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Abstract

Wings operating close to a boundary surface are referred to as (WIGs) Wing in
Ground Effect Vehicle, and this type of flight has been recognised to be more
aerodynamically efficient than freestream flight from the literature. This has led to the
design and construction of craft specifically intended to operate close to the ground
and fly 'in ground effect'. A wide variety of Wing in Ground effect vehicle (WIGs)
have been manufactured ranging from 2 seat recreational vehicles to ekranoplan. This
paper investigates if WIG technology is a viable solution to improve the aerodynamic
performance of an amphibious hovercraft which can be used in maritime search and
rescue operations to save lives more quickly. As WIGs cruise over the surface of a
boundary at height up to 7m, using the wings to generate lift. They operate over flat
areas and rely on the aerodynamic interaction between the wings and a boundary

surface.

A parametric study was conducted by using computational fluid dynamic
analysis (CFD) to determine the feasibility of using an aerodynamic wing mounted on
a hovercraft. The effects at various operating conditions such as the height above the
ground ‘h’, the angle of attack, and the effect of the aerofoil geometry were studied in
order to attain whether the ground effect provides significant performance gains. A
computational strategy was developed and validated for the numerical investigation of
aerofoils in ground effect. The detailed design of the integrated wing and hovercraft
was analysed, and the flow characteristics were observed. Based on the feasibility
assessment of the current study, the WIG hovercraft was found to improve the
aerodynamic performance by increasing the lift coefficient of a WIG hovercraft due to
it flying in ground effect.

This study provides a detailed procedure for the preliminary design of a wing-
in-ground effect hovercraft and explores the performance that can be obtained by
improving a marine search and rescue hovercraft with WIG technology. As a result,
combining the ground effect phenomena with a search and rescue hovercraft would

save lives more quickly.

Aerodynamic Feasibility study of an Integrated Wing-in-Ground-Effect Hovercraft. ii
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Chapter 1: Introduction

1.1 BACKGROUND

According to a 2019 study by the world health organisation (WHO), maritime
accidents have been a severe and underappreciated public health threat, claiming the lives
372,000 people worldwide each year [1]. Rivers, swamps, seashores, and beaches accou
for more than 90% of fatalities. For example, drowning is the third most significant cause of
unintentional injury mortality worldwide, accounting for 7% of all injury-related deaths [1].
This death toll is approximately two-thirds that of hunger and more than half that of malaria.
However, unlike these public health challenges, there are no large-scale preventative effort

targeting drowning [1].

The current study investigates the feasibility of incorporating wing-in-ground effect
technology on a hovercraft by performing computational fluid dynamic analysis (CFD) and
examining the lift and drag coefficients of the integrated wing and hovercraft in ground
effect, as well as displaying the flow characteristics for this application. In this study, the
RNLI search and rescue hovercraft is used because itis a versatile vehicle capable c
transporting people and equipment on land and water, as well as loading and unloading o
land, and is used in search and rescue operations to save drowning victims, survivors o
downed aircraft, sailors, and passengers in distress due to a defective engine [2]. Figure
shows the orientating images of a search and rescue hovercraft and a wing-in-ground effec

hovercratft.

(a) (b)
Figure 1: Orientating figures of (a) Search and Rescue Hovercraft [2] (b) Wing-in-ground effect hovercraft

The wing-in-ground (WIG) effect refers to increased lift and reduced drag experienced
by a wing operating near a ground surface. WIG craft employs the ground effect to attain
quicker travel speeds by hovering close to the ground. A WIG vehicle is a multimodal craft
that exploits this benefit by being designed to maintain a small and constant gap between th
ground's surface and the wing's trailing edge in cruising flight. Due to the craft flying under
the ground effect, the power required to fly the vehicle is considerably less than a ship that

Chapter 1: Introduction 1



might be used in its case. Furthermore, the speed attained by this vehicle is comparable t

that of some planes [3].

To generate lift, compressed air is formed between the hull above, the water or grounc
below, and a flexible skirt around the edge of the hovercraft. It is sometimes called an Air
Cushion Vehicle (ACV) due to its ability to move by cushion or skirt filled with air and
causes the board to hover above the ground, and it moves by a thrust engine forward fills u
the cushion by the lift engine. As a result, combining Wing-In-Ground (WIG) effect
technology with a hovercraft base considerably reduces a hovercraft's drag force as it travel
over the ground on an air cushion, allowing the vehicle to glide easily over the flat surface

below, and reducing friction.

The use of wing-in-ground effect technology improves aerodynamic performance by
boosting the craft speed and reducing the power required for ground effect flight, according
to research from the literature review. In a range of industries, such as recreation, commerce
and transportation, the use of a Wing-In-Ground (WIG) hovercraft is noticeable. Such a
vehicle might be utilised to reach inaccessible locations for search and rescue, the discover
of new transportation routes, and environmental conservation in challenging areas such a
swamps, rocks, beaches, mud, ice, lakes, and so on that other rescue vehicles like a ri
airboats, and helicopters cannot. This is a niche market, but it has the potential to be
incredibly valuable in search and rescue operations because it allows for more lives to be
saved at a faster rate.

1.2 CONTEXT

The project examines the integration of wing-in-ground effect (WIG) technology to an
amphibious hovercraft for the current generation of inshore lifeboat services used for searct
and rescue operations at conditions of sea state 2 and below for low altitude flight. The
versatility and speed of integrating a wing into a hovercraft will have a significant impact on
marine search and rescue efficiency, allowing more lives to be saved at a faster rate acros

various terrains, particularly big bodies of water.

It has been investigated from relevant literature studies that the use of wing-in-ground
effect technology will improve hovercraft efficiency [3]. It will increase the lift force
generated by the wings, reducing the amount of pumped air required to hover and the powe
consumed by the vehicle. In an aerodynamic application, the usual demands are a reductio
in overall drag and an increase in lift, which poses a significant challenge in any aerodynamic
application or study. The ground effect principle increases the wing's lifting capability,

resulting in a more efficient and quicker vehicle.
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1.3 PURPOSES

The distinctiveness of this project lies in the systematic implementation of Wing-In-
Ground effect (WIG) technology in a hovercraft. To build a model as well as accurately
validate the results, which will generate insights about the improved performance of a
hovercraft. This study will yield an understanding of the interaction between the air cushion

and the wing.

This study aims to investigate if wing-in-ground effect technology is a viable solution

to improve the aerodynamic performance of amphibious hovercraft in search and rescue

operations.

The objectives of this study are as follow:
x Develop and validate a computational strategy for the numerical investigation of

aerofoils in ground effect.

x Determine the aerodynamic performance and characteristics of different types of
wing geometries in ground effect.

x Conduct a parametric study to determine the optimal configuration for integrating of
a wing and a hovercraft hull.

x Analyse the detailed design for the wing in ground effect hovercratft.

1.4 SIGNIFICANCE, SCOPE AND DEFINITIONS

According to WHO research, integrating WIG technology into a hovercraft could
improve maritime search and rescue efforts [1]. The benefits of ground effect include
increased lift and speed, allowing the WIG hovercraft to fly higher and faster. The
advantages of ground effect are also affected by the surface on which the vehicle is hovering
When flying over water, tall grass, or boulders, for example, the aerodynamic performance

is reduced when compared to flying over a flat surface.

Furthermore, previous studies indicate that ground effect aerofoils at specific speed
ranges can assist types of vehicles [3]. Nevertheless, the aerofoils theory of ground effect
on the other vehicles has still not been fully grasped. The types of ground effect vehicles
studied are limited. Since the Russian ground effect vehicle ekranoplan has been restricte

to certain craft speeds. Appendix A shows the Gap in Literature.

1.5 THESIS OUTLINE

Chapter 2 is the literature review chapter where in-depth discussion is carried out on
hovercraft, aerofoil, wing-in-ground effect, rescue vehicles, and sea state, outlining the

findings from previous researchers.
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Chapter 3 details the methodology adopted in this research, describing the largely
qualitative phase. Solidworks was used to design the WIG hovercraft, while Ansys
workbench was used to generate and execute the computational domain. The main values
interest are lift, drag, moment coefficients, and lift-to-drag ratio acting on the WIG
hovercraft. Fluent can easily obtain these values, which is why a CFD study using fluent is
carried out. Fluent can also display contour and vector plots, giving excellent flow
visualisation of the ground effect. Chapter 3.2 simulated the different classes of aerofoils,
and the NACA 4412 wing was chosen due to its favourable aerodynamic efficiency. In
chapter 3.3, the wing is integrated into the hovercraft hull, the wing's position was
determined to have a WIG hovercraft that provides the required lift and is aerodynamically
stable. In chapter 3.4, the detailed design of the WIG hovercraft is simulated, and the flow

characteristics are observed.

Chapter 4 contains the results and discussion section. This evaluates and describes tt
significance of the research study findings, as well as demonstrating the interaction betweel
the air cushion and the wing and provides insight into the possibility of implementing WIG

technology on a hovercraft.

Chapter 5 concludes the thesis by summarising the study’s key findings and results
from chapters 4 to 5. Recommendations are made in terms of opportunities for future

research.
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Chapter 2: Literature Review

2.1 HISTORICAL BACKGROUND

A WIG craft is a high-speed aerodynamic surface/marine vehicle. The majority of
WIG crafts have evolved from analytical theory, model testing and building prototypes. WIG
craft theory and technology covers wide range of possible craft configurations. WIG craft
size and speed ranges from single passenger prototypes operating at 13m/s to large milita
craft at 138m/s. The largest WIG craft build to-date is KM with a length of 106.07m and
wingspan of 40m, KM is able to transport 550 tons (498,952kg) of cargo. The KM is also
known as the Caspian Sea Monster because of its massive size as seen in figure 3 [4].

Figure 3: Caspian Sea Monster [4]

2.1.1 Technology and research

The development of WIG vehicles has seen a number of different approaches. The
result of substantial testing has not seen the emergence of one generic configuration. This |
attributable to the difficulties in optimising the design for different operational
considerations. Depending on the craft's intended application, each configuration type offers
pros and cons of its own. This led to the prototyping of numerous distinct WIG craft

planform variants [4]. The more notable of these configurations are summarised below.

I Ram Wing

The term "ram wing" refers to a wing that is in contact with the ground at the trailing
edge. The air is rammed into the closed cavity increasing the pressure. This influence on lif
Is caused by the wing and ground plane and is known as ram pressure. This principle is use
by a number of WIG craft to take off [4]. The ram wing planform is made up of a small span
wing with a low aspect ratio. This wing is typically straight with zero taper. For stability a
tail surface is needed which is positioned out of ground effect. Due to the inherent instability
of the wing the tail area is large, typically 50% of the main wing and of similar span. This

large tail surface helps to stabilise the craft at various altitudes above the ground plane [4].
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Other criteria that are typical to this sort of design include optimal cruise heights above
the surface that equate to about 10 to 25% of the wing chord. The usage of S-shaped win
sections is a recent innovation for improving stability and reducing necessary tail area.
Experiments with end plates have been carried out in an attempt to reduce induced drag eve
more while increasing the effective aspect ratio. The ram wing configuration has been
favoured by Russian designers. It is widely used on a variety of big Ekranoplanes and smalle
WIG craft developed in Russia [4].

ii. Ekranoplan

The Lun-class ekranoplan is the only ground effect vehicle (GEV) that has ever been
operationally deployed as a warship. It was designed by Rostislav Alexeyev in 1975 and was

used by the Soviet and Russian militaries from 1987 until the late 1990s [].

It flew using lift generated by the ground effect acting on its large wings when within
about 4m (13ft) above the surface of the water. Despite its resemblance to typical aircraft,
ekranoplans such as the Lun are not classified as aircraft, seaplanes, hovercraft, o
hydrofoils. Rather, the International Maritime Organization classifies craft like the Lun-class
ekranoplan as maritime ships due to its utilization of the ground effect, in which the craft

glides just above the surface of the water [4].

The Soviet Union designers have acknowledged that the first generation of the craft
represents the preliminary design. They state that there is potential for further developmen

resulting in greater efficiencies [4]. Figure 4 shows the Lun Ekranoplan.

Figure 4: Lun Ekranoplan [4]
ii. Lippisch
In 1963, Alexander Lippisch created the X-112, one of the first WIG craft. The X-112
was distinguished by its reversed delta wing with a low aspect ratio, known as the Lippisch
planform. The reversed delta wing is very stable, which results in requiring only a small

stabilizer compared to the ram wing craft. Figure 5 shows the X-114, which is one of the

Lippisch planform [4].

Chapter 2: Literature Review 7



The craft designed on this planform have been tested for military applications and
developed for recreational use. These craft have not reached the high displacement weigh
of the Russian Ekranoplans however designs using a similar planform and utilising a flying

wing have been mooted by a US company Aerocon [4].

Figure 5: Lippisch planform (X-114) [4]

Iv. Tandem

Tandem wings were invented in the Soviet Union in 1960. It utilizes two small wings
in a row. Despite various issues such as restricted stability, low seaworthiness, and high take
off speeds, the Tandem type WIG craft was created in Germany as a leisure river craft. Ir
Germany, Jorg has used the tandem wing configuration to design a number of small WIG
craft. These craft are incapable of flight out of ground effect and have limited seaworthiness
however they are stable over their operating range. Jorg has manufactured a number of cra

as recreational river craft [4]. Figure 6 shows a tandem type of WIG Craft (Jérg VI)

Figure 6: A Tandem type of WIG Craft (Jorg VI) [4]

WIG craft have been suggested as the solution to a number of possible operationa
activities. The increased lift is one of the most appealing WIG craft features.. As an
alternative to the relatively large aircraft required to achieve these transit objectives, WIG

vessels have been proposed [4].

On the other hand, smaller WIG craft have been created for recreational and non-

military purposes since the 1980s. Table 1 displays the prototype WIG crafts that have beel
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comparatively late in development. Additionally, numerous nations, including Australia,
China, Germany, Japan, Korea, Russia, Taiwan, and the United States, have continued t
conduct research and development on WIG craft. Although there are active debates
research, and development efforts for WIG craft around the world, real-world

commercialization of WIG craft has not yet been accomplished.

Table 1: Prototype WIG craft /hovercraft [4,5]

Name Country/manufacturer | Year | Weight/seat Speed | Purpose
Amphista | Russia/MAC - 1900 kg/4 sei | 41 m/< | Recreation:
Volga 2 Russia/SDPP 1986 | 2700 kg/10 30.8 Small Ferry
sea m/s
Jorg ¢ Germany/Jor 1991 | 3150 kg/7 sei | 41 m/< | Small Fern
Airfish 3 Germany/F.F 1990 | 650 kg/2 seat | 33.4 Recreationa
m/s
Hoverwing | Germany/T.T 1997 | 915 kg/2 seat | 33.4 -
m/s
X-114 Germany/RFB 1977 | 1500 kg/6 seat| 51.4 Military
m/s
L-325 USA/Flarecraft - 1550 kg 334 Commercial
m/s
Ram 902 | China/CSSRC 1984 | 385 kg/1 seat | 33.4 Test
m/s
Al18 WIG Russii 201F | 180(kg/21 see | 22 m/< | Recreation:
UH-18SF USA - 383kg/6 se: 33m/¢« | Recreation:

Theoretical studies into the aerodynamics, ground effect, and stability of WIG craft
have been conducted. On prototypes and with model tests, performance improvement o
take-off and landing distances as well as strategies to raise sea state constraints have be

analysed. The best configuration of the planform is still being determined by research.

Wing in ground effect is a novel approach to designing fast ships with various
applications in fields such as cargo transport, tourism, rescue operations, and military
missions. The blade segments used for aircraft wings and propeller blade segments ar
geometrically configured to produce high lift and low drag values. This situation is possible
with lifting vanes that include bodies such as a kite, aerofoil, hydrofoil, and propeller blade.
When wings operate near the ground, their normal pressure distribution changes. The
trapped air and pressure create a high level under the wing, which adds to the lift of the
aerofoil. The ground effect refers to the additional trapped air pressure on the wing's botton
side. The ground effect is a phenomenon that occurs when a body cruises very close to th
water or ground surface, and its lift-to-drag ratio increases [5]. The Wright brothers first
noticed the ground effect in 1904, when they could fly at a short height above the ground

but discovered problems obtaining enough thrust to launch into full flight due to ground

Chapter 2: Literature Review 9



effect [6]. The ground effect occurs within one chord line of the ground at low clearances.
The effect on the airflow below the aerofoil increases the static pressure below the wing,
which improves the lift and reduces the drag.

2.1.2 Rescue Operation

A rescue operation is defined by maritime law and convention as assisting persons in
distress at sea, regardless of their nationality or status, or the circumstances under which the

are found [7].

The first airborne lifeboat was British, a 32-foot (10 m) reinforced wooden canoe-
shaped boat constructed in 1943 by Uffa Fox to be dropped by Avro Lancaster heavy
bombers for the rescue of fallen aircrew in the English Channel [8]. Since the late 1800s,
fast, durable, and powerful motorised lifeboats or rescue boats have been employed t

undertake maritime rescues [8].

Germany created the ideas of coordinating small surface boat rescue missions witr
direction and help from air units in the 1930s, and other nations followed suit in the 1940s.
However, both the airborne lifeboat and the rescue boat have a speed limitation. As a resuls
it will take a longer time to reach the location of the accident site. Since their introduction in
the 1940s, helicopters have played a critical role in air-sea rescue [9]. Helicopters also hav
limited range and endurance, cannot land at sea, and have a high operating cost [10].

2.2 HOVERCRAFT

A Hovercraft is a hybrid vehicle operated by a pilot as an aircraft rather than a captain
as a marine vessel. They typically hover between 0.2m and 0.6m above any surface and ce
operate at speeds above 15.6m/s (35mph) [11].

The vehicle typically operates over gentle terrain, although they can climb slopes up
to 20%, depending upon surface characteristics. They are best suited for locations
inaccessible by landed vehicles due to natural phenomena such as swamps, mud, ice lake
and beaches. Hovercraft can be used for various purposes, ranging from toys to passeng
and cargo transportation to spraying plants with seeds, fertilisers, insecticides, and so on
They are now commonly used for specialised transport in disaster relief, coast ground
military and survey applications, and sports and passenger services. Large versions hav
been used in hostile environments and terrain to transport tanks, soldiers, and large
equipment. There was a great need in riverine areas for a transportation system that is fas
efficient, and safe, as transferring a load from a landed vehicle to a boat takes time. The
British invented the first practical hovercraft design between 1950 and 1960. Sir Christopher
Cockerel demonstrated the scientific principle behind hovercraft for the first time in 1955.

Chapter 2: Literature Review 10



It is capable of transporting people and equipment over different terrains. As a result, it can
be used in military organisations. It can be used instead of boats in water transport to carn

many passengers [12].

A hovercraft works on the principle of lifting the craft with an air cushion and
propelling it with propellers/fans. The desire to increase the speed of a boat by feeding ait
beneath it inspired the idea of supporting the vehicle on an air cushion. The air beneath th
hull would lubricate the surface of a boat and reduce water drag, allowing it to travel faster
through the water. Large lifting fans attached to the primary structure of the craft draw in air
through a port. They are either propelled by a gas turbine or a diesel engine. The air is pushe
to the bottom part of the craft. When the pressure equals the craft's weight, the cratft lifts, anc
air escapes around the skirt's edges. As a result, a constant supply of air is required to lift th
craft and compensate for the losses. Thus, the craft is elevated. After that, the propeller:
mounted on the hovercraft provide propulsion. The air from the propellers passes over

rudders, which are used to steer the craft in the same way that an aircraft does [13].

One or more engines can drive hovercraft; small craft typically has one engine with
the drive split through a gearbox. On vehicles with several engines, one usually is responsibl
for moving the fan (or impeller), which is responsible for lifting the vehicle by forcing high-
pressure air under the craft. The air inflates the skirt beneath the vehicle, raising it above the
surface. Additional engines produce thrust to propel the craft. Some hovercraft use ducting
to allow a single engine to perform both functions by diverting some of the air to the skirt
and the rest of the air to push the craft forward [14]. As figure 7 shows the main parts of a

hovercratft.

Figure 7: Main part of a Hovercraft [15].
2.3 AEROFOIL

An aerofoil is a cross-sectional shape of a wing that produces an aerodynamic force.

When air flows past an aerofoil, the pressure on the top surface of the aerofoil reduces while
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the pressure underneath the aerofoil significantly increases. This pressure differential create
a force that pushes the aerofoil upwards and is slightly tilted backward. They are typically
used on aircraft as lift wings or propeller blades to generate thrust. Both forces are
perpendicular to the direction of airflow. Drag is a function of lift/thrust output and operates
in the same direction as the airflow. Figure 8 shows the pressure difference around ar
aerofoil, which typically associates a higher velocity and lower static pressure with the
suction surface (upper surface). The pressure surface (lower surface) has a higher stat
pressure than the suction point. The pressure gradient between these two surfaces contribut
to the lifting force produced by a given aerofoil. A traditional aerofoil generates lift due to
the wing's shape causing airflow at different pressures on the upper and lower parts of the
wing. The increased pressure on the lower part of the wing generates upward lift. The grounc
effect occurs due to the increase in static pressure below the wing at low ground clearance:
within one chord length of the ground, which improves lift and reduces drag. A 2D aerofoil
Is equivalent to an infinite wing, whereas a 3D wing is equivalent to a finite wing. As trailing
vortices are an unavoidable by-product of finite-span lifting wings, they can be formed by
air travelling up and around the wingtip. Pressure differences between the upper and lowe
surfaces of the wings produce spinning vortices as the Wing-in-ground effect (WIG) vehicle
flies through the air [16, 17].

Figure 8: Pressure differential of an aerofoil [17].

The physical geometry of an aerofoil also has a significant impact on the craft's
performance. Different aerofoil cross-sections have other aerodynamic properties, such a
lift and drag, depending on the angle of attack. As a result, aircraft with varying operational
requirements have different aerofoil cross-sections. Aircraft flying at low speeds have
relatively thick cross-sections, whereas aircraft flying at high speeds have relatively thin
cross-sections. The aspect ratio of an aerofoil affects its performance as well. The aspec
ratio compares the chord length to the wings' span (tip to tip). Due to the losses in the lift
being greatest at the wingtips, the higher the aspect ratio (i.e., the greater the span compare
to the chord), the more efficient the wing. In theory, the most efficient wing is one with an

infinite length. In practice, this is tempered by the structural inefficiencies of long
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cantilevered wings [18]. Although the aerofoil is more of a subsystem of the wing, it is an
essential component that deserves a brief mention in the section on wing design. Aerofoils
are classified into four types: symmetrical, semi-symmetrical, flat bottomed, and under-
cambered. As figure 9 shows the diagram of the four main aerofoil designs. The symmetrical
and semi-symmetrical aerofoils will provide higher levels of manoeuvrability and are usually
used for planes that are required to perform acrobatic manoeuvres, whereas under-camber:
and flat-bottomed aerofoils provide significant lift and are useful for load carrying or long-
distance flying [19].

Figure 9: Four main aerofoil design [20].

The interaction of a fluid with an aerofoil produces two forces: lift and drag, which are
often represented by the two aerodynamic coefficients. Lift is the force that keeps aircraft in
the sky. Drag, on the other hand, acts in the same direction as the airflow. For example, ir
an aeroplane, extra fuel must be used to overcome the drag forces. Drag forces arise main
from airflow, leading edge, average camber line, chord, trailing edge, thickness, and angle
of attack (AOA). Appendix B shows the aerofoil terminology. When comparing different
aerofoils, lift and drag coefficients are often more useful than total lift and drag forces acting
on the aerofoil. Lift and drag coefficients are non-dimensional numbers that quantify the
amount of lift or drag on a given aerofoil under a given set of flow conditions, such as

Reynold’s number and Angle of Attack [21].

xLift Coefficient ( 0)): It is a dimensionless quantity that relates the lift produced by
an aerofoil to the fluid density surrounding the body, the fluid velocity, and an associated

reference area [21].
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xDrag Coefficient (0g): It is a dimensional quantity used to quantify an object's drag

or resistance in a fluid environment [19].
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Aircraft frequently fly near the ground surface, taking advantage of the ground effect
for efficient flight. The wing experiences increased lift and decreased drag as a result of two

mechanisms:

x An increase in static pressure beneath the aerofoil is due to the finite distance
between the aerofoil and the ground (chord-dominated ground effect), which

increases lift.

x  The disruption in wingtip vortex formation is caused by the proximity of the
ground (span-dominated ground effect), which reduces induced drag. The
combined effect of the two phenomena is an increase in the lift-drag ratio (L/D)

ratio.

The L/D ratio is a common way to express a vehicle's efficiency. When a vehicle is
stationary, its weight equals its lift, and its propulsive thrust equals its drag. As a result, the
L/D ratio expresses the importance that can be carried with a given amount of thrust. The
higher this ratio, the more efficient it is and the less fuel it consumes (for a given weight).
As a result, the Lift to Drag (L/D) ratio increases significantly compared to free flight, as
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shown in Figure 10. The ground effect would thus be experienced by any aircraft operating

close to the ground [22].

Figure 10 Comparison of ground effect with free flight condition [21].
2.4 TURBULENCE MODEL

Turbulence is a state of fluid flow in which the fluid travels irregularly. The Navier-
Stoke (NS) equations describe fluid motion as a closed system of equations, and direc
numerical simulation requires enormous computational resources and is challenging to appl
in practice. The Reynolds-averaged Navier-Stokes equations (RANS) method is widely usec
to average the time term of turbulence fluctuation. The primary challenge of numerical
simulation is to choose a suitable model to describe turbulence. For most numerical
MP X ONR @5 SFOIR Q Y ROIHRRE 6S MW @ DD/ 65 NHS MR QNO DQ 667
NRRARIDN& DHAGE® BRH-EMZ @QQ YW OMS Q KW W G 23p

2.4.1 Turbulence Model

I Spalart-Allmaras (SA): The Spalart-Allmaras turbulence models solve a single
transport equation determining the turbulent viscosity. It is explicitly designed
for wall-bounded flow applications in aeronautics and aerospace. It has shown
to be relatively stable, to have good convergence, and to produce good results
for boundary layers subjected to unfavourable pressure gradients. The
turbulence model has the drawback of not accurately computing fields that

exhibit shear flow, separated flow, or decaying turbulence [24].

i. 6\l GMNHS MR QNO PR GCHQJ QWO NO PR GYRIHJD UDR (EFD
E MDD AR IR E YW R S XOER QCER WDQ GH-X DA 7K HNO W B XOQHR
model is a two-equation model in which transport equations for turbulent
kinetic energy and dissipation rate are solved. It has traditionally been one of
[Q GWN) ' VPR VRWIX MGW B XHIHP R GYH7K HG\DG YARVHR INO
models is their insensitivity to adverse pressure gradients and boundary layer
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separation, which typically predicts a delayed and reduced separation relative

to observations [25].

ii. 6K BUVWHW NR BHID 667 N& PR GOHK HB7 N& PR GOW DK\ EJIRK H
NOPR GHDW HUHWIHP R QB G HN& PR GOR BUW H DY 7K H67
N& W BEXQHAPR 80VDWR H XMIR @ R GIDZ K EK\K MDD & RN XMIRQ V
for turbulent kinetic energy and a specified dissipation rate are solved. This
model provides a better prediction of flow separation than most RANS models
and accounts for its good behaviour in adverse pressure gradients. It can
account for the transport of the principal shear stress in adverse pressure
J UGHD WR X Q @CHY 2 QW H HIYY NG HK H67 N & P R GOBI ) DMV
some large turbulence levels in regions with large normal strain, like stagnation

regions and regions with strong acceleration [25, 26].

The selection of the correct turbulence model is essential to correctly model the ground
effect problem and model the flow over a wing. Jung et al. conducted an error rate analysis
on the turbulence model, comparing the numerical and experimental data. Two models of
SST and omega Reynolds stress show negligible errors being in good agreement witt
experimental data. The common point of these two models is the omega base, but othe
PRGH XK DWHNODQ G ON5L* PR G BRG XHDKIKBHIRU DM WD [1$ HP H)DU
data. Table 2 represents the aerodynamic coefficients of lift, drag, and lift-to-drag ratio. The
667 N& PR GOK R\AKH®R AMHIRIADM 1QZ K KWW IV G L) HIR WDMLY®R HM D
RKVP R GWH7 KDAVE AX MWW VP R GIRR FE Q YA H DPAR RIX DR @ MY H & WO B.6
PR GO WHDDAW KWHNO R G D IR PWHDODDR KAMH R 2> @

Table 2: Aerodynamic coefficients of lift, drag and lift to drag ratio for NACA 6409 [27]

Coefficients| 667 N& | NO N & & 56 NO 51* | Experimental
(Jung et al., 2008)

CL 0.33¢ 0.34¢ 0.347 0.33¢ 0.34¢ 0.314

Error (C) 6.84: 10.96¢ 10.38¢ 7.052 10.19¢

Cq 0.03¢ 0.03¢ 0.04( 0.03¢ 0.03¢ 0.037

Error (Cy) 1.37: 5.71¢ 8.93¢ 2.91¢ 2.59]

L/D 8.90¢ 8.86¢ 8.561 8.78¢ 9.07¢ 8.449

Error (L/D) | 5.39¢ 4.96¢ 1.32¢ 4.01¢ 7.412

Notes: h/c=0.1; AOA=

Table 3 shows the lift and drag coefficient table obtained from a wind tunnel test
(experimental) result taken from Abbott's books "theory of wing section.” The table also
R Q@YW HIWD G R HIHHQWR EMY BIURP \WR\WW B XQHPR GH667 N& DQ G
Spalart-Allmaras model) [28].
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By comparing the fluent results with the wind tunnel results at different angles of
DN QJIWRP f  f WH67 N& PR G/ ZHDS H5RME DAK FADDUH R ADD
angle of attack of roughly 12°-14°, the flow on the upper surface of the aerofoil began to
separate. A condition known as stall began to develop. Hence, from the observation of the
SHPLQD PR G R M VFEX B WY G W HP R WH-X DMP R GOWW H667 N& PR GCH
VHR QREP HW HS MW @ DD/ BQ G HDAMNQS BAMR @ D/ F HOIME IINO $VD
UAX W KNHB7 N& WE XHQH PR GOHRU WHPOQ @ OWY

Table 3: Lift and Drag coefficient for NACA 4412 aerofoil [29]

Wind Tunnel Test Data 667 N& PR &DZW | Spalart-Allmaras
transition
AOA, CL Cq CL Cd CL Cq
Degree
0 0.4 0.00¢ 0.52 0.007 0.51 0.00¢
2 0.€ 0.00¢ 0.72 0.007¢ 0.67 0.00¢
4 0.8 0.07¢ 0.9¢ 0.00¢ 0.9C 0.008¢
6 1.C 0.007¢ 1.1¢F 0.007¢ 1.11 0.00¢
8 1.1¢€ 0.00¢ 1.3¢ 0.007¢ 1.2 0.012
10 1.32 0.00¢ 14 0.008t 1.2¢ 0.01¢
12 1.41 0.012¢ 1.4¢ 0.01¢« 1.3¢ 0.01¢
14 1t 0.01¢ 1.52 0.02 1.5¢ 0.0¢
16 14 0.02: 1.7¢ 0.02¢ 1.5¢ 0.03¢
18 1.2 0.02¢ 1.6¢ 0.03: 1.51 0.04

2.4.2 Reynolds Number

Reynold's Number describes the relationship between inertial and viscous forces
within a fluid subjected to relative internal movement due to different fluid velocities. It can
be used to describe flow types: for example, laminar flow occurs at low Reynolds numbers
and is characterised by smooth, continuous fluid motion, whereas turbulent flow occurs at
high Reynolds numbers and is dominated by inertial forces, resulting in unpredictable
eddies, vortices, and other flow instabilities [30]. It is possible to calculate it as follows:

WHANE (KNP A (€86 L Equation (3)

A K (KA us. - n

Re = Reynold’s number (dimensionless)
I )XG QM N FP)
V = Fluid velocity (m/s)

L = Characteristic length (m), e.g., aerofoil chord length

o O O O o

K = Dynamic viscosity (kg/ms)
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2.4.3Boundary Layers

The boundary layer is a thin layer of fluid that forms around the surface of an
aerodynamic body due to friction between the body's surface and the viscous fluid that flows
around it. The flow over an aerofoil usually begins laminar before transitioning to turbulent
as it moves away from the leading edge. Reynold's number and the localised flow conditions
determine the transition point's location. Figure 11 shows the development of the boundary

layer around an aerofoil [31].

Figure 11: The development of the boundary layer around an aerofoil [32].
2.5 WING-IN-GROUND EFFECT

The most common explanation for ground effect is that the Air Cushion Vehicle
(ACV) is riding on an "air cushion.” When an aircraft approaches the ground, it rides on a
cushion of air that squeezes between the wing and the ground. This is primarily due to the
ground interfering with the formation of wingtip vortices and interfering with downwash
behind the wing. The wings generate lift by moving air across the top and bottom surfaces.
The thrust propels the craft through the air. This provides the necessary speed for the win
to generate lift. Hence, the term "Ground Effect” refers to the positive influence on the lifting
properties of an aerofoil's horizontal surfaces when it is close to the ground. When an aerofoi
produces lift, induced drag occurs, and wingtip vortices form. When a wing is in ground
effect, an improved lift/drag ratio means that a given amount of lift can be produced at a

lower angle of attack than required in free air [33, 34].

Ground-effect vehicles or crafts use a propeller or air source to create an air cushior
beneath the craft's body, allowing it to float. Using the aerodynamic lift generated by lifting
the vehicle from the ground to reduce hydrodynamic drag is one of the advantages of grount
effect in the design of a hovercraft. The ground effect is similar to a magnetic levitation train
(Maglev). The goal in both cases is to keep the vehicle from making contact with the ground.
It is accomplished using a Maglev train powered by magnetism, a ground effect train
powered by an air cushion, either in a hovercraft or the Wing-in-ground design. The ground

effect was primarily used to improve the Russian Ekranoplan aircraft. This type of vehicle
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is also known as a Wing-in-Ground (WIG) craft. These distinct vehicles fly at very low
altitudes to the ground, benefiting from a favourable aerodynamic relationship between the
wing and the ground, increasing the lift-to-drag ratios. The Soviets were the first to use this
trend, designing and building the first WIG craft to transport their soldiers and goods during
the Cold War [35 - 37].

Figure 12 depicts the relationship between the Ground effect and its impact on trailing
vortices. This means that as the wing gets closer to the ground, the wingtip vortices decreas
as they spin around the tip of the wing, hitting the ground and dissipating the impact as a

decrease in downwash [38].

Figure 12: Ground effect and its influence on trailing vortices [39].

Ground effects consist of two phenomena: chord-dominated ground effect and span-
dominated ground effect. As illustrated in Figure 13, the height to chord (h/c) ratio is
commonly used to define the chord-dominated ground effect. In contrast, the height to spar
(h/b) ratio defines the span-dominated ground effect. The combination of the two increases

the lift-to-drag (L/D) ratio of the wing-in-ground effect, making it more efficient [40].

Figure 13: Definition of Chord and Span Dominated Ground effect (L to R) [41].
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The Chord Dominated Ground Effect (CDGE) is caused primarily by the increase in
static pressure on the wing's lower side, creating an air cushion as ground clearanc
decreases. Because of the increased pressure, the wing can generate more lift while requirir
a smaller angle of attack. In the Span Dominated Ground Effect (SDGE), as the wing moves
closer to the ground, the wingtip vortices are suppressed due to the presence of the grour
and thus are not allowed to develop fully. This reduces induced drag by limiting the amount
of downwash produced. Furthermore, the wingtip vortices are pushed outwards, resulting in
an effective increase in the wingspan. The former is associated with an increase in lift, while
the latter is related to a decrease in drag. As a result, the combination of SDGE and CDGI
increases a wing's lift-to-drag ratio, making it more efficient [41]. Three critical factors
determine what happens in the ground effect, namely.

x Having more vertical lift, which works against weight.
x Having less rear lift, which works against drag.
xHaving smaller vortices and less downwash, resulting in less drag

A thorough investigation of the flow characteristics over the wings and other lifting
surfaces is required to develop a Wing-In-Ground effect (WIG) hovercraft vehicle that will
be used in both overwater and overland transport. The effect of different wing designs on
aerodynamic characteristics has been investigated experimentally and analytically. Previou:
research has demonstrated that experimental examination of a WIG hovercraft has
limitations, such as the 2011 study from San Jose State University that investigated the carg
capacity and cost of a WIG hovercraft as a faster and less expensive mode of transportatio

in coastal locations [42].

A few commercially produced WIG hovercraft, such as Universal Hovercraft's UH-
18SPW Hoverwing, are primarily intended for recreational purposes. Table 4 contrasts a
traditional hovercraft used for search and rescue by the Royal National Lifeboat Institution
(RNLI) with a WIG hovercraft used for recreational activities by Universal Hovercraft (UH).
According to table 4, the hovering travels faster than a traditional hovercraft and at a higher
altitude, allowing it to travel over difficult terrains quicker for search and rescue operations.
The vehicle's versatility and speed will have a significant impact on the efficiency and
effectiveness of search and rescue services, especially in drowning cases, allowing mor

lives to be rescued at a faster pace near large bodies of water.
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Table 4: Comparison between a conventional hovercraft and a WIG hovercraft [43, 44].

Specification Griffon 380TD (RNLI) 18SPW Hoverwing (UH)
Capacit 3 to 4 Person(838Ibs/380kc | 2 to 3 Persons (5501bs/250
Max Spee 35 Mph (15m/s 75 Mph (33m/s
Hover heighi 0.2nm 0.2nm
Max Altitude 05nm 3m
Length 6.8 m
Empty weigh 551lbs (300kc¢ 844lbs (383kc¢

A traditional hovercraft cannot operate on slopes steeper than 9 inches (0.2m) as the
waves are high and rough. High winds and higher sea states have a negative impact on tf
performance of smaller vehicles. Incorporating wing-in-ground effect technology into a
hovercraft would allow it to cover a large area in a short amount of time (flying higher and
faster), allowing it to reach victims more quickly. It can go places traditional rescue boats
cannot, such as swamps, ice, and thick grass [45]. This study's analysis focuses on th

vehicle's aerodynamic efficiency and speed.

Table 5 compares the performance of various rescue vehicles to that of a wing-in-
ground effect hovercraft (WIG). The WIG hovercraft outperformed the other rescue

vehicles.

Table 5: Comparison of Other rescue vehicles and a WIG hovercraft [46, 47]

Features Airboats | Boats | Helicopter | WIG Hovercraft

Safety Mediurmr | Low Low High

Speel High High High High

Low Power consumptic High Mediun | Mediurnr Low

Use in Overhead Medium | Low High High
Obstruction

Multipurpose cra High Low Low High

Response tin Mediurr | Mediunr | Mediumr High

Low Cos Low Low High Mediumr

Low Weigh High Mediurmr | Mediunr Low

A WIG hovercraft, unlike an airboat, is an amphibious flying machine that travels on
a cushion of air with no wake and uses ground effect to fly faster. This allows for a quick
response, which helps to reduce body recovery rescue operations while still carrying a
payload suitable for water rescue. Unlike airboats, hovercraft do not require a boat dock tc

launch.

Airboats/inshore rescue boats are limited to relatively smooth water due to their hulls'
low gunwales that can slam into the water or ground. Unlike a WIG hovercraft, an

amphibious craft can travel through any terrain (dry, wet, ice, mud, grass, etc.)
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Helicopters are expensive to buy and operate, and they generate a large downdraft the
can obstruct rescue efforts. Since a WIG hovercraft is amphibious, it aids in rescue efforts

by approaching victims directly, keeping rescuers out of the water [47].

2.5.1 Comparison of WIG Craft technology with other means of transportation

l. Transport Productivity

Payload ratio means the ratio of the payload to the full weight of the vehicle. The
payload weight fraction (WW) of ships is higher than that of WIG craft and aircraft. On
the contrary, the speed of ships is comparatively lower than that of the others. Indeed, the
payload ratio of WIG craft is higher to that of aircraft as seen on figure 14 [48]. In relation
with the payload ratio, although some vehicles have a high payload ratio, with a low speed,
such as ships, whilst other vehicles have a low payload ratio but a high speed, such as WI(

craft and aeroplanes.

Figure 14: Payload efficiency comparison [49]

Il. Initial capital investment and maintains of support infrastructure.

When compared to other modes of transportation, the initial capital required is
insignificant, as ships require the construction and maintenance of a port or jetty, and
aeroplanes require an airstrip or a helipad, as well as air traffic control management, whict
frequently requires costly equipment and highly skilled employees for radar and lighting

operations [49].
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[I. Cost analysis

The cost of a trip in WIG would be far cheaper than that of an aircraft or a helicopter,
and it would require no facilities at the destination, significantly lowering the cost. WIGs are
classified as boats by the International Maritime Organization, which results in significantly
lower commercial operation costs as compared to an aircraft, which requires multiple

clearances and timely inspections for each flight [50].

A WIG hovercraft has great potential as privately-owned vehicles for luxurious, fast
and safe mode of transportation at low cost between coastal cities or to water locked bodie
or island cut off from the mainland. As the WIG hovercraft will not require any costly
support infrastructure like airstrips or ports/jetty it can be used in areas which are not easily
accessible or the terrain does not support their construction. The craft instead of sailing flies
thus eliminating the other effects of sea travel like rolling, pitching, and heaving or the

effects of waves making the journey a more comfortable one [51].

Using WIG technology in a hovercraft for the purpose of sea rescue as the crafts car
attain speeds as high as 30m/s using the ground effect to reach the sight of accident and cor
in close proximity of the causality resulting in better rescuing capabilities.

2.6 SEA STATE

The benefits of ground effect in the design of a hovercraft include the use of increased
speed to reach drowning victims, people stuck at sea due to a faulty engine at a faster pac
exploring more travel routes, and saving energy. The WIG hovercraft concept is aimed at
medium/short-range applications such as a river, coastal, inter-island, delta/estuary transpol
in areas where sea-state two is permitted, as seen in figure 15. The typical operating
environment includes critical air and sea parameters that can be used to assess the reliabili
of a hovercraft and specify the capabilities required of any new design. Some of the most
important environmental factors and their implications are as follows: Wind velocity and
Sea level [52].

Figure 15 : Sea State 2, Conditions: Small wavelets all over (smooth), Wind Speed: 2 - 3m/s [52]
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Sea state is a function of wave height. The term "sea state" refers to the genera
condition of a large body of water's free surface in relation to wind waves and swell at a
specific location and time and is usually measured on a scale of 0 to 9 depending on the
average wave height. Larger vehicles, such as seaplanes, ekranoplans, and wingships, w
have greater sea state capabilities than smaller vehicles, such as airboats, hovercraft, cano
etc. The World Meteorological Organization (WMO) sea state code primarily uses the 'wind
sea' definition from the Douglas Sea Scale. The Douglas Sea Scale is a scale for determinir
the height of waves and the amount of swell in the sea that refers to waves that develop ove

a longer period of time and a larger area than locally generated wind waves [52].

Table 6 describes the swell characteristics, and table 7 depicts a simple scale that ca
describe sea state conditions in an approximate yet concise manner. Previous researche
used the Sea State Code as their beach watch protocol [52]. The sea state must be recorc
during shore watch because it influences the likelihood of a sighting. Each increase in se:
level reduces the possibility of seeing animals when they are present. Cetacean mammal
detection becomes extremely unlikely in high sea states, limiting the value of the data
collected. As a result, shore watch is not conducted when the sea state exceeds 4 [53]. £
this stage of the project, the WIG hovercraft is designed for sea states two and below in othe

to study the effect of the WIG hovercraft in calm sea conditions.

Table 6: Swell Characteristics [53]

Sea State Description (Swell)

No swel

Very Low (short or average and low wa
Low (long and low wave

Light (short and moderate wa
Moderate (average and moderate w
Moderate rough (long and moderate wi
Rough (short and high way

High (average and high wa

Very high (long and high wav
Confused (wavelength and height indefina

OONOO|O|RWINFL|IO
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Table 7: World Meteorological Organization (WMO) sea state code [52, 53]

WMO Wave Wind Speed Characteristics Wind
Sea State| height (m) (m/s) Description
0 Om <0.5m/s Calm (glassy), Sea surface | Calm, light

smooth and mirrclike. air
1 Omto 0.1m | 0.5m/s to Calm (ripples), Scaly ripples,Light
1.5m/s no foam crest Breez:
2 0.1mto 0.5 | 2m/s to 3m/s | Smooth (wavelets), Small | Gentle
m wavelets, Crests glassy, no| Breeze
breaking
3 0.5mto 3.4m/s to 5.5| Slight, Large wavelets, crestdModerate
1.25m m/s begin to break, scattered Breeze
white caps
4 1.25m to 5.7m/s to Moderate, Small waves, Fresh
2.5m 8.2m/s becoming longer numerous| Breeze
white caps
5 2.5mto4m | 8.7m/s to Rough, Moderate waves, | Strong
10.8m/s taking longer form, many | Breeze
white caps, some spr:
6 4t06 m 11.3m/s to Very rough, large waves Gale
14ml/s with white foam crests, more
spray
7 6 to 9m 17.2m/s to High waves, heavy rolling, | Storm
24.4m/: lowered visibility
8 9to 14m 28.5m/sto | Very high waves, foam Violent
32.6m/s patches cover sea, visibility| storm
more reduce!
9 > 14m >32.7m/s Phenomenal, Air filled with | Hurricane
foam, sea completely white
with driving spray, visibility
greatly reduce:

2.7 SUMMARY AND IMPLICATIONS

Ground-effect operations do not require a pilot's licence, and the vehicle is typically
registered as a boat in most locations, opening up a slew of new opportunities. Severa
researchers have investigated the phenomenon of ground effect through numerou:
experimental and numerical simulations. Jung et al. investigated the wing in an experimenta
setting using the NACA 6409 aerofoil section. Three distinct types of endplates were
investigated in those studies at varying ground clearances, angle of attacks, and aspect ratic
Endplates improve wing performance by shifting the centre of pressure to the leading edge
It was also discovered that the freestream velocity does not affect the aerodynamic
coefficients of the wings [54].

M.R. Ahmed investigated the flow characteristics of symmetrical aerofoils in ground

effect at various angles of attack and discovered significant high-pressure coefficient values
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at low ground clearances, which extended over almost the entire bottom section at a hig}
angle of attack. M.R. Ahmed also found that the geometry of the aerofoil played a role in
the behaviour of the ground effect. At very small ground clearances of 0.05 h/c (h denotes
the height of the aerofoil from the ground), a strong suction effect was observed, which was
attributed to the formation of a convergent, divergent passage between the aerofoil anc
ground [55].

Moore et al. used a wind tunnel to compare the ground effect performance of a NACA
0012 and a DHTMU 12. Although the individual design characteristics of an aerofoil are not
investigated, it has been discovered that the DHMTU aerofoil outperforms the NACA 0012
aerofoil in ground effect. However, the findings are not directly applicable to supercritical
aerofoils due to the use of relatively simple aerofoils. Certain aerofoils outperform others in

terms of ground effect [56].

S. Saradaet. al used the FLUENT code to conduct 2D and 3D CFD analysis for the
NACA 64618 subsonic aerofoil, concluding that 2D simulations using the K-epsilon model
do not produce reasonable results in the stalling region, while 3D CFD simulations predict

reasonable results in the stalling region [57].

Douvi applied various turbulence models to experimental data to determine the best
PRAOHRWHBXHEPSRED® 7TKHN& 667 PR GCADVIR X QRE H@ KWPR W
accurate than the Spalart-Allmaras [58].

Vance Dippold. investigated various near-wall flow modelling methods available in
the WIND CFD code and concluded that both two-equation turbulence models worked well
in the presence of a neutral or favourable pressure gradient. However, when an advers

pressure gradient was present, the SST model performed better [58].

S.D. Sharma conducted a comparison study of NACA 0012, NACA 6409, and
DHMTU 12 aerofoils specifically designed for WIG aircraft. When flying close to the
ground, the CFD simulation results showed a decrease in drag coefficient and an increase i
lift coefficient, resulting in an overall increase in the lift to drag ratio of the aerofoils.
Furthermore, DHMTU aerofoils demonstrated greater consistency in CL behaviour as the
height-to-chord (h/c) ratio decreased [59].

Park and Lee investigated the effect of endplates on the aerodynamic characteristics
of a small aspect ratio (AR) wing. According to their research, reducing the tip vortex will
significantly increase the lift and lift-to-drag ratio, which the endplate can develop. They
claimed endplates also made a small deviation of height stability at different ground

clearances and angles of attacks, reducing the height stability [60].
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Yang et al. demonstrated that end plates improve three-dimensional wing height
stability at low ground clearance [61]. Kornev and Matveev discovered that the profiles of
the tail and main wings are the most critical factors in static height stability. They suggested
that for the acceptable stability of a WIG craft, the centre of gravity should be close to the
height of the aerodynamic centrenfXand it should be between the heights of the

aerodynamic centre and pitch aerodynamic centse[GZ].

BE Okafor performed a detailed design analysis of a hovercraft prototype to determine
the size of components in accordance with relevant standard requirements as applicable i
the air cushion model. The test performance resulted in a design efficiency of 69 percent
resulting in a good performance in the propulsion and lifting systems. However, it was

suggested that more research be conducted to improve the craft's efficiency [63].

Nawaf H. Saeid conducted a CFD analysis to optimise the shape of a hovercraft hull
and cabin, as well as the location and size of the lifting fans. The CFD results show that the
semi-circular front with a rectangular shape has less drag force than the other two for the
same flow condition. It has been discovered that the best location for the intake of the lifting
fan should be on the inclined front surface near the hovercraft platform's stagnation point
[64].

Siva Nagaraju Dasari carried out a structural analysis of a hovercraft assembly on the
entire analysis requirement, thrust and lift formulas, drag component calculation, and other
important parameters to realise the design of the working model hovercraft. The normal
stress along the interface layer was discovered to be non-uniform across the width of the
hybrid joint (structural component between the hull and the superstructure in the hovercraft).
It was suggested that the more refined FE mesh model be examined in other to gain a bettc
understanding of the stresses that lead to failure [65].

The term “hoverwing” can refer to a variety of novel flying machines/concepts:

o The Hoverwing (rc), a small radio-controlled aircraft being developed in the
United Kingdom.

0 The Fischer Flugmechanik Hoverwing (FF), an experimental German Ground
effect vehicle.

o The Universal Hovercraft Hoverwing (UH) ground effect light hovercraft.

Some theories explain how Wing In ground effect craft can be employed for search
and rescue operations. According to Jonathan Quah Yong Seng's 2005 research, the possit

benefits of Wing In Ground craft are:
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x Wing In Ground craft can fulfil the need for increased speed of marine

transport and may thus fill the gap between shipping and aviation,

X WIG boats achieve high speeds while still maintaining high efficiency,

especially when compared to other high speed marine cratft,
X WIG boats achieve high speeds while still maintaining high efficiency,

X Wing In Ground boats have lower operational costs than aircraft due to their

marine nature [66].

Previous research has shown that experimental examination of a WIG craft has
limitations, such as a May 2011 study from San Jose State University that investigated the
cargo capacity and cost of a WIG craft as a faster and less expensive mode of transportatic
in coastal locations. A few commercially produced WIG hovercraft, such as Universal
Hovercraft's UH-18SPW Hoverwing, are primarily intended for recreational purposes.
According to the literature review, improving the aerodynamic characteristics of the wing as
it approaches close to the ground using various techniques such as endplates and differe
wing configurations is one of the most important aspects of developing a WIG vehicle.
Improved wings can increase a craft's range and endurance while decreasing fue

consumption and Cemissions [67].

As a result, several research articles on the wing-in-ground effect have been written.
However, most of these articles have concentrated solely on the aerodynamic characteristic
of the wing rather than the overall WIG vehicle. Even though the WIG hovercraft research
and development is still a new technology, there is no domestic consumption of this
technology. This project examines the aerodynamic efficiency of an integrated wing and

hovercraft in ground effect using computational fluid dynamics (CFD).
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Chapter 3. Methodology

3.1 COMPUTATIONAL STRATEGY

The first stage in this study is to identify a CFD scheme that produces reasonably
accurate results for the intended application. This is done by reproducing the results of
research data available for validation. For this purpose, various papers have been used |
establish a working scheme. The aerofoil geometry was picked up as arranging vertices, i.e
writings, content, records, and imported into the ANSYS Fluent. The X & Y coordinates for
the profile were taken from the NACA database to prepare the model. The reproduction of
the paper's results was followed closely for the different aerofoils, and the following
parameters were established with the chosen CFD software (Fluent®). ANSYS Fluent use
CFD for analysis and mainly for simulation of fluid mechanics and thermodynamics
problems. CFD analysis and study of results are carried out in 3 steps: Pre-processing
Solving, and Post-processing by using FLUENT solver in ANSYS workbench. Figure 16
shows the flowchart of the Computational Fluid Dynamics (CFD) methodology from the
ANSYS workbench 20 [68].

I Pre-processor: This is the initial phase in the CFD simulation process, and it aids
in accurately defining the geometry by identifying the fluid domain of interest.
Using CFD-GEOM, the domain of interest is then further divided into smaller
segments, which is known as the mesh generation stage.

i. Solver: Once the physics of the problem has been determined, the fluid material
properties, flow physics model, and boundary conditions are established to solve
using ANSYS FLUENT on a computer.

ii. Post-processor: After receiving the data, the next step is to analyse them using
various methods such as contour plots, vector plots, streamlines, and so on for

appropriate graphical representations and reports using ANSYS CFD-Post [69].
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Figure 16: Flowchart of CFD Methodology

3.1.1Domain and Boundary Condition

The flow around the aerofoil has been simulated by solving the equations for
conservation of mass and momentum. The finite volume-based method was used to conve
the governing equations of flow into algebraic equations that can be solved numerically.
More details about these equations and the finite volume method can be found in Ref. [70].

In the present study, flow in the ground effect region is simulated by solving the
QR B BMEI®5H Q RSQDY H 16 1 Dy HUGVR NVHHT XMBIR Q 8$16 ZLW \W H667 N&
PR GCH MHGR QN HHDX B/ G YRUE BLOWHS BY R X WRAMR QZ KIEK PN MW H667 N &
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model more accurate and reliable for external flow fields of aerofoils. Therefore, the SST k-
& WEXHQHRPR GOADV DG RESID WY WY G DAW FBH Q BBAD XBUR [ 6. It was
assumed that the flow around the aerofoil is treated as steady, incompressible, and turbulen
7TKH' 5$16 H X\BR @Z 1\ W H667 N& W EXIG) AP R GOBH\RYDB X M) I HK LK
resolution advection scheme once the meshes are created. By firiditige Yurbulence

PR GB67 N& VHS BEGIR IDX RVIDIF GHUZ DDWHDK HQ W DS XYW\ B XHQHFR X U

) R UR Z\VFEDDAR (X QHBOQ 0BG YW SURAX HIWDGHD WK H67 N& \W B XHQHP R GO/

used, which accounts for the transport of turbulent shear stress.

The boundary conditions were defined as follows: The general boundary condition at
the ground has been chosen as a no-slip wall moving at the free stream velocity of 30m/s
This condition provides a realistic WIG flight model without introducing a ground boundary
layer as on a stationary no-slip wall. The inlet was assumed to use a uniform boundary
condition with the inflow velocity of 30m/s [71] as the operating condition for an aerofoll
near the ground, and the assumed 5% turbulence intensity; the outlet used a prescribe
pressure boundary condition of B 1 atm; the aerofoil surface, top, bottom, and back
domains used the no-slip wall boundary conditions. The boundary conditions, as seen ir

table 8, are used in all simulations unless specified otherwise.

Table 8: Boundary Conditions

Boundary Condition Description

Moving Wall No-slip wall moving at the free stream velocity of 30m/s
in +ve »-directior

Aerofoil surfact Stationary wall with no slip conditic

Top and Side wal Symmetn

Velocity inlel Inflow velocity of 30 m/

Pressure Outl Absolute static presst

Operating Conditions:
°o Re=2.0x16

°  Pressure based
° O0RQGHB7 N&

©  Solution control gauss-seidel method

Ground clearance (h) is the distance between the aerofoil's chord length and the
ground. Ground proximity causes higher pressure levels on the lower surface of the aerofoi
at higher angles of attack, resulting in increased lift. The flow is considered steady and
turbulent with constant free stream velocity, and the fluid flow is considered Newtonian;

finally, the solution domain is three-dimensional. Then a meshing comparison and
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turbulence model comparison was undertaken to ensure the quality of the mesh wa:

sufficiently accurate, and the correct turbulence model was chosen for this purpose.

To acquire a dimension-independent numerical solution, domain dimensions and
boundary conditions are considered, as shown in figure 17. A rectangular flow domain was
created with a distance of the aerofoil from the top surface of the domain wall taken as 10m
and the inlet and outlet distance set as 5m and 15m from the leading and trailing edges
respectively as it was observed that this dimension does not affect the simulation. The
aerofoil boundary was subtracted using Boolean, and the rectangular flow domain was

obtained.

An investigation has been carried out to determine the domain size required for
optimum results. This domain is chosen since it captures all-important physical phenomena
and it is similar, if not larger, than domains used in other WIG studies [72]. The aspect ratio
is taken to be 1, with the chord and span of the aerofoil assumed to be 1m, respectively, a

this gives a standard approach in the 3D simulation.

Figure 17: Boundary condition

The proximity and curvature advance size function is set at the default setting on
ANSYS 20 to generate the mesh. This function automatically refines the mesh in the area:
that would typically have higher gradients. The computational mesh consists of tetrahedror
cells with five layers of inflations near the solid walls. The near wall inflation layers are
important to implement the near wall corrections in the turbulence model, as shown in figure
18 for one of the cases. A mesh independence study was carried out to ensure the me:
converged to a steady value. Otherwise, that would have a different result even if the
simulation runs for additional iterations. To establish the accuracy of the CFD solution, the
Z1Q Z D/DIDOWGX M) JW MR G667 N& PR GO QR 9, = 30m/s and AOA =
5°. The study was performed by developing five different meshes to predict the lift
coefficient (QC) on normalised mesh cells to determine how the mesh quality affects CFD

simulation results.

Chapter 3: Methodology 32



Figure 18: Mesh details near the walls of the NACA 4412 Aerofoil (AR=1).

3.1.2 Solution

Analysis setup of all cases is carried out in ANSYS FLUENT Solver. The result for
analysis is done using ANSYS Post Processor. Velocity and pressure plots are plotted for al
the cases of study. The investigated aerofoils are DHMTU 12, NACA 0012, and NACA
4412 with different angles of attack (-10° to 20°) and altitudes from the ground (h/c = 0.05,
0.1, 0.5, and 1) where the values of Coefficient of Lift and Drag were observed. A freestream

velocity of 30 m/s and 1m chord are assumed across the solution.

The double-precision solver is selected, and the solver type is set to pressure-basec
The turbulent model is selected, and the air is chosen as the flow material. All the reference
values were computed from the inlet. The Coupled pressure velocity scheme was used as
will converge faster than the simple scheme, and monitors were set up to monitor the value
of C. and G. The convergence criteria selected for continuity were set at ®1a&Qhe
values obtained from this would be sufficiently accurate. The initialization method is chosen
as the hybrid. First order upwind scheme was employed on momentum, turbulence kinetic
energy, and turbulence dissipation rate special discretization for one hundred iterations. It i
then changed to the second order upwind on the next number of iterations for more accurat
results. The pressure and velocity contours were plotted to analyse the flow of the aerofoil.

Y* is a dimensionless quantity representing the distance from the wall in viscous
lengths. It is frequently used to characterise the coarseness or fineness of a mesh for
specific flow pattern. In turbulence modelling, determining the right size of cells near
domain barriers is critical [73]. To achieve sufficient boundary-layer resolution, the Y
values on the aerofoil's surface and in relevant regions of the viscous wall were kept below

1. The minimum amount of vis taken to be 0.9. Table 9 summarises the key characteristics
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of the meshes, and it is clear that CFD simulation time is highly dependent on the numbet

of mesh nodes considered. The five meshes generated have near-wall resolutior, 1.e., y

Table 9: Mesh Independence study [73]

Case | Element Size | Nodes | Cells CL

1 1.t 5810¢ | 18522¢ | 0.426¢
2 1 20620 | 66473t | 0.528:
3 0.8 37305¢ | 150600: | 0.641°*
4 0.4 40934 | 171941( | 0.645:
5 0.2 95175¢ | 495020t | 0.645:

It is important to note that mesh resolution plays a pivotal role in the final CFD results.
The mesh nodes need to be small to resolve the boundary layer on the wing surfaces. Tt
parameters monitored for convergence were lift coefficient. The mesh converged at 495020¢
cells, and this mesh size was used for the simulation. The final CFD simulation time required
for convergence of the two meshes is significantly different from the conventional mesh
independency method. It is clear from the simulation that the size of the element is highly
dependent on the number of cells. The 5th case leads to the reasonable prediction of the li
coefficient, as seen in Figure 19, where it converges from this region. Inflation mesh is usec
for meshing purposes to capture the boundary layer region accurately. The mesh refinemer

is done near the wing area as it is the focus of interest.

Mesh Independence Study
0.7
0.6 2
0.5 »”
0.4
S}
0.3
0.2
0.1

0
0.00E+00 1.00E+06 2.00E+06 3.00E+06 4.00E+06 5.00E+06 6.00E+06

Number of Cells

Figure 19: Graph of Mesh Independence study for 3D NACA0012 (AR=3)

A fine mesh with a mesh number of more than 1 million was chosen for the simulation
as it gives close prediction to data from the literature as seen in table 10. The quality of the
mesh is also validated through performing orthogonality and skewness checks which are

well within the limit which were 0.97 and 0.22 respectively.
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Table 10: Mesh comparison Validation

University of Southampton [74] | NACA 0012 3D CFD
Reynolds numb 2x1C8 2x1(°
Angle of Attacl 5° 5°
Height to Chord ratio (h/ | 0.0% 0.0t
Aspect Rati 3 3
Lift Coefficient 0.€ 0.645:

3.1.3 Aerofoil Research Design

The next step in the design of a wing-in-ground effect (WIG) hovercraft is to choose
an appropriate aerofoil to achieve the desired amount of lift generated for the WIG hovercraft
under specified boundary conditions. The most important values to consider for the proper
aerodynamic design of an aerofoil are the lift-to-drag ratio and coefficient of lift. Fluent has
been widely used by previous researchers for analysis involving aerofoil, as it can display

contour and vector plots, which gives excellent flow visualisation of the ground effect [75].

The UIUC Aerofoil Database and aerofoil tools were used to obtain the coordinate
files for the three aerofoil shapes used in this investigation [76, 77]. Figure 20 shows the
chosen symmetric aerofoil, Figure 21 shows the Asymmetric aerofoil to be a NACA 4412,
and Figure 22 shows the chosen unconventional aerofoil to be a DHMTU 12. These aerofoils
were selected due to their relative similarities in amount of camber, thickness, and shape
The aerofoils were investigated for AOA (Angle of Attack) ranging from -10° to 20° at
different ground clearances. The 3D models of the aerofoils were then developed using the

coordinate points in the Ansys design modeller.

Figure 20: NACA 0012 (Chord= 1m and Span=1m)

Figure 21: NACA 4412 (Chord= 1m and Span=1m)

The National Advisory Committee for Aeronautics (NACA) is a U.S. federal agency
which undertakes, promote, and institutionalise aeronautical research. This NACA aerofoll
series is controlled by four digits NACA MPXX

xM is the maximum camber divided by 100.

xP is the position of the maximum camber divided by10.
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xXX is the thickness divided by 100

For example, the NACA 4412 aerofoil has a maximum camber of 4% located 40%
(0.4 chords) from the leading edge with a maximum thickness of 12% of the chord.

The NACA 0012 aerofoil is symmetrical, the 00 indicating that it has no camber. The
15 indicates that the aerofoil has a 12% thickness to chord length ratio: it is 12% as thick as

it is long [78].

Figure 22: DHMTU 12 (Chord= 1m and Span=1m)

Department of Hydro-Mechanics of the Marine Technical University (DHMTU) in
Saint Petersburg, Russia is the family of a flat bottom aerofoil. Like the NACA 4-digit series,
the aerofoil shape is composed of polynomial segments and a straight lower surface. Thei
camber line is slightly reflexed, and the outline between points 2 and 3 is a straight-line
segment. A DHMTU section is described by eight numbers which define the geometry of
the upper and lower surface. The format being DHMTU a-b-c-d-e-f-g-h. The section
analysed is the DHMTU 12-35-3-10-2-80-12-2 for reasons of brevity. It is known throughout
this paper as DHMTU 12 [79]. Table 11 shows the nomenclature of DHMTU.

Table 11: Nomenclature of Dhmtu Aerofoil [79]

Prefix Definition Value
A Maximum ordinate of upper surface(¥ 12

B Position of maximum ordinate(% 35

C Ordinate of start of the flisection (%C, below the horizontal is posit | 3

D Position of start of flat section(% 1C

E Ordinate of the end of flat section (%C, below the horizontal is po: | 2

F Position of end of flat section(% 80

G Slope parameter of the upytrailing edg: 12

H Nose radius parame 2

The DHMTU 12-35-3-10-2-80-12-2 is characterised by a flat undersurface and an S-
shaped mean line, as shown in Figure 22. The relatively slender wing has a 12% maximun

thickness ratio (t/c) at a chordwise station from the leading edge, x/c = 35%.
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3.2 AERODYNAMIC CHARACTERISTICS OF WING-IN-GROUND-EFFECT

The 2D and 3D study of different classes of aerofoils (NACA 4412, NACA 0012, and
DHMTU 12) in ground effect was investigated due to their similar thickness. Simulations
were done at various angles of attack to assess the accuracy of different turbulence model

results and then validated using existing experimental data from the literature survey.

Data from Abbott and Doenhoff showed similar tendencies in terms of aerodynamic
efficiency to that of the present computational analysis that was evaluated. This was used t
validate the 2D analysis of the NACA 4412. As shown in Figure 23, the dimensionless lift
coefficient increased linearly with the angle of attack. Throughout this period, the flow was
linked to the aerofoil. The flow on the upper surface of the aerofoil began to separate at €

15° angle of attack, and a situation known as stall began to develop.

NACA 4412 Lift Coefficient (§)vs Angle of Attack
(AOAD®)
1.6
~14
12

0.8 »
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— @ - Abbott (Exp) — @ =SST k-omega (CFD)

Figure 23: 2D Validation of the Literature Lift Coefficient j(vs Angle of Attack (AOA°) NACA 4412
(AR=1) [80]

The model could accurately predict Abbott's results to within 3% accuracy, but the
essential part of the model was that it efficiently followed the trends of the comparison
investigated. A comparison of Abbott & Doenhoff's wind tunnel experimental data from
table 12 with the CFD analysis of a NACA 4412 aerofoil. The experimental data are
compared to the lift coefficient for computational model NACA 4412 in unbounded flow for
the angle of attacks ranging from 0° to 20°. The results demonstrate good agreement acros
all attack angles and validate the computational method's adaptation. As this was the onl
data that gave a consistent result without optimising, the Reynolds number ranged from
2x10° to 10x16. As a result, further simulation was conducted, with each experiment
matched to the previous Reynolds number to increase repeatability and compare dat:

accuracy.
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Table 12: Validation comparison of NACA4412 (Experimental vs Computational)

Abbott and Doenhoff [80] | 1$&$ '®B7 N &)
Reynolds numbi | 2x1C®to 10x1(® 2x1(°
Angle of Attack | 5° 5°
Aspect Rati 1 1
Lift Coefficient 0.8t 0.82

On an aerofoil, the resultant forces are usually resolved into two forces and one
moment. The net force acting normal to the incoming flow stream is known as the lift force,
and the component of the net force acting parallel to the incoming flow stream is known as
the drag force. The obtained. Gnd & exhibited similar trends with the published
experimental data at all angles of attack until stall at 15°, as shown in Figures 24 & 25. The
667 N& W B XQHP RG 62D/ D \XBE I IWRUW HP X QR QWQ AHIWS R YAWQ BU

predictions and follows the.Gnd G trends in the literature.

The NACA 0012 was utilised to validate the mesh of the 3D analysis using available
experimental data from Landson and the University of Southampton [81, 82], as there was
not enough information on the experimental data of the NACA 4412 for the validation of the
3D analysis. Aerofoils working in ground effect have been shown to have various features
that affect their aerodynamic characteristics. The influence of aspect ratio (AR), angle of
attack (AOA), and height to chord ratio (h/c) on the ground effect region was explored,
where an optimal wing shape was obtained. The NACA 4412 was the most appropriate
aerofoil used for ground effect based on the CFD analysis as it had superior lift performance
compared to other aerofoils operating in the ground effect region. The profile having a flat
lower surface makes it beneficial for ground effect situations where a venturi effect can be

set up by convergent-divergent flow under a more highly curved surface.
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2D Lift Coefficient (G) of Different Turbulence Models vs
Angle of Attack (AOK)
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Figure 24: 2D Lift Coefficient (Q vs Angle of Attack (AOA°) comparison of different turbulent models
using NACA 0012 aerofoil (AR=1) [81]

2D Drag Coefficient (g) of Different Turbulence Models vs
Angle of Attack (AOAR)
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Figure 25: 2D Drag coefficient gf vs Angle of Attack (AOA®) comparison of different turbulent models
Using NACA 0012 aerofoil (AR=1) [81]

The lift and drag force produced by the wing vary with the angle of attack, as the local
pressure distribution around the wing changes as the wing is rotated in the freestream. Figur
26 shows that the dimensionless lift coefficient increased linearly as the angle of attack
increased for the different classes of the aerofoil. The angle of attack significantly impacts

the aerofoil's drag, as seen in figure 27. When the angle exceeds 5°, the drag quickly
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increases due to the increased frontal area and boundary layer thickness. The NACA 441

aerofoil shows the highest lift coefficient compared to other aerofoil models.

Lift Coefficient (G ) vs Angle of Attack (AORK)
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Figure 26: 2D Lift Coefficient (O vs Angle of Attack (AOAP) of different classes of aerofoils using SST k-
& WMEXO@HP R3D$ 5

Drag Coefficient (G) vs Angle of Attack (AORA)
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Figure 27: 2D Drag Coefficient ( vs Angle of Attack (AOAY) of different classes of aerofoils using SST
N & MEXGFHP RFD $5

Figures 28 and 29 show the influence of pressure and velocity distribution throughout
the aerofoil surface for a 5° angle of attack (AOA) in the NACA 4412 series aerofoil. The
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area beneath the aerofoil contains higher pressure air than the incoming flow stream, whicl
causes a push upward, resulting in lift. The differential in pressure between the top and
bottom of the aerofoil causes vortex formation along the trailing edge of the aerofoil. The
flow accelerates on the upper side of the aerofoil while decreasing on the lower side, and th
upper surface will experience lower pressure than the lower surface, according to Bernoulli's
theorem. The low-pressure area indicates the area of higher velocity. The leading-edge
experiences area of high pressure and is called the stagnation point.

Figure 28: 3D NACA 4412 Velocity Contour of aerofoil at 5° Angle of Attack

Figure 29: 3D NACA 4412 Pressure contour of Aerofoil 5° Angle of Attack
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Since lift and drag are both aerodynamic forces, the ratio of lift to drag indicates the
wing's aerodynamic efficiency. The wing has a highOg ratio if it produces a large amount
of lift or a small amount of drag. Figure 30 shows that th€&reduces as the proximity to
the ground increases, where h is the distance from the ground and c is the chord length. TF

constant h/c for this study will be 0.05.

Lift to Drag ratio (G/Cp)vs Height to Chord ratio (h/c)
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Figure 30: 3D Lift to drag ratio (@Cp) vs height to chord ratio (h/c) at BOA (AR=1)

The comparison of lift and drag coefficients of the different aerofoil models at various
angles of attack ranging from “1t» 20 with a constant h/c of 0.05 is shown in Figures 31
and 32. This data shows similar trends to the previous data in Figures 26 and 27.
Augmentation of the lift and drag coefficients is attributed to the angle of attack, where the
increase in the AOA amplifies the lift and drag coefficients. It was noticed that as the angle
of attack increases, so does the lift. At a speed of 30 m/s, the aerofoils have a stall angle c
15°.
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Lift Coefficient (G ) vs Angle of Attack (AOA)
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Figure 31: 3D analysis of Grs AOA of different classes of aerofoils at height to chord ratio (h/c) = 0.05
(AR =1)
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Figure 32: 3D analysis ofg3rs AOA at height to chord ratio (h/c) = 0.05, (AR =1)

The efficiency of the aerofoil works better at a lower height to chord ratio (h/c=0.05),
where h=0.05m and ¢ =1m. The plots in Figures 33 and 34 showed the aerofoils had a pea
performance angle of attack of up to 5°. As a result, the integrated wing hovercraft will

operate in this area because of the favourable ground effect. The maximum aerodynami
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efficiency of the NACA 4412 aerofoil is roughly 44 in ground effect conditions, making it
the preferable aerofoil to employ for the WIG hovercraft. Compared to its value out of
ground effect condition (h/c=1), the increase in aerodynamic efficiency is twofold in the
ground condition. In the presence of ground effect, the connection between angles of attac
and G/Cp ratio is the same, except that the magnitude 6€4&is greater than in the absence

of ground effect. The maximum value of aerodynamic efficiency is observed in ground
clearance 0.05 and 1 for NACA 4412, which is equal to twice its value (about 44) as

compared to the ground effect condition (about 22).

Lift to Drag ratio (G/Cp) vs Angle of Attack (AOA®), h/c=0.05
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Figure 33: 3D analysis of @Cq vs AOA at height to chord ratio (h/c) =0.05 of different classes of aerofoils
(AR =1)
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Lift to Drag ratio (G/Cp) vs Angle of Attack (AOA), h/c=1
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Figure 34: 3D analysis of @Cy vs AOA at height to chord ratio (h/c) =1 of different classes of aerofoils,
(AR =1)

The aerodynamic efficiency decreases as the height to chord ratio (h/c) increases
indicating that ground effect functions better with a lower h/c ratio. The goal of this study
was to thoroughly investigate the performance of several classes of aerofoils in ground
effect, which was quantified in the fCp ratio and used to evaluate each aerofoil's
performance. As the key factors in this research were h/c and angle of attack, understandin
how they affect TCp is critical to obtaining a thorough performance analysis. When
examining ground effect, the convergence ob@d G values is significantly more relevant
in determining convergence. As a result, a 3D simulation is created for improved analysis

and comparison of the on-ground effects situation to obtain much more accurate conclusions

The aerofoil's lift coefficient improves as the aspect ratio rises from 1 to 3, as seen in
figure 35. Experimenting with different aspect ratios (1 and 3) and h/c values was to find
any hidden tendencies associated with increasing the wing aspect ratio. The aerofoil aspe
ratio is the ratio of the aerofoil's span to the average chord length, which impacts the lift and
drag coefficients, which cause resistance to the aerofoil's movement. Hence this paramete
Is important for investigating an aerofoil's efficiency. Wings with a low aspect ratio have a
short span and a large chord, whereas wings with a high aspect ratio have a long span anc
short chord. High aspect ratio wings provide slightly greater lift and allow for longer flight

times, while low aspect ratio wings are better for swift manoeuvrability.
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Aspect Ratio Comparison, Lift Coefficient (JOss Angle of Atack
(AOAY)
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Figure 35: NACA 4412 Lift coefficient (G vs Angle of Attack (AOA®) Aspect Ratio (AR) comparison

The results are validated using experimental data from the University of Southampton,
as seen in figure 36 and table 13, where it demonstrates suitable agreement by comparir

the lift coefficient against the h/c ratio.

Lift Coefficient (G ) vs Height to Chord ratio (h/c)
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Figure 36: Lift Coefficient (€ vs height to chord ratio (h/c) Validation at angle of attack 5° using Aspect
ratio=3 [81]
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Table 13: € vs h/c Comparison (AR=3)

h/c Experiment of DHMTU 12 Experiment of NACA 0012
DHMTU 12 [79] | (CFD) NACA 0012 [79] | (CFD)

0.0t 0.6 0.9¢ 0.€ 0.64¢

0.1 0.82 0.8¢ 0.52 0.54

0.5 0.5t 0.57 0.32 0.3¢

1 0.4¢ 0.4¢ 0.2¢ 0.32

The geometry of the aerofoil, in addition to the angle of attack and the aerofoil's height
to chord ratio (h/c), has a significant impact on the aerodynamic characteristics of the wing
configuration when operating in ground effect. Airflow along the trailing edge is critical and
significantly impacts aerodynamic efficiency. The data presented here can be used tc
establish an initial analysis of a combined wing and hovercraft travelling in the ground effect
zone. The results presented here can be applied at the preliminary design stage for the initi

DROW R @ QW/OM5Z1Q JQOG KURINWWPR YQLIQLKVWI RI X QUHME R Q

The effect of the ground is investigated using simulation results obtained by varying
the clearance between the vehicle and the ground surface. The computational fluid dynami
analysis results revealed that the NACA 4412 wing had higher aerodynamic efficiefcy at 5
angle of attack (AOA). From figure 37, the NACA 4412 wing with an aspect ratio of 3 will
be used as the main wing, which will be attached to the hovercraft to produce the requirec
lift. The wing-in-ground effect hovercraft model design will be carried out at an optimized
angle of attack of 5° as it had a favourable aerodynamic performance from the analysis tha
compared various classes of aerofoils. The lift and drag coefficient performance
measurements were estimated against the various angles of attack in ground effect using tt
667 N& WEHXOQHPR GHKIK RG MF-HBX DM BXW UR P WHDQ YW IR Q

Figure 37: NACA 4412 Aerofoil (Total (b) Span=6, (c) Chord=2).
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3.3 INTEGRATION OF A WING AND HOVERCRAFT IN GROUND EFFECT

The hull area of the design is fixed to be 8m in length and 4m in width, as seen in table
14 and figure 38, which shows a round bottom rectangular hull that is comparable to the
specification from the current RNLI hovercraft datasheet, which will be used for the CFD

simulation [83].

Table 14: Hovercraft hull design parameters (skirt not included)

Design Parameters Empirical Relation Value
Weight of Hovercraft (k¢ | - 1105k
Operating speed(m. - 30m/¢

Length ) - 8m
Width (w) w=I*0.5 4m
(A)
(B)

Figure 38: Diagram of hovercraft hull base dimensions (A) Front View, (B) Side View

Table 15 shows the moment data used to determine the position for the centre of
gravity of the WIG hovercraft with an accurate view of a simplified hull. Assumptions were
made on the location of the weights relative to the centre of gravity (arm distance), the weight
of the pilot, crew/passengers, and tail assembly. The other weights were based on th
specification of the RNLI rescue hovercraft datasheet [83]. The amphibious vehicle will be
used for search and rescue operations suitable for use on shallow water, tidal terrain, and di

ground. It can carry loads of up to 480kg over shallow water, tidal terrain, and dry land.

Table 15: Calculation for the Centre of Gravity Position

Weight Value (kg) Arm/distance (m) Moment(kgm)
Hull weight 48( 4 192(
Pilot 80 2.65 212
Crew/Passenge 24C 4.2t 102(
Additional weigh 60 5.5(C 33C
Lift Fan Engine 85 0.82 69.7
Thrust engine 11E 6.7t 776.2¢
Rudder/Tail Assemb 45 7.5C 337.t
Total 110¢ ] 4665.4!
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Moment (M) = Force x Distan Equation (4

Centre of Gravity position (COG) '-?if;?g‘ :Zﬁz((zf‘) Equation (5)

From table 14 and equation 5 the centre of gravity position is taken to be 4.2m from

the datum line, which is illustrated in figure 39.

Figure 39: Arm distance and Centre of Gravity position of hovercraft hull

It was assumed that the aerodynamic centre is 25% of the chord length from slender wing
theory [84]. This makes the aerodynamic centre (AC) 0.5m from the wing's leading edge.
For an initial design investigation to evaluate the stability of the vehicle, the centre of lift
(COL) for the wing position was set to coincide with the hovercraft hull's centre of gravity
(COQG), as illustrated in figure 40.

Figure 40: Initial position for centre of lift

The hovercraft operates on the principle of floating above the ground on a cushion of
air supplied by the lift fan. The air cushion makes the hovercraft very frictionless. Since the

object is not in contact with the ground, the surface tension is reduced, making the objec
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easier to move. As a result, the WIG hovercraft design includes a flexible skirt to offer
enough lift to hover 0.5m over obstacles, as shown in figure 41. This enables the vehicle tc
pass over rocks and other uneven terrain obstacles with minimal difficulty or damage. The
skirt height is assumed to have a depth of 1m for the initial design analysis of the WIG

hovercratft.

(A)

(B)
Figure 41: WIG Hovercraft and skirt inclusion (Im high) (A) Front View, (B) Side View
The NACA 4412 wing was used as the main wing to be implemented on the hovercraft
as it had the maximum lift coefficient from the previous analysis that compared various
classes of wing sections (NACA 4412, NACA 0012, and DHMTU 12). The NACA 4412
wing is a moderately cambered aerofoil with a nearly flat bottom. Cambering an aerofoil
helps provide it with a higher maximum lift coefficient [85].

The NACA 0012 wing was used as the tail wing on the WIG hovercraft for stability
purposes, as seen in figure 42. The analysis and validation of the NACA 0012 have beer
investigated from the previous CFD analysis of different classes of wing sections in chapter
3.2. As the tail wing is hidden from the airflow behind the main wings, this ensures smooth
airflow and better pitch control of the aircraft. Another advantage of having the pitch control
wing at the rearmost part of the craft gives fine pitch control with only minimal additional

lift and drag.
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Figure 42: Detail view of a WIG Hovercraft with tail wing

Table 16 shows the lift and drag coefficients of individual components, where the

NACA 0012 was selected as the tail wing to provide stability for the WIG hovercraft. From
the CFD analysis, the overall lift Coefficient (CL) generated was 0.7048, and the drag

coefficient (CD) was 0.347.

Table 16: Lift and Drag coefficients of individual components

Components Lift Coefficient Drag Coefficient
Hull 0.15¢ 0.286
Main Wing (NACA 4412 | 0.534¢ 0.049¢
Tail Wing (NACA 0012 0.0110 0.010¢

The speed required to lift the weight of the WIG hovercratft in this study is determined

by using aerodynamics from equation 6. Hence the speed required to lift the WIG hovercraft

is 28m/s without any lift required from the air cushion. As this gives the craft the ability to

fly higher and faster while the air cushion keeps it high above waves and ground

obstructions, allowing the vehicle to be amphibious.

2 11105 1981

0.704 11.225 132

=281/«

Equation (6)

When it comes to stability, the feature that makes WIG craft vehicles stable about their

lateral axis is longitudinal static stability. It is the stability of the pitch; this relates to the
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stability of the aircraft in its plane of symmetry about the lateral axis (the axis along the
wingspan). The rotation of an axis running from nose to tail is the stability of a vehicle's roll,
known as its lateral stability. The stability of the aircraft's yaw is referred to as directional

stability. Yaw is an aircraft's left and right motion.

The longitudinal static stability of WIG craft vehicles is important for pilots to
determine if they can easily control the pitch of an aircraft in flight. As a result, pilots
prioritise longitudinal static stability over lateral and directional stability. A longitudinally
unstable WIG craft tends to gradually dive or stall as this could be disastrous while flying at

high speeds so close to the ground.

Table 17 displays the lift and drag coefficient results from CFD for the individual
components of the WIG hovercraft. As it was adopted to calculate the moment of the WIG

hovercratft.

Table 17: Lift and drag forces acting on the individual components of the WIG Craft

Xbistance (m) Y Distance (m) FL (N) Fp (N)
Hull 2.€ 0.4¢ 968.¢ 2139.¢
Main Wing 3.6¢ 0.2 3938.5 381.¢
Tail Wing 7.€ 2.4 78.1 84.1

From table 14, the Lift force of the WIG hovercraft igilwic hovercrait = 10,840N
(1105kg*9.81), the centre of gravity is located 4.2m from the front of the craft, and the empty
weight of the hull is 480kg.

From moment sign convention, the moment is taken to be at the datum (front edge of
the hovercraft), as seen in figure 42. Convention dictates that a moment acting in the
clockwise direction is a positive moment while a moment acting in the anticlockwise

direction is a negative moment.
Moment about %is=0, Yaxis=0. COL= 4.7m from datum

M =mg * Xcogt Lhu™X hut + Lwing*X wing* Lrear wingX rear wing* Dhull +Y hull Dwing®Y wingt

Drear wing'Y rear wing+ Thrust*Yinrust Equation (7)

(480%9.81)*4.2 - 968.5*2.6 - 3938.5*3.69 - 78.1*7.6 + 2139.8*0.45 + 381.8*0.3 +
84*2.4 -2606*1.8 = 852 Nm.

Figure 43 shows the plot of the moment coefficient vs. AOA of the WIG hovercratft.
Aerodynamic stability was not reached based on the moment calculation on equation 7 sinc
aligning the COL with the COG results in an unstable craft, resulting in a moment of
+852Nm.
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Figure 43: Pitching Moment coefficient {fvs Angle of Attack (AOA®) of the WIG hovercraft with COL=
4.7m

As the COL is moved backward by putting the COG in front of the COL, aerodynamic
stability is achieved, resulting in a moment of ONm based on the moment calculation in
equation 8. This made the new COL position 4.9m from the datum, as seen in figure 44.
Tables 18 and 19 show the new lift and drag coefficient results for individual components
generated using CFD, that is used to determine the moment of the WIG craft as the COL
was placed behind the COG. From the calculation of the moment, aerodynamic stability was

achieved.

Table 18: CFD Calculation for COL=4.9m

CL Co
Hull 0.12 0.27
Main Wing 0.52 0.051
Tail Wing 0.011 0.010¢

Table 19: Lift and drag forces acting on the individual components of the WIG Craft.

Xbistance (m) Y pistance (m) FL (N) Fp (N)
Hull 2.€ 0.4¢ 94¢ 207(
Main Wing 3.C 0.2 3951 391
Tail Wing 7.€ 1.8 86 84
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Moment about x=0, y=0. COL= 4.9m from datum

M= mg * xcog"‘ Lhu™X hun + Lwing*x wingt Lrear Wing*x rear wingt Dhut +Y huli Dwing*Y wingt

Drear wing'Y rear wingt Thrust*Yinrust Equation (8)

(480*9.81) *4.2 - 946*2.6 - 3951*3.9 - 86*7.6 + 2070*0.45 + 391*0.3 + 84*2.4 -2545*1.8=
O Nm

Figure 44: New position of COL (4.9m from the datum)

Figure 45 shows the graph of pitching moment versus angle of attack. The curves show
the same trend as the angle of attack increases. The moment will decrease. The mome
coefficient shows a positive value between the angle of attadk 4 At this point, the
WIG Hovercraft will tend to pitch the nose upward. After this point, the moment coefficient

decreases steadily and becomes negative values.

A negative pitching moment is stabilising. It is a nose-down pitching moment, which
Is required for static stability. As a result, a negative pitching moment is either nose down or
tail up, whereas a positive pitching moment is either nose-up or tail down. The craft pitch is
kept at the height of the lowest point of the hull constant (h/c= 0.65, h=1.3m), and the pivot

point is towards the bottom edge of the WIG hovercraft.
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Moment Coefficient (() vs Angle of Attack (AOA°)
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Figure 45: Variation of Moment coefficient {Cvs Angle of Attack (AOA®°) for WIG hovercraft with change
to main wing.

Figure 46 gives a general illustration of the WIG hovercraft model pitching poattion

DR 3% R "Generally, the moment become more negative with increased AOA.

Figure 46: WIG hovercraft Pitched at 2-degree angle of attack

Figure 47 shows that increasing the height to chord ratio increased the pitch moment
for the varied angle of attack (AOA). Decreasing the ground clearance increases the lift
coefficient and decreases the drag coefficient for varied AOA. Because the bottom surface
of the wing has a bigger radius of curvature than the top surface, the pressure gradier

increases with the angle of attack. This means the bottom surface will have more pressur:
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than the top surface, causing the wing to lift. The increase in ground proximity-induced lift
was found to be accompanied by an increase in the nose-down pitching moment for AOA >
2°,

20 HRKHK QG SR [RWWWH B XQRB$2$  ~WHQ RIX SSWKQ J
moment is higher. Lowering the ground clearance increases the npgehipg moment.
As AOA increases, lift on the main wing grows more slowly relative to tail lift because the

coefficient of lift on the main wing is larger than that on the tail.

Moment Coefficient (¢) vs Height to chord (h/c) at
various AOA°
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Figure 47: WIG Hovercraft Moment coefficient{Cvs height to chord ratio (h/c) at various angle of attack
(AOQAY).

In addition, ¢ increases as the height to chord ratio reduces. Figures 48 and 49 show
that, As the WIG hovercraft AOA changes, it produces a large amount of lift and a low
amount of drag as it approaches the ground. The pressure on the top of the wing is less the
that on the bottom of the main wing. This phenomenon occurs because of the alteration o
flow that occurs due to proximity to the ground leading to an increase in lift coefficient and

a corresponding decrease in drag coefficient as the angle of attack increases.
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Lift Coefficient (G ) vs vs Height to chord (h/c) at various
AOA®°
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Figure 48: WIG Hovercraft Grs h/c at various AOA

Drag Coefficient (G) vs vs Height to chord (h/c) at various
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Figure 49: WIG Hovercraft £vs h/c at various AOA

From the calculation, the effect of the wing area and distance from the ground is
investigated to determine the amount of lift generated by the craft. “h” is the distance from
the ground to the trailing edge of the aerofoil as it is attached to the hovercraft and “c” is the
chord length of the wing. “V” is the velocity required to lift the craft. Table 20 shows a

Comparison of different height to chord ratios (h/c) based on skirt size. Figure 50 shows the
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sizes of the skirts. As the height to the ground reduces, the lift coefficient increases and dra
decreases as a result of the ground effect.

Table 20: Effect of ground clearance on the craft, with a constant chord length of 2m and span length of 6m

Skirt size | Height (h) hic CL Co CL/Co V (m/s)
Big 1.8m (A 0. 0.46¢ 0.404¢ 1.1 34
Mediur | 1.3m (B 0.65 0.704¢ 0.34 2.07 28

Smal 0.8m (C 0.4 0.968« 0.3344 2.89¢ 25.1¢

Figure 50: Various Skirt sizes with a constant chord length of 2m and span length of 6m

From equation 6, the velocity required to lift the WIG hovercraft was analysed against
the h/c. The relationship between the height of the wing and the required velocity to lift the
craft is shown in table 20. This shows that the lower the wing of the WIG hovercraft gets to
the ground, the lower the velocity required to lift the craft reduces and vice versa. This graph

shows that the required speed to lift the hovercraft depends on the ground's distance.
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In table 20, the effect of velocity required to lift the craft is evaluated and plotted in
figures 51 and 52, which show the lift and drag coefficient vs. required velocity to lift the
individual components of the WIG hovercraft. The overall lift and drag coefficient are
plotted by combining the individual components (the hull and wing), giving a higher overall
lift and drag coefficient. According to the plots, the relationship between the effect of the
ground and the velocity required is evaluated against the lift and drag coefficients, and it
reveals that as the WIG hovercraft gets closer to the ground, less speed is required to lift th
craft as a result of the ground's vicinity. At h/c of 0.4, the speed required to lift the vehicle
is 25.16m/s, resulting in a higher lift coefficient of 0.96 due to the ground effect, and hence
less fuel is consumed. When the h/c is 0.9, the speed required to lift the vehicle is 34m/s
with a lower lift coefficient of 0.464 and higher fuel consumption. Therefore, this indicates
that the closer the craft gets to the ground level, the less the velocity required to produce th
lift and vice versa. As the air flows over the wing, it also flows over the entire assembly
structure, increasing pressure and causing the lift. This is observed in the overall lift
coefficient of assembled components. The pressure difference increases as the wing ge

closer to the ground, resulting in less speed required to lift the vehicle.

Lift Coefficient vs Required Velocity
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Figure 51: Lift coefficient vs velocity to required lift individual components
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Table 21 compares the NACA 4412 wing with a constant “h” of 1.3m and its effect on
the lift and drag coefficient. Figure 53 to 56 shows the diagram for the cases. The effect of
the lift and drag coefficients is analysed from the table. Wings 1 and 2 had the same chorc
length and different span lengths. As the span length increases, the aspect ratio increase
causing an increased lift coefficient and a further reduction in the drag coefficient. While
wings 3 and 4 had the same chord length and variation in span length. As the span lengt
increases, the aspect ratio also increases, causing an increased lift coefficient and a furth
reduction in the drag coefficient. Furthermore, the height to chord ratio is affected by the
increase in chord length for different wing cases, as wings 1 and 2 had a h/c of 0.65 while

wings 3 and 4 had a h/c of 0.43 which causes an increase in lift coefficient for the lower h/c

wing.

Table 21: Comparison of increased chord and span with h=1.3m
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Figure 52: Drag coefficient vs velocity required to lift individual components

Chord (c) | Span (b)| h/c Aspect CL Co CL/Co
Ratio
Wing1 | 2m 6m 0.6% |3 0.704¢ | 0.34: 2.0%
Wing 2 | 2m 9m 0.6% | 4. 0.9757 | 0.330¢ 2.9¢
Wing & | 3m 6m 04z |2 0.744: | 0.335¢ 2.21°¢
Wing 4 | 3m 9m 042 |3 1.14¢ | 0.322¢ 3.€
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Figure 53: Wing 1- Chord (2m) and Span (6m)

Figure 54: Wing 2- Chord (3m) and Span (9m)

Figure 55: Wing 3- Chord (2m) and Span (9m)
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Figure 56: Wing 4- Chord (3m) and Span (6m)

From the analysis of Tables 19 and 20, it can be said that the h/c and aspect ratic
influences the WIG hovercraft's aerodynamic performance. Table 19 showed that reductior
of the h/c causes an increase in lift coefficient due to ground effect. In table 20, as the chorc
length was the same for wings 1 and 2, the aspect ratio differed due to the change in spa
length. This led to an increase in lift coefficient for the wing with a higher aspect ratio of 4.5
compared to the wing with an aspect ratio of 3. While wings 3 and 4 showed similar attributes
to wings 1 and 2. As the aspect ratio increased, the lift coefficient and the drag coefficient
decreased. Hence, the higher the aspect ratio, the more efficient the wing is, which mean
more wingspan and less lift-dependent drag. A higher aspect ratio at the same angle of attac
also means more lift coefficient (within limits). Thus, this analysis agrees with the literature
studies showing an increase in the aspect ratio. The lift coefficient and ground effect depenc

on the height above the ground [86].

3.4 DETAIL DESIGN AND ANALYSIS OF WING-IN-GROUND EFFECT
HOVERCRAFT.

From previous research on hovercraft analysis, the WIG hovercraft investigated in this
study adopted the design method to meet the search and rescue hovercraft criteria. Th
designed Wing-In-Ground (WIG) effect hovercraft should be able to support the primary
structural and subsystem loads, as well as offer space for on-board components. It wa
assumed that the WIG hovercraft would be used for search and rescue operations in aquat
bodies and could transport loads of up to 625 kg over shallow water, tidal terrain, and dry
ground. The WIG hovercraft shape was adopted using Royal National Lifeboat Institution
(RNLI) data. It was assumed to have a total weight of 1105 kg, the hull weighed 480kg, and

the tail assembly was assumed to weigh 45 kg. Based on the average weight of a male hum:

Chapter 3: Methodology 62



being, the passengers/crew weigh 320 kg (4x80 kg pp), and the weight of on-board items
including first aid kits, cabin tools and equipment, luggage, engine frame, and fuel tank is
assumed to weigh 60 kg. The thrust engine weighs 115 kg, while the lift engine weighs 85
kg. The vehicle will be able to carry the pilot, crew members, and people in distress for a
search and rescue service. It will also require storage for first-aid kits, fluids, and glides on
the water surface for 4 hours over an 80-kilometer range at a speed of 30m/s, as well a
ground effect heights varying from 0.5 to 5 metres. The following design method is

examined to meet these criteria [87 - 89].

Based on the design considerations, the summary of the WIG hovercraft design
parameters is shown in table 22. The estimate of crucial parameters and sizing of majo
hovercraft components are part of the design for an integrated wing-in-ground effect
hovercraft. The higher surface area for effective cushion pressure determines the vehicle'
length (M The longitudinal and transverse stabilities of hovercraft will be affected when the
length to width ratio is greater than half and lesser than half, respectively. For better stability,
the vehicle's width §) is set as half of its length. The plenum chamber lies between the top
DR & RRAP\X ITHVR W KK XOZ K RAK B K WHXBGK YOG SIKV ™). The condition of
water in the operating environment and the obstacles present in water, such as rocks, wave
DR GG YA P X VIEH FR QOVHHG ZK ®& GAMP LOQ JFX IR FBDIQ A ™). The gap which
DR 2/ WHHRHW IU R/ A5 HR PWHX KR QHIR (R VR G M W WHK RYID ™),
and it helps the vehicle to be in hover condition. The hover gap is controlled by the pressure
EXQNQNs M HX MR QY R FK KK B KRWK MR YURIDW™ LVP HDUX H5IUR P HE RRAP
of the skirt to the top surface of the hull. The effective region at the bottom of the hull is
considered a cushioned arga)which differs from the top surface area of the vehicle. The
amount of weight lifted by a hovercraft determines the cushion presajite pe produced,
which is directly proportional to the vehicle's total weight. The stagnation of flow inside the
plenum chamber and skirt will produce the bag press2ge Which is higher in value than
cushion pressure. These assumed calculations were adopted from previous research ¢

hovercraft design parameters [90].
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Table 22: Calculation of WIG hovercraft design parameters [90, 91]

Design Parameters Empirical Relation Value
Weight of Hovercraft (W m*g= 1105*9.8: 10840N
Operating speed(m, - 30m/s
Length ) - 8m
Width (w) w=I*0.E 4m
Hull depth hp) hp=1*0.1 0.8
Cushion clearancehc) hc= 1* 0.07 0.56n
Assumed Hover gathc) - 0.013n
Hovercraft heighth) h=hp+ hc - he 1.347n
Cushion Area («c) Ac = lp*wp 32n?
Cushion Pressure ¢) Pc= W/ Ac 338.75N/n?
Air escaping velocity (V) Ve=¥2 2/ ¢ 23.5m/s
Air escaping area (é\ H=(2+2S ) 0.312n%
Escaping air flow rate (§ Q= #/ &, 7.3m's
Power required ({p P= Egl Ui 2.5Kw

€
Bag pressure i) Pg= Fc*1.2 406.5N/n?
NACA 4412 chord length ( - 2m
NACA 4412 span length ( - 6m
Wing model aspect ratio AR= JLa& BauL(9 3
1 50¢ R U (( ¢

M-mass of the hovercrafty-width of the hovercraftj-length of the hovercraft,é air

density;h-hovering height.

Conditions such as hull length, width, air gap, and gross mass weight of the craft were
entered into the hovercraft calculating software to assist with fan selection, as shown in
figure 57. This software was also used to validate the calculations from table 21.

Figure 57: Hovercraft calculator [91]

3.4.1Fan Selection

Figure 58 shows the breakdown of the impeller part number code that would be used
in this study integrated hovercraft to provide both lift and thrust. The size of the impeller,
the number of blades, the pitch angle of the blade, and the power required are some of th

most important factors to consider when choosing an impeller. The power source (in this
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case - the engine) should provide enough power to run the impeller under the requirec

operating conditions. Industrial fans are commonly employed for this purpose.

This study requires a pressure of 339 N/m2 (Pa) and airflow of 7.3m3/s. The Multi-
Wing Optimizer database was used to provide the specification of the impeller chosen for
the WIG hovercraft [92].

Figure 58: Z- series impeller part number code breakdown [92]

The following design and modelling parameters were chosen for the final design based or
the results and analysis described in earlier chapters.

3.4.2 Solution

Ansys Fluent was used to simulate the WIG Hovercraft in flying conditions with
ground to the surface of the WIG craft is 0.05m for ground effect height. The coupled
pressure velocity scheme was adopted since it converges faster than the simple system. F
a more accurate result, a second order upwind approach was used on momentum, turbulen
kinetic energy, and turbulence dissipation rate special discretization for five hundred

iterations.

3.4.3 Geometry

Solidworks was used to create the WIG hovercraft, which was then loaded into the
Ansys design modeller. The model's overall length is LOA= 8.5m, the overall width is
WOA= 4.5m, and the overall height is HOA= 4.2m. To keep the simulation process simple,
a propulsion fan to propel the WIG hovercraft forward is not included in the simulation as
only the main WIG body was considered. The primary wing was a NACA 4412 with chord
and span lengths of 2m and 6m with an initial angle of attack of 5°. The horizontal tail wing
(NACA 0012) was designed to be 1m long and 3m wide. The design considered adding the
windshield to protect the drivers from facing the high wind speed. The geometry of the WIG
Hovercraft model is shown in figure 59.
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Figure 59: WIG Hovercraft Model

3.4.4Domain and Boundary Condition

A previous study on CFD domain size has suggested a minimum length of 5 times the
body's dimension along the flow direction to enable enough space for the boundary conditior
imposed at the domain outlet. Similarly, it is recommended to leave nearly double the body's

width on each side to allow for local flow deviation [93].

The solution domain was configured to be as long as 10 model lengths, as wide as ¢
model widths, and as high as 5 model heights. The model was placed 5m from the velocity
inlet with the height from the bottom domain to the wing as 1.3m. The velocity inlet was set
to 5m from the front point of the WIG model, with an air velocity inlet of 30m/s and a
turbulence intensity of 1%. The pressure outlet is positioned 70m behind the aft point of the
WIG hovercraft model, with an outlet pressure of 0 Pascal and a backflow turbulent intensity
of 5%. No-slip wall condition was assigned to the WIG hovercraft model and the bottom
plane of the domain. The domain's side and top boundaries were designated symmetry an

wall, respectively. Figure 60 displays the simulation domain and boundary conditions.

Figure 60: WIG Hovercraft domain and boundary conditions (a) Side View (b) Front View
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3.4.5Mesh, Turbulence Model and Validation

In this simulation, three mesh configurations were evaluated. From a previous

literature survey, decreasing the size of the mesh attached to the surface may increas
accuracy but require more memory and time [93]. As a result, an optimal mesh number for
the simulation process is necessary to provide an accurate result while consuming less tim
and memory. To determine the result dependency on mesh amount, coarse mesh with le:
than 0.7 million meshes, fine mesh with more than 0.7 million but less than 4 million meshes,
and finest mesh with more than 4 million meshes were simulated and tested. Thus, fine mes
with a mesh number of more than 0.7 million was chosen for the simulation process as it
gives almost accurate data as those with more than 4 million meshes. As seen in table 23 ar
IJXH 0 HKLQ GSHEG € AWMVZ HHWXX QX MD MK H667 N& W B XHIHP R GOHZ KK
consists of tetrahedral mesh.

Table 23: Variation of lift coefficient with different mesh number

Mesh Number (A) Coarse Mesh (B) Fine Mesh (C) Finest Mesh
Number of Elements | 664655 3393856 4647125
No of Nodes 119896 1081034 1419012
Lift Coefficient (G.) | 0.6492 0.6510 0.6512
Drag Coefficient (@) | 0.328 0.332 0.334
A B C

Figure 61: Mesh quality (a) Coarse, (b) Fine Mesh, (c) Finest Mesh

Figure 62 depicts the fluid (air) pressure contour around the WIG hovercraft model
body at O pitch. Pressure is higher at the bottom of the WIG hovercraft model body and
wing than at the top. This indicates that the fluid velocity below the WIG model travelled
slower and almost stagnated while creating lift force upward. The pressure contours indicate
a high-pressure region formed along the thickness of the platform's front face. As a result,

the sloped front is projected to allow the installation of the lifting fan with a maximum flow
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rate. Lifting power is generally determined by the mass rate and momentum change of the
airflow beneath the WIG hovercraft body. As a result, the fan inlet should be positioned in
the high-pressure areas near the front stagnation point to maximize lifting power. This is
required to provide a high-pressure air cushion beneath the body in comparison to the

pressure on the body's upper surface.

Figure 62: Pressure contour around the WIG Hovercraft

The important parameters in aerodynamics are based on the pressure and, therefor
forces generated on the body. The velocity domain around the WIG hovercraft is directly
linked with the pressure domain. In the present incompressible flow, the high-velocity
regions generate low pressure and vice versa. Therefore, the pressure contours are genera
in the post-processing of the present study to show the pressure acting on the WIG

hovercratft.

3.4.6 Modelling

The CAD model depicted in Figure 63 is used to perform CFD analysis to examine the
vehicle's flow characteristics. The WIG hovercraft body is imported into the Ansys
workbench. The body is taken as a computational domain to simulate the flow beneath the
skirt, and the edges of the domain are set as boundary limits for the CFD analysis. The
domain's side and top boundaries were designated symmetry and wall, respectively. The ga
between the bottom of the skirt and the ground is specified as a flow rate boundary conditior
to simulate the external flow of the skirt. Table 24 shows boundary condition for how the
design and modelling parameters for analysing the flow around the WIG hovercraft body

was determined based on the results and analyses given in previous chapters.
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Table 24: Boundary Conditions

Boundary Condition

Description

Moving Wall

No-slip wall moving at the free stream velocity of 30r

in +ve »-directior

n/s

Aerofoil surfac

Stationary wall with no slip conditic

Top and Side wal

Symmetn

Velocity inlel

Inflow velocity of 30 m/

Pressure Outl

Absolute static presst

Mass flux rate

Pressure boundary to generate the flowrate undernea

skirt.

th the

Figure 63: Isometric views of WIG hovercraft

Figure 64: Pressure distribution around the WIG hovercraft with flowrate boundary condition
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Figure 64 shows the pressure distribution around the WIG hovercraft with a pressure
boundary applied underneath the skirt to generate the flowrate. The CFD analysis is
performed in ANSYS Fluent post processor, and the results predicted a pressure rise insid

the skirt region and generated a mass flux rate of 6.4kg)/as seen in figure 65.

Figure 65: Mass Flux Rate

As the flux rate is positive, the fluid (air) flows outward of this region as a result of
forward motion. The velocity of escaping air is obtained in this location, as seen in Figure
66, and the fluid (air) flows out from the front of the skirt, with an outflow of 365Pa. As a
result, the pressure difference is created by the pressure differential between the model’
front and rear faces, which results in an increase in pressure and flowrate. There is pressul

loss underneath of the craft. In other words, air flows out from that region.
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Figure 66: Pressure contours underneath the skirt flowrate boundary
3.5 ETHICS AND LIMITATIONS

Both COVID-19 and the cyber-attack caused disruptions to the original work plan.
The lack of access to both computational and experimental resources for an extended peric
warranted significant amendments to the original plan. It was not deemed feasible to
complete practical work within the available time frame and therefore removed from the
work plan. Ansys workbench software was used to validate computational results agains
data from the literature. It has been widely used in the literature studies from previoue

researchers for the simulation of wing-in-ground effect crafts.
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Chapter 4: Results and Discussion

From the simulations, the pressure loss over a wing's top surface is greater than the
pressure loss over the wing's bottom surface. As a result, there is an upward (positive) ne
pressure force. This pressure force is the lift force. In this research, several wing design:
have been analysed to compare their performance efficiency based on the lift coefficient
ratio to drag against an increase in the angle of attack. The NACA 4412 has a greate
efficiency as compared to the NACA 0012 and DHMTU 12 wing design with the same

chordal length of 2m and span length of 6m, as seen in figure 67.

Lift to Drag ratio (G/Cp) vs Angle of Attack (AOA°),
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Figure 67: Lift to drag ratio (CCp) vs Angle of Attack (AOAP°) of different classes of aerofoil. (AR = 3)

Figure 68 shows the lift coefficient versus angle of attack for the isolated NACA0012
in ground effect and the tail wing, which is 3.8m above the ground ranging from -% o0 to 5
AOA. The diagram shows that as the angle of attack increases, the lift coefficient increase:
and vice versa for both cases. The Isolated wing produces a higher lift than it is in ground

effect, which was expected.
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Figure 68: Lift Coefficient vs Angle of Attack Tail Wing and Isolated wing (AR =3).

4.1 SOLID SKIRT VS HOLLOW SKIRT

Figure 69: Orienting views WIG hovercraft with Hollow Skirt with h/c = 0.65

Figure 69 shows the orienting views of the WIG Hovercraft with a hollow skirt with a
hollow depth of 0.5m. Figure 70 & 71 shows the comparison of coefficients of moments and
lift for a hollow skirt and solid skirt. The figures show similar trends to the previous figures
mentioned above, but the solid skirt tends to generate more lift than the hollow skirt because
there is no hollow shape beneath the skirt. As the fluid (air) that flows across the hollow skirt

is slower compared to the solid skirt, which results in the difference in lift coefficient.
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The essential parameters in aerodynamics are based on the pressure changes across
surface. The velocity domain around both skirts is directly linked with the pressure domain.
In the present incompressible flow, the high-velocity regions generate low pressure and vice
versa. Therefore, the pressure contours are generated in the post-processing of the prese

study to show the pressure acting on the solid and hollow skirt.

The simulated results, as shown in figure 72 to figure 76, it shows pressure and velocity

distribution around the solid and hollow skirt of the WIG hovercraft. The pressure analysis
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shows that the solid skirt experiences more pressure around its body region. The solid skir
has greater pressure than a hollow, and the velocity around the body is high in solid
compared to a hollow. Hence more pressure is generated around the solid skirt region t
achieve its lift, where a higher-pressure stagnation region is formed at the front of the solid
skirt, and a wake is formed behind the body, which is the low-pressure region. While less
pressure is generated around the hollow skirt body as a result of the hollow shape due to th
increased surface area as the air that flows beneath the hollow is slower than that of the soli
skirt.

SOLID

(@)

HOLLOW

(b)

Figure 72: Pressure contour showing the flow around the solid skirt (a) and hollow skirt (b)
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Figure 73: (Mid-section) Pressure contour side view of the solid skirt (a) and hollow skirt (b)
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Figure 74: Pressure Contour Beneath the solid skirt (a) and hollow skirt (b) with the view from the top of the
craft
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Figure 75: (Mid-section) Velocity Contour side view of the solid skirt (a) and hollow skirt (b)
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Figure 76: Velocity Contour Beneath the solid skirt (a) and hollow skirt (b) with the view from the top of the
craft

The hollowed-out model creates a larger wake behind the skirt. The low-velocity area behind
the skirt causes the form to drag on the hollow skirt, resulting in a higher drag coefficient and a more
realistic analysis of a hovercraft hull. The velocity contour plots of the solid and hollow skirts are

shown in Fsigures 75 and 76, where the absolute values of velocity differ slightly due to the different
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incoming fluid velocities. The hollow skirt generated a lift and drag coefficient of 0.42 and 0.38,
respectively, while the solid skirt generated a lift and drag coefficient of 0.651 and 0.33, respectively.

Based on the simulation results, the wing is placed 4.9m from the COG, and the wing should
be located slightly near the ground to provide sufficient lift with a reduction in drag coefficient, from
this study simulations. Hence from the analysis, the speed required to lift the WIG hovercraft is
29m/s. The NACA 4412, with a chord length of 2m and span length of 6m, was used as the main
wing, while the NACA 0012, with a chord length of 1m and span length of 3m, was used as the tail
wing for the initial design analysis of the WIG hovercraft, as validation was carried out on this wing.
From the analysis, implementing WIG technology has been seen to increase the lift coefficient of a

WIG hovercraft based on it flying in ground effect

4.2 FLOW INTERACTION

There is a strong flow field at the rear of the craft, where the vortex formation is at its
strongest, as seen in figure 77. The direction of the flow as it interacts with the wing and
skirt moves in the opposite direction at the bottom of the skirt in figure 78. As air (fluid)
flows across the WIG hovercraft, there is an outward flow underneath the skirt, as seen ir

figure 79.

Figure 77: Vector plot of flow around the mid-section of the WIG hovercraft
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Figure 78: Vector plot of flow between the wing and bottom of the skirt.

Figure 79: Direction of flow underneath the skirt.

A further assumption on the interaction of flows between the wings and the hull body
is established. Through the interaction of flow over the hull body, increasing the lift of the
wing can reduce the total drag experienced by the hull. Changing the flow from the main
wing will also change the flow experienced by the rear wing. Due to these interaction effects,
the aerodynamic features of the entire vehicle would need further investigation on each wing
position. This is a complex process that is beyond the scope of this study. The proximity of

the main wing to the hull can lead to interactions of the flows from the wing and skirt, as the
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wings tend to generate lift and vortices. Interaction between the wing and skirt can reduce
this lift and increase the downforce generated by the wing, or the reverse, depending on win

location.

From the comparison between the WIG Hovercraft and other search and rescue
vehicles in section 2.4, Studies indicate that the ground effect increases static pressure by 4
percent, resulting in lifting force increases [94]. The development and operational costs of a
WIG hovercraft are low, as it can operate without the need for airports or other facilities.
The speed of a WIG hovercraft would be faster than other rescue vehicles as it would be abl
to save more lives at a quicker rate for maritime accidents. Based on these benefits, th
vehicle has the potential to be used in search and rescue operations to save lives at a quick
rate. However, the safety of the WIG hovercraft has not been fully developed to a certain
grade, particularly in terms of vehicle maintenance and production costs. Table 25 shows the
comparison of the lift and drag values of the hovercraft model. The drag force for the WIG
hovercraft was expected to have a slight increase in its drag value as a result of the addition:

components, such as the wing and tail wing.

Table 25: Comparison of Lift and Drag values of the hovercraft model.

Force (CFD Result] Without Wing With Wing
Lift 2117N 11466N
Drag 4763N 5821N

Using the current position rescue and distribution facilities accidents, the distance and
time required to reach the crash site of each type of vehicle are determined. In this case, th
current rescue facilities and various rescue vehicles have been selected. The distance fro
the accident is 193 km (120 miles) from the Aberdeen RNLI rescue facility based on the
pipe alpha accident as seen on figure 80 [95]. Table 26 shows the various rescue times ¢

different rescue vehicles.
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Figure 80: Piper Alpha's location in the North Sea, 193 kilometres (120 miles) north-east of Aberdeen,
Scotland [95]

Equation 9 solves for the rescue time of the Piper Alpha accident for table 26 by using
the speed formula to calculate how long it will take each rescue vehicle to arrive at the scene

and save the victims. The distance between the rescue facility and the accident is 19:

kilometres (120 miles).

S5LAA@L

Table 26: Current Prototype rescue vehicles (RNLI) and WIG hovercraft [96 - 98]

YWieCa (o
o
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Equation (9)

Rescues Vehicley Speed (m/s) Weight (kg) Seat Rescue time
(mins)

RNLI  Shannon 13 m/s 18288 kg 6-18 247.6 mins

lifeboat passengers

RNLI Inshore| 13.4 m/s 165 kg 2-6 240.2 mins

Rescue Boats passengers

RNLI Rescue 15m/s 3922 kg 2-6 214.6 mins

Hovercraft passengers

Recreational WIG 33 m/s 383 kg 2-6 97.5 mins

Hovercraft (UH- passengers

18SP

WIG Hovercraft | 30m/s 1105 kg 2-6 107.3 mins
passengers
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According to table 26, current rescue vehicles required up to 3.5 hours to reach the
accident site, whereas the recreational WIG hovercraft and WIG hovercraft required up to
1.7 hours. As a result, this creates the possibility for a faster vehicle to be adopted in searc
and rescue operations to save victims of maritime accidents more quickly. Furthermore, the
rescue boat and helicopter costs more than the wing on the ground during the rescu
operation.

A WIG hovercraft would be clearly more efficient than identical aircrafts and faster
than equivalent marine vehicles due to the ground effect. This creates the possibility for a
faster vehicle to be adopted in search and rescue operations, allowing victims of maritime
accidents to be saved more quickly.
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Chapter 5: Conclusion

The thesis aimed to find the influence of WIG technology on a search and rescue
hovercraft. It is found that the influence of the ground effect has significant effects on the
lift and drag coefficient for the wing and hull of the WIG hovercraft vehicle, based on the
variation of the aerodynamic performance of the wing. The introduction of wings to a
hovercraft increases the lift coefficient and decreases the drag coefficient, while the lift-to-
drag ratio increases due to increased lift. The study showed that a WIG hovercraft with a
low aspect ratio, having the wing located closer to the ground, will increase the lift

coefficient and reduce the drag of the craft.

The influence of ground effect on the wing of a WIG hovercraft has significant effects
on the lift and drag coefficient based on the variation of the aerodynamic parameters of the
wing. It was found that apart from the aspect ratio, angle of attack, and the aerofoil's height
to chord ratio (h/c), the aerofoil's geometry also strongly influences the aerodynamic
characteristics of the configuration when operating in ground effect. The decision to
investigate different classes of aerofoil at a large range of angle of attack and h/c values wa

justified as this allowed for a more substantial analysis.

From this thesis, the hovercraft base model has been taken as a design model, and i
size and performance have been studied. The base structure was designed, and its lift a
drag have been determined. The NACA 4412 aerofoil was attached to the hovercraft to
produce lift, which the fan had already produced. The wing-in-ground effect hovercraft
model design was carried out at an optimized angle of attack of 5°. The NACA 0012 wing
was used as the tail wing for the purpose of stability.

The lift and drag coefficient performance measures were calculated against the various
DR HR IDMNLQJ B X HGPAX M JK H667 N & M B X AP R GOH KHUWWX WIQ GG
that the influence of the ground effect could be utilized for a higher amount of lift and lower
induced drag to create a WIG hovercraft intended for search and rescue operations to sau
victims of maritime accidents at a quicker rate with better efficiency and good stability. The
attached wing produces the speed required to provide the lift force as there is an increase |
lift and reduction in drag from the initial result. In this wing-in-ground effect hovercraft, the
most engine power will be delivered to propulsion alone. Thus, it is feasible for a wing-in-
ground effect hovercraft to be used in search and rescue operations at sea state 2 at higf

speeds with built-in lift wings.

Hence, this study provides a detailed procedure for the preliminary design of a wing-

in-ground effect hovercraft. Considering that the craft is essentially a combination of a
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hovercraft and a plane, many parameters must be considered. The ability of a WIG hovercratf
to handle sea state opens the potential usage to coastal, interisland, and major rivers. The
is a tremendous potential for this technology to be developed further using modern
sustainable means of propulsion. Further developments in this technology may result in ¢
faster means of saving lives in search and rescue operations, access to new routes, and lor
distance oceanic transportation significantly less expensive than a plane while being faste

than a regular ship.

Future Work

A further study on the optimisation approach to the WIG hovercraft should be carried
out by the addition of flaps for improved performance of the craft. Furthermore, a
comparison of the computational and experimental analysis of the optimised WIG hovercraft

should be conducted to produce more accurate results and alternate findings.
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Appendix B: Aerofoil Terminology
xLeading edge: The point at the front of the aerofoil that has maximum
curvature (minimum radius).

xTrailing edge: It is the edge of the aerofoil which is pointed in nature. It is

located at the back side of the aerofoil.
xChord length: This is the length of the chord line.

xChord line: This is a line that connects the leading and trailing edges of the

aerofoil.

xAngle of attack: It is the angle formed when relative wind hits an aerofoil. It
is the angle formed by the chord line of the aerofoil and the direction of the relative
wind, it is an important parameter which affects the coefficient of lift and drag.

xChamber line: This is a line that connects the leading and trailing edges of an

aerofoil, dividing it into two symmetrical parts. It could be a straight line or not.

xStall angle of attack:This is the angle of attack at which the lift coefficient is

at its maximum and then begins to decrease.

xMaximum Thickness: The thickest part of the wing expressed as a percentage
of chord thickness [99].

Figure 81: Aerofoil Terminology [99]
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Appendix C: Pressure Coefficient

The pressure coefficient of the lower surface is always higher than the pressure
coefficient on the upper surface. On the lower surface, it remains almost constant,
whereas the upper surface gradually rises from the leading edge to the trailing edge of
the aerofoil, as shown in figure 82. Since the pressure coefficient on the lower surface
of the aerofoil was greater than the pressure coefficient of the incoming flow stream,
the aerofoil was forced upward, normal to the incoming flow stream. The CFD plot

shows a similar trend to that of the experimental data plot [100].

Pressure coefficient of NACA 4412 (AOA =12°, Re= 1810
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Figure 82: NACA 4412 Pressure coefficient graph of 12 degrees AOA at 30m/s
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