance Coefficient [J] =
Vi

N×D
(25)

Thrust Coefficient [Kt] =
T

ρ×N2 ×D4 (26)

Thrust Coefficient [Kt] =
2T

ρ×A×Va2 (27)

Torque Coefficient
[
Kq
]
=

Q
ρ×N2 ×D5 (28)

Propeller Efficiency [ηO] =
T×Vi

2π×N×Q
(29)
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All of these major propeller equations are predominantly involved in the construction,
working conditional estimations, and performance of the rotors.

2.7.1. Design of Hydro-Propeller for Forward Operation

The expected rate of forward speed is 10 m/s so,VUAmV = 10 m/s and measured
wind velocity at the working environment Vo = 2.5 m/s. Thus,

(22)⇒ 3× 11.7× 9.81 = 0.5× 975× π× r2 ×
[
(10)2 − (2.5)2

]
⇒ Area =

344.331
(0.5× 975× 93.75)

= 0.00755 m2

r2 =
0.014
π

⇒ r = 0.05 m, and Diameter = 0.1 m
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Therefore, the diameter of this UAmV is easily obtained as 100 mm. To estimate the
pitch of the UAmV’s propeller, the historical relationship was executed on the pitch and
diameter of the marine propellers. The comparative investigations are revealed in Figure 5.
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Through the help of Figure 5, the historical relationship is derived, which is given in
Equation (30).

Diameter [D]

Pitch [P]
= 1.15 (30)

Pitch [P] =
Diameter [D]

1.15
=

0.1
1.15

= 0.087 m

Similarly, the other two important historical relationships are constructed, which deal
with the pitch and diameter, thickness, and diameter of various UAmV propellers. Figure 6
comprehensively reveals the historical relationship between thickness and diameter of the
UAmV’s rotor and thereby the unique relationship formed, which is given in Equation (31).

Diameter [D]

Thickness [T]
= 3.215 (31)
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The third historical relationship is developed, which is comparatively revealed in
Figure 7, in which the predominant factors that play major roles are marine propeller’s
thickness and marine propeller’s pitch [14,42]. The unique connection is formed between
thickness and pitch of the rotor, which is exclusively revealed in Equation (32).

Pitch [P]
Thickness [T]

= 3.1 (32)
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The propeller designs do not fully rely on the established historical relationships. The
authors have evaluated the literature survey carefully, wherein they found that historical
relationships play a major role in regard to missing data. It was also found that the historical
relationships are still considered as one of the major developing strategies involved in the
design stage of UAVs. Thus, these work suggested historical relationships as one of the
supporters to development of the propellers. Apart from these relationships, the unique
relationship to develop the chords at various sections of the propellers are determined and
implemented. With the help of the NASA online source, the thrust estimating formula
for the propeller was determined and implemented in this work. Finally, the authors
strongly believed that this imposed procedure will serve as one of the key procedures
to develop UAmVs. With the help of Equations (22)–(32), the complete design data of
the forward propeller are determined. Additionally, Equations (25)–(29) were used to
determine the performance and working conditions of the propellers. Equations (26) and
(27) are significantly supported in the estimation of the working RPM of the propellers. For
this work, the working RPM of the forward propeller is provided below:

(27)⇒ [Kt] =
2T

ρ×A×Va2 ⇒
(2× 344.331)

(975× 0.00755× 10× 10)
= 0.9355

(26)⇒ [Kt] =
T

ρ×N2 ×D4 ⇒ 0.9355 =
T

ρ×N2 ×D4

Nmaximum =

√
344.331

(0.9355× 975× 0.1× 0.1× 0.1× 0.1)
⇒ 61.5 ≈ 62

rev
sec
⇒ Nmaximum = 3720 RPM

The major performance parameter has always supported the development of a pro-
peller coefficient of lift. Thus, extreme care has been given in this estimation, which is
provided below: WPl

0.1711 = WOverall ⇒ 2
0.1711 = 11.7 kg

At hovering, Lift = Weight; therefore,
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(22)⇒ W
2

= VVTOL
2 × ρ×CL ×APropeller ⇒ 0.5× 11.7× 9.81 = 7.5× 7.5× 975×CL × 0.00755

CL =
0.5× 11.7× 9.81

414.0703125
=

57.3885
414.0703125

⇒ CL = 0.139

The estimated primary design data, such as pitch angle, chord length, and its corre-
sponding varying radiuses, are comprehensively listed in Table 4. After estimating the
complete design processes, the modelling was developed and the final model is shown in
Figure 8.

Table 4. Complete design data of forward propeller.

Pitch Angle (Degree) Chord Length (mm) Radius (mm)

70.15 39.69 5

54.18 52.55 10

42.72 58.83 15

34.71 50.41 20

28.99 46.3 25

24.79 42.27 30

21.59 38.64 35

19.1 35.46 40

17.11 32.69 45

15.49 30.29 50
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2.7.2. Design of Hydro-Propeller for VTOL Operation

The expected rate of forward speed is 10 m/s so,VVTOL−UAmV = 10 m/s and the
assumed wind velocity at the deployment environment is 2.5 m/s. Apart from this assumed
velocity, the buoyancy force of hydro medium may collapse the steady level flight of the
UAmV at deployment environment. Thus, double time velocity is imposed and so the
value is, Vo = 5 m/s. In this work, the authors planned to fix two vertical propellers for
the execution of smooth climb maneuvering. Thus,

(22)⇒ 3× 11.7× 9.81
2

= 0.5× 975× π× r2 ×
[
(10)2 − (5)2

]
⇒ Area =

172.1655
(0.5× 975× 75)

= 0.0047 m2

r2 =
0.0047[ 22

7
] ⇒ r = 0.038 m, and Diameter = 0.076 m ≈ 75 mm

Therefore, the diameter of this UAmV is easily obtained as 75 mm. Equations (26) and (27)
support the estimations for the working RPM of the propellers. For this work, the working
RPM of the VTOL propeller is provided below:

(26)⇒ [Kt] =
2T

ρ×A×Va2 ⇒
(2× 172.16551)

(975× 0.0047× 10× 10)
= 0.75

(27)⇒ [Kt] =
T

ρ×N2 ×D4 ⇒ 0.75 =
T

ρ×N2 ×D4

Nmaximum =

√
172.1655

(0.75× 975× 0.075× 0.075× 0.075× 0.075)
= 86.25

rev
sec

⇒ Nmaximum = 5175 RPM

The major performance parameter has always supported the development of the
propeller coefficient of lift. Thus, extreme care has been given in this estimation, which is
provided below: At hovering, Lift = Weight:

W
2 = VVTOL

2 × ρ×CL ×APropeller ⇒ 3×11.7×9.81
2 = 10× 10× 975×CL × 0.0047⇒ CL =

[ 3×11.7×9.81
2 ]

458.25 = 57.3885
414.0703125

⇒ CL = 0.376

Similarly, the calculation procedure belongs to the forward propeller and the VTOL
propeller is also constructed with an estimated diameter of 75 mm and a maximum working
RPM of 5175. A three-bladed associated with co-axial propulsive system was suggested
to tackle such huge hovering phases of the UAmV. A typical representation of the VTOL
propellers is shown in Figure 9. Through the help of an advanced modelling tool, i.e.,
CATIA, the proposed design of the advanced UAmV is modelled. The typical views and
the design draft are presented in Figures 10–12.

Figures 11 and 12 reveal the clear projections of the nature-inspired UAmV, in which
the formation of the wing was more complicated than other components due its additional
platform for ducted propellers to execute VTOL manoeuvrings. Apart from the locations of
ducted propellers, the wings are conventionally oriented so, at the primary stage itself, a
major observation is predicted. The predicted observation is dual formation of airflows after
the wings. The flows in, around and after the VTOL propellers are changed to turbulent
from their laminar characteristics, and flow in, around and after the wing are laminar flow.



Minerals 2022, 12, 342 18 of 43

Minerals 2022, 12, x 18 of 45 
 

 

The major performance parameter has always supported the development of the pro-
peller coefficient of lift. Thus, extreme care has been given in this estimation, which is 
provided below: At hovering, Lift = Weight: W2 = V × ρ × C × A ⇒ 3 × 11.7 × 9.812 = 10 × 10 × 975 × C × 0.0047 ⇒ C =  × . × .458.25 =  57.3885414.0703125 

⇒ C = 0.376 

Similarly, the calculation procedure belongs to the forward propeller and the VTOL 
propeller is also constructed with an estimated diameter of 75 mm and a maximum work-
ing RPM of 5175. A three-bladed associated with co-axial propulsive system was sug-
gested to tackle such huge hovering phases of the UAmV. A typical representation of the 
VTOL propellers is shown in Figure 9. Through the help of an advanced modelling tool, 
i.e., CATIA, the proposed design of the advanced UAmV is modelled. The typical views 
and the design draft are presented in Figures 10–12. 

 
Figure 9. A typical representation of VTOL Propeller of Co-axial propulsive system. 

Figures 11 and 12 reveal the clear projections of the nature-inspired UAmV, in which 
the formation of the wing was more complicated than other components due its additional 
platform for ducted propellers to execute VTOL manoeuvrings. Apart from the locations 
of ducted propellers, the wings are conventionally oriented so, at the primary stage itself, 
a major observation is predicted. The predicted observation is dual formation of airflows 
after the wings. The flows in, around and after the VTOL propellers are changed to tur-
bulent from their laminar characteristics, and flow in, around and after the wing are lam-
inar flow. 

Figure 9. A typical representation of VTOL Propeller of Co-axial propulsive system.
Minerals 2022, 12, x 19 of 45 
 

 

 
Figure 10. Design draft of UAmV. 

 
Figure 11. Top view of UAmV. 

Figure 10. Design draft of UAmV.



Minerals 2022, 12, 342 19 of 43

Minerals 2022, 12, x 19 of 45 
 

 

 
Figure 10. Design draft of UAmV. 

 
Figure 11. Top view of UAmV. Figure 11. Top view of UAmV.

Minerals 2022, 12, x 20 of 45 
 

 

 
Figure 12. Isometric view of UAmV. 

3. Proposed Methodology—Advanced Computational Simulations 
The toil nature of this recommended UAmV is imparted on both hydro and aerody-

namics, so an advanced methodology is mandatory to solve both working conditions. 

3.1. Computational Model 
Figure 13 reveals the typical view of the external control domain with the UAmV, 

wherein the frontal dimension in the main flow direction is three-times greater than the 
length of the UAmV and the rear dimension in the main flow direction is 7.5-times greater 
than the length of the UAmV. 

 
Figure 13. A typical front view of entire control domain with UAmV. 

  

Figure 12. Isometric view of UAmV.

3. Proposed Methodology—Advanced Computational Simulations

The toil nature of this recommended UAmV is imparted on both hydro and aerody-
namics, so an advanced methodology is mandatory to solve both working conditions.

3.1. Computational Model

Figure 13 reveals the typical view of the external control domain with the UAmV,
wherein the frontal dimension in the main flow direction is three-times greater than the
length of the UAmV and the rear dimension in the main flow direction is 7.5-times greater
than the length of the UAmV.
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Figure 13. A typical front view of entire control domain with UAmV.

The shape of the control domain is chosen as cylindrical, which can provide the perfect
platform to develop the discretization on the top surface of this UAMV. Since the top
surface of the UAmV is designed with a curvature on its top surface, the purposively
cylindrical-shaped control volume is suggested in this work. Apart from the main flow
directions, the radial directional dimensions are fixed four-times greater than the length of
the UAmV. The given control volume details are finalized as per the acceptable industry
rate. The imposed names on the entire control volume provide the basis for the initial
conditions. The implemented input names are shown in the top left of Figure 13. For
computational vibrational simulations, the computational model is considered the full
model of the UAmV. The outcomes of this computation are direct extracts from the UAmV
and its parts so the entire UAmV needs to be considered as the model where the free and
forced vibrational outcomes are yet to be investigated.

3.2. Discretization

Discretization methods are used to divide a continuous function (i.e., the real solution
to a system of differential equations in CFD) into a discrete function, where the solution val-
ues are defined at each point in space and time. Discretization simply refers to the spacing
between each point in the solution space. Generally, 3D tetrahedral unstructured elements
are used in complicated shapes, which have been executed through the ANSYS Mesh tool.
Through unstructured grids, two major effects are able to form: the computational times
can increase and the higher number of cells across the gap creates a more refined surface
mesh. The conventional facilities available under the mesh tool are curvature, proximity
and transition, etc. The curvature facility determines the edge and face sizes based on cur-
vature normal angle. Additionally, finer curvature normal angle creates finer surface mesh.
Apart from the curvature, proximity plays an important role, which controls the mesh
resolution on proximity regions in the model. Finally, the transition of cell size is defined
by the growth rate. For this work, all of the aforesaid facilities are imposed, and after that
the various mesh cases are generated, which contributed soundly at the gird convergence
test phase. The characteristic representations of the volumetric domain of these discretized
structures are revealed in Figures 14 and 15, wherein Figure 15 is specifically shows the
zoomed projections of meshed elements nearby the UAmV.
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Figure 15. Typical zoomed volumetric representations of grids over the UAMV surfaces.

Purposively, the fine curvature-based grid facilities are forcefully imposed nearby the
regions of the curvature sections of the UAmV. The growth rates of the grids are linearly
given to maintain smooth increments of mesh sizes from the outer boundary line of the
UAmV to the end of the control volume. For computational vibrational analyses (CVA), the
hybrid mode of discretization is imposed on the entire UAmV, which is clearly revealed
in Figure 16. Since the developed UAmV and its external control volume are quite higher
in dimensions, the maximum elemental counts are obtained as 6,521,457 for CFD, 954,722
for CVA, and the minimum elemental counts are obtained as 1,022,545 for CFD, 258,744
for CVA.
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3.3. Boundary Conditions and Solver Descriptions

The mission profile of this UAmV is fully comprised of oceanic water, wherein a very
tiny portion of the mission profile is covered just above the water surface. Naturally, the
water is incompressible, so a pressure-based solver is used in this analysis. Additionally,
the intended speed of this UAmV lies between 5 m/s and 10 m/s, so even on the above
surface of the UAmV, the fluid has an incompressible effect. Thus, a pressure-based solver
is the best platform for this CFD computation. Due to the presence of the complicated
curves in UAmV, instead of laminar flow, the Spalart–Allmaras turbulence model-based
equation is implemented, which can capture eddy formation in the right manner. The
turbulent flow is applicable for this investigation because of the presence of complicated
components such as VTOL and forward propellers. Due to these presences, the laminar
flow collision of high-density fluid (water) also occurs. This is why turbulence flow-based
design factors and computational conditions are imposed in this work. The imposed
model is the Spalart–Allmaras turbulence model, which is the first equation model. Pur-
posively, this first equation model has high-density working fluid. The ANSYS Fluent
based computational code was imposed in this work to test the various mission profiles
of the UAmV. The velocity inlet relayed simulation is initialized, and hybrid initialization
is implemented in these hydrodynamic and aerodynamic simulations. The working envi-
ronments of this application vary from just above the water surface to a depth of 300 m,
which guided the estimation of the operating pressure of this work. Since the presence of
complexity of the computational model, the second-order derivatives are used in this work.
Comparatively, the Spalart–Allmaras turbulence model, very popular for compressible
aerospace applications, is adapted for incompressible free surface environmental flows.
The Spalart–Allmaras is a dependent model of Reynolds-averaged Navier–Stokes (RANS)
equations when solving one transport equation of the fluid variables. The authors provided
the no-slip condition on the UAmV, with the free slip condition on the wall, and then the
conditions above the surface, 1 m indented towards the water, and 300 m depth penetrated
towards the depth are used during CFD analyses. The inlet velocity flow medium is 5 m/s,
and the outlet pressure is about zero Pascal. Then, the operating pressure is calculated
using the Equation (33) provided below,

Operating pressure = Atmospheric pressure + (ρ × g × h) (33)

Figure 17 reveals the complete information of imposed boundary conditions, which
will drastically support the estimation of forced and free vibrational outcomes through
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CVA. From Figure 18, it is observed that the dominations have been captured by two major
factors: fixed support and remote displacement. The fixed supports are provided at the
locations where the fuselage and wing, fuselage and horizontal stabilizer and fuselage and
vertical stabilizer are joined together. The remote displacements are imparted at the internal
shafts of both propellers. For VTOL propellers, the remote displacement is freely provided
in the “Z” direction, whereas the “Y” and “X” directions are kept at zero displacements.
The remote displacements are imparted at the internal shafts of both propellers. For the
forward propeller, the remote displacement is freely provided in the “X” direction, whereas
the “Y” and “Z” directions are kept at zero displacements.

Minerals 2022, 12, x 24 of 45 
 

 

 
Figure 17. Details of imposed boundary conditions at computational vibrational analysis. 

 
Figure 18. Grid Convergence Studies on various induced velocities. 

Figure 17. Details of imposed boundary conditions at computational vibrational analysis.

3.4. Grid Convergence Tests

The computational simulations have been predominantly supported in complicated
problems such as oceanic computations, forced vibrations, etc. Additionally, since the
CFD outcomes primarily relayed the averaged computational procedures, the possibilities
of approximate-based output productions are quite high. Hence, the presences of grid
convergence tests are mandatory to obtain optimized mesh cases, which can strongly
provide acceptable outcomes. Because of that reason, three grid convergence tests are
implemented in this work, which are comprehensively revealed in Figure 18. The three
independence studies imposed in this work are executed on the parameter of maximum
induced velocity over the UAmV when it flies just above the water surface, maximum
induced velocity over the UAmV when it flies just inside the water surface, and maximum
induced velocity over the UAmV when it flies at the mission execution state. The term
“induced velocity” is referred to as dynamic velocity of the fluids, where the behaviours
are modified after the energy is imparted from the UAmV components to the fluids. For
all grid convergence tests, the same five different mesh facilities are imposed, and then
the suitable mesh case to provide reliable outcomes is obtained as the third mesh case.
The implemented mesh cases are coarse-size function-based curvature capturing facility,
medium-size function-based curvature capturing facility, fine-size function-based curvature
capturing facility, fine-size function-based curvature, area proximity capturing facility, fine-
size function-based curvature, as well as area proximity capturing facility with inflation.
The representations of the shortlisted mesh case and their generations are revealed in
Figure 19.
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4. Results and Discussions

As per the clearly provided boundary and initial conditions, the computational fluid
dynamics impact on and around the UAMV, and computational vibrational outcomes
of the UAmV are computed. The computational structural outcomes are presented in
Figures 20–40.

4.1. Computational Aerodynamic Results at above the Ocean

Figures 20 and 21 present the aerodynamic pressure distributions on the UAmV
when it executes the initial phase of the mission at just above the water surface. For the
similar mission phase, the velocity variations over the UAmV are captured, which are
projected in Figures 22 and 23. For flies above the water, separate comparative analyses are
executed between the conventional aerodynamic propeller and conventional hydrodynamic
propeller. For the same input conditions, the suitable, as well as the best performer, is
determined as the marine propeller (hydrodynamic propeller). This is why the same marine
propeller has been finalized for use in both environments. The imposed wing is no larger
than the conventional aerial vehicles, so the marine propeller can tackle this proposed
configuration above the water surface. The reviewer stated that the working speeds can
vary in both the environments. As a result, the maximum working speed of the UAmV
is fixed differently for both environments, wherein the aerodynamic speed is fixed higher
than the hydrodynamic speed. This enhanced speed was subjected to comparative analysis,
after which it was found that the marine propeller is fit to handle both environments.
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The computed outputs of consolidated aerodynamic forces generated on the UAmV
are 1.04238 N as drag in X direction, 0.0191971 N as side force in Y direction, and 1.02283 N
as lift force in Z direction. Due to the complicated nature of the design of the UAmV and
its components, it is assured that the laminar flow of the fluid will collapse and turned
to turbulent flow. Since the flow is modified as turbulent flow, additional forces can be
generated on the UAmV in all directions. Apart from the lift and rag, the other directional
forces are referred as “side force”. The side forces are much lower than the weight of the
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UAmV, so this force cannot affect the performance and mission direction of the UAmV.
Figures 22 and 23 comprise both laminar and turbulent flows, wherein the turbulent flow
forms nearby the propellers and the laminar flow forms in and around the wing. Figure 24
reveals the aerodynamic pressure variations over the UAmV in X, Y, and Z directions,
respectively.

Minerals 2022, 12, x 27 of 45 
 

 

 
Figure 21. A distinctive representation of pressure distribution on the UAmV—rear view-based pro-
jection. 

 
Figure 22. An isometric view-based representation of velocity variations over the UAmV through 
3D arrow. 

Figure 21. A distinctive representation of pressure distribution on the UAmV—rear view-based
projection.

Minerals 2022, 12, x 27 of 45 
 

 

 
Figure 21. A distinctive representation of pressure distribution on the UAmV—rear view-based pro-
jection. 

 
Figure 22. An isometric view-based representation of velocity variations over the UAmV through 
3D arrow. Figure 22. An isometric view-based representation of velocity variations over the UAmV through

3D arrow.



Minerals 2022, 12, 342 27 of 43Minerals 2022, 12, x 28 of 45 
 

 

 
Figure 23. A side view-based representation of velocity variations over the UAmV through 3D ar-
row. 

The computed outputs of consolidated aerodynamic forces generated on the UAmV 
are 1.04238 N as drag in X direction, 0.0191971 N as side force in Y direction, and 1.02283 
N as lift force in Z direction. Due to the complicated nature of the design of the UAmV 
and its components, it is assured that the laminar flow of the fluid will collapse and turned 
to turbulent flow. Since the flow is modified as turbulent flow, additional forces can be 
generated on the UAmV in all directions. Apart from the lift and rag, the other directional 
forces are referred as ‘side force”. The side forces are much lower than the weight of the 
UAmV, so this force cannot affect the performance and mission direction of the UAmV. 
Figures 22 and 23 comprise both laminar and turbulent flows, wherein the turbulent flow 
forms nearby the propellers and the laminar flow forms in and around the wing. Figure 
24 reveals the aerodynamic pressure variations over the UAmV in X, Y, and Z directions, 
respectively. 

Figure 23. A side view-based representation of velocity variations over the UAmV through 3D arrow.

The mission profile of this UAmV is initiated from a mother marine vehicle and ends
with a mother marine vehicle. This proposed vehicle is a kind of mother aircraft-based
launcher, from ground to the marine. Once the perfect position is reached, only then
can the UAmV be released from the mother vehicle. After the release, the UAmV can
execute depth decrement through its variable pitch-based VTOL propellers. In addition,
the same VTOL propeller can support the hovering mission when the UAmV has reached
the deployment regions. After the collection of payload, the UAmV can increase its height
from the deployment locations through the help of the wing and VTOL propeller. If case
of emergency, the angle of attack needs to be changed and, subsequently, the needful lift
attainment can be easily achieved. Whatever computations are executed now are with
aero angle of attack. Thus, based on the lift requirement, the needful angle of attacks can
be imposed. Apart from this wing, two VTOL propellers are also incorporated in this
configuration in order to tackle vertical take-off and lifting.

4.2. Computational Hydrodynamic Results at Just inside the Ocean

Figures 25 and 26 expose the hydrodynamic pressure distributions on the UAmV
when it executes the middle phase of the mission under the water surface. For the similar
mission phase, the velocity variations over the UAmV are captured, which are presentedin
Figures 27 and 28.

The computed outputs of consolidated hydrodynamic forces generated on the UAmV
are 184.54 N as drag in X direction, 12.4937 N as side force in Y direction, and 539.249 N as
lift force in Z direction.
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4.3. Computational Hydrodynamic Results at Seabed Location—Mission Execution State

Figures 29–31 expose the hydrodynamic pressure distributions on the UAmV when it
executes the final phase of the mission at seabed regions. For the similar mission phase, the
velocity variations over the UAmV are captured, which are revealed in Figures 32 and 33.
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Figure 34 reveals the hydrodynamic pressure variations over the wing in X, Y, and Z
directions, respectively.
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The computed outputs of consolidated hydrodynamic forces generated on the UAmV
are 746.589 N as drag in X direction, 14.6636 N as side force in Y direction, and 836.265 N
as lift force in Z direction. This work focuses on collecting deep-sea minerals which have
been found at depths of between 250 m to 1500 m. The top regions are only considered
for these computational investigations due to their reasonable impact on the proposed
UAmV. The various depths especially, such as 500 m, 750 m, are also the established
computational hydrodynamic analyses, but the fluid dynamic property variations occur
from 200 m to 300 m. Apart from that, there are no additional pressures imparted from
the hydro environment. Thus, 200 m to 300 m are closely monitored and computational
analyses are implemented in order to test the mission profile of this proposed UAmV in
between the shortlisted regions (200 m to 300 m).
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4.4. Computational Hydro-Vibrational Results and Its Electricity Generations

The proposed propulsive system of this work will use electric propulsion. Since most
electric propulsive system-based drones have reacted with less endurance, this must be
addressed in complicated drones. As a result, this work has suggested a concept for using
Piezoelectric Vibration Energy Harvester (PVEH) patches on the UAmV’s outer surfaces.
This UAmV’s fuselage, wing, and horizontal stabilizer have focused outer surfaces. The
following section discusses the use of CVA associates in conjunction with a validated
analytical approach [30] to extract electrical energy from working environments via vi-
brations of UAmV components. This process is completed with the assumption of a fully
assembled UAmV in the vibrational test case. This is because after the payloads have
been collected, the payloads are fully engaged in the payload bay, and the electronics are
fully covered in the electronic bay. In addition, this recommended UAmV is intended to
work in hydrodynamic environments, wherein the forces acting on the components of the
UAmV are quite high, so the wing and stabilizers are considered to be fully filled structures
(solid structures). The solid structure-based wing and stabilizers are than other kinds of
construction, which will further enhance their capacity to withstand high hydrodynamics
loads under mission executions states. As a result, for electrical, vibrational, structural, and
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aerodynamic computations, a completely filled UAmV is inflicted. During computation,
the PVEH patches are not attached on the UAmV’s extremity. The planned dimensions of
PVEH patches relayed electrical outputs are predicted using computational results and val-
idated analytical procedures. When this final UAmV approaches prototype development,
the estimated electrical output can be reduced. The UAmV’s internal structure is used to
figure out how much electricity these PVEH patches on the UAmV’s surface produce.

4.4.1. Electricity Generations through PVEH Patches

Equations (34) and (35) contain the compositional analytical elements of electricity
generations through the PVEH patch, which were derived and discussed in the literature
survey [30]. The three important inputs are fluid dynamic pressure-based uniformly
distributed loads, natural frequencies, and dielectric constants, in which the pressure
and natural frequencies are computed through CFD and CVA, respectively; the dielectric
constants are obtained from the literature survey [30,31]. The power generation calculations
are updated. At present, the maximum extracted electrical power is 196 W. The authors
believed this new power extraction to be reliable. Two major factors are involved in this
work, increasing the power extraction level, which is higher than other cases. The first is
the design parameters of the base object (length of the UAmV) and the second is the high
hydrodynamic pressures acting on the surface of the UAmV. The validation of Equations
(34) and (35) were completed in previous works [30], so the validated relationships are only
implemented in this current work.

PIntermediate = d2
pmcw2f2 × 18×TPL[

(WP)× (LPL)
2 × ([tP] + [TPL])

4
] × ρlmw

[1 + f× ε×(ρlmw)]
(34)

PFinal = (PIntermediate)×
(
`5

36
− L`4

6
+

5L2`3

12
− L3`2

2
+

L4`

4

)
(35)

Since the authors are unfamiliar with experimental investigations on PVEH, the
knowledge gained from the literature survey was used significantly in this computational
work [30]. It is not possible to patch the PVEH devices all over the components of the UAmV
due to its complicated design nature. For fuselage, only 10% of the lengths are covered
computationally by PVEH patches. For the wing and horizontal stabilizer, only 40% of
the lengths are covered computationally by PVEH patches. For the wing, the piezoelectric
patches are totally planned to occupy in the lengthwise as the value of 0.24 m, totally
planned to occupy in the thickness-wise as the value of 0.0048 m, and totally planned to
occupy in the width-wise as the value of 0.20004 m. For fuselage, the piezoelectric patches
are totally planned to occupy in the lengthwise as the value of 0.15 m, totally planned to
occupy in the thickness-wise as the value of 0.054 m, and totally planned to occupy in
the width-wise as the value of 0.36 m. For horizontal stabilizer, the piezoelectric patches
are totally planned to occupy in the lengthwise as the value of 0.105 m, totally planned to
occupy in the thickness-wise as the value of 0.00161 m, and totally planned to occupy in
the width-wise as the value of 0.0671 m.

4.4.2. Electricity Generations in Wing

As per the boundary conditions provided in the methodology section, the compu-
tational vibrational outcomes are obtained. The free vibrational frequencies and their
corresponding displacements are shown in Figures 35–40.

Figures 35 and 36 represent the vibrational and structural outcomes of the variations
of this UAmV wing. The lightweight material corresponding to Figure 35 is CFRP-UD-
Prepreg and the lightweight material belonging to Figure 36 is GFRP-S-UD. With the help
of Equations (34) and (35), the CFD outcomes, and the CVA outcomes and the required
induced electrical power generations are determined for the UAmV wing. The complete
outcomes are noted and listed in Table 5.
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Table 5. Comprehensive vibrational, electrical and structural outcomes of wing.

Material Name Natural Frequency
(Hz) Displacement (m) Induced Electrical

Power (W)

CFRP-UD-Prepreg 64.35 0.1981 9.9704
Al Alloy 133.13 0.14352 34.379

Gray Cast Iron 102.83 0.090278 6.373
Mg Alloy 131.58 0.18058 22.652

GFRP-S-UD 54.075 0.17076 7.3494
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4.4.3. Electricity Generations in Horizontal Stabilizer

Figures 37 and 38 represent the vibrational and structural outcomes of the variations
in this UAmV Horizontal Stabilizer. The lightweight material corresponding to Figure 37 is
CFRP-UD-Prepreg and the lightweight material belonging to Figure 38 is Gray Cast Iron.
With the help of Equations (34) and (35), the CFD outcomes, and the CVA outcomes, and the
required induced electrical power generations are determined for the UAmV Horizontal
Stabilizer. The complete outcomes are noted and listed in Table 6. Comparatively, the
generations of electrical power are much fewer horizontal stabilizers and the structural
displacement outputs are very high in horizontal stabilizers. Therefore, these kinds of
operating conditions are very dangerous to this UAmV if focused on extracting electrical
power. Thus, the authors of this work omit the power extractions through stabilizers.
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Table 6. Comprehensive vibrational, electrical and structural outcomes of horizontal stabilizer.

Material Name Natural Frequency
(Hz) Displacement (m) Induced Electrical

Power (W)

CFRP-UD-Prepreg 216.77 1.369 0.003075
Al Alloy 476.81 1.0188 0.011274

Gray Cast Iron 351.47 0.624 0.001995
Mg Alloy 451.38 1.186 0.007115

GFRP-S-UD 182.45 0.934 0.002271

4.4.4. Electricity Generations in Fuselages

Figures 39 and 40 represent the vibrational and structural outcomes of the variations
in this UAmV fuselage. The lightweight material corresponding to Figure 39 is magnesium
alloy and the lightweight material belonging to Figure 40 is aluminium alloy. With the help
of Equations (34) and (35), the CFD outcomes, and the CVA outcomes and the required
induced electrical power generations are determined for the UAmV fuselage. The complete
outcomes are noted and listed in Table 7.
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Figure 39. Slight vibrations occurred in Magnesium Alloy based UAmV—Mode-5.

The overall length of the UAV is 1500 mm. The UAmV is displaced 11 mm at one
of the mode shapes under computational vibrational analyses-based tests. The attained
displacement is 25-times less than the original dimensions. This attained displacement is
therefore within the acceptable elastic limit of the imposed materials. In addition, not all
the materials reacted with the fuselage displacements. Only few materials reacted with
fuselage displacement based on its strength to weight capability. Still, the displaced value
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of the fuselage is not acceptable, and then the authors may use high strength-to-weight
ratio-based lightweight composite materials such as GFRP, CFRP, and KFRP.
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Table 7. Comprehensive vibrational, electrical and structural outcomes of fuselage.

Material Name Natural Frequency
(Hz) Displacement (mm) Induced Electrical

Power (W)

CFRP-UD-Prepreg 201.25 3.985 55.064
Al Alloy 431.63 9.3252 196.83

Gray Cast Iron 334.41 5.7879 36.599
Mg Alloy 426.38 11.569 129.63

GFRP-S-UD 175.425 2.9475 42.104

5. Conclusions

Strong literature surveys have been collected in which a clear view of existing issues
and their solution techniques have been clearly obtained. Due to this knowledge, the
optimized UAmV is analytically constructed to survive in complicated environments, i.e.,
the seabed. Apart from the conventional scheme, additional unique relationships such as
UAmV weight ratio, and design ratio of the hydro propeller are formed. Thus, an advanced,
as well as efficient, design of an UAmV was modelled through the help of advanced design
tools, i.e., CATIA.

From the CFD analysis, an UAmV was successfully operated with a velocity of 10 m/s
at 1 m depth to 300 m depth environments. Additionally, the UAmV at the initial mission,
which is just above the water surface, was computed in the advanced computational tool,
i.e., ANSYS Fluent. The major outcomes obtained from this CFD computation include
fluid dynamic pressure forces on the UAmV and the drag force, which is generated by the
UAmV. Both of these aerodynamic forces are separately considered and, thereafter, the
required actions are taken, such as unique vertical and horizontal propellers, which were
imposed for good forward speed and hovering manoeuvrings.

From the CVA computations, five different lightweight materials underwent vibra-
tional, structural, and electrical investigations. The imposed materials are CFRP-UD-
Prepreg, GFRP-S-UD, magnesium alloy, aluminium alloy, and grey cast Iron. From the
CVA, firstly, it is observed that the stabilizers are unfit to provide the vibrations, since
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stabilizers are oriented in fewer dimensions than other design parameters. Secondly, pro-
pellers are unfit to withstand at natural frequencies, so the authors avoided these for both
stabilizers and propellers for PVEH-based energy extractions. Thus, the PVEH-based
extractions majorly undergo electrical energy calculations for the fuselage and wing of
the UAmV. The calculated complete structural, vibrational, and electrical outcomes are
listed in Tables 5–7. Through Tables 5–7, the aluminium alloy reacts linearly to develop a
high number of generations of electrical energy and the GFRP-S-UD composite is stiffer
than other materials to withstand hydrodynamic loads. In conclusion, the GFRP composite
has lower displacements compared with other lightweight materials, which indicates that
GFRP is a highly withstand-able material. Through these computational approaches, it
is strongly observed and found that failure factors, and thereby troubleshooting factors,
are executed from the perspective of efficient design and high load withstanding factors.
This proposed design drastically reduces manpower/other unmanned system usage and
deployment cost.
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Nomenclature

ρa Density of air (kg/m3)
ρw Density of water (kg/m3)
Swing Wing planform area (m2)
bwing Wingspan (m)
lV−Tail Distance between AC of Vertical Tail and the AC of Wing (m)
SV−Tail Vertical Tail reference area (m2)
lH−Tail Distance between AC of Horizontal Tail and the AC of Wing (m)
SH−Tail Horizontal Tail reference area (m2)
a Chord length at root (m)
b Chord length at tip (m)
c Half-length of the wingspan (m)
Ve Velocity of UAmV(m/s)
Vo Velocity of the fluid (m/s)
T Thrust of the Single Propeller (N)
WO Overall Weight of the UAmV(kg)
WPl Payload Weight (kg)
VV−Tail Volume coefficient of Vertical Tail (no unit)
VH−Tail Volume coefficient of Horizontal Tail (no unit)
R1 Average radius of the fuselage (m)
R2 Radius at the Horizontal Tail Position (m)
θ Pitch angle (degree)
D overall diameter of the propeller (m)
N Rotational speed of the propeller (rev/sec)
Q propeller’s torque (Nm)
Vi Inflow Velocity (m/s)
CL Coefficient of lift (no unit)
P pitch of the propeller (m)
bp chord length of the propeller (m)
dpmc Piezoelectric material constant (0.12)
w aerodynamic load (N)
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f natural frequency (Hz)
WP width of the UAmV’s propeller (m)
LPL Length of the piezoelectric layer (m)
tP Thickness of the wing (m)
TPL Thickness of the piezoelectric layer (m)
ρlmw density of the material (kg/m3)
ε permittivity of the materials (no unit)
ΛLE Sweep angle (degree)
TF Thickness of the Fuselage (m)
BF Breadth of the Fuselage (m)
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