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Abstract

Leveraging theoretical analysis and experimental field flights, this paper investigated
the root cause of the long haunting instability problem that found in F2B aero model
plane’s precision flight. Specifically, F2B model plane sometimes lost eontrol
unexpectedly in performing inside and outside loop maneuvers. This proflem has
existed for many years without a clear identification of root cause andswithout any
effective remediation solution. In this research, the Kepner&Tregoe®’ Analytical
Troubleshooting thinking processes were used to define the problem ‘and find possible
causes; high school Physics and extended knowledge of Aerodynamic theories have
been applied to analyze and identify the true cause. A remédiation solution is then
introduced by leveraging flow control and biomimetie=technologies. Inspired by
humpback whale’s unique flipper structure and tubercles on its leading edge, in this
research, this special structure was modeled into a. definitive sinusoidal leading edge
for the model plane. It was simulated with .CED..(Computational Fluid Dynamics)
software, i.e. Fluent, to prove its effectivenessin increasing critical angle of attack
and delay stall. The standard NACA00221.airfoil is employed in the study. This airfoil
is commonly used in the control-line~model plane. Two sets of sinusoidal leading
edge were fabricated and installed “on the plane for experiments. The actual
effectiveness and differences between/normal leading edge and sinusoidal leading
edge were then tested and Verified in the real flights using a 9-axis in-flight data
recorder and video camera.
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1. Introduction

1.1 Introduction to Control-line Air Model Plane

Aeromodelling is a fascinating sport and hobby that attracts people from all ages. It is
both fun and full of knowledge. With the fast development of science and technology,
aeromodelling also evolved, however, the basic theories behind these small aircrafts
are rather unchanged in the past decades.

The Federation Aeronautics International, FAI, which is the worldwide governing
body of aeromodelling as a sport, has classified aeromodelling into three main
categories based on the different ways of control. Those three are:

1) Free flight model aircraft, or F1 model, is the model plane that does not require
control from the ground once takes off; it is indeed “free flight” in the ait.

2) Control-line model aircraft, or F2 model, refers to the model plane,that can be
controlled by the pilot on the ground with a pair of tin lines thatattached to the
model’s elevator; the other end of the two lines connect to a control handle that is
operated by the pilot. The model is confined by the two contrel.wires and can only
make circular flights on the half hemisphere surface. :;The controlled elevator can
make the plane to move up and down, or in the pitch"axis. The combination of
up-and-downs allows the model to make different Shape of maneuvers, e.g. loops,
squares, figure “8”, etc. in that half hemisphere_surface. See below illustration Fig.
1.1.

MANY FATTERNS AND
STUNTS\CAN BE FLOWN\

A

3 METRES SPACE
FOR SAFETY AROUND

CIRCLE

Fig. 1.1 diagram from http://www.control-line.org.au/whatis.htm

3) Radio-control model aircraft, or F3 model, which is controlled by the pilot from
the ground by sending radio frequency control signals that are received by the
receiver installed in the model plane and executed by a set of servos which
connect to the different control surfaces, e.g. rudder, elevator, flaps, etc.

Within the category of F2 Control-line air model plane. There are 4 sub-categories,
which are: F2A-CL Speed; F2B-CL Aerobatic; F2C-CL Team racing; F2D-CL
Combat.
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This paper and research focus mainly on the issue found in F2B Aerobatic.

F2B Aerobatic, or control-line stunt flight, is for the pilot to control the model plane

to fly a preset schedule of maneuvers. It includes, for example, inside and outside
loops, squares, triangle, four leaves clover, etc. In a competition, these maneuvers are
scored by a panel of judges based on its accuracy and precision. The length of the
control line for F2B is usually 18-20 meters long. The plane flies about 5.3 *-%4
second per lap thus at an average level flying speed of 90-100km/h. The most
common airfoil that used is the standard NACAO0021 symmetric airfoil. The
traditional F2B model is usually powered by 2-stroke or 4-stoke internal combustio b’
engines. In the past 10 years or so, electric engine is more and more adopted in FEB,

as it is easy-to-use and is environmentally friendly.

Typical F2B models have wingspan of 1.4-1.5 meters, total wing area between 0.3-0.4
square meters, and a total take-off weight of 1.5-2.0 kilograms. See Fig %

.2 - Control line air model plane that I flew in the 2016 World Championship
Q 0 note, the thin yellow stripes and tapes are not part the original model. Those are
(\/ temporarily fixed onto the wing in order to observe the air flow during flight, and to

visualize possible stalls during maneuver.)

1.2 Problem definition

1.2.1 Discovery of the problem

Control line precision acrobatic flight is an official sport defined by FAI. | started to
practice this sport since the age of nine and now am already into the 7" year of
practicing. As stated in the early section of introductions, control line acrobatic flight
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is for the pilot to control the model to make a preset sequence of 16 standard
maneuvers, which includes level flight, inverted level flight, inside loop, outside loop,
vertical “8”, four-leaf-clover, etc. In the standard competitions, a panel of judge
scores each of the maneuvers the pilot has controlled the model to perform based on
the maneuver’s complexity and accuracy. Therefore, it has a high demand of control
precision from the pilot, and equally critical is a well-designed model aircraft. The
first part is usually achieved by intensive trainings over time, and the later part
requires the pilot to have knowledge in aerodynamics and a well-designed well-built
air model plane.

ST TR —— :
2 AT R ST TSR AT X[

Fig 1.3 - (a) is me operating my plane, (b) is when I represented the Team of China to
participate in the World Championships in France, and (c) is when | won the title of
World Champion.
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Fig 1.4 - 2018 F2 World Championship (France) Award Ceremony

Over the past 6+ years, | have made more than 2000 training fli and had made
great progress piloting the model to perform precise maneu won twice World
Champion titles in France and Australia in F2 World Ch p@s ip competitions and
won a number of National Champion titles in China, H er, for a long time, one
issue continue puzzles me: that is, my plane someti \pecome instable with sudden
“shakes” when it is making high dynamic maneuv: r6specially in condition of calm
weather when the surrounding air is still or@less. This problem is especially
obvious when | control the plane to perfo m@ onsecutive inside or outside loops.
Interestingly, this kind of instability pr seldom happens in the first loop, and
seldom in windy conditions. The oc nce of this problem is very detrimental; once
it happens the model will likely,g qﬁn uncontrollable state and prone to crash. |
have had a hard lesson in the orld Championship in Australia, when one of
my primary models crashed because of such problem, just 2 days before the official

competition. Q,
In order to confirrmf;b‘ls a common problem, | reached out to many professional
operators and coaches’including four senior world champions and a lot of experts in
China and at}@,zthey all confirmed that this problem has long existed. From 1960s
till now, many B pilots have been trying to solve this problem by changing the
design,( changing aerodynamic configuration, etc. but the outcomes are not
satis c% A couple known experiments includes adding “turbulator” nodes or lines
surface of the wing, however it all
é}?t had much effect in reducing the
(\/ tability issue of the plane. The USA F2
team once tried to use vortex generators on
the wing but there were not sufficient
evidence showing the vortex generator was
making a difference for the F2B model planes,
although it has proved to be effective on the
full-size fixed-wing aircraft [,

In my early years of flying, | was insufficient

Fig 1.5 - Vortex Generator on Bone 737 [
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with my knowledge to do science research; it was neither a pressing issue because |

had learnt an alternative work-around to overcome this problem, that is to make a step

back when making the 2" and the 3" loop, then the “shake” problem would less
likely to happen. However, along with the years of practicing the demand for
operation accuracy and stability gradually intensified, the turbulence of the plane
becomes the most influencing aspect which affected my performance in competition.

To take another step in my journey to the top, the need to find a solution to this
problem comes to the table. Meanwhile with accumulation of knowledge and grow in

age, it is becoming more realistic for me to do an independent scientific research to b,
fundamentally find the root case and solve the problem. All these above have led ?be&

to this paper of research. &

1.2.2 Inside and outside loops ?
The model plane’s instability problem is mostly seen in the loop maneuvers;y hence it
IS necessary to first understand what a loop maneuver is.

Fig. 1.6 shows the actual flight when the pilot is performing the @naneuvers. The
dot line circle is manually added onto the original picture l-& ustrate the model
plane’s flying path of the loop.

Q Fig 1.6 - Loop maneuver

@}AI F2B sports code I8 inside loop is specified in the following fig. 1.7. The
(\/ ot shall control the model to perform 3 consecutive, clock-wise, vertical loops with
exactly the same size and position. The bottom of the loops shall be kept at 1.5 meter
above the ground, and the top of the circle shall be at 45 degrees from the perspective

of the pilot.
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Three consecutive inside loops

45°

Inside loops

Start & End

Ground

Fig. 1.7 - Inside Loop

The definition of outside loop is similar. The difference of outside loop is\that it is
entered from inverted flight, and the loop is flown counter-clock-wise.

Three consecutive outside loops

45°

Qutside loops

Start & End

Ground

Fig.y1:8 - Outside loop

1.3 Problem analysis

1.3.1 Initial Analysis of Rossible Causes

Kepner & Tregoe Analytical Troubleshooting (ATS) ™ is a methodology as well as a
thinking process to systematically identify and define problems, find possible causes
and true cause,“define solutions to solve the problem, and think beyond the fix. This
thinking.process is applied in this research.

Thefirst step of the process is to clearly define the problem with details. This is a vital
stephas all the later research will have to rely on accurate understanding of the
probtem in the first place. A specific technique of ATS is to categorize the problem in
a-way of “IS” and “IS NOT”. This approach helps to trigger the thinking of probable
causes by verifying each pair of “IS” and “IS-NOT” and finding differences between
the two.

Applying the Kepner & Tregoe Analytical Troubleshooting thinking process, the
definition and details of the problem is specified as below:
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Problem Definition: Control line model plane becomes occasionally instable in
performing 2" and 3" consecutive loop maneuvers.

The problem IS observedin ... The problem IS NOT observed in ...

What F2B regular size model plane Small size control line models
In-door control line models
Radio control models/free flight models

Where Outdoor In door (Regula F2B does not fly in-doors)
More prone in side-wind or opposite-wind down-wind locations
locations
Loop maneuver Other maneuvers (horizontal “8”, square “8” etc;
Lower part of the loop Upper part of the loop

When No wind or light wind conditions (wind speed Windy conditions
less than 1-2meter/second)
2" and 3 consecutive loop 15 loop

if only one loop is performed
if I make a step back when performing the 2n

and 3 loops
Extent Controllability reduced. Increasing controllability
of the Severity varies from time to time. Predicable or constant
problem There is no-patternthat 2" loop is better or

worse than«he"3 loop.

Table 1.1

The fact that the instability issue only happens in-the-2"® and 3" loop but not in the
first one suggested that the condition of the maedel or the external environment might
have changed between the first loop and. the consecutive ones. This could be the
changes in the model’s speed or changes in the environmental airflow in that flying
space.

The fact that the instability issue nermally happens in lower part of the inside loop but
not at the upper part of the circle has suggested that this MAY be related to the speed
change of the model duringsthe loop.

The fact that the instability issue normally happens with the regular F2B model but
not with the smaller size control-line models or in-door control-line models suggested
me to furtherdnvestigate the key differences among the three. It is obvious that the
latter two kindsyof control-line models are much smaller in size, much lighter in
weight,-much thin with its airfoils, and with much smaller propellers. What all these
lead_to s/ an assumption that they are not powerful enough to change the
environmental air condition along the flying path, compared with the full-size model.
Orlin other words, the possible cause is that the full-size control-line model might
have generated turbulent air flow along the flying path that caused the consecutive
loops to have been impacted by these currents. This can well explain why the problem
is more prone to happen when there is no wind, as the wind can help to “blow away”
the turbulent airs that the model has left behind. Similarly, this can also explain why it
could overcome the problem if the pilot makes a step back from the center of the
flying circle, as this move changes the physical position of the aircraft to “escape”
from the turbulent zone that generated by the plane in previous loops.
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Summarizing the above, there are two hypothetical causes that can be established
which might have triggered the model to become instable in loops.

1. The model creates turbulent air flows along the flying path when performing the
1% loop. These unstable current leaves an impact to the model on the consequent
loop maneuvers in close proximity to the same path, the model is then flying in a
large angle of attack and caused the airflow to separate from the wing surface. The
lift on the wing sharply drops and the force acts on the wing becomes imbalanced.
To that moment, the turbulent condition is established and observed.

2. The decrease of flying speed in the loop, especially during vertical climbs, makes
the stall worse, which further reduced the wing’s lift force and causes the modél to
be unstable or uncontrollable.

1.3.2 Verify the true cause

The two possible causes above can provide logical explanations to<most of the
symptoms that have been listed in the problem specifications in 1.3/ However, these
hypothesizes will have to be proved in theory to be precise and accurate, and to be
verified in actual flights as well.

The following sections focus on the theoretical testsato these possible causes, using
physics from high school, and using my extended study, in aerodynamic theories.
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2. Theoretical Analysis

2.1 Introduction

In order to validate the true cause of the control line model instability issue in loop
maneuvers, and provide a theoretical explanation against the true cause, in this
chapter, analysis have been made by applying high school physics knowledge coupled
with extended aerodynamic theories.

2.2 Control line maneuvers and analysis

2.2.1 Level flight analysis

Level flight is the most basic movement in control

line model plane flying. It refers to the model’s
horizontal circular flying parallel to the ground at <
the height of 1.5 meters in constant speed. Two

laps of level flight are required before any *’ e
maneuver that the pilot will perform. Therefore, it ~ P4l () =T * Drag (Fa)

is essential to understand how it works. e Gravity(G)
Fig. 2.1

A\ Lift (Fi)

— .':..

T Lt

Assume the lap time (t) is 5.3 seconds. This is
measured in actual flight. The radius (r) of the cireleds' 21.5 meters. The speed of the
model (V) can be calculated as the following;»\where D is the model’s flying distance
per lap.

V(= (1)

D\< 2nr (2)

D
t

Upright Level Flight:

Lap time (t) =5.3s

Flying distance per lap (D) = 2ar = 135m
Speed (v) =D/t =25.48 m/s

Agular speed (0) = 67.92 deg/s

Model mass (m) = 1.8kg

Centripetal force (Fe¢) = mv¥/r = 54.35N

T«

f Ril(“ux(” = 2] S
<L.om

1.5m

Fig. 2.2 - Upright level flight
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In the force analysis that illustrated in fig. 2.1, there are 5 forces exerted on the plane,
those are: Gravity (G), Lift force (F/) generated by the wing, Pull force (Fz) from the
engine/propeller and Drag force (Fz) from the air. The fifth is the Centripetal force
(Fc) given by the pilot via the control lines. This last force is perpendicular to the rest
of the four forces and can be calculated with the following:

mv?

Fc = " 3)

In the above formula, m is the mass of the model, v is the flying speed, and r is the
radius of the circle.

When the model is flying in constant speed, by Newton’s first law of motion, thetRull
force (Fz) equals to the magnitude of Drag force (Fz); similarly, as the mogel does
not have vertical movement in level flight, the Lift force (F/) equals to Gravity (G).

However, in order for the plane to obtain the sufficient lift force, theawing will have to
fly with a certain Angle of Attack (AoA, or a), the forces exertedyon the wing will
become a little more complicated as illustrated in Fig. 2.3 below:

Y F[A
xr
Fo /\ Fpy
[ N ~ W = ‘7\F”’
= I L — 7 \‘\'\/ /\
S R \<\\
Fig. 2.3

As the engine and propeler installation is fixed on the airplane, the pull force that is
generated by the propeller/engine is always parallel to the center line of the fuselage,
and thereforefiwhen the plane is tilt in the a angle of attack, the pull force Fp will
then have two,decomposition forces at the x-axis (Fpx) and y-axis (Fpy).

Fpx = Fp X cos a 4)
Fpy =Fp Xsina (5)

In level flying, the speed of the model is constant and there is no vertical movement at
the y axis. By Newton’s first law of motion, the resultant forces at the two directions,
expresses as Fx and Fy must be zero:

Fx = Fpx — Fd = Fpcosa — Fd =0 (6)
And
Fy = (Fi+ Fpy) —G=Fi1+ Fpsina—G =0 (7
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As observed the in the actual level flight, the wing has a very small angle of attack («),
usually not more than 1 degree. Thus sin(a) = 0 and cos(a) ~ 1. In such condition, it
IS approximated that:

Fx = Fp — Fa = 0,0r,Fp = Fa; (8)

Fy = Fi— G = 0,0, F1 = G. 9
These basic assumptions and analysis are used in the next section of analysis.

2.2.2 Inside-loop analysis

The main purpose of this research is to find out the cause of the turbulence whenthe
model is performing inside and outside loops; therefore, it is essential to understand
the mechanisms behind these two maneuvers. As the inside loop and outside teep are
very much of the same in shape and are only different in the flying direction, the
theories of the two maneuvers are the same. Therefore, this section only‘focuses on
the inside loop.

As earlier explained in 1.2.2, the Three consecutive inside loops
inside loop maneuver is for the “
model to perform 3 consecutive,
clock-wise, vertical loops with
exactly the same size and
position. The bottom of the

loops shall be kept at 1.5 meter Start & End
above the ground, and the topof = TNt oo —— -l
the loop shall be at 45 degrees Groundmm—m

Inside loops

from the perspective of the pilot, Fig. 2.3

Once the model starts the loep

maneuver from level flyingyan angle will be formed between the vertical direction
from the ground and‘the yyaw direction of the model plane. This angle is expressed as
0 in the following illustration Fig. 2.4. For simplicity, assume the airplane flies with a
very small Angle of Attack (AoA, o) during the loop, with such assumption, only the
G force changes'at the x and y direction at the different positions of the loop. Note the
X, y coordinate system is rotated clockwise at the angle of 6 for easy illustration in Fig.
2.4,
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Fig. 2.4

The G force has two component forces at the x and y direction, respectively marked
as Gxand Gy. That Gx = G X sinf and Gy = G X cos.0

In the x direction, the resultant force, Fx, is:
Fx =Fp— (Fd+ Gx) = Fp~»(Fd + G X sin0) (10)

In the y direction, the resultant force, Fy,'is:
Fy=Fi1=Gy=Fi— G X cosf (11

The force in the x direction (Fx),changes the speed of the plane and the force in the y
direction provides the centripétal force Fc that needed for the circular movement.
That is to say, we can consider Fy and Fc is the same.

As illustrated in Fig) 2.5. At point A, 8 = 0°, sinf = 0 and cos 8 = 1, the forces

exerted on the plane is'similar as it is making level flight only the lift force Fi: become
larger to give a centripetal force for the plane to perform circular motion. At this
moment Fc =’Fir -G

At paint B, 8 = 90°,sinf = 1 and cos 6 = 0, the plane is moving straight upward.
The 'direction of drag force Fa and the pull force Fp become vertical. The centripetal
faree was given solely by the lift force Fi of the plane. That is Fc = Fi

At point C, which is the top of the loop, the plane flies up-side-down. 8 = 180°,

sinf = 0 and cos 8 = —1, The lift force Fi from the wing points downwards to the
ground. The resultant force of lift F1 and weight G form the centripetal force. Fc = Fi
+G.

Point D is opposite to point B, 8 = 270°, sin® = —1 and cos@ = 0, The plane is
heading straight downward. The centripetal force is provided by the lift force. l.e. Fc
=Fi
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Fp )
A: Fi < QI
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‘\ | 1
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N ) )
\/ i 128
A
X B v
v Fp
Fa
. ®
Fp <€ EI* — > Fu
v
G
Fig: 2'5

Per F2B standard definition of insideNleep maneuver, the radius (R) of the loop can be
calculated as below:

R=rxsm (5 =215 x sin22.5°=823m (12)

The centripetal force that~needed for the plane to perform such a loop can be
calculated using formula (3)

In the previous level flight analysis in 2.2.1, it is concluded that the lift force in level
flight approximately equals to the weight of the plane. A standard model plane
weights“about 18N, and therefore the lift force generated by the wing is about 18N
during level flight.

Inthe-inside loop maneuver, however, the centripetal force (Fc) is:

Fe="""=x 142N (13)

This centripetal force is primarily provided by the wing; therefore, it is obvious that it
requires the wing to generate much more lift force in loops than in level flight. The
only way to produce such strong force is to increase the angle of attack (AoA). In
such situation, this AoA can no longer be omitted. It must be considered in the force
analysis for loop maneuvers.

The below diagram Fig. 2.6 illustrated the force analysis when AoA (a) is considered.
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Fig. 2.6 - force analysis in large A0A

In the above Fig. 2.6:

1.

9.

The x, y coordinate system is rotated clockwise ‘at the angle of 8 for easy
illustration.

The angle of attack («) is the angle between the center line of the fuselage and the
tangent line of the loop.

Model plane’s movement directian‘parallels to x-axis, or tangent to the loop.
Lift force is represented as Fi:

The gravity of the plane.is G, the two component forces at X, y directions are Gx
and Gy.

The pull force from the propeller is Fp, because of the relatively large AoA, the
direction_of Fp.can no longer be approximated to the same movement direction,
and thus Fphas two component forces at X, y axis. They are expressed in the
diagram as Fpx and Fpy.

The drag force is showed as Fd. The direction of Fd is opposite to the moment
direction.

The total resultant force at y direction is represented as Fy, it is equivalent to
centripetal force Fc.

The total resultant force at the movement direction, or x direction, is Fx.

The outcome of the component force analysis is the following:

Fx = Fpx- (Fd + Gx) = Fpcos(a) - Fd- G sin(0) (14)
Fy = Fl+ Fpy- Gy = Fi + Fpsin(a) — G cos(0) (15)
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Fc =Fy (16)
Combine equation (15), (16) and (13):

Fe =" = Fi + Fpsin ()G cos(0) 17)

2.2.3 Understand plane’s speed and Angle of Attack in loop maneuver

When the model plane enters into the first loop from level flying, refer to fig. 2.5, at
point A, the plane does not have instant change in speed. The plane maintains at
25.48m/s with very small AoA, thus a = 0, and 8 = 0, therefore, sin («) = 0, cos
(x) = 1, and cos(8) = 1, the equation (17) is then simplified as:

Fc =Fi1 -G (18)
Therefore, the required lift force is:
Fl=""16 (19)

According to aerodynamic lift-line theory, the lift force that generated by the wing
can be calculated with the following equation:

1
Fl=Cl Evzsp (20)

Where Cl is the coefficient of the airfoil, v is\the'speed of the aircraft, s is the wing
area, and p is the density of the air.

Compare equation (19) and (20), we know:
FL= 204G = ¢l 2v2sp 1)

Therefore, where air density at\25°C p = 1.184kg/m3, v = 25.48m/s, s = 0.3395m?,
R=8.23m, m=1.8kg, g=9.8m/s?

Cl =20 4 29 1223 (22)

Rsp  vZsp

As stated in the introductions, most F2B control-line model uses the standard
NACAQ021 or NACAO0018 airfoil. NACAO0021 is used in this research as this is the
one thatused on my model plane.

TheNlift coefficient of standard airfoil NACA0021 can be generated using the CFD
program Xfoil. It is an interactive program for the design and analysis of subsonic
isolated airfoils.

The only input that needed by Xfoil to generate lift coefficient is the Reynold number,
or Re. This Reynold number can be calculated with the following equation:

Re = — (23)

19 /56



In the equation: p is the density of the air, v is the velocity of the plane, d is the
average chord length of the wing and fis the viscosity of the air.

Air density and the model’s speed at the beginning point of the loop are known,
that p = 1.184kg/m3, v = 25.48m/s. The average cord length of my model is
242.5mm.  Air viscosity can be looked up from the website:
https://www.engineeringtoolbox.com/, at 25°C and 1 atmosphere pressure, u =

18.37 x 107

Therefore, Reynold number in this condition
is: Rex~ 4 x 10° a

The NACAO0021 coefficient chart plotted by
CFD Xfoil is showed in Fig. 2.8. The Angle
of Attack for CI=1.22 is approximately at 18
degrees. Note this angle is already close to the
critical AoA of stall.

/ ~

Follow the same logic we will be able to
know the AoA at any position of the loop, if |
we know the speed of the plane at that 0 10 20 30
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moment. : .
Fig. 2.8 - NACAO0021 coefficient

There are two ways that we can know the

speed of the plane in loop: by calculation, (Or, by measure the actual speed with a
“speed meter”, or Pitot tube, however the™pitot is hard to be installed on the model
plane.

To make it more intuitive, let’sgmake-an analogy. The movement of the plane in loop
maneuver is similar to that of\aroller coaster in the amusement park to perform loops;
it is just that the centripetal force is
provided by the wing for the plane,
and by the push force from the track
for the rollercoaster. The physics
behind the two is the same.

At the point when the roller coaster
is entering a loop, it has already
accumulated enough speed. The
kinetic energy (Eo) at that speed (Vo)
provides the momentum for the roller

) : r coaster to continue climbing up the
Fig. 2.9 — Roller coaster loop loop. During this process, the initial
kinetic energy (Eo) will become the
sum of potential energy and kinetic energy at each particular moment. The total
energy keeps unchanged in the process, if frictions are ignored. This can be expressed
as:

§

Eo =>mV,* =-mV,* + mgsh (24)

20 / 56


https://www.engineeringtoolbox.com/

Where V,, is the initial speed at the bottom of the loop, V; is the speed at any position when it
climbs, §h is the elevated height, and m is the mass of the roller coaster.

On the first half of the loop, as the roller coaster climbs with increasing height, its potential
energy increases, and the kinetic energy drops. Thus, the speed of the roller coaster decreases.
When it reaches to the top, it has the highest potential energy and lowest kinetic energy, or
lowest speed. On the second half of the loop when it dives, its potential energy drops and the
kinetic energy increases, this makes the roller coaster to accelerate in the 2™ half of the loop.
Theoretically, the total energy is constant in any position of the loop and the rollercoaster
resumes with the same speed V/;, when it finishes the loop and passes the same bottom position
the 2" time.

As such, if we know the initial speed of the coaster, we will be able to calculate the speed at
any given position of the circle V.

Ve =\ Vo’ — 2g6h (25) e

This is almost the same as the model plane flying loops.

However, the difference is that the plane’s engine and

propeller will generate the pull force (Fp). The work

done by this pull force along the tangent path is added

into the system. Meanwhile, when the model is flying Sh
with high speed, drag force from the air cannot be
ignored; the result of this work by the drag force will
reduce the plane’s speed as it flies. The total resultant
work from the engine and drag is the calculus ©f the Fig. 2.10
resultant force in tangent direction (i.e.\sFx) “and

traveled distance (i.e. length of the arc). Jhis cambe expressed as:

D = arc length

Wy = [, F,Dd# (26)

Where W, is the total work that Tncreased or decreased by the engine and by the drag force;
E, is the resultant force in.the_movement direction; and D is the distance the model has
traveled from the bottom ©f\the loop, this equals to the arc length that the model has flown.

Thus, the energy equatiotrin (24) is adjusted as:
E.+E,=E, +W, 27)

Or,

1mV,? + mgsh=1mV,? + f) F.Ddo (28)

Thus, the instant speed at any position, i. e. V; , can be calculated with the following:

2 0
Ve= [ Vo2 + —f F,Dd6 — 2g6h (29)
mJ
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In this equation, Fx is from equation (14), and

7RO

In the actual flight, the model plane is flying on the half hemisphere surface and the loop is
not perpendicular to the ground, therefore, the actual height has a cos22.5° factor to the

hypothetical vertical height of the loop, as illustrated in Fig. 2.11.

6h = R(1 — cos 8) * cos (22.5°) (31)

Fig. 2.11

Formula (29) has provided the theoretical way to-calculate the speed of the plane in the loop
maneuver. However, in this formula it is fairly.difficult to do the calculus calculation of the
work that yielded by the x-axis force. The full expression of this work is the following:

W, = foe E.Dd6 = foe(Fp cos(o)- Fd- G sin(B))“—RedQ (32)

180

The difficulty to make this calcdlus'can be overcome by using  pummy s e
Microsoft Excel spread sheettQ do an approximate simulation by~ __ KV780 N3 1R

dividing the entire loop inte, 720 small segments, i.e., to increase ~— Mm———".
0 by 0.5 degrees persstep from zero degree to 360 degree, these
720 steps form the entire loop. The following screenshot, Fig.

2.12, illustratedithis calculation: e

The drag. foreé used in this simulation is from the following
formulaj=whefe the drag coefficient is generated by Xfoil with
Reynold number ranging from 2.2 x 10° to 4.0 x 10° to match
the\speed of the model plane.

Fy = %Cd * pSv? (33)

The pull force is obtained by looking up the manufacturer’s ..
product specification of motor and propeller, Table 2. The motor

used in this application is Sunny Sky 3120 brushless motor i ,:g'g
KV710 with Sail 12x6 inch 2-blade wood propeller. The power

supply is from an 18.5V 5S 2950mah lithium polymer battery Table 2
pack.

22 / 56



Using this Microsoft Excel simulation, the speed changes are becoming visible.
When the speed of each point is simulated, we can follow the same logic to calculate
the needed lift force that has to be provided by the wing and from there the required
lift coefficient (i.e. Cl) can be calculated. Once Cl is available, we can back-track the

angle of attack AoA with CFD (Xfoil).

e 1.8 o= 1.184
EMSLER 8.23 5= 0.3395
HIERETO 25.48
i) 18

1, 1 . [f
“mV, 4 mggh==mVy? —J D
2 2 o
Fx = Fpx- (Fd + Gx) = Fp cos(«) - Fd- G sin(8) AH = R(1 - cos(8) = cos(22.5) = 7.6035 = (1 — cos(8))
FEpAEhRp 17
AR 10
E
g Fx ) delta ¥ W =V gy V= w 5t Tine o Tt

6. 167861 0.07182 0.442985 0.442085 684, 3074 648.7226 26. 48066 177.4644 0.002818 0.002818 177.4644 26, 4BO6A
6.014025 0.07182 0.431928 0.874014 584.3074 0.005107 660. 1360 25.43896 177.5102 0.002817 0.006634 177.5102 26. 40836
5.8601 0.07182 0.420874 1.206788 584.3074 0.020428 650.6475 25.50779 177.5807 0.002816 0.00845 177.5807 26.50779 | 259

0.706199 0.07182 0.409821 1.705608 584.3074 0.045962 651.0740 20.61616 177.6389 0.002815 0.011265 177.6389 26.561616
6.562334  0.07162 0.39977 2.104378 584.3074 0.081706 851.4770 26.52406 177.6939 0.002814 0.014076 177.6939 2652406 | o0,

5.398515 0.07182 0.387723 2.492102 5B4.3074 0.12765%8 651.8576 26,5315 177.7457 0.002813 0.016891 177.7457 25,5315
5.244755 (0.07182 0.37668 2.868782 5843074 0.183815 #52.2137 25.53847 177.7943 0.002812 0.019704 177.7943 25, 63847

5.091065 0.07182 0.365A42 3.234424 5843074 0.250172 @52, 5462 25.54498 177.8306 0.002812 0.022515 177.8396 25, 64498
4.937457 0.07182 0.35461 3.589033 5843074 0.326724 €52.8552 25.55103 177.8817 0.002811 0.025326 177.8817 26.55103

4,783042  0.07182 0.343584 3.032618 584.3074 0.413465 6531406 26.65661 177.0206 0.00281 0.023136 177.9206 25.55661 | 100
4.630533  0.07182 0.332666 4.266184 5B4. 3074 0.510389 663.4024 25.56174 177.08562 0.00281 0.030846 177.9562 26. 66174
4.477242  0.07182 0.321567 4.586741 5843074 0.617488 603.6407 26,0664 177.9387 0.002808 0.033755 177.9887 20.5664 | 50

4.324079  0.07182 0.310557 4.897207 5843074 0.734705 603.8054 26,0708 178.0179 0.002809 0.036564 178.0179 25,5706
4.171086 0.07182 0.299566 5.196864 584.3074 0.2621% 654.0467 25.57434 178.0439 0.002808 0.039372 178.0439 25, 67434 0

3.865479  0.07182 0.27762 5.763071 5843074 1.1474A4 54,3589 25.58044 178.0864 0.002808 0.044988 178.0864 25, 58044

4.018186 0.07182 0.288587 5.485451 5843074 0.999753 654.2145 25.57762 179,066 0.002808 0.04218 178.086% 2557762 0

3.712847 0.07182 0.266665 6.029736 584.3074 1.305302 654.4798 25.5828 174.1029 0.002807 0.047795 178.1029 25.5828
3.560603 0.07182 0.255724 6.285458 5843074 1.473255 6545773 25.58471 174 1161 0.002807 0.050602 178, 1161 25, 58471

1
3.408457 0.07182 0.244796 6.530256 584.3074 1.A5131 654.6515 25.58616 178.1262 0.002807 0.053408 178. 1262 26. 58616
3.256521 (0.07182 0.233884 6.76414 584.3074 1.830454 654.7023 26.58715 178.1331 0.002807 0.066216 178.1331 25.58715 | 35
3.104807 0.07182 0.222088 £.987128 584.3074 2.037671 654.7208 26.58760 174.1360 0.002807 0.059023 178. 1369 25.58769 | o5

2.953326  0.07182 0.212109 7.199237 584,3074 2.24594% 604.7341 20.68777 178.1375% 0.002807 0.06183 178.137% 26, 68777

2.80208 0.07182 0.201247 7.400484 584.3074 2.46426% 664.7161 26.5874 178.1349 0.002807 0.064637 178.1349 26.6874 | 25
2.65111 0.07182 0.190404 7.590888 584.3074 2692614 654.6720 25.50650 178.1201 0.002807 0.067444 1781291 26, 68658

2.500399 0.07182 0.179579 7. 770467 5843074 2.930969 654.6076 26,5853 178.1203 0.002807 0.070251 1781203 25,5853
2.349866 0.07182 0.168775 7.939242 5843074 3. 179316 654.5192 25.58357 174.1082 0.002807 0.073058 1781082 25, 58357 | 15

2.199824 0.07182 0.157992 B.087234 5843074 3. 437634 €54.4077 25.58139 178.0931 0.002808 0.075B65 178.0931 2. 568139

1.900450 0.07182 0.136481 8. 380056 584.3074 3.884108 654.1158 26.67660 178.0633 0.002808 0.081481 178.0633 25.67569 | 5

1.761268 0.07182 0.125776 8.50A732 684.3074 4.272221 653.0354 26.67216 178.0288 0.002308 0.02423 178.0288 25.67216

1.602393 0.07182 0.115084 B.621816 584.3074 4.570224 653.7322 26.56819 178.0011 0.002809 0.08709% 178.0011 25.56819 | O
1.453876  0.07182 0.104418 8. 726234 584,3074 4.878082 653.5061 20.56377 177.8703 0.002309 0.089908 177.9703 26, 68377 0

0.
0.
0.
0.
2.049885 0.07182 0.147231 B.244465 5843074 3. 705905 654.2732 25.57877 178.0748 0.002808 0.078673 178.0748 26, 57877
0.
0.
0.
0.

1.305718  0.07182 0.093777 8.820011 54,3074 5.195004 653.2573 25,5589 177.9265 0.00281 0.092718 177.93656 25.5589
1.15793  0.07182 0.083163 8.903174 584, 3074 5.523334 652.0850 25.55359 177.8995 0.002811 0.095529 177.8995 25, 55359
1.010524  0.07182 0.072576 8.97575 584.3074 5.BAOG5T 652.6916 25.54783 177.8504 0.002811 0.09834 177.8504 25, 54783
0.86351 0.07182 0.0A2018 9.03T768 H84.3074 6. 207748 652.3749 25.54163 177.8162 0.002812 0.101152 177.8162 25, 64163
0.716801 0.07182 0.051488 9.089256 5843074 A.5A4581 652.0356 25.53499  177.77 0.002813 0.103865  177.77 26. 53499
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Fig.,2.12 ~Speed simulation

The speed curve that generated from this simulation has a
good match with the real flight-data that recorded by the
In-flight Data Recorder that/installed on the model plane.
A randomly chosen example is showed on chart to the right,
Fig 2.13. The details of this flight data collection process
are explained4n section 4.1.

2.2.4 Theoretical Conclusions

From the"abdove analysis, in general, we see the largest lift
for¢e“vequired in this maneuver is in the lower part of the
loop, ~usually from 4-olock to 8-clock. With reverse

Real Flight Data
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calculations, we know the needed Angle of Attacks is
beyond 14 degrees along this lower path. Refer to fig. 2.8,
the lift coefficient from 14-degree Ao0A is starting to go flat

Fig. 2.13 - Actual
speed in loop

and prone to enter into the stall zone. Any airflow turbulence may cause the AoA to
change and in some occasions to increase, at which moment, the wing will stall and
become unstable. This match well in the real situation when the plane completes the
first loop, the air turbulence generated by this first maneuver may cause the model to

stall when it performs the consecutive loops.
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These above analyses provided a theoretical explanation of the root cause of the
problem. To further match this with the real flight, a test model is prepared.

2.3 Prepare the Model Plane for Field Test

To be able to understand the airflow during the actual flight in a more intuitive
manner, | made some modifications to my model plane. This is the plane that | have
flown in the world championships and national championships. The design of this
aircraft has many common attributes with most other F2B model planes and therefore

it is a good representation. That means, if | can solve the problem on this plane, it is
likely that the solution can apply to all other F2B model planes. b’

2.3.1 Initial Testing (b"g

The first experiment conducted was to observe the actual airflow over the Ing
flight. W%"

In order to do this, some 60 light silk threads were attached to the wi@rface; each
tread is about 7 centimeters long. The threads are fixed using adhe{% pes in 4 rows
evenly distributed from the leading edge to the trailing edge.«In of the rows the
spacing of thread is 10 centimeters. Yellow-colored threads osen as it provides
the best visual contrast over the red background color aé?%?efore is easily visible.
A mini video recorder is mounted on the fuselage tiﬁ%a record movement of the
threads during flight. The movement of the threads @ ivid illustration how the air

flows over the surface of the wing. See below Fig .@.4

Q Fig. 2.14

@actual testing flights were conducted twice on July 4™ and 5" 2020 in Beijing
(\/ lement Football Park”. Using these threads as indicators proved to be a very
effective way to observe the airflow over the wing. The video footage clearly showed

the airflow behavior during the entire flight. For example, the “panic” movement of

the threads is a good indication of vortices or turbulence in a particular area on the
wing. From the video, the “panic”” movements of the threads are easily observed at the
wing tips and during maneuvers, and especially it happened when the model plane
become unstable. This is a factual proof that the instability of the model plane is
caused by the separation of the airflow which causes stalls at some part of the wing
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that makes the forces exerted on the wing imbalanced, at which moment, the “shake”
would occur. The following video snapshot in Fig.2.15 shows the vortices at the wing
tip. If we have a way to “control” the flow of the air, that will offer us an opportunity
to avoid or delay the stall and hence improve the controllability of the plane during
flight.

Fig. 2.15 Snapshot of flight video footage

2.4 Flow control

Flow control is a major rapidly evolving fieler 0f fluid dynamics. B It is one of the
main ways to improve performance of planes, By using flow control techniques, it can
serve large engineering benefit, likesdrag reduction, lift increase. In this research the
main usage of flow control is to delay, stall and increase the lift at high angle of attack.

Flow control can be divided.intospassive and active flow control, where passive flow
control is to change the pre-setting of the plane before the flight to make improvement,
and active control makes_changes during the flight.

In passive flow contrel, a widely adopted method is to add vortex generator. The USA
F2B National ~Team has once experimented using vortex generators on their
competition model planes, however the general effectiveness of such measure was not
very visible daring flight and the same instability problem continue to exist.

There are.a few ways to do active flow control, such as: Synthetic jet technique,
Plasma flow control, intelligent material technology. However, these methods are
generally too complicated to be applied on an air model plane with such a small size.

During my research on passive flow control, a past study caught my attention. It is to
use bionic technique modeling the leading edge of the humpback whales and apply it
to the leading edge of planes to help the aircraft to overcome stalls. It is found that
humpback whales have many tubercles on their flippers, and these tubercles might
have contributed to its agility during prey capture. Inspired by this, past researches
proved that adding tubercles on the leading edge of the plane will help to increase the
critical angle of attack of the wing and delay stalls to happen. This provides a great
inspiration and opportunity to apply the same technique on air model planes. |
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therefore have decided to apply this technique to my control line model to resolve the
instability problem during loop maneuver.

2.5 Basic theory of the leading edge tubercles

2.5.1 Introduction to humpback whale and leading edge tubercles
The humpback whale (Megaptera novaeangliae) is a species of baleen whale. It is one
of the larger rorqual species, with adults ranging in length from 12—-16 m and

weighing around 25-30 metric tons. Fig. 2.16
’ ‘ & }’-' / 7 - _/ 5 :\/ .
/. // g ;

_ o O _
Fig. 2.16 - ack/whales in the Southern Ocean
Despite their size, they are highly maneuverable predators with several different

specialized modes of ca g their prey. Prey swims very fast and is very agile. To
get these fish hum%; hales need to perform maneuvers such as loop, rolls, and
tight turns. When prey is abundant, the whale will swim through the school from
below at a typical speed of 2.6 m/s. This lunge-feeding behavior is also used with
lateral or inverted approaches. The whale will sometimes swim away from its prey
and quickl ﬁeverse direction with a U-turn before lunging back through the school.
Thi “ir% loop” behavior can be completed in as little as 1.5 body lengths. Flick-
f is another behavior that requires rapid, tight turning capability. The whale
@ys a dive with its flukes clear of the water flicks its tail as it submerges, and
ges to the surface with its mouth open to the resulting food-filled wave. All these
(\/maneuvers require high agility and without the essential agility they may face severe
problem with their feeding. Thus, these remote humpback whales evolved in order to
meet the need for it to hunt. [

The humpback has a distinctive body shape, with long pectoral finsand a knobby
head. As a matter of fact, the humpback has the largest pectoral flippers of any whale;
it is about 31% of its total body length. It has high aspect ratio and is in backswept
elliptical shape, both of these features provide an efficient lifting surface. Past
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research suggested that the tubercles on its flippers are functional in the way of
improving maneuverability; it works like a vortex generator to help delay stall and lift
stall angle. @

Fig. 2.17 Pectoral flipper pback whale
Inspired by the flipper tubercles of hur%& whales, in the following sections, I

have modeled the shape of the tubercles inte sinusoidal leading edge and tried to get
the underlying physical mechanism\@kn it is applied on the wings of the control-
line air model planes. 'xéo

2.5.2 How leading edge tube work
Based on the previous studies with leading edge tubercles, the protuberances generate
vortexes [Johari et al. Q@ which help maintain the lift and prevent stall in high
angle of attack [ I. 1991; Miklosovic et al. 2004; Fish and Lauder 2006]. The
leading edge ~tubercles generate vortices and those vortices further establish
downwash t the flow attach to the wing surface. Because of the existence of the
downwash, the effective angle of attack a® becomes smaller than the actual angle of
attack &= Therefore, the lift force exerted on the wing is also reduced. Based on the
ana%, the lift force exerted on the normal trapezoid wing will be bigger than the
ing with leading edge tubercles. However, at the trapezoid wing’s stall angle of
ack, the downwash produced by the leading edge tubercles help keep the flow
attach to the wing and reduce the flow separation. Thus, the leading edge tubercle is
functioning to delay the stall of the wing although having a cost of the partially
reduced lift force. This can be expressed in the below formula.
at =a—— (34)

Vo
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Fig. 2.18 Downwash reduces effective AoA

Where w is the downwash and V,, is the velocity of the airflow. It is suggested from
the above formula that the more the vortices established by the protuberances, the
more delay will happen to the stall, but the more erosion to the lift will also occur.

2.5.3 Modeling leading edge tubercles for control line air model plane

Consider the shape of leading edge tubercles are most similar to sinusoid, “the
mathematical sinusoidal model is then employed. There are two types of sinusoidal
leading edge: those with fixed amplitude and wavelength are called fixed sinusoidal
leading edge, and those with changing amplitude and wavelength="are called
distributed sinusoidal leading edge. ! To be relevant with the confreline air model
plane, this research focuses on studying the distributed leading edge, where the cord
length is changing along the span of the wing.

To understand the effectiveness of the leading edge 4ubereles, | used the traditional
trapezoid wing and a standard airfoil NACA0021, which match the model that | fly.
To show how the aerodynamic properties of the wing are modified when leading edge
tubercles are added, the model considers a wing\which chord varies on a length scale
large compared with its thickness. By haviag*this premise, it can analytically capture
the unseparated flow around the wing up tothe attack angles where separation occurs.
Based on the lifting-line theory, faer‘the plane with high aspect ratio flying in a
relatively small angle of attaek,”its{change in span-wise flow and speed is much
smaller than in other two directions. Therefore, we can consider in each cross section
the flow is in two dimensions, and in span-wise the effect of the vortexes is different
from each other.

Started from the typical sine function:
y = Asin(Bx) (35)

Where (A-determines how “wavy” the leading edge is, and B determines how long in
length,each “wave” is. Put into the design context of the wing, | have related A and B
with'the cord length of the wing. In other words, the A and B are specified by a pair
of given coefficients relevant to the cord length at each particular span-wise position.

In the typical trapezoid wing, the cord length C at a given position x can be calculated
with the following:

C(x) =Cr —tanf *x (36)
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Fig. 2.19 — Trapezoid wing

In Fig. 2.19, Cr is the root cord length of the wing and Ct is the tip cord length*Ihe
back sweep angle is 8 degrees.

The measurements of my model plane are: Cr=280mm, Ct=205mun; half wing
span=700mm.

The amplitude of the wave at x position is:
A(x) = Ac * C(x) (37)

And the wavelength at x position is:
A(x) = Ac * C(x) (38)

Where Ac and Ac are a pair of given coefficients. ‘In the past researches, Ac usually is
10% to 50% of the cord length, and(AcNis' usually 2.5% to 10% of the cord
Iength[13'14'15].

To convert A(x) into radian measuré, \We have:

B = an 39
- A(x) ( )
Thus, the full expression‘become
- 2m
y = A(x) * Sm(l(x) * x) + 280 (40)

We will-then‘be able to draw the sinusoidal leading edge as below Fig. 2.20 (the blue
line). This assumed that Ac=50%*Cr and Ac=5%*Cr. 280 is the root cord length.
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Fig. 2.20

For a trapezoid wing, there is an angle of 6 degree’s back sweep. Therefore, we need
to do a conversion to equation (40) to be able to give the sinusoidal leading edge with
the same back sweep, by adding the y-axis offset. The final equation after conversion
is below:

) — x *tand + 280 (41)

y=A(x)*sin(%*x b
.

This (41) gives the final sinusoidal leading edge plot as illustrated below in Fig. 2.2
A

romal chord length

| L

Fig. 2.21 \"U
2.5.4 3D modeling in Solid Works Q
Once we know how to Q)

establish ~ the  sinusoidal
leading edge using equation
(41), we can easily establish
the 3D wing model in Solid
Works using the “loft” to I4
and use the sinusoidal line §<
the guiding curve to |

my model plane, % ard
NACAOQ021 airfoil is tsed. A
sample SQSjrawing is Eﬂ
illustrated to the right in Fig.
2.22. ows a half wing Fig. 2.22 — wing with sinusoidal leading edge

withr, distributed sinusoidal
edge, with amplitude at 0.05c and the wavelength at 0.5c, where c is the root

% d length of the wing.

S
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3. CFD Simulation

3.1 Introduction

In this section, Fluent, which is Computational Fluid Dynamics (CFD) software, is
used to simulate the effectiveness of sinusoidal leading edge and testify how the
leading edge tubercles can impact on lift, drag and angle of attack.

3.2 Meshing with ICEM

Meshing is a vital part in the simulation of CFD. It divided a complex geometry into
simple elements, which discretize into local approximations of a large domain. The
result of meshing impacts the simulation speed, the accuracy of the outcome and
whether the outcome will converge. There are a number of different types of meshing
to make adaptations to geometry.

Common Types of Mesh

2D:

TRIANGLE
(TRI)

3D: .ETRAHEDRON :
(TET) 4
RAM[D
Fig. 31 €ommon types of meshing

(https://www.ansys.com/products/platform/ansys-meshing)

2D PRISM
(QUADRILATERAL OR QUAD)

PRISM
(WITH QUADRILATERAL BASE
HEXAHEDRON OR HEX)

ARBITRARY
POLYHEDRON

=

PRISM
(WITH TRIANGUILAR BASE-WEDGE)

({

All these types can be divided in to two different parts: structured and unstructured
grid (mesh). Typically, @structured mesh is comprised of hexahedron elements that
follow a uniform pattern. An unstructured mesh does not follow a uniform pattern,
usually compfised ©of tetrahedron elements. The structured mesh usually forms high
quality meshing While the process to mesh is more difficult than unstructured mesh.
The unsStructured mesh on the other hand is more flexible and can be easily formed
butcthe accuracy of the simulation may not be as good as the structured mesh. In this
researeh, the structured mesh is used for quality and accuracy consideration.

Table 3.1 listed the 5 mesh grids that were created with different amplitude/wave
lengths.

1. 2 3 4 5
0.1/0.5¢c 0.05/0.5¢c 0.025/0.5¢c 0.025/0.3c 0.025/0.1c
6millon grids 2million grids | 2million grids | 2million grids | 8million grids
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The Fig.

3.2 illustrates the meshing established with 0.1/0.5c sinusoidal leading edge.

Q I ANSY

Setup
@ General
=) ® Models
IR Multiphase (Off)

Fig. 3.2 Meshing of 0.1/0.5c¢ leading edge wing

The flow domain, also known as enclosure, had a shape shawn in the figure 3.1 below.
Its length is set at 14m(50c), 4.48m (16c) in width and«84 (30c) in height. The root of
the wing is attached to the surface of the wall. by@ttaching the root to the wall it can
simulate a symmetric plane as only a half winguis'used, Also, this allows more spaces
for the wake flow. The wing is placed 56m+20c) to the front and 8.4m(30c) to the
back. The flow domain is established as shewn below and the domains are divided in

structured mesh.
R AR A

NN \ i
AW \Z\ \\Vﬁi\\ \ ,%%”
\ \\\l\ NN \J \Z y

il

[5{%’/#75?’ ///f////
N\ iR
\ \ hlty

Fig. 3.3 (a) is the mesh of the flow region that will be simulated (b) is the mesh
around the wing and the mesh of the wing

3.3 CFD simulation setup

3.3.1 Solver

Two types of solver can be used for the simulation in ANSYS Fluent: the pressure-
based-solver and density-based-solver. The pressure-based solver is used for
incompressible flow and low velocity while the density based solver is designed for
high-speed compressible flow. In this simulation the pressure-based solver is chosen
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to match with the control line model plane. It uses an algorism based on a general
method called the projection method. The projection method is a very efficient way to
do numerical solving in time-depending incompressible fluid-flow problems. It is
very efficient to solve the Navier-Stokes (NS) equations. The NS-equations is an
extension of the Euler equations which included the effect of viscosity. These are the
fundamental equations of all the CFD algorithms and theories. NS equations contain
five differential equations which include the momentum in each axis, a continuity
equation and an energy equation. (2%

L ap | d(pu) , (pv) |, A(pw) _
Continuity: T o T 3y t— = 0 (42)
i 9w | 9(pu?) | A(puv) | Apuw) _ _dp | 1 [arxx ITxy arxz]
x-Momentum: ot + ox + oy + 9z  9x Rerl ox + + 0z (43)
: . 9(pv) | d(puv) | A(pv?) L d(pvw) _  ap | 1 [arxy GENH aryz]
y-Momentum: e T o T 3y =, = % P - + (44)
) . d(pw) |, d(puw) , d(pvw) , d(pw?) _ o, 1 [arxz 0Ty, a‘fzz]
Z-Momentum: at + ax + oy + 9z 0z ,Rél,0x + ay (45)
. 0(Er) , O(WET) |, O(uET) |, O(WEr) _  d(pu) Q(pv). Jo(pw) 1 [aj
Energy: at + ax + oy + 9z ax oy 0z Re Pry Lox
at arz
y >t o0 re [ (utyy + VTyy + WTyy) +-- (urxy YTy, +wry,) +
Py (urxz +v1y, + WTZZ)] (46)

Though the functions listed above theoretically can be solved by using calculus, it is
too difficult to solve analytically. The ‘pressure based solver helps to get solve using
certain simplification and appreximation. This algorism is described by considering
the steady-state continuity and¥momentum equations in integral form shown below

¢ pvdA = 0 (47)
$ pidA = $pldA + $TdA + [, Fdv (48)

3.3.2 Turbulence modelling

The approach used for turbulence modeling is the Spalart-Allmaras (SA) model. The
SAmodelis a one-equation model; it solves a modelled transport equation for the
kinematic eddy turbulence viscosity. The benefit of the SA model, compared with the
double-equation, is that the calculation amount is relatively small and more stable.!]

The model is given by the following equation:

av av

o gy, = (1= fi2) ST = [Wlfw—cblfw]() %l%f<(v+v)a%>+

av oY

b2 5 9mn (49)

And the turbulent eddy viscosity is computed from:
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,th = pﬁfvl (50)
Where

(51)

x=2 (52)

Here, p is the density, v =% is the molecular kinematic viscosity, andw_is the

molecular dynamic viscosity. Here are some additional definitions:

~ v
S=.Q+vaz (53)

where 2 = \[2W;;W;; is the magnitude of the vorticity;"d is)the distance from the
field point to the nearest wall, and

1

fo=1-tm—  fyole] (54)
g=1+cCu(r®—1) 7 = min [ﬁ, 10] (55)
feo = Cy3 exp(—ct4X2) Wi = %(% - %) (56)
j i
The boundary conditions are:
Uan = 0 Urarfeita = 3Vo: L0: 5V (57)

These boundary conditions on the SA turbulence field variable correspond to
turbulent kinématic viscosity values of:

Vtwall = 0 vt,fardfeild = 02104381]00 to: 12942341700 (58)

The, constants are

2
ey = 0.1355,6 = 2,0y = 0.622,k = 041,¢,, = 0.3 (59)
Cp1 1+ Cp2
CW3 = 2, Cvl = 7.1, Ct3 = 1.2, Ct4 = 0.5, CWl = k_+ 6 (60)
2
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3.3.3 Fluent setup

As mentioned above, the solver is pressure-based solver using SA turbulence model
for the simulation. At the temperature of 25 degree Celsius, the air density is
1.184kg/m3. The boundary condition is the following: at the front of the cube the inlet
flow velocity is 25.5m/s; at the back of the cube the boundary condition is pressure
outlet. The wall where the wing is attached to is meant to make the simulation
symmetric. All other boundary layers are walls. The setup for the reference value
helps calculate the lift coefficient and it is the same as the simulation setup: flow
velocity is 25.5m/s, density 1.184kg/m?®, temperature 298.17K, length 242.5mm which
is the average chord length of the wing. The scheme is using coupled because it gains
a more robust and efficient single phase implement for steady-state flow. Asthe
convergence behavior functions very well thus the courant number stays the ‘Same.

Considering the wing is stationary, in order to simulate different angle of attack, it is
required to change the direction of the inlet flow in multiple angles.\\We need to do
force analysis to match these angles of inlet airflow so that the ift force and lift
coefficient can be calculated correctly.

Force on X-axis(Fz)

Fig. 3.4 The force analysis is relevant to the inlet direction

Assume the lift exerted on the wing is perpendicular to the inlet flow, the lift can be
calculated using the following equation

L=Y *cosa — X *sina (61)

3.4 Simulation
The actual simulation was half successful.

The critical problem is encountered to simulate lift force. The solver takes too long
(>10 hours) to produce the simulation result for a single degree. This makes it
impractical to produce a coefficient curve. Usually the CFD simulation software runs
on a supercomputer that is fast enough for the solver to converge. However, due to
COVID-19 constraints, such a powerful computer is not accessible. In this situation, a
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home computer was used to run the program, but it was way too slow to yield a valid
result. As such, it made it so inefficient to make adjustments to the simulation
parameters. An attempt to reduce the amount of grid was tried to see if it can produce
a faster result, however, the reduced grid volume from 8 million to 2 million have
impacted the validity of the simulation. The lift force returned from the solver was too
small to be true (<10N). This is a follow up action to find a powerful machine to
continue with the lift force simulations.

The generation of pressure distribution graph in Fluent is rather successful. The
following Fig. 3.5 shows the pressure distribution on a 0.025/0.1c sinusoidal leading
edge at 16 degree of inlet flow.

3.08e402

2.06e+02

1.33e+01 ) e
-1.79e+02

-3.71e+02

-5.64e+02

-7.56e+02

-0.48e+02

-1.14e+03

-1.33¢+03

-1.52e+03

ol
-

Fig. 3.5 the pressure distribution on the 0.1 0.025 sinusoidal leading edge at the wind
inlet of 16°

Because of the existence of the meighboring tubercles and troughs, the airflow travels
different distances from the ‘feading edge to the trailing edge. The flow speeds
therefore have more variations compare with a straight leading edge wing. This speed
changes result in different pressure distributions on the wing where the pressure
gradient is more adverse behind a trough than behind a tubercle. Those pressure
differences have contributed to keep more vortices and airflow to attach to the wing
surface at high apgle of attack. This minimizes the flow separation and, consequently,
delays the stall from happening. The pressure gradient and distribution patterns can be
clearly seen in the simulation graph that showed in Fig. 3.5
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4. Verification with actual flight

4.1 Prepare for flight data collection

In section 2.3.1, it described a way to visualize the airflow over the wing during flight.
Some 60 pieces of silk threads were fixed on the wing surface of the model plane. The
movements of these threads during flight are good indications of the characteristics of
the air flow. It can help to identify air flow separations and capture possible stalls. A
video camera is attached to the fuselage to record the flight, and the footage can be
played back for examination after landing. While this experiment is easy to be carried
out and intuitive, it has some obvious limitations. First, video footage cannot provide
quantifiable data for analysis; second, my model has a traditional straight leading
edge; it cannot be used to experiment the effectiveness of sinusoidal leading edge.

An in-flight data recorder (logger) can help to solve the first problem. The core-gdevice
of an in-flight data recorder (logger) is an IMU sensor. Here, IMU stands for Inertial
Measurement Unit; it is a device that measures the specific force using-aeeelerometer,
angular rate using Gyroscope and magnetic field using Magnetemeters. The most
commonly used IMU chips are MPU-6050 or MPU-9250. The/MPU-6050 devices
combine a.3-@xis gyroscope and a 3-
axis accelerometer on the same silicon
- die, together with an onboard Digital
Zg{l: Motion Processor™ (DMP™), which
e processes complex 6-axis Motion
Fusion algorithms. The MPU-9250 is
RAGHRIEH SRS a 9-axis Motion Tracking device that
combines a 3-axis gyroscope, 3-axis
accelerometer, 3-axis magnetometer
and a Digital Motion Processor™
(DMP) all in a small 3x3x1mm
package.

Fig. 4.1 In-flight data recorder

In this research, an integrated data
recorder is used» which is
commercially available from
WwWw.wit-motion.com. Model
WT901C..., with  the  multi-chip
module MPU-9250, it is the smallest
9-axis-Motion Tracking device that |
can” find on-line. Model plane is
generally weight-sensitive and size-
sensitive. The WT901 is both small
in size (51.3mm*36mm*15mm) and
light in weight. It weighs about 30
grams only including a built-in =
rechargeable battery and a CF Fig. 4.2 — Install data recorder on fuselage
memory card to log the flight data. Its power consumption is every low; a full charge
of the internal battery can support data log for up to 5 hours. This in-flight data
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recorder can log angular velocity and linear acceleration in xyz axis at a data sampling
speed up to 200Hz. The device is mounted on the fuselage close to the Center
Gravity (CG) position so that it will not influence the model plane’s aerodynamic
characters. The x axis of the recorder is pointing to the tail, the y axis is pointing to
the outside of the flight circle (i.e. parallel to the wing), and the z axis points to the
upright direction. In such an installation position, the angular velocity of y axis can
be used to analyze the movement of the plane during maneuvers. The Fig. 4.3 below
is an illustration of the xyz data that logged using this device. It provides quantifiable b’

data for analysis.
.. >

e e .
\\/ /»/\\\ /-\ / m ‘ﬂ /r,/‘«‘/u A-V\M\ /r’\ j
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A V = \J““ - W/
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Fig. 4.3 Data sample
4.2 Flight video recording using SLR digital camera,_ b

Fig. 4.4 Video recording of flights

(\/QCannon EOS 650 SLR digital camera is used to record the actual flight video. The

digital camera is mounted on a tripod at the height of 1.5 meters. It is positioned
outside of the flying circle at the opposite position facing the maneuver. A wide-angle
zoom lens (18-55mm) is used to capture the full movement. However, this camera has
a limitation of fps (frame per second) for video shooting at max 50 fps speed, thus the
maximum accuracy to measure time is 0.02 second. Fortunately, this accuracy is
roughly ok for this research. The camera has the capability to record simultaneously
video and audio. These provided a lot convenience in the analysis at the later stage.
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4.3 Design and build the model plane for test flight

4.3.1 Fabrication of testing model with removable leading edge

As explained in 4.1, using my existing model plane to do test flight has an obvious
limitation because all existing models do not have sinusoidal leading edge. A new
model has to be designed that can satisfy the purpose to test both wing with straight
leading edge and wings with a few different specs of sinusoidal leading edge. The
general idea is to design a new model that has a replaceable leading edge.

Based on this thinking, the test model is designed to be identical to the existing model
plane and the only difference is that the leading edge is removable. The fabrication of
the test model employed the traditional building techniques. The primary mateérial
used is balsa wood. For building accuracy, the main parts of the plane were.cut'using
a tabletop laser CNC.

Fig. 4.5 Auto CAD plan

\

|. \ \\‘L\'»
I EETEE Y *_I__‘

Fig. 4.6 - Stablizer and elevator
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Fig. 4.10 - The removable straight leading edge
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4.3.2 Fabricate sinusoidal leading edge

In addition to the traditional straight leading edge, two pairs of sinusoidal leading
edge were also made. | decided to make two different types of leading-edge tubercles
with different amplitudes and wavelengths. Respectively, one pair has tubercles that
are 10% of the cord length, and the wavelength is 50% of the cord length. For easy
reference, we call this pair 0.1/0.5c. The other pair has tubercles that are 5% of the
cord length and the wavelength is 50% of the cord length. We name this group
0.05/0.5c. Why | have chosen these two sets of parameters to test? It is because, as
learnt from the previous research [ these two set of sinusoidal leading edges are
supposed to have affordable impact to its lift while still have the best effectiveness(te
increase the critical angle of attack and delay stalls from happening.

;
Fig. 4.11- 3D drawing of sinusoidal leading-edge in Solid Works

There are different ways to fabricate thése wavy leading edges. The most accurate
method is to use 3D printing. However,/the materials that used for 3D printing usually
are resin or nylon or acrylic, these types of material have a density around 1.35x10°
kg/m®. This is much heaviér, than the typical building material for air model planes;
for example, the density’ of.balsa wood is only 0.09x10° kg/m®. Using 3D printing will
dramatically increase“the weight of the model, even if it is just to print a thin shell of
the leading edge. Another challenge of 3D printing is the max allowable printing size.
The length of half wing is 70 centimeters however most of the 3D printers have a
maximum printing of 50 centimeters long. The availability of a large size 3D printer
IS an_issue,

CNCmachinery milling is another way to make sinusoidal leading-edge. It is both
fast'and accurate. However, with the impact of the COVID-19 pandemic, it is difficult
to find a CNC machine that | can use to make the needed leading edge.

Having assessed the different fabrication methods, | finally chose to use the
traditional air modeling building techniques to build the replaceable leading edge, that
is to hand-make. The material | used is a combination of balsa wood and low density
extruded polystyrene board, or XPS. XPS has a density of 0.025x103kg/m? which is
very light; it can be easily cut into the needed shapes with a “hot wire”.

The following describes the process to make the removeable leading-edge.
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Step 1. Make the sinusoidal leading-edge templates using 2mm balsa sheet. In this
step, AutoCAD is used to plot the sinusoidal leading edge. And then use laser CNC
cutter to make two leading-edge templates. |1 have a CNC laser cutter in my home, but
it is a small one that can only cut up to 200mmx300mm size of objects. Therefore, |
have to cut the leading-edge into 3 pieces and connect it together to the needed length.
The leading-edge template is glued perpendicularly on to a base balsa board; this
forms the sinusoidal leading-edge jig for the next step. As showed below.

Fig. 4.12 - sinusoidal leading-edge templ.k&%
Step 2. Cut the XPS board into long strips and glue it to t%mplates

Q Fig. 4.13 — Step 2

(\/Step 3. Make rough cuts using a hot wire against the balsa templates to form the basic
shape.

Fig. 4.14 — rough cut to shape
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Step 4. Sand it into the required shape with sandpaper and cross section templates.

Fig. 4.16 - after sanding .\Q)

<

Step 5. Cover the surface with fiber glass and epoxy resi ake the surface smooth
and endurable. This step is necessary because the XP terial has a lot of tiny holes
on the surface and is still rough after fine sandin surface is also very soft and
could be easily damaged. Apply fiber glasg\@poxy resin will solve all these
problems.

differentssinusoidal leading-edge. The left is0.05/0.5¢ and the right is 0.1/0.5c.

Q
v
(»Q

(gﬁ Fig. 4.17 — cover with fiberglass
Step 6. gowt e leading edge to the model plane. Below picture show the two
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Fig. 4.19 \@:Gﬁputer drawing

'\60

4.3.3 Trimming the test mod ane
Once the test model plan@ built, it requires a lot of trimming before it can make
perfect flights. A %r%gh visual inspection of all the parts and systems was
conducted indoors to adjust control surface alignments, thrust line alignment, correct
any distortio&;om the wing, elevator, fuselage, and program the on-board flight
timer, etc. Orye ese were completed, an outdoor trimming process was conducted in
the mo% ©on August 1 2020 at the Beijing National Day School sports ground. A
progressive trimming approach was used which started from short flights of 1 minutes
Qrve the performance and make small adjustments. The power output was
@ted to make the lap time be around 5.3”. The flight time was gradually increased
5°10” standard fighting time. The trimming process was completed after about 4
flights.

4.3.4 Flights with sinusoidal leading edge

The field testing of sinusoidal leading edge was performed 12 times during weekends
between July 4 2020 and September 5 2020. More than 60 test flights were performed
to collect the in-flight data. These experiments were primarily done at the Beijing
National Day School sports ground. The last experiment was performed on Sep 5 at
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Zhang Fang, He Bei Province, due to the air space control in the Beijing area between
Sep 3 and Sep 9 for an International Fair that was held in the city.

}

Fig. 4.20 — 3 different type of leading-edge have been tested

The objective of these experiments was to observe and collect data ofthe “foop
maneuver. Therefore, only inside and outside loops were performed in each'flight. 3
consecutive inside loops and 3 consecutive outside loops were flown repeatedly in the
flight until the power cut off at 5°10”. Two level laps were flown between each group
of the inside/outside loops. For each test flight, 14 groups of leopS'could be performed,
that was 21 inside loops and 21 outside loops. So, all-in-all;*qut of the total 60 test
flights, more than 2000 inside and outside loops have beemyflown with the different
type of leading edge. These seems to be a large quantify, however, considering the air
model plane’s flight performance may be influenced by the weather condition,
especially by the existence of the wind at the time'of flight, it is prudent to only make
analysis using the data that obtained on the, same day under the same weather
condition. The data from different dates*may only been considered as references to
form the general understanding and quahitative rule of thumb.

4.4 Understanding the flight data

The in-flight data recorder Tegs,»on a CF memory card, the x/y/z axis reading of
acceleration, angular speedyand direction. Some other information is also recorded,
e.g. the time stamp, temperature, etc. The sampling rate is 200Hz. In a flight of 5’107,
there are total 62,000-data packets recorded for one flight. This is a big volume of data.
The raw data ecan be imported to Excel for analysis. The following is a sample of the
data.

A 8 c D 3 F G H 1 J K L M N o P Q
1 ax(g) aylg) azlg) wx(deg/s) wy(deg/s) wz(deg/s) AngleX(degAngleY(deg degT(") hx hy hz Do D1
2 08:48:13.440 0.0449 3.1611 1.2856 0.3052 6.958 68.4204 31.1078 43.0774 168.4204 2318 487 827 -38
3 08:48:13.445 0.0449 -3.1611 1.2856 0.3052 6.958 68.4204 311298 43.0939 168.5358 2318 484 828 38
4 08:48:13.450 00449 31611 12856 03052 6958 68.4204 311462 43.1158 168.6456  23.18 481 829 38
5 08:48:13.455 0.0415 -3.1792 1.3833 -0.4883 7.2021 68.2983 31.1682 43.1323 168.7555 23.19 a79 829 -38
6 08:48:13.460 0.0415 -3.1792 1.3833 -0.4883 7.2021 68.2983 31.1847 43.1488 168.8654 23.19 476 830 -39
7 08:48:13.465 00415 -3.1792 13833 -0.4883  7.2021 682983 312012 43.1653 168.9697  23.19 474 830 39
8 08:48:13.470 00415 -3.1792 13833 -04883  7.2021 682983 312177 431818 169.0796  23.19 470 831 39
9 08:48:13.475 00366 -3.1123 14009 -3.2349 64087  67.627 312177 431927 169.184 232 467 831 -40
1nlng.a2.12 200 ANIRE  .21172  140NQ 2734 RANRT  RTAI7T 219177 42902 1RGNN 229 221 _an

Fig. 4.21 - in-flight data recording

4.5 Flight data analysis

The Chart tool in Excel is very helpful to visualize the recorded information and help
to find out the pattern. The following two charts Fig. 4.22 and 4.23 are samples of
acceleration and angular speed of the model plan in one flight.
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angular acceleration

40000

ax(9) ay(g) az(g)
Fig. 4.22 Ao

angular velocity

0
100 0 35000 40000
-200
-300
wx(deg/s) = wy(deg/s) wz(deg/s)
. 4 Fig. 423
The spikes, i.e. changes in ion and in angular speed, are very visible in Fig.

model plane exhibits the “shake” problem, it is often

4.22 and Fig.4.23. These changes happen when the plane is making loop maneuvers.
During the flight, whe
coupled with sud eed changes. Analyzing speed change can help us identify the

pattern of the problem.

Fig. 4.22 is tﬁgaph of speed acceleration. It is obvious that acceleration in the z-axis

is mostsignificant. Accelerations in the other two axis are not as much as they are in

the z direction. Fig. 4.23 is the graph of angular velocity. It shows that the angular
in y axis changed the most during the loops. The changes in x and z axis are

Y!saéignificant. These match very well the real flight, and therefore the data can be

(&ed for analysis.

Intensive analysis has been conducted with the y-axis angular speed. Fig. 4.24 below
is an example of the isolated angular speed graph in the y-axis. It shows 7 groups of
inside loops (those above 0) and 6 groups of outside loop (those below 0).
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Fig. 4.25 below is the zoom-in view of one group of inside lo
shape curve represents one inside loop. The angular speed ch
~200 deg/s in different position of the circle. Thisis a gr

analysis in section 2.2.3.
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hen turbulence occurs, it will show a sign of significant immediate change in the
graph. By counting the number of those changes, we can determine the frequency of

cient number of loop

maneuvers and count the overall occurrences, it will then have statistic meaning to

compare among the difference type of leading-edges. In this
leading-edge were tested. By comparing the turbulence occurre
leading-edges, we can understand the general effectiveness of th
in improving the stability of the model plane.

research, 3 types of
nces among the three
e sinusoidal tubercles
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As stated earlier, model plane’s flight performance may be influenced by the weather
condition, especially by the existence of the wind at the time of flight; it is prudent to
make analysis using only the data that obtained on the same day under the same
weather condition. The data from different dates may only been considered as
references to form the general understanding and qualitative rule of thumb.

In the real flight, the environmental air condition may change even during the same
flight. To minimize this influence on the analysis, we can shorten the observation
window to the duration of each group of 3 loops. Experience tells me that turbulence
seldom happen in the first loop, and therefore, the curve of the first loop are used as
the base line reference for the consecutive two loops. When the curve of the 2nd‘and
3" loop is significantly deviated from the shape of the first curve, it.generally
indicated an occurrence of turbulence.

Chart 4.26 illustrates how turbulence is identified in the consecutive(3 loops. This is
recorded as the fourth group of inner loops in the second flight with the regular
leading edge, on Sep 5 2020. The curve of the second loop had, aa‘unusual change in
the middle of the slope. This immediate change of the angtlar velocity is identified as
turbulence occurred at that moment. This is cross checked’and confirmed with the
simultaneous video and audio recording.
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Fig. 4.26 — ldentify turbulence

The 6 graphs below show the flight data that have been collected for the 3 different
leading-edges. These data were collected at the same practice field, on the same day
(September 5 2020), and the wind speed was steadily <2m/s. For each flight, around
40 loops were performed, so 6 flights gave total 240 loops to be examined. For each
type of leading edge, two flights or 80 loops have been logged. With this amount of
data, the significance of the leading edge tubercles should reveal. In addition to the
data log, videos and audios were also recorded for each flight.
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Applying the same logic, the analysis was done for all the 6 flights showed above. As
an outcome:

With the normal leading edge, the sign of turbulence occurred 7 times out of 84
loops. The occurrence is 8.3%.

With the sinusoidal leading edge of 0.05/0.5c, the sign of turbulence occurred 3
times out of 84 loops. The occurrence is 3.6%.

With the sinusoidal leading edge of 0.1/0.5c, the sign of turbulence occurred 2
times out of 78 loops. The occurrence is 2.6%.

4.6 Conclusion of field testing

From this analysis, it is evident that, compare with the normal leading \edge, the
sinusoidal leading edge has significantly reduced the occurrence of turbulence by
more than 56%. However, in between the two sinusoidal leading edges, the increased
amplitude of the tubercles did not show meaningful statistical differences to further
improve the stability of the model plane.

Another interesting observation from the test flights havesShowed that the battery
power consumption using the sinusoidal leading edge’is slightly lower than that of the
regular leading edge by approximately 3% per flight{ As'measured after the flight, the
battery reserve was 25% with the 0.05/0.5c¢ sinusoidal leading edge, while it was 22%
with the regular leading edge. This suggested another potential benefit of using
sinusoidal leading edge to save energy. It is.likely that leading edge tubercles may not
only delay stalls, but also improve the_drag coefficient of the airfoil. More tests and
research will be required to prove this'assumption. Although it is not the focus of this
paper, it can be an interesting fallewupresearch to be conducted afterwards.
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5. Conclusion

In conclusion, F2B control line model plane has a long haunting problem in
performing high-dynamic maneuvers, specifically, the model plane would sometimes
lost balance and become unstable in flying consecutive loop maneuvers in no-wind or
little-wind conditions. In this research, it is proved that during loop maneuvers, the
wing needs to generate much larger lift to provide sufficient centripetal force for the
model to accomplish the loop. This larger lift is obtained from the wing by flying in
high angle of attacks (AoA). This high AoA is close to the critical angle of attack to
stall. This phenomenon is further worsened by the turbulent air left from the previous
loop on the same flight path, which make the 2" and 3 loops to exceed the critical
AO0A, at which moment the airflow on the wing separate, and result in sudden drop in
lift. This causes the plane to stall and become unstable. In windy conditions, the*wind
helps to blew away the turbulent air on the flight path, and therefore, the plane’s less
likely to be impacted by the previous loop, and hence it is less likely>for the stall
problem to happen.

Flow control technique is used to improve the model plane’s performance in situation
of high angle of attacks by employing sinusoidal tubercles orrthe leading edge. With
CFD simulation, it is showed that because of the existenCe of the neighboring
tubercles and troughs, the airflow travels different distances from the leading edge to
the trailing edge. The airflow speeds therefore have more variations compare with a
straight edge wing. This speed changes result in different pressure distributions on the
wing. The pressure differences have contributechto keep more vortices and airflow to
attach to the wing surface at high angle of.attack. This minimizes the flow separation
and, consequently, delays or weakens the stalls to happen.

Intensive field test with actual flights-have further confirmed the root cause of the
problem and the general effectiveness of using sinusoidal leading edge to improve
stability in control line model plane’s loop maneuver. Under the same condition, the
wing with tubercles has reduced more than 56% of the occurrences of turbulence. It
also indicated that By “purely increasing the amplitude of the tubercles does not
provide meaningful tmprovements to further delay stalls but rather increased the
complexity ofghe wing structure and increased difficulties of fabrication.
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6. Follow up

The primary follow-up work is to find a much faster and powerful computer for CFD
simulation, so that the lift coefficient curve can be established for different sinusoidal
leading edges with different combination of parameters. The COVID-19 pandemic in
the past several months has made it difficult to access to these machines in the labs.

Another follow up, if practically viable, is to employ wind tunnel to experiment
different leading edges, as the wind tunnel provides a more ideal testing environment
than the open field. With the wind tunnel, the actual lift and drag properties can be
measured and studied. The challenge with this is the availability of the right size of
wind tunnel that can suit the size of the model plane with the 1.5 wingspan. The cost
affordability of employing a wind tunnel may also be a challenge.

Last but not least, as described in the last part of section 3, an interesting observation
from the test flights has showed that the sinusoidal leading edge may have contributed
to power savings in the flights. It hinted that the tubercles may not only delay stalls,
but also improve drag coefficient of the airfoil. More tests and-fesearch efforts are
required to confirm the finding and to explain the theories behinds Although it is not
the focus of this paper, it can be an interesting follow up to-be.explored.
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Due diligence

v

Establish research
objective and strategies

v
Define problem with facts

v

Analyze the problem to

Step 1: define the problem

establish all possible causes
v

Analyze to shortlist to
the most possible cause

No Confirm true cause with
theoretical analysis

v

Step 2: find the true cause

Verity the true cause in CFD

Are all issues
explained?

No

v

Develop remediation solution

v

Build test model plane
for experiment

v
Conduct field test
v

Field test data analyst
and conclusion

Problem remedied?

Yes

Final conclusion

v

Think beyond the fix -
Plan follow up actions

v

Research paper write up
and submission

X1y e uawaldwi :¢ daig

Xy 2y puekag quiyl i daig

55 /56



A2. Research plan/schedule
A2.1 High level research plan/schedule

Research plan
File Task Resource Report Project View Help Format £ Tell me what you want to do o X
—: C O i Ol o - " Mark on Track * = nspect * |l ™ - - ' m P ﬁl
Gantt | Paste N beriagisbilid Task Information Panner | Scroll 2. Send to
Chart - . B I US4~ Lo A ol I Mode - . toTask ¥ | MindManager
View Clipboard Font ‘. Schedule Tasks Insert Properties Link To Editing Mindjet ~
Qyode v Task N v Duration w Start ~ Pinish  Prodoce u ! i v A
- «F28 Model Plane Loop Instability Issue Research 258 days Wed 1/1/20 Mon 9/14/20 ]
- Research Establishment 4sdays  Wed 1/1/20 Fri 2/14/20 | |
- “Theoretical Research & Analysis 76 days  Sat 2/15/20 Thu 4/30/20 I 1
0 | = Research preparation 50days  Sat2/15/20 Sat4/4/20 | —|
13 - Due diligence 3 days Mon 3/16/2C Wed 3/18/20 11 I
1 - Define problem 3 days Thu 3/19/20 Sat 3/21/20 13 i
15 - Analyze to establish possible causes 40days  Sun 3/22/20 Thu4/30/20 | — |
17 - Test/confirm the most probable cause in theory Sdays  Fri5/1/20 Tue5/5/20 16 [ ]
1 - Test/confirm the most probable cause in CMD simulation 30 days  Wed 5/6/20 Thu 6/4/20 | — |
=4 - Establish the remediation plan 5 days Fri6/5/20 Tue6/9/20 18 i
% - «Test the remediation plan with flights & field experiments 132 days Fri 5/1/20 Wed 9/9/20 | I |
E d - Build test model plane 37days  Fri6/5/20 Sat7/11/20 l—‘
g - Prepare for data collection 15days  Fri5/1/20  Fri 5/15/20 i |
» - Conduct field test and experiment 60 days  Sun 7/12/20 Wed 9/9/20 32,24 |
0 - Experimental analysis and conclusion 7days  Thu9/3/20 Wed 9/9/20 39FF lv‘
1 - Compose research paper 90days Fri 6/12/20 Wed 9/9/20 39FF [
4 - Research paper submission S days Thu 9/10/20 Mon 9/14/20 n
N
A2.2 Detail research plan/schedule o« O
Taak Orr 1. 2020 L] ir 5. 2020
Mode « Task Nume ~ Duration » Start v Finish - Predecassor| Dee Jan | Feh | ¥aw Aor Mar Jun Tu Aug
1= “F2B Model Plane Loop Instability Issue Research 258 days Wed 1/1/20 Mon 9/14/20 I
2 - <Research Establishment 44 days Wed 1/1/20 Thu 2/13/20 1
34 Establish rough-cut research plan 3 days Wed 1/1/20 Fri 1/3/20 [ ]
io|=s Establish possible research subjects 20days  Sat1/4/20 Thui1/23/20 3 ]
i Feasibility study 15days  Fri 1/24/20 Fri2/7/20 4
6 |=3 Shortlist and confirm research subject 3 days Sat 2/8/20 Mon 2/10/20 5
T = Establish research strategy and methodology 3days  Tue2/11/20 Thu2/13/20 6
8 =g 4Theoretical Research & Analysis 78 days  Fri2/14f20 Fris/1/20
9= 4Research preparation S0days  Fri2/14/20 Fri4/3/20
E 10 |- Research for related papers and documentation 15days  Fri2/14/20 Fri2/28/20 7
c 1= Self Study Aerodynamics 30days  Fri2/14/20 Sat3/14/20 1055
E 2= Learn how to use 5FD software (Xfoil, %flow, Fluent) 20days  5un 3/15/20 Fri 4/3/20 11
g 15 |m Due diligence Sdays  Sun3/15/20 Thu3/19/20 11
4 . Define problem 3days  Fri3/20/20 Sun3/22/20 13
1 - +Analyze to establish possible causes 40days  Mon 3/23/2C Fri 5/1/20
= Theoretical analysis to verify each possible causes 40days  Mon 3/23/2C Fri 5/1/20 14
= Test/confirm the most probable cause in theory Sdays  Sat5/2/20 Wed5/6/20 16
5= Test/q the most probable cause in CMD si 30days Thu5/7/20 Fri6/5/20
o = +CFD Simulation 30days Thu5/7/20 Frig/s/20
20 (=g Establish meshing 15days  Thu5/7/20 Thu5/21/20 17,12
2L |y Simulation 15days  Fri5/22/20 Fri6/5/20 20
22 | Establish the remediation plan 3 days Sat 6/6/20 Mon 6/8/20 18
23 |-,y 4Test the remediation plan with flights & field experiments 132 days Sat 5/2/20 Thu 9/10/20 1
| “Build test model plane 37days  Sat6/6/20 Sun7/12/20 1
= (= Design the model plane in Aute CAD 7 days Sat 6/6/20  Fri 6/12/20 19
o =3 Build the model plane 30days  Sat 6/13/20 Sun7/12/20 25
7 =g +Modeling the leading edge in Solid Works 30days Tue6/9/20 Wed 7/8/20 |
28 |y Build 3D drawings 10days Tue6/9/20 Thu 6/18/20 mn
e Build the leading edge 20days  Fri5/19/20 Wed 7/8/20 30 |
E 52 |-y 4Prepare for data collection 15days Sat5/2/20 Sat5/16/20 1
c W= +Prepare for qualitative data collection 5 days Sat5/2/20 Wed 5/6/20
g = Purchase and install mini video camera Sdays  Sat5/2/20 Wed5/6/20 15
g w |m Install silk thread indicators 1day Wed 5/6/20 Wed 5/6/20  34FF I
= +Prepare for quantitively data collection 15days Sat5/2/20 Sat5/16/20
= Search for in-flight data recorder 10days  Sat5/2/20 Mon 5/11/20 15
3 | Install in-flight data recarder Sdays  Tue5/12/20 Sat5/16/20 37 []
3 . Conduct field test and experiment 60days  Mon 7/13/2(Thu 9/10/20 32,24
o = tal analysis and ¢ 7days  Fri9fa/20 Thu9/10/20 39FF u
L =g Compose research paper 90 days  Sat 6/13/20 Thu 8/10/20 39FF |
iz = +Research paper submission 4 days Fri9f11/20 Mon 9/14/20 |
43 =, Collect and all required supporting daocus 3 days Frig9/11/20 Sun9/13/20 41
44 [= | submission |1 day Mon 8/14/2CMan 9/14/20 43

~

56 / 56

-





