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DESIGN AND CONTROL OF A PNEUMATIC TRANSPORT SYSTEM

ABSTRACT

In this thesis, hovercrafts, the most common pneumatic transport systems and
their controls are investigated. To success in hovercraft design critical points are
thrust and lift systems. It can be difficult to correct errors after the craft has been
completed. So the aim of this work was to develop a method of predicting the
performance of a hovercraft. The relationships between lift and thrust, blade angle,
engine speed, fan pressure are investigated. At the last stage, a model of hovercraft,
controlled by a remote control, was designed and built according to calculations.

Results are rechecked on hovercraft model.

Keywords: Hovercraft, lift and thrust system, ducted fan systems.
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PNOMATIK TASIMA SISTEMi TASARIMI VE KONTROLU

(074

Bu tezde, en yaygin pndmatik tasima sistemi olan hovercraftlar incelenmistir.
Hovercraft dizayninda basarili olabilmek icin kritik noktalar itme ve kaldirma
sistemleridir. Tagima sistemi yapildiktan sonra hatalar1 diizeltmek zor olabilir. Bu
ylizden bu c¢alismanin amact hovercraft performansin1 Ongoéren bir metot
gelistirmektir. Kaldirma ve itme kuvveti, kanat acisi, motor hizi, fan basinci
arasindaki iligkiler arastirilmistir. En son agamada ise hesaplara dayali uzaktan
kumanda ile kontrol edilebilen bir hovercraft model yapilmis ve sonuglar tekrar

model iistiinde kontrol edilmistir.

Anahtar sozciikler: Hovercraft, itme ve kaldirma sistemleri, kanalli fan sistemleri.
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CHAPTER ONE
INTRODUCTION

1.1 Introduction to Hovercraft

Hovercraft is a vehicle that can travel over both land and water. It was
invented by Christopher Cockerell in 1956. It is also called air cushion vehicle or

ACV. It rises above the surface on a cushion of air.

Figure 1.1 Hovercraft rising on land. Figure 1.2 Hovercraft is landing.

Hovercraft can be powered by one or more engines. Thrust and lift are two
important forces for hovercraft. If the craft has several engines, thrust and lift
forces are supported by different engines. One of them is responsible for lifting
the vehicle by forcing high pressure air under the craft. Other additional engines
provide thrust in order to drive craft forward. Small crafts usually have one
engine. They use ducted fan systems. Fan is diverted by a splitter plate. A portion
of the air flow provides lift force and the rest of the air passing out of the back to

push the craft forward. These crafts are called integrated hovercratft.



Figure 1.3 Integrated hovercraft layout.

1.2 Applications of Hovercraft

Applications of hovercraft can be written in 4 topics.

1.2.1 Civil Ferry Applications

Hovercraft can be used as passenger ferries, logistics vehicles or personal craft.
Transport can be done on shallow water, beaches, swamps and other regions which
conventional ships find it difficult to have access to. The first passenger-carrying
hovercraft to enter service was the Vickers VA-3, which in the summer of 1962
carried passengers regularly along the north Wales Coast from Moreton, Merseyside,

to Rhyl. It was powered by two turboprop aero-engines and driven by propellers.


http://en.wikipedia.org/wiki/Moreton,_Merseyside
http://en.wikipedia.org/wiki/Turboprop

1.2.2 Military Applications

Military Forces easily saw the benefit of hovercraft. It can travel over rocks which
can easily damage a normal ship. It is a new landing vehicle for military services. It
is easy way to transport tanks over swamps. As one example, the US Navy continues to
develop its amphibious landing fleet with the LCAC, each of which can accommodate heavy
or medium sized tanks and landing troops. Landing ships constructed in the future must
possess the capability to accommodate the LCAC. The effectiveness of the US Navy craft,

and Russia's equivalent, has resulted in Japan forming its own squadron for coastal defence

duties (Yun & Bliault, 2000).

1.2.3 Arctic Transport

Hovercrafts can be used on ice as transport and communication vehicles. They can also

be used as ice breakers.

1.2.4 Load Transporters

Hovercrafts can also be used in closed areas like factory, warehouses or workshops. They

used carrying load from one machine to another in the factory.



CHAPTER TWO
WORKING PRINCIPLE OF HOVERCRAFT

Hovercraft working principle is based on air cushion theory. Development of air

cushion theory is closely related to the development of hovercraft.

2.1 First Mentioned Theories for Air Cushion

Although the theories are too old, they are still useful to understand air cushion theory.

2.1.1 Thin Peripheral Jet Air Cushion Theory

The peripheral jet system was used in the early days of development of the air
cushion technology. Figure 2.1 shows schematic of this system. In this system, a
curtain of air is produced around the periphery by ejecting air downward and inward
form nozzle. This curtain of air helps contain the cushion under the vehicle and
reduces air, which runs away from the cushion area. Therefore, it could offer higher

efficiency than the simple plenum chamber.

Cushion pressure produces lift force, but in addition to this, the air jet also
provides a small amount of vertical lift. Under steady-state conditions, the weight of

the vehicle W is balanced by the lift force F., is calculated (Wong, 2001) as

Fopy =W = pey A, +J,1,sin6, 2.1)

Pey - Cushion pressure
Ji : Momentum flux of the air jet per unit length of the nozzle.
L; : Nozzle perimeter

: Angle of the nozzle form the horizontal.



p+dpP

Figure 2.1 Geometry of peripheral jet system.

2.1.2 Exponential Theory for Air Cushion

Mr. Stanton-Jones of the British Hovercraft Corporation developed a relation
based on the assumptions that the back pressure at the edge of nozzle, namely the
side close to the atmosphere, was equal to the pressure of the atmosphere, and the

back pressure at the inner edge of the nozzle was equal to p, .
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Figure 2.2 Cushion cross section.

The flow rate and total pressure of the lift fan can then be derived (Yun & Bliault,
2000) as

p./p =1-e™ (22)



x=0+cosO)t/h (2.3)
0=1[2/p 4hp, " [1-(1=p,/ p)**1/(1+cos 0)} (2.4)
p. : Cushion pressure (N/m?)

D, : Total pressure (N/m?)

t : Width of nozzle (m)

h : The air clearance (m)

2.1.3 Plenum Chamber Theory

This theory is similar to thin peripheral jet air cushion theory. For plenum
chamber theory duct configuration is different. So the flow streamline for the air
escaping from the cushion periphery is different. A typical example section for this
type is shown in Fig 2.3. The cushion flow is pumped from air ducts directly into the
cushion rather than from peripheral nozzles as for a peripheral jet hovercraft. Flow
diffuses in the plenum chamber and forms the air cushion. For this reason, the
relation may be derived simply because the pressure in the plenum chamber can be
considered as a uniform distribution. In fact, this was validated by testing of manned
craft, with the exception of hovercraft operating at high speed and with high
frequency heaving and pitching. Thus the unit flow rate around the craft periphery
can be written as follows (Yun & Bliault, 2000)

O=02p./p,phl)] 2.5)
2.1.4 The A.A. West Single Wall Theory
A.A West singe wall theory based one major rule.

e The total pressure along the section of jet and the static pressure along the

nozzle are always constant.



(Yun & Bliault, 2000) point out the calculations as shown below.
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Figure 2.3 Cross section of plenum chamber cushion 1: lift fan, 2: lift engine,
3: propulsion engine and propeller, 4: bow seal, 5: air cushion plenum chamber,

6: rigid surface, 7: sidewall, 8: stern seal.

Flow momentum for the air jetted into the cushion, per unit length of nozzle, may be

written as follows
2
Mj = pan t (2.6)

According to the Bernoulli equation, the total pressure of the jet at the nozzle, the

sum of the static pressure head and dynamic (kinematic) pressure, can be written as

P =p.+05pV; 2.7)
thus
M, =2p, - pot (2.8)



where ¥V, is the jet velocity at nozzle, ¢ the nozzle thickness, p, the cushion pressure

and p, the total pressure of the jet at the nozzle.

Figure 2.4 Hypothesis for air jet streamlines based on A. A. West’s single wall theory.

Meanwhile, it is assumed that the flow momentum per unit length of air curtain
along the streamlines AA' and BB' to the atmosphere was M and remains constant at
the locations e and o. On this basis there is no loss of flow momentum along the

streamline AA".

According to Newton's formula, the equation which describes the controlling section

shown in Fig. 2.4 may be written as follows:

1
M cos0+M, = p.h, — poh, - [ psin 6dl (2.9)
0



where 4, is the vertical distance between the rigid bottom of the craft and the rigid
surface, A, the vertical distance between the lower tip of the single wall skirt and the

rigid surface, p the static pressure of cushion air on the inner wall of the skirt, py the

atmospheric pressure, and [ the length of the angled skirt wall.

The static pressure locally along the inner wall of a skirt is variable, hence the
integral in the last term of equation (2.9). The closer it approaches the lower tip of
the skirt, the lower the pressure and nearer to atmospheric pressure. However,

globally it is reasonable to assume that the static pressure mentioned above is

constant, namely cushion pressure pc and then the above formula may be written as
M ;(cosO@+M,/M,)=(p,— py)h, (2.10)

Based on the Mayer velocity distribution and boundary layer thickness for a two
dimensional jet with enclosing wall and turbulent flow, the ratio of flow momentum

at section e to that at section j has been derived by A. A. West as follows:

M, M; =275/t =2.75((h, —h,)/(tsin )" (2.11)
where h; is the air clearance of the nozzle.

Upon the substitution of equations (2.8) and (2.11) in equation (2.10), we have

pc_p() 1

p, =D, 1+1{h /[2tcos@+2.75((h, —h,)/tsin@) "1}

Thus, the flow rate per unit air curtain length can be written as

m=p,2(p,—p.) p, 1" t/h,

or



10

= 0.5 :‘ 1 . —0.45 ‘ (2.12)
[p.(p. = p)I”* | h[cosO+2.75((h, —h,) (tsin0) **]
The lift power per unit air curtain area can be written as
Nlp, (p. - py)’ 1" =%t/ h)[1+{h, /[2tcos@ +2.75((h, —h,)/tsin @) ¥ ]}]* (2.13)

x{h, /[2tcos@ +2.75((h, —h,)/tsin @)+ 1}°7



CHAPTER THREE
DESIGNING AN INTEGRATED HOVERCRAFT

Craft overall size, weight, performance, control, cost, noise, life expectancy,
appearance, requirements for maneuverability and comfort are the parameters which

designer should firstly think about.

Performance capability, and size are more important then the others. After that,
principle subsystems such as lift system, thrust system, skirt and cushion system
should be determined. Analysis outlined in this chapter is designed for typical

integrated hovercraft layout shown in Figure 1.3.

3.1 Lift Characteristics

3.1.1 First lift

This is the first lift point which skirt is filled with air. Craft shows signs of lifting.
But there is no hover gap craft is still stationary. This means that cushion pressure is

equal to the lift pressure but the airflow is assumed to be negligible.

For the calculations, it may be useful to assume a small lift air flow at this

point.0.3m’/sec air flow is enough for calculation. This is really a theoretical point.

3.1.2 Design Lift

On this point it is assumed that there is no friction between craft skirts and floor.
Design lift point, expressed in engine rpm, represents the craft hovering on a smooth
ice. Hover gap value is equal to design value. Because of the escaping air, craft lose
from cushion pressure. So the cushion pressure is the sum of lift pressure and air

flow pressure.

11
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For good maneuverability, this point should be on same line with minimum thrust.

3.1.3 Maximum Lift

Maximum lift point, expressed in engine rpm, represents the craft hovering on a
shingle or long course grass. In the calculations air flow is multiplied with coefficient
for this point.

This point represents the limit of the craft performance. For good
maneuverability, at this point thrust should be maximum too. So craft can manoeuvre

away from difficult location.

3.2 Thrust Characteristic

Thrust is the force that moves a hovercraft forward. It comes from either a

propeller or a commercially available fan.

3.2.1 Minimum Static Thrust

Minimum thrust and design lift point have an important relationship. Because it

represents the minimum thrust that can be applied whilst hovering.
3.2.2 Maximum Static Thrust
This is the maximum thrust associated with a given design.
3.3 Formulas for Integrated Hovercraft
As mentioned above, we need to write equations for the various parts of the lift
system.
Pressurep,,=f (flow rate, rpm)

Pressureyanser holes=f (flow rate)

Cushion pressure =f (craft mass)
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3.3.1 Lift Calculation

For calculating lift force, the first think we need to know total weight of the craft

including passengers. Second one is the area of the craft, enclosed by the skirt points.

3.3.1.1 Cushion Pressure

m .
p, =8 (3.1)
a

Pe : Cushion pressure (Pa)
m, : Craft mass, ready to fly, including payload, fuel etc. (kg)

ac : Cushion area which is enclosed by skirt points (m?)
3.3.1.2 Discharge Coefficient

Discharge coefficient depends on the angle formed between the skirt and the

ground

£=1300

N o

H,=1920
o

5 (Air feeding hole)

X

o
3

=

=

[

IJ.I-J

T

{=45°
7 VA A S A S A A A S A A A AV AV A A A

Figure 3.1 Cross section of a skirt which has 45 degree @ from ground.
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(Brooks, 2005) defines discharge coefficient for the escape of cushion air using the

Von Mises formula.

0.345.10”

4

-3 -4
DC(0)=O.5+0'4'10 9+0.109.120
deg deg

© 0.494.107

3

6’ 0’ + 0* (3.2)

deg deg

D, (60) can be calculated for different skirt angles.

3.3.1.3 Cushion Flow Rate

(Brooks, 2005) calculate the flow rate of air escaping from the cushion as

Vnom = 3pc hCPc 'Dc (0) (33)
\} ol

. . . 3
L : Volume of air escaping from cushion area (m’/sec)

P : Air density (kg/m3)

Pe : Cushion pressure (Pa)

CP. : Perimeter of craft at the skirt points
D (0) : Discharge coefficient

3.3.1.4 Pressure loss from transfer holes

Air sucked in to the duct by the help of propeller. A portion of air, which is called
lift air, guide inside to transfer duct by splitter plate. This air pass through the
transfer holes and goes into the plenum chamber, enclosed by skirt. See Figure 3.2.

During this process, air lose some pressure called transfer hole pressure loss.

Pressure drop due to these holes is significant and should be taken into account.

(Brooks, 2005) defines transfer hole pressure loss as
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2
P v
Ap (V)=—| ——— 34
P, (V) 2(0,Dc(9,)j (3.4)
a : Total Area of plenum transfer holes

Figure 3.2 Air streamline in a integrated hovercraft.

3.3.1.5 Determination of Lift Characteristic Points

There is three important characteristic lift point that must be calculated before
design.

e First lift point

e Design lift point

e Maximum lift point

Important of these characteristic lift points is explained in 3.1.

Table 3.1 Characteristic point properties

Cushion Cushion flow Fan
Lift Point Pressure rate pressure
Pa m’/sec Pa
First Lift Pc Zero Pc
Dﬁzifr" Po Qq Pet+ APy
Max Hover Pe Qu.Ks PctApp
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3.3.1.5.1 Determination of First Lift Point. This is the first lift point which skirt is
filled with air. Cushion pressure and flow rate can be calculated form equation 3.1

and 3.3.

3.3.1.5.2 Determination of Design Lift Point. At that point loss of pressure from

transfer holes must be included.

vV, =V

Fan pressure = Ap, (v,)+ p,

2
Fan pressure = P 4! + M (3.5)
2\ a,D.(6,)

3.3.1.5.3 Determination of Maximum Lift Point. At this point coefficient ky must

be taken in to account. (Brooks, 2005) gives the coefficient ks as shown below.

Table 3.2 Design factor for non ideal surface conditions

Design
. - Factor
Non ideal surface conditions coefficient
Ks
ice = 1
hard mud = 1.2
very short or wet grass = 1.3
sand or 4" grass (pliable) = 14
short course grass = 1.5
wet or sticky mud or long pliable grass = 1.6
very choppy water or long course grass = 1.7
very sticky mud or shallow shale = >1.8

Cushion design flow rate must be calculated as shown below.
vV, =V

nom S

Fan pressure = Ap, (v,)+ p,

2
V2 + mcg
a,Dc(6,)

Fan pressure = E(

2
(3.6)



3.3.2 Determination of Thrust

17

(Fitzpatrick, 2003) describe thrust as a force applied by the volume of air passed

at the discharge of the fan. The basic equation for thrust is given below.

r=90,V,p
T : Thrust without drag or losses (N).
Qq : Quantity of air at discharge velocity (m’/sec).

Vq4 : Discharge velocity (m/sec).

P : Density of air (kg/m’).

(3.7)

But this formula must be modified including the drag momentum. In which condition

does the drag momentum comes out? Fans take the air inside the duct and increase its

velocity and pressure. If the air has also thrust against the fan, it can’t increase the

pressure same amount. This means,

T

net

= T - Tdmg
Tdrag = QdVop
T, =V, p)—(Q,V,p)

Tnet = de(Vd - VO)
Qg can be written as A x Vq4 then,
Tnet = Vd Ap(Vd - VO)

A : Fan area (m?).

3.3.3 Choosing Fan and Engine

(3.8)

After calculating maximum lift pressure from equation 3.6, we can decide which

fan we will use.
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It is important that to decide the hovercraft type. If it has two engines, this means
thrust fan and lift fan will be different. This is the most important point for choosing

fans.

Every fan has different characteristics. Also same fun has different characteristic
under different conditions. Characters shown below for a fan are enough to make

decision.

e Static pressure

o Air flow

e Rpm

e Power consumption
e Noise

e Efficiency

e Blade angle

e Tip speed

e Discharge velocity

Assuming that maximum lift pressure is 500Pa and enough flow rates for cushion
are is 2.1m"/sec. Figure 3.3 and Figure 3.4 are the characteristic curve for different
two fans. Both of them have three blade and same diameter. Red dot on the curves is

point out the working point. Table 3.3 shows the differences between two fans.

Table 3.3 Values taken from figure 3.3 and figure 3.4

D:600mm, 3 Blade,
3500rpm, 25deg

D:600mm, 3 Blade,
2900rpm, 35deg

Blade Angle Blade Angle
Rpm 3500rpm 2900rpm
Air flow 2.2 m%/sec 2.2 m%/sec
Static pressure 500Pa 500Pa
con';ﬁ"l;’]:rﬁon 2.59HP 3.18HP
Efficiency %58.3 %50.4
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Power consumption [hp]

Static pressure [Pa]
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Both fans are suitable for working point. But the one which has 25degree blade can
reach to working point later then 35 degree. On the other hand 25 degree blade is
more efficient and consumes less power on same rpm. So the choice is depend on

what is wanted and also to the engine.

Engine power curve and fan power curves play an important role of selecting fans
and engines. It is not possible to find power curves for every fan. But it is possible to
calculate depending on one sample by the help of fan laws. (Brumbaugh, 2004, chap.

7) gives a detailed chapter about fan laws.

1. Fan speed delivery will vary directly as the cfm ratio.

NewRPM = OldRPM x [w}

OldCFM

2. Fan and system pressures will vary directly as the square of the rpm ratio:

NewRPM

NewSP =
OldRPM

2
} x OldSP

3. Brake horsepower (bhp) on the fan motor (or air horsepower of the fan) will

vary directly as the cube of the rpm ratio:

NewRPM

3
x OldBHP
OldRPM

NewBHP = [

By the help of 3™ law and matlab program, power curves for these two fans easily

plotted. See the Figure 3.5.
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Figure 3.5 Power curves for Wingfan D=600mm, 3 Blade, 2900rpm, 35deg Blade Angle
and D=600mm, 3 Blade, 3500rpm, 25deg Blade Angle.

(Fitzpatrick, 2003) gives an example in his work. Engine curve belongs to
Kawasaki KR1 motorcycle and fan curve belongs to 900mm 6-12/5Z Multi-Wing

fan.

From figure 3.6 can be seen that around 10000rpm engine can supply approximately
60BHP and fan consume all of it. There is no power available to accelerate the fan
to higher speeds. This means that fan curves above the engine curve are not suitable

for this engine.

3.4 Designing a Skirt

A skirt should cover the following requirements.
e [t should supply the enough cushion air at the design hover height.
e After having deformed it must return to its original shape.

e [t should give the adequate stability.
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e [t should have long operating life.

Figure 3.6 Kawasaki KR1 motorcycle engine curve and 900mm

6-12/5Z Multi-Wing fan curve matching.

There are several types of hovercraft skirts, but the most commons are jupe skirt,

bag skirt, finger skirt and bag finger skirt.

3.4.1 Jupe Skirt or Cell Skirt

This skirt type is the simplest one. It is also known as cell skirt. Jupe skirts are
difficult to inflate especially while sitting on a surface like grass.
Each cell is separate from others as seen in Figure 3.7.This means each jupe should
be fed directly from the fan to obtain maximum cushion stability. It is used on

Sedam N.300, Sedam N.500, Bel1 Carabao, Aerojet Manta.
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Figure 3.7 Jupe skirt or cell skirt type.

3.4.2 Bag Skirt

Bag skirt is simple to design and construct. But it gives a more drag force then
finger type skirt. Depending on the pressure it has limited clearance while facing
with obstacle. Lift system feeds all the air into the skirt. After that air pass through
small holes in the inner skirt wall into cushion. It is possible to change pressure by

controlling the number and the size of the holes.

Figure 3.8 Bag skirt type.
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3.4.3 Finger skirt

Finger skirt has less resistance when passing over grass or rough ground. It is easy
to design and construct. It is consist of small size segments. So repair work is also
easy. It also has good sealing properties. This means less dust, less noise and less
horsepower. At lift off, a hovercraft with a finger skirt does not take water into like a

bag skirt. However, they are not as stable as the bag or jupe skirts.

Figure 3.9 A hovercraft with finger skirt.

3.4.4 Bag and Finger Skirt

Bag and finger skirt system is most widely used one. But it has still problems.
(Chung, 1997) point out its problem as its tendency to produce a rough ride and

other is its susceptibility to an instability known as skirt bounce.

Bag behaves like a damper. It provides comfort while driving on the waves at
high speed. By the help of fingers, drag forces are reduced. It is easy to repair
fingers. They are made by small pieces. Even with the partial loss of up to 3 fingers,
craft can go further. And also for repairing, it is easier and cheap to replace 3 fingers

than a whole bag.

3.4.5 Comparisons between Skirt Types
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(Fitzgerald & Wilson, 1995) point out advantages and disadvantages

between skirt types in table 3.4.

Table 3.4 Comparisons between skirt types.

Bag Segmented/Finger | Jupe/Cell
Cost Low High Low
Labor Low High Medium
Drag
Smooth water Same Same Same
Rough water High Low Very high
Mud High Low Low
Grass High Low Medium high
Ice Same Same Same
Smooth snow Medium Low Low
Rough snow High Low Medium
Repairability Hard Easy Hard
Life Good Moderate Good
Durability Good Poor Moderate
Stability Good Poor Excellent
Plow in Same Same Same
Roll ability for turning Slight Excellent Light
Dust and spray Poor Good Poor
Colors available Limited Unlimited Limited
Ease of attachment Moderate Easy Moderate hard
Weight of skirt Low Moderate Low
Hump performance Moderate Good Poor moderate
High speed Good Moderate Moderate
Bulkiness Poor Poor Good
Appearance Moderate Good Moderate
Bounce Poor Good Good
Z:;f‘c;;n;ance when Moderate Good Poor
Potential for development | Good Good Good
Over water rapid
take off ability Poor Good Excellent
from long time
floating mode
Obstabcle capability Poor Good Poor
Complexity Low High Moderate




{ff? WVehicle Hard Structure

Figure 3.10 Cross section of a bag and finger skirt.
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CHAPTER FOUR
IMPLEMENTATION

Figure 4.1 Model hovercrafts design photo from CAD program.

4.1 Craft Overall Size

Deciding outer dimensions for hovercraft is important. Length (L) and width (W)
determine the lift surface for craft. If we look through hovercrafts dimensions from
past to today, they are longer then they are wide. (Fitzgerald & Wilson, 1995)

describe L/W as shown below.

L/wW<2 For standard craft
L/W <3 For high speed craft

If the hovercraft hovers too high, it results with instability. Because of this, crafts
hover close to the ground. According to (Fitzgerald & Wilson, 1995), a maximum
overall height (D) to width (W) ratio for small hovercraft is 1:1 but more
usually 1:2. D is measured from the tip of the propeller to the ground while

craft is hovering.
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In the light of above information, I decided model hovercraft outer

dimensions. See figure 4.2.

Length (L) = 750mm
Width (W) =450mm
Maximum overall height (D) = 385mm
LW = 750 =17<2

450

D/w :ﬁ =0.85
450

L

i
)
J S

- 450 -

Figure 4.2 Front view of model hovercraft.

Perimeter of craft is needed for calculation of flow rate of air escaping from the

cushion. It is calculated as 2.1m.See Figure 4.3
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Figure 4.3 Model hovercraft perimeter and transfer holes diameter.

4.2 Craft Weight

The model is made by medium density fiberboard (MDF). MDF is resin
impregnated, pressed wood fiber product that can be shaped, sawed and drilled with

common woodworking tools. Strength and mechanical properties of MDF is shown

in Table 4.1 (Hoadly, 2000).



Table 4.1 Strength and mechanical properties of MDF

Value for
. medium
Property Unit density
fiberboard
Density pcf 33-50
Specific gravity - 0.53 - 0.80
Modulus of elasticity .
(bending) 1.000psi 325-700
Modulus of rupture psi 1900 - 6000
Tensile strength parallel to surface psi 1000 - 4000
Tensile strength perpendicular to surface psi 40 - 200
Compressive strength parallel to surface psi 1000 - 3500
Shear strength (in plane of board) psi 100 - 475
Shear strength (across plane of board) psi 600- 2500
24-hour water absorption % by volume -
24-hour water absorption % by weight 5-20
Thickness swelling 0
24-hour soaking % 2-10
- - 5 5 -
Llne'ar' expansion from 50% to 90% relative & 02— 0.4
humidity
Btu per inch
thickness per
hour
Thermal conductivity at mean temperature of 75F p efl;) (S)?;afre 0.54-0.75
surface per
degree
Fahrenheit
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MDF has a density of 600 — 800 kg/m’. Calculated volume from CAD program for

model hovercraft is 7.09x10~ m’. Craft weight is approximately 5 kg. Including

0.5kg motor weight, 0.5kg fuel weight and max 3kg payload it is totally 9kg.

4.3 Calculating Lift Points

Cushion area (A.) calculated as 0.3m’. From equation 3.1, cushion pressure is

figure out as 294.3 Pa. This is first lift point pressure. Discharge coefficient is

calculated for 45° skirt angle @, as 0.537. According 10mm desired hover clearance

and 0.537 discharge coefficient; flow rate of nominal air escaping from the cushion

is calculated from equation 3.3 as 0.24m’/sec.
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This hovercraft is designed for driving over hard mud. Design factor ks is taken in

to account from table 3.2 as 1.2.

v =v k 4.1)

nom s

v is calculated as 0.29m>/sec

Model craft has 35 transfer holes in three different size. They are getting bigger in

front of the craft as seen from figure 4.3.

di=30mm Diameter of plenum transfer holes, size 1

dp=35mm Diameter of plenum transfer holes, size 2

dp=40mm Diameter of plenum transfer holes, size 3

ng=9 Number of size 1 plenum transfer holes

np=20 Number of size 2 plenum transfer holes

nz=9 Number of size 3 plenum transfer holes

T 2 2 2
a, = Z (ntldtl +n,d," +n.d; ) 4.2)

a; is calculated as 0.033m” from equation 4.1. But in this case 6, is taken into

account as 90° therefore discharge coefficient is recalculated as 0.611. Pressure drop

from transfer holes is calculated from equation 3.4 as 126.2 Pa.

Design lift point is calculated from equation 3.5 as 380.7 Pa. and maximum lift point

is calculated from equation 3.6 as 420.5 Pa.
4.4 Choosing Fan and Engine

In model design, I have chosen Magnum XL 61A ABC engine. It is single

cylinder, two cycle engine. Specifications for engine are given in table 4.2 and 4.3.
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Table 4.2 Specification of Magnum XL 61 A ABC engine

MAGNUM XL61 A

ABC
Displacement 9.95cc
Bore 24mm
Stroke 22mm
Practical RPM 2000-18000
Weight 675¢g
Crankshaft thread size 5/16 — 24
Power 1.7KW/2.31PS

Table 4.3 Power curve data for Magnum XL 61 A ABC

RPM HP
4000 0.4
5500 0.6
7000 1
8500 1.48
10000 1.8
11500 2.05
13000 2.19
14500 2.32
16000 2.19
18000 1.75

According to values on the table, function of power curve can solve by using the
Curve Expert program. Power curve function equation for Magnum XL 61A engine

is calculated from table 4.3 as shown below.

—(rpm—l3977)2

Engine HP (rpm) = 2.3145077.¢5787618782.10° (4.3)

By using MatLAB program power function curve related to rpm is plotted. See

figure 4.4.
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Figure 4.4 Power function curve for Magnum XL 61 A ABC engine.

Using WingFan Select 5.2 program, I have chosen Wing Fan 220/4-
8/P2HL/25/PA for model hovercraft. Figure 4.5 shows the maximum lift point of the

craft, which calculated above.

Static pressure [Pa] Power consumption [hp]
2000 ;---7B B -mrocmmmmmmmnnn R EREREEEE R RRRREEEE e ERiRRE S s T ERREEEEEE 25

Air flow [meig]

Figure 4.5 WingFan 220/4-8/P2HL/25/PA at 8000rpm.
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To select suitable fan to engine, power, which is necessary for fan is calculated for
each rpm by the help of table 4.4. It shows values, taken from WingFan, at 8000 rpm

for various blade angles.

(Brooks, 2005) tells that, it has been determined that a 5™ order polynomial curve fit
provides an adequate representation of the data. Equation 4.4 describe flow rate of

220/4-8/P2HL/25/PA WingFan.

O(P,) =0.7376—0.0001655P. —1.163.10° P, +2.6952.10°.P, —2.3247.10 2P, +6.2864.10°P°  (4.4)

Table 4.4 Values for various blade angles

8000rpm, 25degree 8000rpm, 30degree 8000rpm, 35degree
Static Flow Power Static Flow Power Static Flow Power
Pressure | rate Q (HP) Pressure | rate Q (HP) Pressure | rate Q (HP)
(Pa) (m’Isec) (Pa) (m®/sec) (Pa) (m®/sec)

0 0.74 0.62 0 0.86 1 0 0.94 1.25
100 0.71 0.68 100 0.82 1.06 100 0.93 1.3
200 0.67 0.73 200 0.77 1.11 200 0.89 1.35
300 0.64 0.79 300 0.74 1.13 300 0.86 1.4
400 0.61 0.84 400 0.71 1.13 400 0.83 1.46
500 0.58 0.88 500 0.68 1.16 500 0.8 1.51
600 0.55 0.88 600 0.66 1.22 600 0.76 1.5
700 0.52 0.93 700 0.62 1.25 700 0.73 1.5
800 0.49 0.98 800 0.59 1.25 800 0.68 1.5
900 0.45 1 900 0.54 1.25 900 0.63 1.5
1000 0.41 1 1000 0.48 1.25 1000 0.58 1.5
1100 0.36 1 1100 0.44 1.25 1100 0.52 1.5
1200 0.26 0.89 1200 0.37 1.25 1200 0.44 1.5
1300 0.17 0.91 1300 0.23 1.28 1300 0.25 1.6
1910 0 1.25 2052 0 1.62 2105 0 2.38

Once this equation is known, it is possible to calculate flow rate for different

conditions, by the help of fan laws.

According to 3" fan low, brake horsepower (bhp) on the fan motor (or air

horsepower of the fan) will vary directly as the cube of the rpm ratio.

NewRPM

3
x OldBHP (4.4)
OldRPM

NewBHP = [
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Table 4.5 Reachable max rpm for various blade angles

Blade Angle Max rpm
25 10700
30 8000
35 7000
40 5370

Values on table 4.5 are calculated according to 3rd fan law and also figure 4.6 shows

the graphic for max rpm for various blade angles.

Figure 4.6 Max rpm for various blade angles.

By using MatLAB program both engine power curve and fan power curves are
plotted on same chart. Figure 4.7 shows the advantages and disadvantages of
different blade angels. 220/4-8/P2HL/25/PA is the suitable one that reaches max rpm

and keeps its efficiency.



Figure 4.7 Fan and engine power curves.
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As calculated above, model hovercraft needs 294.3 Pa static pressure at firs lift point,
380.7 Pa static pressure and flow rate of 0.24m’/sec at design lift point, 420.5Pa and

flow rate of 0.29m”/sec at maximum lift point.

But calculated flow rates are only for lift. In the design thrust ratio is selected as
50%. This point will be explained later. So flow rates must multiply with two. Table

4.6 explains design points for craft.

Table 4.6 Required static pressures and flow rates for lift points

Cushion Lift Air Flow Fan Static

Lift Points pressure Rate Pressure
(Pa) (m*Isec) (Pa)
First lift point 294.3 0.04 294 .3
Design Lift Point 294.3 0.48 380.7
Maximum lift point 294.3 0.58 420.5

Finally, for choosing right blade angle lift points is plotted on same chart with

power curves. See figure 4.8 and Table 4.7

Table 4.7 Characteristic points for various blade angles

Blade Angle | Blade Angle | Blade Angle | Blade Angle
25 30 35 40
. . . 3500rpm 3300rpm 3100rpm 3100rpm
First lift point 0.09Hp 0.1Hp 0.12Hp 0.15Hp
. . . 6900rpm 6300rpm 5700rpm 4900rpm
Design Lift Point | 5 561 0.61Hp 0.64Hp 0.49Hp
Maximum lift 8000rpm 7100rpm 6500rpm 5900rpm
point 0.84Hp 0.83Hp 0.8Hp 0.85Hp




Figure 4.8 Characteristic point on power curves.
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4.5 Thrust Calculation

Flow rate of air escaping from the cushion is calculated as 0.29m>/sec.But this air
is needed only for lift pressure. The model, which I built, has integrated lift system;

the discharge from the fan is divided.

h2

-,

3
&~ S
A/ - B
J Splitter
h1
c

Figure 4.9 Splitter plate ratio.

Calculating splitter ratio is easy from geometry equations.

Area under splitter plate,

2
a,, =R’ tan™ (%J —1|=hyy/R* —h22 4.5)

2

Area of duct,

a, = ”(dfan24_ dhubz) (4.6)
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Thrust area,
ath = ad - asp (47)

Thrust ratio,

k, =0 (4.8)

a;

It is important that increasing or decreasing the area under the splitter plate does

not alter the cushion pressure; it will only alter the volume of air fed to the cushion.

Figure 4.10 Front view of model hovercrafts duct.

In the design h; is equal to zero. Therefore lift ratio is 50%. At the maximum lift
point engine turns at 8000 rpm. At this rpm, maximum lift point discharge velocity
of the fan is equal to 15.3 m/sec. Assuming that free stream velocity is zero, from

equation 3.8 thrust is calculated as 10.85 Newton.

To calculate maximum velocity, drag forces must be determined. By using
equation 3.8, thrust graphic can plotted with MatLab. Aerodynamic and skirt drag
forces are estimated values. Figure 4.11 shows maximum velocity approximately as

Sm/sec (18km/h).



Figure 4.11 Drag forces and thrust loss.

Figure 4.12 Velocity test.
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According to test result model craft pass 5 meter long line in 1 sec. Figure 4.12

shows the test result.

Hovercraft weight without payload is 5.5 kg. See figure 4.13. Design weight with
3kg payload is 9kg but test results shows that hovercraft can lift and go with 6.1 kg
payload with velocity of 5 km/h.

Figure 4.13 Hovercraft weight without payload.

4.6 Control

Model craft is controlled with remote control system. Two Hitech HS-322HD
servos are used. One is for controlling the throttle arm, other is for controlling wings.

Specifications for HS-322HD servo is given in table 4.8.

Table 4.8 Specifications of Hitech HS-322HD servo

Motor Type 3 Pole
Bearing Type Nylon

Speed 0.19/0.15 sec@60deg.
Torque 3.0/3.7kg.cm
Size 40.00x20.00x36.50
Weight 43¢
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As a receiver Hitech HFS-06MT and as a transmitter Laser 4&6 is used.

Figure 4.14 Model craft controlling unit.

Model hovercraft collimation is designed for 30 degree. HS-322HD servo is
adjusted to totally 60 degree. Half of it is used for turning right and half of it for left.
Figure 4.15 and 4.16 is design photo from CAD program for the wings.

Figure 4.15 Craft is turning 30° left. Figure 4.16 Craft is turning 30° right.



CHAPTER FIVE
CONCLUSION

The purpose of this thesis is to investigate pneumatic transport systems to get
more efficiency and more performance and to give information about characteristic

points of hovercrafts, critical points of designing and controlling.

From thesis results, during designing and manufacturing a simple pneumatic
transport system like hovercrafts, the following points should be taken into

consideration.

e Hovercraft hulls should be designed light as possible. Therefore, the material
selection part is very important during the design of hovercraft hull.
Aluminum, fiberglass or plastic should be preferred. Composite material can
be preferred for some racing hovercraft. Because the greatest advantage of

composite materials is strength and stiffness combined with lightness.

e Working point should be selected very carefully according to the usage aim.
Therefore, combination of fan and engine is the second important issue. If the
craft is used for racing or for ultimate performance, it should have more
thrust. If the craft is used for generally at lower speeds, it should reach the

cushion pressure earlier.

e The ideal hovercraft would maximize peak thrust and minimize the thrust and

engine speed at design lift.

e (Combination of engine and fan should provide the largest possible useable

range of thrust.

e Skirt material should be flexible and waterproof such as neoprene-coated

nylon. Neoprene-coated nylon is only for light hovercrafts.
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e Hover height should be design correctly. If the skirt is too tall, the craft will
slide off the cushion and the cushion will deflate or the craft will become

unstable.

The next issue on the model will be more focus on controlling. Under supervision
of Prof. Dr. Erol Uyar, craft will control from computer by RF modem. Stability tests
will be done. The same idea with the Electronic Stability Program (ESP) in the cars
will be apply on model hovercraft. Program will check the vehicle direction and
when it detects loss of steering control, it will reduce the cushion pressure and

increase the drag.
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Instructions for Model HFS-06MT/MINI 6S
Hitec 6 Channel Single Conversion Receiver

Thank you for purchasing the Hitee ITFS-06MT/MMINT 65 single conversion FM receiver.

The HFS-06MT/MINT 65 will allow you to enjoy vour flight with extreme confidence and
satisfaction. This HFS-06MT/MINI 65 ufilizes the latest Surface Mount Technology (SMT) to
reduce the size and weight. Based on Hitec's latest technology and years of experience building high
performance receivers, the HFS-06MT/MINI 65 will provide you with reliable, robust,

full range performance for vears to come,

| Features and Specifications

- & channel single conversion FM operation.
- Gold plated pins.

- Ch. 1~86.

- Auto Gain Control

- Auto Shift (For 72MHzMINI 65)

- Usas Hitec single conversion crystals,

- Weight : 0.55 0z/{15.50)

- Size : 1.46x0,98x0.71 in. (37x25x18 mm)|
- Input Voltage : 4.3-6.0V

| Installation

1. Always turn on the transmitter before turning on the power to the receiver.

2. Always perform a range check prior to the first flight of the day. Check the operation status at
least 75 feet away from the receiver with the transmitter antanna fully collapsed.

| Changing the Crystal |

Your Hitec receiver is "center tuned"” and will accept any Hitec single conversion
crystal withaut re-luning.

*Auto Shift Selection (For 72MHzMIMNI 635)

If you need to match Shift type (Negative or Positive) between Tx and MINI 65,
just by tuming OFF and OM of MINI 63, you can easily synchranize the Shift type
(Keep the TX power ON during Auto Shift Selection).

Fanina Beigurs,
T, Fiioes
- c 'E o
Gamee, koatirel. iviard, Rary S
L, Homye Sadward
e Fargacar, Tha Meavwriard,

www.hitecred.com Tokigel Servden
MADE IN THE PHILPPINES
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STEP OF RUNNING THE CRAFT

1. Before using the hovercraft, charge the batteries one day before.

e Hitech CG-S32 Charger (TX 9.6VDC / 80 mA) is for transmitter.

e AD-DC Adaptor (Model: GSD0010600006C, Input 230VAC 50Hz
0.03AMAX, Output: 1.25vdec 600Ma 0.75va) is for glow plug

connector.

e During tests original charger for receiver battery is damaged.
Charge the receiver with the charger (4.8VDC / 80mA) shown in
Figure Al. It doesn’t have stopper. Do not charge battery over 2

hour, otherwise it can explode.

Figure Al. Chargers for transmitter, receiver and glow plug connector.

2. Open the fuel tank tap and full the tank with fuel for model aircrafts.

(Figure A2) I used 10% nitr~ ~~**~ ™ore nitro means more power.



Figure A2. How to full the tank.
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3. Put the receiver battery to its place and connect the cables between receiver

and battery (Figure A3).

Figure A3. Receiver battery position and cables.

4. Take out the hosepipe from exhaust. Blow air into the hosepipe, until fuel
comes into the needle valve (Figure A4). When you see small amount of fuel
goes into needle valve, stop blowing air. After that put the hosepipe again on

exhaust.
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Figure A4 Getting fuel into the needle valve.

5. Place the glow plug on spark plug. Pull the handle on glow plug and push it
down on the spark plug.



Figure AS. Placing glow plug.

6. Turn on the power switch for receiver.

Figure A6 Power switch of receiver

7. Turn on the switch of transmitter.
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Figure A7. Switch of transmitter

8. Adjust wings direction by fine tuning switch. Wings should be parallel to

the direction.

Figure A8. Adjusting wings direction
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9. Before running the craft gas fine tuning button should be in the middle and

gas arm should adjust to minimum gas. (Figure A9)

Figure A9 Position of the buttons before running craft.

10. Finally, turn the propeller to the left strongly until engine gets the first

motion.

Figure A10 Giving first motion to the engine



