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2.0 Introduction

The aviation industry has been a crucial part in society’s development ever since the rapid
advancement of biplanes during the First World War. The aeroplane’s contributions, both in terms of
civil commodity and in military operations, is undoubtedly a major power in steering humanity’s
progress. As much as one would like to deeply analyse modern aeroplanes such as the Airbus A380,
it would be ridiculous to burden this task within a secondary school level. Therefore, the basics of
aviation and particularly the physics behind this marvel of engineering could be presented in the
form of paper airplanes, which has surprising capabilities in showcasing major physics principles in
aviation.

The construction of the paper airplane must first begin with understanding the underlying principles
behind aviation. This should then be followed by understanding the different types of aircraft
capable of flight with paper, hence choosing the suitable class of aircraft for a specific purpose. In
accordance with this would be the testing phase of the research, where information and data

pertaining to the perfect angle of attack, the rate of change in heights with respect to displacement

Ah

vl the total time airborne, the total horizontal displacement travelled and the tendency of pitch,

roll and yaw, should be looked into. Modifications could then be made to necessary sections of the
plane to improve the stability and performance of the said aircraft.

3.0 Theoretical Analysis

There is a plethora of concepts in physics which should be understood to some extent to design a
suitable paper airplane for flight. Those crucial concepts include:

Bernoulli’s Principle

Newton’s Third Law of Motion
Coanda Effect

Centre of Gravity

Dihedral Effect

Wing Loading and Glide Ratio
Lift Force
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Bernoulli’s Principle:

By definition, Bernoulli’s Principle states that an increase in the speed of an enclosed fluid occurs
simultaneously with a decrease in static pressure or hydrostatic pressure along a streamline. The
equation of the principle is as follows:
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Energy Form: P+ 2U1+gh1—P2+ 21)2+gh2
The above equation follows the Principle of Conservation of Energy, hence the addition of three main

types of pressures exerted by the fluid equals to a constant. P represents the static pressure of a
certain enclosed fluid. %pv represents the dynamic pressure, which explains the fluid kinetic

energy per unit volume. Finally, pgh represents the hydrostatic pressure exerted by the fluid, which
is also the pressure exerted by the fluid due to gravity, similar to that of gravitational potential
energy. This equivalence principle of energy allows the decrease of pressure when accompanied by
an increase in velocity for a horizontal flow of fluid.



Within the contexts of flight, this phenomenon could be applied to the design of an aerofoil. Since
the arch of an aerofoil has a longer length at the top when compared to the bottom, air molecules
have to travel at higher velocities to cover that longer length given that time is constant. Henceforth,
the high velocity at the top section of the aerofoil produces a region of low pressure while low
velocities at the bottom section produces a region of high pressure. This difference in pressure
produces an upward lifting force due to different magnitudes of pressure acted upon the surface.

Equation for reference: P = %

Lift

Low Pressure
High Velocity

Upper Streamline a a

g - \\\.\ Longer Distance
Lower Streamline Al e e |

High Pressure
Low Velocity

Shorter Distance

"Longer Path” or "Equal Transit" Theory

However, despite the use of this principle seems logical, further experimentations and calculations
done by the National Aeronautics and Space Administration (NASA) has proved the use of Bernoulli’s
Principle to be false and inaccurate (NASA, 2010).

The rigorous proofing is done by utilising the Euler Equations, which describes the relationship
between the velocity, pressure and density of a moving fluid. These equations are a set of coupled
differential equations and are simplifications of the more general Navier-Stokes equation in fluid
dynamics. By neglecting the viscosity of the moving fluid, a proper comparison between these two
principles could be done. The mentioned partial differential equations are as below for reference;
however, it will not be discussed further within the current level of research.

Euler Equation (Continuity): _6%p;1) + _agp;) =0

Navier Stokes Equation: p% =— VP + quu + pg

The conclusion of the computational experiments has resulted in three arguments denouncing the
use of Bernoulli’s Equation in aerofoils.

1. Bernoulli’s Equation has the assumption that the upper surface of the structure is always
longer than the bottom surface, but this assumption is flawed. This was previously thought
to be true because early designs of aerofoils in the 1700s were curved and shaped with a
longer distance along the top. Although such designs produce high lift force and flow turning,
it is the turning that is important, not the distance of the sections. This could be further
proven by modern low-drag aerofoil designs, of which does not obey the above assumption.
In addition to this, the theory also does not explain upside-down flight of aircrafts during
dogfights and air shows. In this paper’s case, the lengths the upper and lower sections of a
paper airplane is equal, therefore effects of Bernoulli’s Principle do not apply.

2. Although experiments suggest that air molecules do indeed travel at a higher velocity over
the top of an aerofoil compared to the bottom, the flow is much faster than the velocity
required to ensure air molecules in phase meet up at the trailing edge. Bernoulli’s Equation



provides the magnitude of the velocity of the air molecules at the top of the aerofoil, which
could then be used to compute the pressure acted upon the aerofoil by using the same
principle. Values from this calculation is used to perform the pressure-area calculations, of
which answer one gets do not agree with the actual lifting force of the same aerofoil. The lift
predicted by Bernoulli’s Equation is less than that of the observation in the experiment
because the predicted velocity is too low compared to the actual velocity over the top of the
aerofoil. Hence, the entirety of the prediction is not accurate to reality.

3. It has been stated before that air molecules in phase travel at different speeds and meet at
the trailing edge. The problem with this assumption is that this phenomenon does not
happen in the physical world. Therefore, the velocity provided by Bernoulli’s Equation is
based on a non-physical assumption, hence it has a big difference from the observation.

In summary, the Bernoulli’s Principle should not be the main theory to be referenced during the
design and construction of the paper airplane due to its inaccuracy during experimental proof. It
should be noted that the principle’s inaccurate nature is due to the wrong application. This principle
is specifically engineered to be used in situations involving enclosed fluids as such in a fluid pipe,
therefore its use in aerofoil design is uncalled for.

Newton’s Third Law of Motion:

The famous Newton’s Third Law of Motion states that for every action force there is a reaction force
of equal magnitude, but in the opposite direction. In essence, this definition is related back to the
Principle of Conservation of Energy as well (Science Learning Hub, 2011).

Based on this Newtonian theory of lift, lift force is said to be the reaction force to air molecules
striking the bottom of an aerofoil as it manoeuvres through the air. This is aided by a suitable angle
of attack, which will in turn add lift force to the aircraft.
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However once again, this theory on lift is also deemed incorrect through extensive research by NASA
(NASA, 2010). Although the theory is not completely inaccurate, given its effectiveness during high
velocity and low air density, it does not provide the correct magnitudes of lift for most normal flight
conditions, especially below supersonic speeds.



1. The inaccuracies of the theory lie in the way air flow is interpreted and used. It is concerned
with only the interaction of the lower surface of the aerofoil and the air without taking into
account the upper surface interactions. Newtonian lift assumes that all of the flow turning,
therefore the lift, is produced solely by the lower surface. In spite of this, experiments done
by the agency has debunked the statement. In fact, when considering the downwash
produced by a lifting aerofoil, the upper surface usually contributes more flow turning than
the lower surface, though the theory ultimately does not predict or explain this observation.

2. Due to the neglect of action-reaction forces of air molecules striking the upper surface of an
aerofoil, it does not predict the negative lift present in calculations when the angle of attack
is negative. It must be noted that no vacuum exists on the top of the aerofoil, hence random
motions of air molecules will still strike the upper surface and impart momentum to the
aerofoil as well. In addition to this, not taking the upper aerofoil surface into account during
the theory’s calculations would allow one to assume that two aerofoil designs with the same
lower surfaces but very different upper surfaces will generate the same lift force.
Unfortunately, this differs wildly to reality. A simple example would be the existence of
spoilers between the leading and trailing edges, which are used to change the amount of lift
force generated by the wing to manoeuvre the aircraft. The theory, again, does not predict or
explain this effect.

3. When making lift predictions based on the Newtonian lift theory, using a prerequisite
knowledge of air density and the number of molecules in a given volume of air (Avogadro’s
constant as a reference), the predictions are totally inaccurate when compared to actual
measurements during testing. The chief problem of the theory is ultimately due to its neglect
on the physical properties of the fluid. Lift is created by turning a moving fluid, not by
imparting momentum from the fluid to the aerofoil.

Therefore, the angle of attack, whilst still important for the flight of the paper airplane, should not be
interpreted and hence designed with Newton’s Third Law of Motion in mind.

Coanda Effect:

Although lift theory is often erroneously attributed to Bernoulli’s Principle, it is in fact the Coanda
Effect that more accurately explains the aerofoil’s purpose during flight. The Coanda effect is the
tendency of a moving fluid to attach itself to a surface and flow along it. As a fluid moves across any
surface, there is always a certain amount of friction, also known as viscosity, between the fluid and



the surface, which tends to slow the moving fluid (Columbia University, 2012). This resistance to the
flow of fluids pulls it towards the surface, causing it to flow along a certain shaped path. Discovered
by Henri Coanda in 1930, this phenomenon is the best interpretation in fluidics and aerofoil
aerodynamics.

This effect could be illustrated by a few demonstrations which is usually wrongly described as
Bernoulli’s Principle. For example, blowing on the surface of a piece of paper will cause the paper to
float and jerk up. In a lot of cases, it is described that faster moving air at the top of the paper creates
a region of low pressure compared to that at the bottom of the paper, which causes the piece of
paper to float upwards from the pressure difference. In reality, it is the change of momentum of the
air stream downwards when following the curved surface that results in an equal and opposite force
being produced, of which pushes the paper upwards. Therefore, correlation once again to Newton’s
Third Law of Motion, but with a different interpretation.

Another demonstration misused to depict the Bernoulli’s Principle is the one involving two ping pong
balls. In essence, it describes how the high velocity of air at the centre of two ping pong balls create a
region of low pressure, therefore surrounding atmospheric pressures will cause the balls to move
closer together, as depicted in Figure 3.5. However, this demonstration is correctly used to depict an

instance of the Coanda Effect, which shows the airflow following the curvature of the ball, and
therefore creating a force when circling to the opposite side of the high velocity air (Figure 3.6).

In terms of its applications onto aerofoils, its geometrical and mathematical descriptions match up

perfectly with experimental and observational data.

When an aerofoil moves through the air, surrounding airflows will follow the shape and curvature of
the structure, therefore creating a downwards change of momentum at the trailing edge. This
downwards force will produce a reaction force of the same magnitude at the opposite direction,
which is known as the lift force. Another interpretation of the importance of the Coanda Effect is air
molecules will circle around the trailing edge and directly push the structure upwards, which
contributes to lift. Nevertheless, gathered data from experiments do indeed match up with this
description despite not taking the viscosity and type of airflow (laminar and turbulent) into account.



In addition to this, the Coanda Effect also predicts and explains the importance of the correct angle
of attack of an aerofoil, which further shows low angle of attack generating little to no lift and high
angle of attack causing cavitation or stall.
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Figure 3.7, Angle of Aftack Corresponding to Lift based on the Coanda
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Referring to Figure 3.7, the Coanda Effect comprehensively describes the relationship between angle
of attack and lift. At low angles of attack, the amount of lift force produced with Newton’s Third Law
of Motion is insufficient to balance gravitational force and produces an upwards resultant force. At a
suitable angle of attack, the lift force generated by downwards change of momentum is able to
produce an upwards resultant lift force to lift the aircraft. The first two iterations allow air to follow
the curvature of the aerofoil because the curvature of the surface is appropriately curved. However,
the final high angle of attack will cause cavitation or stall also due to the Coanda Effect. When the
aerofoil travels at too high of an angle of attack, the passing air molecules will be unable to adhere to
the surface of the wing, therefore losing the impart of momentum to generate lift.

As a general rule, a fluid tends to follow the curvature of a solid surface, but the fluid will break away
if it is moving at too high of a velocity or if the surface is too sharply curved, as per shown in the
figure. Henceforth, the angle of attack must be taken into consideration when designing the paper
airplane to prevent stall or low magnitudes of lift due to the Coanda Effect.

Centre of Gravity:

The centre of gravity of an object is defined as a hypothetical point at which the resultant torque due
to gravitational forces vanishes. It is a point from which the weight of a body or system may be
considered to act (Li, Goodwill, Wang, & Ristroph, 2022). In uniform gravity, this centre is identical to
the centre of mass. The equation to get the centre of gravity is as below:



Within the contexts of paper airplane design, the centre of gravity is paramount in determining the
pitch and angle of attack of the plane, which is due to the fact that paper airplanes do not possess
thrust or pitch manoeuvring systems. By altering the centre of gravity of the said aircraft to be
slightly forward, the airplane will be pointing nose down, therefore gaining velocity by travelling with
the same direction as gravitational pull. As the velocity increases, higher forces from the previously
mentioned Coanda Effect will act on the trailing edge of the plane, which pushes its nose back onto
the level pitch. This specific sequence of phenomenon is identical to that of gliders, which utilise the
same principles, hence allowing it to maximise its displacement travelled.
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However, suitable measures should be put in place to avoid the paper airplane from pointing itself at
too low of a pitch to not be able to lift itself back up with the imparted momentum.

Dihedral Effect:

The dihedral effect is the amount of roll moment produced in proportion to the amount of sideslip. It
represents the upward angle of an aircraft’s wings, which helps to increase the lateral stability in a
bank by correcting itself after rolling. If the dihedral angle increases, though stability will increase, lift
will decrease and therefore increase drag. When designed properly, the dihedral effect will give
enough stability in terms of roll to the paper airplane, whilst also not neglecting the lift efficiency.

Dihedral

Dihedral angle

angle

Wing Loading and Glide Ratio:

In essence, wing loading is the total mass of an aircraft divided by the area of its wing. This value is
used to determine the velocity required to generate enough lift to allow flight for an aircraft. The
lower the wing loading, the lower the velocity required to allow sufficient lift.

m
L=-



Therefore, since the paper used to fold the aircraft is of constant total mass, it is the area of the wing
span that determines the velocity requirements of the aircraft. Generally, a paper airplane would
benefit from a low wing loading, which allows it to still be able to fly despite being at low velocities.
Besides taking wing loading into consideration, the glide ratio is also affected by the area wingspan
of the paper airplane. Glide ratio is the distance of forward travel with respect to the altitude lost in
that distance.
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For instance, the famous Cessna 172 has a glide ratio of 9:1, which indicates that the aircraft will be
able to glide in the air for a distance of 900 metres if its engine malfunctions at an altitude of 100
metres. Modern gliders, however, possesses a glide ratio of 40:1, which helps it stay in the air for a
prolonged period of time without requiring thrust from an engine.

Lift Force:

Lift is the force that directly opposes the weight of an airplane and holds the airplane in the air. It is a
mechanical aerodynamic force produced by the motion of the airplane through the air. Below shows
the equation used to calculate the said force, of which will be used to determine the theoretical force
imparted to lift the plane.

— 2P
Fl—Clv 2A

One particular symbol to take note of is C , which represents the coefficient of lift. This
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dimensionless number is the ratio of lift pressure to the dynamic pressure and area. It is specific to a
particular aerofoil and, above the stall, it is proportional to the angle of attack.

4.0 K-W-L Data

What is Known

What is Wanted to be Known

What is Learnt

The theory behind lift
generation, the principles
aiding flight and the method
with which air molecules travel
along the paper airplane
structure is known and
thoroughly researched.
Preliminary designs of the
paper airplane have also been
known.

The efficiency of lift and actual
flight data is needed to
continue the research. Suitable
plane design allowing for the
maximum horizonal distance is
also required.

In depth knowledge on basic
principles of aerodynamics and
aerofoil design is learnt.
Principles such as the Coanda
Effect and the wrong use of
the Bernoulli’s Principle in lift
is also understood.

5.0 Materials of Construction

Listed below are the materials required to build the paper airplane:

e A4 Paper
e Ruler




6.0 Procedures of Construction

For the purpose of experimenting with the principles of lift and flights, 3 different designs of paper
airplanes will be designed and tested. Noted that the A4 paper used will be of the same mass. The
three different designs will be named as followed, which is in reference to the previous World Record
Holder for the longest distance flown paper airplane.

e The Dart
® Phoenix
® Suzanne

The Dart:



Fold an A4 paper in half vertically and
unfold it to create a crease (figure 6.1).

Figure 6.1: Step 1

Fold the two edges of the upper part of
the A4 paper down to the crease,
therefore creating a triangular front
(figure 6.2).

Figure 6.2: Step 2

Again, fold the sides of the paper onto
the middle crease as shown in figure
6.3. The end result is shown as figure
6.4.

Figure §. 3 Sten
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Fold the plane in half according to the
middle crease (figure 6.5).

Fold the edges of the wings towards the
bottom of the plane (figure 6.6), end
result (figure 6.7).

Slightly push the wings upwards to
create a positive dihedral angle. Also
slightly bend the trailing edge of the
wings to create an up elevation, which is
important for the upwards lift force
during flight.

The Phoenix:



Fold two upper corners of the A4 paper
into a triangle and unfold them after,
therefore creating an “X” crease (figure
6.9).

Again, fold the upper corners as to align
with the X crease made before. It should
be repeated at the other end as well
(figure 6.10).

Figure 6.70: Step 2

Fold the top part of the plane
downwards along the centre crease
(figure 6.11).
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Fold the plane in half.

Figure &, 12: Sfep

Fold the upper part of the plane along
the line to form the sharp leading edge
(figure 6.13).

Figure 6.13; Step

Fold the rest of the wing by following
the line shown in figure 6.14. Slightly
push the wings upwards to create a
positive dihedral angle. Also slightly
bend the trailing edge of the wings to
create an up elevation, which s
important for the upwards lift force
during flight (figure 6.15).

Figure §.15; Shep
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Figure & 14 Step
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Suzanne:

Fold two upper corners of the A4 paper
into a triangle and unfold them after,
therefore creating an “X” crease (figure
6.16).

Frgure 6.16) Shep

Again, fold the upper corners as to align
with the X crease made before. It should
be repeated at the other end as well
(figure 6.17).

Figure 6. 17 Step

Fold the top part of the plane
downwards along the centre crease
(figure 6.18).

Figure 6.18: Step 3

Fold the upper parts of the plane
towards the centre to produce a
symmetrical shape (figure 6.19).
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Figure 6.79: Step 4




Fold the plane in half (figure 6.20)

Figure 6 20 Siep

Fold the rest of the wing by following

the line shown in figure 6.21. Slightly | /

push the wings upwards to create a ’,1" o
positive dihedral angle. Also slightly ,5\" =g
bend the trailing edge of the wings to ~ ‘ Q P -
create an up elevation, which s i o T
important for the upwards lift force L e 6.27: Stap ?'g"'”:' 6.22: Step

during flight (figure 6.22).

7.0 Data Collection and Analysis

By understanding the types of paper airplane categories available, three planes are meticulously
designed and constructed to be tested to test its flight capabilities. In general, paper airplanes are
divided into 2 categories, darts and gliders.

Paper airplanes classified as “darts” rely heavily on its initial thrust by the thrower to cover huge
displacements. This is due to its incapability to generate enough lift through the cycle of nose diving
and up elevating at the trailing edge, therefore it could only stay lifted with its small wingspan before
drag forces and gravitational forces overpower thrust and lift. A large force will be required to be
exerted upon the structure to allow maximum displacement. Conversely, aircrafts classified as
“gliders” are the complete opposite, as in they rely on its wingspan entirely. Generally, it is almost
certain that the nose of the aircraft is unable to withstand high initial thrust from the throw as its
thin surfaces would be broken instantly. Henceforth, the thrower must slightly angle the plane to
allow it to gain altitude quickly before it descends. During its descent, the cycle of nose diving
followed by momentum impartation will carry the glider to a further displacement. It must be noted,
however, further modifications could be made to strengthen the nose of the glider, allowing it to
withstand high initial thrust, therefore gaining benefits from the “dart” class aircraft as well.

To compare the different classes of paper airplanes, three designs are specifically chosen for
experimentation. The classic “Dart” will represent the dart class aircraft, the “Phoenix” will represent
the rudimentary glider class aircraft, while “Suzanne” will represent the merging design and
engineering of both the dart and glider class aircraft. It must be noted as well that “Suzanne” was the
aircraft design used to break the Guinness World Record of Longest Distance Flown by a Paper
Airplane.
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Below shows the result of the initial first test flight:

Type of Aircraft Distance Flown (m)
Dl DZ D3 average
The Dart 11.28 11.37 11.40 11.35
The Phoenix 8.40 8.53 8.75 8.56
Suzanne 16.43 16.07 16.16 16.22

Table 7.1: Preliminary Data of Flight

From the above table, it is observed that The Phoenix has the worst performance in terms of
distance, while Suzanne has the best. From initial observations, it is seen that the classic glider had
trouble manoeuvring in the air and therefore fell relatively quickly. A good reason for this would be
that the structural integrity of the wing of the aircraft could not withstand such high levels of thrust
and force, hence the bending of the wings made The Phoenix unable to travel further.

Conversely, The Dart has a relatively better performance in terms of displacement. It is observed that
the flight path of The Dart was fairly straight and level, which ultimately allowed it to reach such
distances. This is because the wingspan of the aircraft has a smaller total surface area, hence
reducing the amount of air resistance at the wings and increasing the speed of the aircraft. However,
it is seen that The Dart crashed very quickly due to the gravitational forces overcoming the lift with a
short time. This phenomenon could be blamed on the inability of the aircraft to undergo the cycle of
nosedive followed by momentum impartation, a skill which is only possessed by planes with large
wingspan.

Suzanne, being a combination of the dart and glider class, flew the longest distance compared to the
former 2 aircraft. From experimental observations, it is seen that Suzanne had no problem taking off
with the high initial thrust as the structural integrity and rigidity of the nose and frontal wings are
relatively sound. After gaining sufficient altitude, it ultimately stopped mid-air and started to glide
down towards the ground at a slow vertical speed. This is because of its large wingspan and forward
centre of gravity, allowing it to perform the nosedive and momentum impartation cycle previously
mentioned, which allowed it to glide itself to the furthest distance.

Below is a bar graph depicting the results:

Distance Flown (m)

The Dart

Suzanne
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8.0 Design Modifications

Below are the further modifications to the existing designs:

1.

It is generally observed that the planes, without adhesive or tape reinforcing the gaping
surfaces of the plane, lost control due to those gaps, therefore crashing rapidly after a certain
period of flight. Therefore, it is proposed that glue or tape must be used to seal off the gaps
of the aircraft to allow for streamline surfaces to allow full efficiency of the Coanda Effect.

The upward bend of the trailing edge should also be more significant as the amount of lift
generated from the Coanda Effect is not obviously seen during the experimentations.

The angle of attack of the throw must also be adjusted to be slightly higher for the glider
class aircraft, The Phoenix, which will aid it in reaching a higher altitude before gliding
towards the ground. Conversely from this, the angle of attack of the dart must be slightly
above the straight axis, which could help it to quickly gain distance and prevent energy
wastage from altitude increase. It must be known that the angle of attack of Suzanne should
be kept equal as it has simultaneously achieved initial altitudes and initial horizontal
distances.

The experiment is then repeated again and the results are as below:

Type of Aircraft Distance Flown (m)
Dl DZ D3 average
The Dart 14.12 14.63 14.81 14.52
The Phoenix 10.95 10.17 10.05 10.39
Suzanne 22.91 22.74 22.84 22.83

Table 8.1: Data of Flight after Modifications

Significant improvement could be seen after these simple modifications, therefore proving the
previous designs’ faults.
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