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ABSTRACT

Despite advancements in aerobatic aircraft, the issues concaemoigatic flight safety remain largely
unresolvedwith incidents occurring at airshows, during training and during private flights, even with
stable, predictable and reliable aircraftieTlikelihood of aerobatic incidents has increased as aircraft
are now capable of being flown in even more dangerous, low energy sce&gqiiws.or tumble
manoeuvres are typically the origin of lasiscontrol accidents. Such scenarios occur generally in
manoeuvres that result in low energy states. disisertatioraims tounderstand the mechanics behind

a low energy aerobatic manoeuvre. The positiitamble manoeuvre was selected as the manoeuvre
to analyse, as it is one of the most difficult aerobatic manoeuvres to recover from. The Extra 330SC
was selected as the model aircraft as it is one of the most popular aerobatic aircraft across dll pilot ski
levels. Additionally, the Extra Aircraft Corporation provided more information about the aircraft than
any other aerobatic aircraft manufacturer.

Methods to develop mass, inertial and aerodynamic data were explored. The aerodynamic data was
extended to high angles of attadlerodynamic models for the wing, fuselage, horizontal stabiliser and
propeller were consideretenerated mass and inertial data were compared to reference data and
demonstrated good correlatidtatic @rodynamic data was comparedtilishedexperimental data

(where possible)Good agreementasshown between the generatitaand test dataConsiderations

for surfaces expesl to propeller slipstream and rotational dynamiessconsidered. No literature was

available fordirectcomparison of these considerations.

A nortlinear three degree of freedom model was develepaimulatethe tumble manoeuvre. This

was achievedy simplifying the equations of motion in the velocity axes. The velocity axes were
appropriate in determining the flight path of the manoeuvre along with all affiliated parameters. The
aircraft body axes were utilised in determining the rotational paessétiring the tumble manoeuvre.
Force components at high angles of attack were modelled in both the velocity and bodyhaxes.
current model doesot include any lateralirectional forces or moments, assuming the manoeuvre is

purely in the longitudinal plane.

A tumble manoeuvre is possible for a very specific aircraft configurafiorupgradedengine and
propeller slipstrearsffectsare essential in performing the tumble manoeuvrgas shown the entire
manoeuvre could be completed in a horizontal distance wfrm and a vertical distance of p un

for manoeuvre entry velocities qf un/s o Tn/s, 0 un/sandt 1/s. Each of the minimum radius
tumble manoeuvres occurred at the most rearward centre of mass location. An entry vefoaityof
provided the smallest possible radius tumblee entry to the manoeuvre requires large decelerations
and normal forces that were beyond the lift limits of the wing. Both these requirements were met by
orientating the aircraft at large pitch angles and subsequently large angles of attack. Thglesgd an

attack resulted in large decelerating forces and orientated various aircraft force components, other than



the wing, in the lift direction. Significant energy loses are seen through the manoeuvre resulting in large
losses in airspeed and ultimately altitude. The risks associated with a tumble manoeuvre could be
minimised by adjusting the normal forces and mameasting on the aircrafBy altering the propeller

blade pitch angle, the normal forces and subsequently the moments from the propeller could be changed,
altering the overall normal forces and moments acting on the aifEhastresulted in a slightlharger

overall manoeuvre but illustrateédcreasedvelocity values throughout the manoeuvre. A form of
validation of the results was performed by comparing model results of tumble mandbavresre
generated through patchwork of images compiled from video footage of the manoeuvre. Good

correlation was shown between the model data and video footage.
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1. INTRODUCTION
1.1.Background
1.1.1. Aerobatic Flight and the Tumble Manoeuvre

Aerobatics is a category of flight in which an aircraft performs an intentional manpewolking
aircraft attitudesaccelerations andltitudes all of which are not required for normal fligfi], [2].
Aerobatic flight is one of the most spectaculeria displays, which exemplifies thenanoeuvring
capabilities of an aircraft when controlled by an experienced[BiloAerobatic flying requires a wider

set of piloting skills and may expose the aircraft to greater structural stresses than those seen in normal

flight [4]. A myriad ofaerobatic manoeuvres exist, somehafbetter known beingolls, loops,stall

turns (hammerheadsypins upward vertical flightandwhip stalk [2]. The roll @lso known ashie

aileron roll) is one of the simpleaerobatic manoeuvrgfiustrated inFigurel. The manoeuvre involves

a o @ matation of the aircraft abouhe longitudinal axisof the aircraft(the axisextendingfrom the

nose to the tail of the aircraft down the centrelam®] is achievedsing the ailerons, while the elevator

and rudder usually remain in the neutral position. This manoeuvre is generally performed in a smooth
manner without any breaks or jerk&ariations of this mareuvre include the snap roll, the slow roll

and the barrel rollThese manoeuvres use elevator and rudder input in addition to ailerotiaieflec

Figurel: The aileron roll aerobatic maao/re

A loop manoeuvre involves creating a circular or elliptical shape in theThleymost common types

of loop manoeuvres consist of the inside loop and the outside loop. The inside loop is illustrated in
Figure2(a). The manoeuvre is entered by applying elevator, from a level flight attitude, such that the
aircraft pitches up at approximatedyg to 1 g. The elevator is applied until the aircraft is in a vertical
orientation after which the elevator pressure
of the loop. Beyond the tamost point, the back pressure from the elevator is slowhgasedntil the

aircraft is once again in a level flight orientation. To perform theaeavre correctly thre should be

C



no roll angle while the aircraft is following tiiegght path (tracd out by the arrows ifigure2(a)). This

implies that some aileron input may be required. The rudder may also be required to maintain a constant
heading. A perfect loop would involve entering and exiting the loop at the same point. The outside loop
is identical to the insidéoop; however, the aircraft is inverted with the top of the aircraft facing
outwards throughout the loop. This is illustratedrigure2(b). Upon exiting thenanoeuvrethe pilot

will often transition into another manoeuvre or roll the aircraft back to the correct orientation.

Sa ‘
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Figure2: (a) The inside loop aerobatic manoeuvre (b) the outside loop aerobatic manoeuvi

The stall turn, also called the hammerhes@nothewerticalmanoeuvrdike the loop manoeuvre and
is illustrated inFigure3. The stall turn allows the direction of the aircraft to be changed thrpught J
within a limited amount of airspace and without forfeiting much enérgg.maneuvre makes use of
the rudder and is a relatively simple manoeuvre. The manoeuvre begins with a verticaltodimibot
redu@s powertowardsthe apex of the maeavre This is done to slow the aircraft down to a stop.
Once this has occurred, full rudder is applied to rotate the aircradtpytpbinting the nose of the
aircraft towards the groundUnlike the loop manoeuvre the pilot need not @slimanyg's while

performing the manoeuvre.
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Figure3: The stall turn aerobatic mamo/re

Simple aerobatic manoeuvres such as rolls and loops cperfiemed togetheto form combined
manoeuvres. An example of such a manoeuvre is the Cuban 8 which incorporates both rolls and loops
Thisis illustrated inFigure4. The manoeuvre is initiated by flying straight and level. After a short,time

full power and elevator is applied to pitch the aircraft up and enter a climb, in an identical manner to
which the inside loop is initiated. The aircraft is allowed to go into a vertical climb and continues over
onto its back at the top of the loop. Jaierthe aircraft has reachelde top of the loopailerons are

applied to smoothly roll through @ Tbdinging the aircraft right side up. Power is then slightly reduced
and elevator is used to maintaim a) dive. After the brief dive the aircraft is levelled out at the same
altitude at which the manoeuvre was entered. As soon as the aircraft is levelled out power is applied
once again and a second loop is initiated. As with the first loop the aircrafivigdlto loop over onto

its back before rollinghrough 180 and diving att v td the horizontal to resume straight level flight.

An ideal manoeuvre would have the aircraft exiting the manoeuvre at the same height at which the

aircraft entered the manoeuvre.
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Figure4: Cuban 8 aerobatic manoeuvre

Various manoeuvres are often combireel performed sequentialtp form a complete aerobatic
sequenceAerial displaysequences aperformed both for entertainment and competitmexample
of an aerobatic display sequence is illustratefigure5s.

In recent decadesd@ancements iaerodynamics and adaptive flight control have allowed aircraft to

fly at higher angles of attack and at very low speeds, ushering in a new era of aerobatic flight. Aerobatic
display aircraft have thus become even more manoeuvrable, expanding the ope@tianaof these
aircrat, allowing even more dangerous manoeuvres to be perfo@redsuch manoeuvre which has
arisen, as a result of improved modern aircraft, is the aerobatic tumbleuwanddnis manoeuvre will

be the focus of this papeFhe manoewe was selected due to the lack of information regarding the

manoeuvre in the public domain. A Google Schol a
tumbl e manoeuvreo, AfAerobatic tumbling manoeuvr
tumbl® was performed. No published work was found



Figure5: Example of araerobatic display sequence



Energy Management

An important aspect in penfiming an aerobatic displdag the management of aircraft energnergy
management can be defined as the process of plamnémitoring adjustingand controlling alititude

and airspeed targets in relation to the state of energy of the aifdriafis donén order to:

Attain and maintain desiratbn-horizontalflightpath-airspeed profiles]

2. Detect, correct and prevent unintentional altitude and airspeed deviations from the desired
energy stat¢s]

3. Preventirreversible deceleration and/or sink rate that results in g%fash

Emphasis of good energy management should be stressed to pilots in training, espcially those aiming
to perform aerobaticsMistakes in mandgg the energy state of the aircraft can be deadhe
mismanagement of mechanical energy (altitude and/or airspeed) is a contributing factor to the three
most common types of fatal accidents in aviation: loss of control in flight {DO&ntrolled flight

into terrain (CFIT) and approach and landingidents[5]. The total mechanical energy of an aircraft

in flight is the sum of its potential energy (from altitude) and kinetic energy (from airspeed). A flying
aircraft is an Oopend energy system, meanings tl
fuel) and lose energy to the environmeng.(ghe surrounding air). Energy can be added to or removed
from the total mechanical energy of the aircraft stored as altitude and aifSpégtergy management

is particularly important for manoeuvres such as the aerobatic tumble, as the aircraft brought to a very
low (near zero) airspeed. This places the aircraft into a state of very low mechanical energy, requiring

losses in altitude to recovairspeed and normal aircraft attitudes.

The Tumble Manoeuvre

The aerobatic tumble manoeuvre can most simply be understood as a minimum radius loop where the
aircraft velocity reaches a near zero value. The tumble is an extreme aerobatic manoeuvre that involves
a rotation of the aircraft about its lateeadis (the axis which extends from one wingtip to the other),

with almost no forward speed. It is generally performed by single engine propeller driven aircraft. Some
fourth and fifth generation fighter aircraft are likely also capable of performing thimeusre,
however, the mechanics behind the manoeuvre will be different to those of a propeller driven, piston
aircraft. The manoeuvre can be performed one of two ways, by rotating the tail of the aircraft under the
nose (the positivétumble) or by rotating the tail of the aircraft over the nose (the neg&tivable).

The report will focus on the positivetumble manoeuvre as it is the more difficult of the two types of

tumble, both in entering and exiting the manoeuvre.



Figure6: Sean D Tucker performing the positi@@umble manoeuvre ("Tucker Upper")



The Positive] Tumble Manoeuvre

Figure6 provides a still image of an aircraft exiting a posittimble manoeuvre, with smoke emitted

from the aircraft providing a visual trace of the aircraft flight gatho traced out by the red path line)
lllustrations of the aircraft orientation throughout the manoeuvre have been overlaid to provide a
complete graphic of the flight pattith dotted black lines illustrating the orientation of the aircigie

angle of attack of the aircraft is illustrated by the difference between the red path line and the dotted
black lines.Just prior to entering the manoeuvre, the aircraft is typically oriented‘augkand flying

at low airspeedso( Tm/s- T 1™/9), indicated by point A irfFigure6. To begin the manoeuvre the pilot
applies full up elevator, pitching the nose of the aircraft rapidly upwaits creaesa destabilising
moment on the airframe, illustrated by point BRigure 6. Due to the large size of the elevator on
aerobatic aircraft and increased velocity over the tail due to the propeller slipstream, the aircraft is
pitched to an angle of attack well beyond stallt v Jseen at point C. The aircraft then remains briefly
fixed at the new angle of attack and is unable to continue rotatinghile climbing and decelerating.
This can be seen between points C and D. The ai
unable to rotate further due to opposing moments acting on the aircraft. The elevator forces and the
propeller normal fore create a destabilising, nose up moment, while all other aerodynamic and
propulsive forces create opposing moments that act bdliseéathe aircraft. The very large angle of
attack results in the generation of a large drag force on the aircraft. This increased drag force acts to
rapidly decelerate the aircraft and creates large stabilising aerodynamic mdbrmer@sairspeed has
reduced sufficiently, the destabilising moment from to the elevator becomes larger than the stabilising
aerodynamic moments and the aircraft is able to continue pitchingisseen at point E ifigure®6.

The elevator remains effective, without any airspeed, due to the propeller slipstream that is blown over
the empennage. Withw airspeed the aircraft is able to continue rotating while moving very marginally
forward (if viewed from the aircraft cockpit) and upward. The aircraft continues rotating to the point at
which it is inverted. The aircrathen further rotateantil the attitude of the aircraft is pointed toward

the ground. This can be seen through points E to F. With the nose of the aircraft now pointing down
and with a low kinetic energy level, the aircraft begins to lose altitude and rapidly gains aiboedd!.

the pilot continue to hold full up elevator, the aircraft will continue to pitch during the exit of the

manoeuvre, albeit at a reduced rate. This is illustrated from points F to G.

An important concept in the analysis of the tumble manoeuvre is the propeller slipstream. The propeller
slipstream is the mechanism that allows a tumble manoeuvre to be completed. Even though the aircraft
enters a completely stalled regime during a tumid@oeuvre and there is very little to no airspeed at
various points throughout the manoeuvre, the propeller slipstream continues to blow air over the
fuselage and empennadsis is inferred visually from the smoke emitted during the manoetitee.
propelkr slipstreanallows the elevator to retain authority (though at a lower efficiency as compared to

normal level flight), even though the aircraft has no airspeigdre7 is a replication ofFigure6 with
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the explanation of various points of the tumble manoeuvre overlaid so that the explanation of the
manoeuvre can be more easily followkdhould be noted that the information provided from the still
images inFigure6 is inferred from video footage as no literature exists in the public domain describing

the tumble manoeuvre and its characteristics.

While the tumble manoeuvre presentedrigure 6 is an example of a tumble, the manoeuvre, much

like the traditional loop, can be performed differently. The radius can be altered to make the manoeuvre
tighter, at the expense of airspeed or broader, with the aircraft carrying a greater airspeedtbrough t
manoeuvre. Tighter tumble manoeuvres will be termed minimal radius tumbles and broader
manoeuvres will be tered minimised risk tumbles as the broader manoeuvres carry greater airspeed

and thus possess a greater amount of mechanical energy.
The Negative] Tumble Manoeuvre

The negativéQtumble manoeuvre is fundamentally identical to a posifdtemble, however, with a
reversed direction of rotation. The negati@umble is performed by rotating the nose of the aircraft
downwards while the rear of the aircraft is rotated upwards, as illustraféglire8. The manoevure

is usually performed by flying upwards as steeply as possible to effectively reach'@stat® at the

peak of the climb. At the apex of the manoeuvre, once the aircraft has reached n&ifuedown

elevator is applied and the tail of the aircraft is rotated upwards while the nose is pushed over and
downwards. The aircraft begins the rotation from a near"@eandition and the initial rotation rate is
relatively high. Once the aircraft reaches a nose down attitude, however, it will begin to lose rotational
velocity. This is due to the rise in aerodynamic drag acting on the aiawaftrotates, creating a
stabilising moment. The point at which the drag and stabilising moment are the greatest is when the
aircraft is fully inverted, implying that the lowest rotational speed will be at this point. It is thus, more
difficult for the arcraft to rotate the nose of the aircraft back upwards than it is to rotate it downwards.
Full down elevator is held throughout the manoeuvre to continue rotating the aircraft. A single tumble
can be performed or multiple tumbles, where one tumble leaoldha next. As more tumbles are

performed less recovery space (altitude and time) is afforded to the pilot.
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Figure8: Negative’Qtumble manoeuvre

1.1.2. Aerobatic Aircraft

To better understand how tumble manoeuvres are perfantetbmodel the manoeuvre as accurately
aspossible the aircraft capable of performing tumbf@noeuvreseed also bexaminedSome of the
basic specifications of aerobatic aircraft are listedable 1. These specifications (along with many

others) will be required for estimating aircraft parameters required in modeling a tumble manoeuvre.

Tablel: Aerobatic aircraft

. Win 1Acro | Stall Speed . Va

Aircraft Length | Wingspan Areg Weight Aerobztic Maximum Acro

[m] [m] [m?] kq] [kts] Horsepower [kts]

Extra 330S(6] 6.88 7.5 9.8 780 - 315 158
PittsT S2A[7] 5.41 6.1 11.6 714 51 200 -
Sukhoi Su' 298] 7.29 8.2 12.2 - 59 359 -

Edge 54(9] 6.28 7.42 9.1 703 - 310 170
Extreme XA41[10] 6.3 7.5 11.25 850 51 315 -
MX MX2 [11] 6.55 7.32 9.48 839 58 250-380 -

1 The term acro refers to the specifications of an aircraft when it is set up to perform an aerobatic display. These
configurations will be different to normal flying configurations.
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Various specifications, such as those listedTable 1, will be required to determine various
aerodynamic and performangearameters. The necessary specifications required for various
aerodynamic or performance parameters are outlined ieléneant sectios

A key feature on all aerobatic aircraft is the use of symmetrical profiles for the wing. Symmetrical
profiles used on aerobatic aircrafive very similar handling characteristics for both normal and
inverted flight when mounted at a zenacidence anglerhis makesinverted flying far easier and safer

for aerobatic pilots. The wings on aerobatic aircraft usually also have very little if any dihedral, such

that the aircraft doeasat try to actively oppos¢he pilot when performing manoeuvres.

A somewhat limiting factor in the selection of aircraft to model a tumble manoeuvre is the information
available in the public domain. The selected aircraft should have a sufficient amount of information
available to allow for an acceptatdgcuratenodeling, of all necessary parameters. From the aircraft
listed inTablel, the Extra Aircraft company provided more information about the entire aircraft than
any othermanufacturerAs such the Extra 330SC will be the aircraft primarily focused on in the
modelling of a tumblenanouevreAdditionally, the selection of the Extra 330SC can be justified by
observing the aircraft present at the 2021 World Advanced Aerobatic Champidradtig® provides

a list of the aircraft used by the 36 contestants. The Extra aircraft company has a very good showing,
being used by 24 of the 36 pilots. Of the 24 Extra aircraft used 19 were the Extra 330SC. The aircraft
was also flown by World Champions in i@rs competitions in 2009, 2013, 2014, 2015, 2016, 2017
and 2019. The Extra 330SC is evidently a very capable and popular aerobatic aircraft and as such one
could infer that it is flown by many pilots across the globe, making it a suitable choice inirampalys
aerobatic manoeuvres. A three view of the extra 3303tissrated inFigure 9 while technical data

for the Extra 330SC is provided ihable 3. It should be noted that work contained within this
dissertation can likely be extended to other aerobatic aircraft, provided they share similar specifications
to the Extra 330SC. The required data would also need to be made available for the analysis.
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Table2: Aircraft type and number used in the 2021 World Advanced Aerobatic Champiofigjips

Aircraft Number
Extra 300 (L and S variants) 2 (L) 2(S)
Extra 330 (SC and LC variants 19(SC) 1 (LC)
SBACH300 (XA41)
XA-42
AVA432MXS
Sukhoi 31MX
Sukhoi 26M
CAP 232
GenR20
GenP20

RRRRNR R A

Figure9: Extra 330SC 3riew [13]
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Table3: Extra 330SC technical dath3]

Main Data
Length[m] 6.88
Height[m] 2.55
Wing Spanm] 7.50
Wheel Basg¢m] 4.87
Wheel Trackm] 1.80
Wing
Wing Spanm] 7.50
Wing Area[m? 9.81
Airfoil Root: MA 149 S

Tip: MA 12 S

o L
MAC [m] 1.366

Aileron Area[m?] 2 x 0.876

Aileron Deflection[deqg]

Up/down 30, tolerance -2J

Horizontal Tail

Span[m] 2.66
Area[m?] 2.13
Airfoil NACA 0009
Elevator
Area[m?] 1.04

Elevator Deflectiorjdeq]

Up/down 25, tolerance +1J

Trim-Tab Deflectiondeq]

Up/down 32, tolerance +2J

Vertical Tail
Area[m?] 1.55
Airfoil Wortmann FX 71L-150/30
Rudder
Area[m?] 0.75

Rudder Deflectiorideg]

Left/right 30, tolerance +I-2J
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1.1.3. Aerobatic Incidents

Airshows are public events where aircraft are put on exhibitmahiding aerial displaysand static
exhibits. It is a forum in which aviators can display their @abilitiesas well as theapabilities of their
aircraft and is also an environment in which aircraft manufacturers can desplagemonstrate the
performanceof their products. Airshows vary from very large scale shows with many aerial displays

and ground exhibitions to small airshows with few aircraft and ground displays.

Aerobatic flight demonstratioriavariably attract thousands of spectators, whether it be on a national
or international scaldRegardless of the size of the airshow, a comiasue,is always safety. Every
year aircraft are damage@nd lost In some incidentpilots and even spectators are injured and killed.
Figure10shows thenumber of incidents at airshofirem 20062019.

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

45
@ 40

Number of airshow acciden
= = N N w w
o ol o (6)] o (6)] o ol

Figurel1Q: Global airshow accidents from 2006 to 2(14]

The number of annual incidents appears to follmsraewhat sinusoidal trendonsistently increasing

and then decreasing ovaperiod of 56 years lllustrating arecurringpattern.Accidents appeared to
decrease from 2008008 before increasing fro@0082010, with 2010 providing the largest number

of annual accidents in recent years. From 22004 there was once agairdecrease in the number of
annual accidents. However, from 202@17 there was another increase in annual accidents. 2018 and
2019 provided fewer accidents that 2017, aghmwinga decrease in annual accideRt®m historical

data one might infer that a rise is expected to once again, ootuoo long after 201However, die
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to the COVID pandemic, airshows worldwide were limited in 2020 and 2021 and thus, a fair comparison

cannot be made.

2019 proved to be a particularly safe year with the fewest number of annual acdilergsact cause

of this improved safety is ndnown; however, it is thought that a greater awareness of risk and risk
management by pilots, air bosses and event sgahagi ven new i mpetus to Ori
has, in turn, induced greater oversight by regulators, new regulation and control mecha#jsms

Another key aspect in improving the safety of airshows lies in understanding the mechanicthieehind
manoeuvres performed by pilots. A greater understanditigphysicsnvolvedcan aid pilots in better

managing their energy levels throughout their performances and allow for greater marginsusiould

unexpected scenarios occur.

Airshow incidents are usually given far more public coverage due to the presence of spectators and
media,however,incidents occurring outside of airshows should alsedresidered. While incidents

occur across all aircraft typaacidensinvolving the Extra 300 series aircraft will be focusedginen

that this aircrafthas been selected agcraft being analysedrable 4 presents aircraft incidents
involving the Extra 300 aircraftom 2006 onwards aridcludesincidents occurring at airshowdyring
trainingandprivate flights. While many cases have occuimealving the Extra 300 series of aircraft,

the selectedaseswere limited toincidents that occurred as a result of péotor while performing
aerobatics. Allincidents (while performing aerobaticg)volving component failure or any factor
outside of the control of the pilot were omitt€thses prior to 2006 were not considered to keep with

the timeline presented Figure10.

FromTable4 it is evident that a fair number of accidents have occurred as a result of pilot error in the

Extra 300 series aircraft. The total number of incidents involving the Extra 300 series aircraft from 2006
is 70. This provides aratioef p & @ for pilot error to total number of cases. This may seem like

a reasonably low value, however, when one considers that many incidents occurred on the ground and
involved only minor damage, the number of cases involving pilot error seem far more worrying.
Another noteworthy observation from the incidents presentdalite 4 is that many of the impact
attitudes of the aircraft were near wings level, suggesting that the aircraft should have been able to

recover before impacting the ground.

While the same number of incidents that have occurred in the Extra 300 series aircraft cannot be directly
applied to other aerobatic aircraft, one could infer that a similar ratio of pilot error to total number of
incidents could be applied to all popuéarobatic aircraft in the same time frame. The Extra 300 series
aircraft is a very stable, reliable and predictable aircraft, more so than many other aerobatic aircraft,
suggesting that the ratio of pilot error to total number of incidents for other, difticailt to fly,

aerobatic aircraft could potentially be even higher.
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Table4: Extra 300 incidents

Date Location Nature | Flight Phase | Attitude on Impact | Reference
4102006 | rueumear, NM 1 nirchow  Manoeuvring | Within @ afwings | ) oy
USA level
14-14-2006 CUIpSFS)eAr’ VA, Airshow | Manoeuvring  Near wings level [16]
Lujan, province
11-03-2007 | of Buenos Aires Airshow = Manoeuvring  Near wings level [17]
Argentina
Santa Barbara, . . Likely close tot v <
19.042019 CA, USA Private | Manoeuvring nose down [18]
Grasmere,
31-12-2009 | Gauteng South| Private | Manoeuvring Nose down [19]
Africa
Methley, West | . . Approximatelyg v
19.062010 Yorkshire, UK Airshow = Manoeuvring nose down [20]
02062013 SCrPUKNOVSKY | \iphow Manoeuvring | Near wings level [21]
district, Russia
15-04-2013 SJBI)IrEéZI\illlT, Private | Manoeuvring Unknown [22]
01-09-2015 Jerargz, ID, Private | Manoeuvring| Near wings level [23]
17-04-2016 Near Cozur_nel Airshow = Manoeuvring Likely near wings [24]
Airport, Mexico level
San Diego
21-10-2017 County, CA, | Training| Manoeuvring Near vertical [25]
USA
17-12-2020 AIeSg,ATX, Private | Manoeuvring Unknown [26]

Figure11 shows the final moments of an Extra 880 before impacting the edge of the runway and
bursting into flames near a first aid post and spectator stand in Belgium ori"the 2@y 1997. The
aircraft appeared to be pulling out of a ndéee after a looping manoeuvre and was orientated in a near
wings level position with the engine running at full power just before in@a¢t The orientation of

the aircraft and engine setting would suggest
This, however, is not the case. The height budgeted by the pilot was insufficient to recover from that
altitude. While the aircraft was visually oriented in a near wings lpesition, the sink rate of the
aircraft was incredibly high, meaning the vertical component of the velocity vector resulted in the
aircraft being at a high angle of attack (likely larger tham during the pli-up phase. The implications

of this are low lift (less than is required during the pull up) and high drag. While the engine would have
been running at full power, the high drag force, acting on the aircraft at this high angle of attack, would
have meanthat the aircraft was in a relatively low energy state. This means that the energy gain over

the recovery phase was inadequate. The only way in which more energy could have been attained during
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this recovery was by having more altitude. The altitude would have assisted in two ways, firstly the
pilot would have been able to descend for a greater period of time, gaining a greater velocity (converting
the potential energy to kinetic) and secondhg pilot would have been able to perform the pull up
more gradually, exerting le&2eon the aircraft and keeping the angle of attack lower, thereby reducing

the total drag force.

Figurell: Belgian airshow crash July 19¢77]

Two incidents similar to the one presented kigure 11, are presented iRigure 12 and Figure 13.

While the final manoeuvres that lead to the incidents that occurred ifipotie12 andFigurel3were
different the end result and cause of all three incidents was iderlticahch of the three cases the
aircraft impacted the ground in a near whhggel orientation, with the engine running at full power

and with a high sink rat@he nature of the ground impacts seen in these three cases illustrates that there
was a loss in control of the aircrafthethree incidents occurred a number of years apart, illustrating
that the same errors are being made even decades on. These kinds of incidents are also twalimited
particular type of aircraft as all three occurred in different aerobatic aircrsiifficient airspeeds and

large angles of attack seen in these incidents are comparable with the airspeeds and angles one could
expect while performing and recovering from a tumble manoeuvre. While the three presented incidents
were not as a result of amhble manoeuvre, threcoveries can all be compared to that of a tumble. The
tumble manoeuvre being a wersse scenario, as it should involve even lower airspeealshtbahree
presented incidents.
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Figurel2 Argentinianairshow crasiMarch 2007(left) Exit of manoeuvre moments before cra:
(right) Moments beforémpact[28]

J—

Figure13: Austrian airshow crash September 2015 (left) Exit of manoeuvre moments before
(right) Crash impad29]
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1.2.Motivation

Despite advancements in aerobatic aircraft, the issues concerning aerobatic flight safety remain largely
unresolvedwith incidents occurring at airshows, during training and during private flighien with

stable, predictable and reliable aircr#tlarge contributing factor to incidents is the limitations and
shortcomings of the pilot. Insufficient knowledge of the aircraft and its capabdadigged withpoor

decision makingand physical limitations have all contributed to various aerobatic incidents over the
years. Modern advancements in aerobatic aircraft have provided more capable aedvrableo
aircraft, pehaps leading to the belief that these aircraft are safer to flglamdd thugesult in fewer
aerobatic accidents. Howeyelespite these advancements, the likelihood of aerobatic incidents has

increased as aircraft are now capable of being flown in even more dangerous, low energy scenarios.

Spins or tumble manoeuvres are typically the origin of-tdssontrol accidents at airshows. A rather
concerning trend is that acci dentimwhichapiotmay ng f r
not have complete control of the aircraft and may have to abort, continues to go unabated each year
[30]. Such scenarios occur generally in manoeuvres that result in low energyvetatestheaircraft

is at very low airspeexhndhas very low rotational ratglse it in roll, pitch or yaw.Modelling extreme

manoeuvres, such as the tumble manoeuvre, provides a numerical understanding of the altitude,
airspeeds and load factors that result in low energy scenarios that are outside of normal operating

envelope.

In manyaccidentd hat have occurred as a r easimtbréstingpointan &éou
to note is that the impact attitude of the aircraft was approximately horizdtiighe engine running

at full power Incidents such as ¢ésemaylead one to believe that the aircraft was in a normal flying
state and that the pilot was in full contrel.many(if not all) accidentsthis is often not the case. What

this doesmply is that the height budgeted for a meaumare or sequence of manoeuvres was inadequate.

It could be inferred that theecoverybudget was incorrectly applied or that the energy losses while
performing the manoeuvre were not repeatable or consistent, meaning that the manoeuvibe would
slightly different each time it was performd@king able to quantify the forces and dynamics of energy
levels during marmauvres, which have deviated from controlled fligltould reduce the loss of lives

and help all those involved with aerobatic flight better ustded the mechanism behind uncontrolled
flight and how to recover from these situatioAs. understanding in transitioning from a low energy
state to a state of energy which permits regular flight and the altitude losses associated with this
transition of energy regions is not always understood by pilots performing aerobatic manoeuvres. A

such the transition of energy during recovery phases after a manoeuvre requires some quantification.

Thepositive"Qtumble manoeuvre was selected as the manoeuvre to greaysis one of the most
difficult aerobatiananoeuvreso recover fromTheentry to the manoeuvre requires the pilo¢xert

many eon the aircraft, leading tgreatlossesn energy very early on in the manoeuvre andettie
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of the manoeuvre typically has the aircraft orientated nose down with little to no airspeddaiéss
the energyevels of the aircraft at the exit of the manoeuvre extremely low. The exit of a tumble can
be viewed as worstcasescenario for other manoews, with the recovery portion performed in a

similar mannerthat is, trading altitude for airspeed.
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1.3.Literature Review
1.3.1. Introduction

The literature review providesformation regarding the modelling of aircraft motion and performance.
The review starts by discussing the various reference frames that can be used &iroraéiébrces

and howthese drces can be transferred from one reference frame to anothexgi&gonof motion
describing théorces and momesacting on the aircraft are covered next. A review of high angle attack
aerodynamicss covered and includes some discussion on dynamic effegises®ntation of inertial

and mass data for the Extra 3Dis provided Finally, areview on aircraft energy is outlined.

1.3.2. Reference Axis System

In analysing the flight path of an aircraft care mustébeercisedn definingthe framework of axes to
which the motions of the aircraft can be referred. Several axis systemsedrgince the forces acting

on an aircraft arise from different sources. The equations of motion, démwvedhese axes, can be
written in terms of the flight patim Earthrelated axes (also known as the performance equations of
motion) or as perturbation equatioimsaircraft related axegstability equations of motion). Abxis
systems are rigkittanded, with their origins) at the centre of gravityd "Oof the aircraft such that

only the angular relationships between the axis systems need be considered.

Figurel4illustrates the most commonly used axis systems and provides definitions of some of the more
important parameters in flight path performance and the relationships between them.

Performance Stability

)

»

[ h—h%c

Earth Axes } Body Axes

A 4

Stability Axes

f

y

Wind Axes

}—

Velocity Axes J‘

;
Y Y —

Figurel4: Reference axis systerf&i]
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1.3.2.1.Earth Axes

The local Earth axes is taken as the datum for aircraft motions and is defined by the horizontal plane at
the geographical location of the aircraft. The positive directions of the Earth axis systgesented

in Figure 15. The Earth axes are orientatiédh Northerly andb @ Easterly, in the horizontal plane,

with 0 @ vertically downward. In some special circumstances, for instance, inertial navigation systems,
the curvature of the Earth must be considered and consequently a rotation of the Earth axes with global
position must considerd@1]. Since the tumble manoeuvre takes place owhioadistance (over the

ground)a o6fl at Earthdé system wil.| be assumed to exi

(ORI

& <€

Figurel5: Earth axis system

1.3.2.2.Body Axes

Aircraft usually have a plane of symmetry that is taken as the basis for the body axis gystem.
illustration of the body axes and positisign conventions is provided iRigure16. The 0 & axis is

taken to be forwards and parallel to a convenient aircraft datum, usually the aircraft fuselage datum line
TheO @ axis is normal to the plane of symmednyd positive starboard. Tli&d axis is parallel to the

plane of symmetry and points downwards. Aircraft instrumentation for the measurement of attitudes,

rotational rates and accelerations is traditionally aligned to the body axis $§&teBetermination of
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the forces acting in the body axes of an aircraft are important in understanding the limitations of the

aircraft structurevhile performing various aerobaticanoeuves

(98]

Figurel6: Body axis system

1.3.2.3.Body-to-Earth Axis Relationship

In flight an aircraft will change its orientation relative to the Earth. The body axes are related to the
Earth axes by the aircraft attitudeglesand are defined as folloW31]:

1 The yaw attitude or azimuth . This provides the aircraft heading with respect to North. A
positive rotation of is from North to East. Imost cases the aircraft heading does not affect
the analysis of the aircraft. As such, it is assumed that the datum valus péro] can then
be taken to be the yaw attitude of the aircraft with respect to an arbitrary heading.

1 The pitch attitude— is the angle between the horizontal plane andathgitudinal body axis

0 of theaircraft —is positive aircraft nose up
1 The bank attitude angléé is the angle between the aircraft lateral body a%i® and the

horizontal plane%.is positive starboard wing down.
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The transfer of force vectors between the Earth and body axes is performed by rotation through heading,
pitch attitude and bank attitude, respectij8li]. These rotations are illustratedrigurel?. The order

in which the rotations are performed is important in the development of the equations of motion,
described in £.3.3

™
v

£ <

Figurel7: Earth to body axis transfer

1.3.2.4.Stability And Wind Axes

An aircraftobtains its lift from the angle of attack of the wing in relation to theirflow. The body

axis system of the aircraft is inclined to the flight path to provide the necessary angle of attack.
Generally, the longitudinal body axis of an aircrafb@ aligned with the zetlift angle of attack of

the wing and thus, the angle of attack may be measured from an arbitrary body axis datum. The stability
analysis of an aircraft involves forces generated by a disturbance from the steady state (or trim
condtion) and as such, the reference axes for stability are relative to the undisturbsticines
direction. Therefore, the body axis system is rotated through anairagtack.about tha) & axis. This

is now the stability axis systemd( , U@ and0 & .Normally, the angle of attack is taken as positive
when the aircraft is nosgp with respect to the wind. This then means that the transfer from the body

to stability axes involves a negative rotation ahpist [31]
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The stability axis systeiprovidesthe basics for analysis of the forces resulting from a disturbance from
flying in a symmetrical state. Cases do, however, exist in which the datum condition of flight is not
symmetric. In asymmetric flight, the aircraft has an amdlsideslip T about thel & axis withf

being positive taight of the aircraft when viewed from abovihe flight axes novibecome the wind

axes in which the principal directio,® , is the direction of flight. The stability axes are a special case
of the wind axes in whidh 1t The transfer from stability to wind axes is made by a positive rotation
aboutl dio starboard.

The transfer from body axes to stabibigd stability axes to wind axesachievedoy rotatngthrough
the angle of attack and the angle of sideslip respectively. This is illustrdtepine18, while Equations
(1) and(2) descrile these transfer81].

Figure18: Body to stability and stability to wind axis transfer
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1.3.2.5.Velocity Axes

The path of the aircraft relative to the Earth is described in the velocity axis system by defining the track
[ relative to North in the horizontal plane and the flight path gradjent the flight path angle
relative to the horizontal plan&he reference directiai® is directed along the flight path and is co
incident with the wind axi8 & . To define the flight path in terms of its gradient@® & plane must

be vertical. Therefore, the velocity axes are produced by rotating the lateral windd@xi®ack into

the horizontal plane through the bank angle in the negative direction. The transfer of the force
vector between the wind axes and the velocity axes is defined in Eq{@tonl is illustrated ifrigure

19[31].

1o

Figurel9: Wind to velocity axis transfer

pm T
3 T WENI Ni Qe 5 (3)
m i Qe wérli

The velocity axes are related to the Earth axes by the aratkhe flight path gradienEquation(4)
describes the transfer of the force vector from the velocity axes to the EartRigxes20illustrates
the transfer of the force vector from the velocity axes to the Earth axes, both of which will be negative

rotations in that directio[81].
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&
Figure20: Velocity to Earth axis transfer
GEri 1 RE T oEr ToiRe

3 i D¢ wéri 0w T p T 5 (4)
Tt T p 1 Qe T wEri

A summary of the axis transfers is describedable5.

Table5: Axis transfers and angular relationship$]

Axis Earth to Body | Body to Stability | Stability to Wind | Wind to Velocity | Velocity to Earth
Transfer

Pitch — | - - [

Roll %o - - r -

Yaw [ - I - [
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1.3.2.6.Pitch Related Angles

The tumble manoeuvre is classified as a longitudinal manoeuvre (although in reality there may be some
lateraldirectional forces due to the nature of the manoeuvre) and as such the relationship between the

various pitch angles should be understood.

Figure 21 illustrates the required pitch related angles. The pitch attituedés the angle between the
horizontal plane in the earth axis and the aircraft longitudinal body axis. The pitch attitude is positive
nose up. The flight path gradient is the angle of the velocity vector (principal velocity axis), relative

to the horizontal. It is taken to be steady in a climb since it is calculated from the rate ozl

and true airspeed. It is not usually possible to observe the flight path gradient unless there is some form
of physical reference near the aircraft. Such a reference could be the smoke emitted by aerobatic aircraft.
Finally, the angle of attack is the difference between the pitch attitude and the flight path gradient

and is positive nose up. These relations are provided in Eq@&}ion

— T ®)

Figure21: Angular relationships in pitch
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1.3.3. Equations of Motion

Perhaps the mositrinsic method of describinthemotionof an aircrafis by evaluatingheequations

of motion. The equations can be used to desdhibmotion in any orientation or state (providet

there is sufficient input data available to solve the equatidirgyaft dynamicsare expressed as a set

of ordinary differential equations (ODEgjor a flight vehiclethe equations of motion are generally
written in a bodyfixed axis system, with the centre of gravity/mass of the aircraft chosen as the origin

[32]. Thecoordinatesystem and positiverientatiors areillustrated inFigure22:

1 Thewaxis points forward andds in theplane of symmetrpf the aircraft
1 Thewaxis points out the right wing and is perpendicular to the plane of symmetry

1 Thedaxis points down and is perpendicular to dhexis

Vertical Axis

Positive Yawing Moment(
Y

7 Side Force . .
Drag (Acting opposite

to direction of motion)

Direction of Motion

Figure22: Aerodynamic forces and moments generated during flight with positimeonventions

The equations of motion for an aircraft are well documemmtdiierature Any vehicle in flighthas 6

degrees of freedom (DORj translationalforce) equationsand 3 rotationajmoment)equations (one
equation for each degree of freedom). These equations can be used to describe the flight characteristics
at any instant in timg33]. The full nonlinear equations of motion can be used to solve for linear and
angular displacements, velocitiaad accelerationsThese equations may also be used for nonlinear

flight and are thus appropriate for usdhie analysis of a tumble manoeuvre
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Force Equations:

The force equationare given byEquations(6), (7) and(8) for the x, y and z directions respectively
[34].

A GQOEF 4 6 0i 07 (6)
» GQAT-@Bd a0 o601 LN (7)
O AaQAT-Ai% a0 61 0Q (8)

Where
1  ohdand®are the forces acting the in x, y and z directions of the body eeeectivel\N]
1 & is the mass of the aircrdikg]
1 "Qis gravitational acceleratidm/s?|
§ 6l and0 are the linear velocities in the x, y and z direction of the body axes, respectively

[m/s]
 nM andi are the rotational velocities about the x, y and z directions of the body axes,
respectiveljrad/s]

1 —and%oare the pitch and roll angles of the aircradispectivelyrad]
Moment Equations:

The rotational equations of motiane given byEquationg9), (10) and(11) [34].

O Oy O ORI oAl AR iQ 9
b Oy O OifgoOnf i 1 7Q (10
6 @ @ @A Qi A NG AF (19)

Where:

§  OR) and( are the moments acting about the x, y and z directions of the body axes, respectively
[Nm]

1 "OhOandOare the inertial values about theyand zdirections of the body axes, respectively
[kg.n]

 "QRQ and'Q are thegyroscopic components of the engiaeout the x, y and z axes of the

aircraft, respectively
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In order to solve théorce equationgEquationg6), (7) and(8)) and the moment equations (Equations
(9), (10) and(11)), datarelating tothe aerodynamics of trarcraftis required The aerodynamic data

is requiredto determine the forces (¥, and Z) and moments (IM and N) For most conventional
aircraft, aerodynamic data for angles of attack no greater than approximate8/ required. For a
tumble manoeuvre, however, aerodynamic data for angles of attacktfibono ¢ tisJrequired to
adequately model the manoeuwethods for determining the aerodynamic data required for various

aircraft components, as well as the total aerodynamic data of the entire aircraft will balauie

To determine the aircraft attitude and position with respect to the earth athotdesrquations have
been developedtilising the Eulerangles An additionalset of equations is required as a rotation must
be performed to rotate any parameters from the body axis system to the Earth axisTdestmngles
that describe the orientation of the aircraft relative to the earth are given by Eq(®oii$3), and
(14) [34].

% N HOBAOAL 1 ATWDAL (12)
— hAT® 1 OBk (19
OB AT 19

LY o =Ty e

1.3.4. High Angle of Attack Aerodynamics

Angle of attack| is a term used in aerodynamics to represent the inclination of the wing chord line

relative to the direction of the relative velocity vector of the airciis is ilustrated inFigure23.

Leading Edge

Flight Path

A

Trailing
Edge

Angle of
Attack

>

Relative Wind

Figure23: Angle of attack definitio
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Typically, the relationship between lift and angle of attack shows a linear relatiomafierangles,
however, this is only ufp a certain point, known as the maximum coefficient of [ift . There is

a small region between the linear section of the lift curvedand that is norlinear.Beyondd

the lift curve slope has a negative gradient and is indicative of a stall occuteade flow separation

on the upper surface of the airfoil. With separated flow there may be changes in pitching and rolling
moment characteristics as well as a notable increase ifi3fjadPepending on the severity of the stall
effects, there may be limitation of the manoeuvring capabilities of the aircraft.

Airflow characteristicat various angles of attack are illustrate@igure24. It is evident that thlow
is smooth and attached at lower angles of attack, however, as angle of attack is increased the flow starts
to detach and finally separaiatroducinga complex vortexThe consequence of the separation in the

flow is a loss of lift and increase in drag.

LE separation

SRS oY T
\'%-ngr,wa;“.;-:ﬂ: 1?.‘,*':?‘ Nl s
S A e S

) (b) (©)

Figure24: Flow characteristics at low angle of attack (a), moderate angle of attack (b) and high ¢
attack (cwith separated flow, creating low pressure pockets behind the[86hg

The variation of aerodynamic behavior as angle of attack inamsaslassified as either pistall, stall
or poststall domains The domains reflect different stability tendenciesthe prestall domain the

behavior is linear, while in the stall and pstdlldomains the aerodynamics become nonlinear.

Aircraft at high angles of attack present a diverse set of nonlinear motions including statapost
gyration, departure and different types of spins, all of which are considered as critical flight regimes.
Different aircraft types tend to manifest different characteristics due to their design and shape, especially
wing sections and tailplane positiofiable 6 categorses the flight regime associated with angle of
attack for different aircraft typesndthe possible flight attributes that they might encounter.
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These attributemclude[35]:

Buffetingi caused by the turbulent airflow movingneards around the fuselage atadl.

Wing Rocki involves lightly damped rolling oscillations. There are two types: a lateral
unsteadiness with intermittent oscillations in roll of small amplitude and an angle of attack
dependent limit cycle due to period changes of rolling moments with larger amplituslés
typically associated with the involvement of separated flow and time depexifiets.

1 Departuré defined as the initial state before the aircraft enters a spindppatture gyration
or deep stall. It is considered as a large amplithdegg changes in roll, pitch or yaw ¢ 1 J
and continuously increas@ a divergentmanner.

1 Deep Stali occurs beyond the stall region when the aircraft is at a very high angles of attack.
Recovery may be possible depending on the pitching moment coefficients, though it comprises
anout of control flight condition.

9 Poststall Gyrationsi a nonrepeatable and irregular motion such as the falling leaf motion
which occurs at high angles of attack and high sidesigles.

1 Spini a complicated manoeuvre that involves simultaneous roll, pitch and dominant yaw rate
at high angles of attack. The spin mode can be defined in three phases: incipient phases,

developed phases and fully developed phases.

Based orvideo footage of tumble manoeuvres being performed it would appearothattéimble
manoeuvre the attribute that would be most releisdeep stall.This assumption is based on the

observations made between the angle of the aircraft and the smoke that is emitted during the manoeuvre.
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Table6: Typical flight regimes for General Aviation (GAJet Transport (JT) and Fighter (F) aircfaf]

Aerodynamic Regimn

Pre-Stall

PostStall

Flow Characteristics

Angle of Attack Range [deg]

15-20 (GA)
10-15 (IT)
15-25 (F)

30-40 (GA)
25-40 (JT)
3550 (F)

Possible Flight Attributes

Unsteady effects (buffet, wing
drop, wing rock)

Departure, posstall gyrations,
incipient spin
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1.3.4.1.NACA0012Wind Tunnel Test Data

The coefficients oflift 6 and dragd , as well as theuarter choratoefficient of pitching moment

6 . ,foraNACAOQ012 airfoil section of infinite aspect ratio was investigate@rityos[38]. The data

for this thicknessto chord (t/c) of 12% was selected as it is a fairly stangeofile for aerobatic aircraft.
The datawvasobtainedfor an airfoil in isolation to other aircraft componeatsl spanned the length of the
test section, giving it an infinite aspect ratithe aerodynamic characteristics of the NACA0012 airfoil
were obtained for angles of attack framhup to o @JThe coefficients oflift, drag and quarter chord

pitching moment are presentedrigure25.
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Figure25: Coefficient of lift 6 ,drag 6 and quarter chord pitching momerit
airfoil profile [38]

7 of a NACAO0012
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Coefficient of Lift

The coefficient oflift has at a value of O at &ngle of attack, which is expected for a symmetrical airfoll
profile. Thecoefficient oflift increases linearly untip 1 ($tall angleof attach where the section has a
maximum coefficient of lift of 1.33. Fromp t the coefficient of lift reduces to 56% of the maximum
coefficient oflift 0 at¢ 1 Thecoefficient oflift then proceeds to increase once again to a second

peak value of 1.15ta v. Beyond the second peak, theefficient oflift continually decreases in a
sinusoidal manner untib ¢ Where thecoefficient oflift is zero. The small amount of lift being generated
atw mtrday be attributed to the rounded leading edge gfitbide. It is thus evident that even at a relatively
large angle of attack an airfoil can continue to provide a reasonable amount of lift. The positivefvalues
lift at large angles of attackeforew 1, mightbe enough to slow an aircraft descent, however, due to the
drag increase (illustrated the coefficient of drag distribution presentedrigure25) the lift present may

not be enough to prevent an uncontrolled desddms. is important when considered the recovery phase
after an aerobatic manoeuvre is performed. Attempting to recover to quickly, may leave the aircraft at a
high angle of attack where lift values are less than the required arfkoomiw 11td p Y Tadgle of attack

the coefficient oflift follows a similar trend to that frorm lo w 1 dnly mirrored and inverted, with the
airfoil producing negativeoefficients oflift. For a symmetrical airfoil profile, it would be expected that
fromp Y ol @ 1thé coefficient oflift would be the mirrored and inverted image of tloefficient oflift

curve fromrt Jo p P Twidth the first and second peak values ofdbefficient oflift occurring ato T @idd

o p vod the negative section of the curve respectively. This is illustratéthure 25. The two peaks
occurring ato T @ddo p uatk the inverse of the values adefficient oflift obtained atp T andt v, J
however, with different magnitudes. This difference in magnitudes might be due to the differences in
geometry between the rounded leading edge and the sharp trailing edge of the airfwieflitient oflift

values are 0.77 and 1.07aatt @ddo p uedpectively.

Coefficient of Drag

Referring tathe coefficient of drag shown Figure25, thezerclift coefficient ofdrag is given as 0.007 at

an angle of attack af JThecoefficient ofdrag then follows a somewhat sinusoidal trend with a peak value
of 2.08 atw 11 Defore decreasing to a value of 0.014 ajp tThe difference in value of theoefficient of

drag atrt &Andp Y misHdue to different leading edge and trailing edge radii. The leading edge of the airfoil
is a smooth rounded sectigvhereaghe trailing edge is a sharp pointed section. An identical curve is
observed fronp Y ol @ ragdthat seen from dJop Y Tahly mirrored, with a maximum value of 2.08 at

¢ X Tkhe largestoefficient ofdragis seen to be much larger than the largesfficient oflift (156%

larger thard ). Thecoefficient ofdrag, notably, always has a positive value, unlikecthefficient of

lift. This implies that the drag on the airfoil always acts in the same direction regardless of the orientation
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of the aircraft. From an angle of attack of approximately there is a substantial increase in drag. The
implication of this is that substantially more thrust will be required to accelerate the aircraft or to maintain
velocity in the forward direction beyond an angle of attack of approximatelyVhere thecoefficient of

drag exceeds values of 1, it is most likely that an aircraft will not have enough thrust to overcome the drag
and will subsequently decelerate and lose forward velocity, further ingpllpat the lift being generated

will decreaseThe very large changes in the coefficient of drag once the stall angle has beer@dammed

once again very important to aerobatic pilots. In a recovery phase, after exiting an aerobatic manoeuvre,
care must be taken in preventing the aircraft from severely stdlliedo thedrag valuesAcceleration is

essential in recovering after an aerobatic manoeuvre and any hindrance to this couldaesakh.

Coefficient of Quarter Chord Pitching Moment

From the coefficient of quarter chord pitching moment plottedrigure 25, it can beseen that the
coefficient ofquarter chord pitching moment has a value of @ atThis value remains until T (fhe stall

angle of the airfoil profile). The zero value obefficient of quarter chord pitching moment further
illustrates that the airfoil profile is indeed symmetrical. For aerobatic aircraft this is quite favorable as there
are no additional pitching moments during level flight conditions (i.e. on entry to most mano€Livees).
coefficient ofquarter chord pitching moment then decreases from 0 to a maxiragative moment at
approximatelyp p vwhere the coefficient then increases back tofd@trBeyondp ( fthdough too ¢ 11 J

the coefficient ofquarter chord pitching moment follows a similar trend to the trend pezisieain T Jo

p W radgle of attack, only mirrored and inverted. The negative valuesdrora p  mindlicate that the
moment is restoring or nose down, with the airfoil trying to return to a neutratadt@ngle of attack. The
inverse is true beyond Y mtThe two abrupt increases from zejoarter chord coefficiendf pitching
moment fromp T ehward and frono T @ward are the points of separation. The two cusps amujnar J

are also due to separation. The two separation points apoyn@r& steeper and more suddiean atp 1 J

and o T @ihplying that around Y rTaJmore rapid change in pitch will occduring any posstall
manoeuvre.

It should be noted that the data presenteeignre25 wasmeasured in the reference frame of the profile
which is essentially the body axis system. Should the data be required in another axis system the coefficients

will need to be rotated accordingly.
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1.3.4.2 Lifting Surface Coefficients at High Angles of Attack with Control Surface Deflection

The aerodynamic coefficients for a lifting surface are altered when a control surface is deflected. The
control surface could include aileron, rudder or elevator deflections. While there is very little data
available in the public domain for high angleatfack aerodynamics aiirfoils with control surface
deflection, some aerodynamic coefficient data is presented by [38]igThis data is presented in
Figure 26 for the coefficients of lift, drag and quarter chord coefficient of pitching moment. Positive
deflections signify a downward rotation of the control surface while negative deflections are for upward
rotations of the control surface. All curves presenteda a symmetrical profile with varying control
surface deflections. While the plots providedrigure26 are for the deflection of an aileron this data
could be applied to rudder and elevator deflections.
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Figure26: airfoil performance over the fullp  angle of attack range for aileron deflection af J
p U, o tand v mfdr a symmetrical profil¢39]
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The coefficient of lift is presented in the topmost plotFajure 26. The effect of control surface
deflections is to shift the coefficient of lift values up or down, left or right and to change the shape of
the plot. A positive control surface deflection acts to shift the original lift curve upward and to the left.
The pe-stall coefficient values are increased for both positive and negative angles of attack, across the
entire prestall regime. The lift curve slope in the g#ll regime remains largely unchanged, while the
shape of stall in the negative gs®ll regimebecomes more gentle the larger the control surface
deflection. In the posttall regime, the second peak is lower for positive angles of attack and increased
for negative angles of attack. The lift curve slope in the-giaditregime for both positive amégative

angles of attack is similar to that of the undeflected case. Thdifzamgles of attack and points

in the poststall regime also differ for diffentcontrol surface deflection angles. Positive control surface
deflections decrease the zdifo angle of attackandangle at which the maximum coefficient of lift
occurs,for positive angles of attack. For negative angles of attack this indicates that tHit zero
coefficientandthe angle at which the minimum coefficient of éftcuss, will beat more negative angles

of attack. For negative control surfadeflectionsthe opposite occurs for bofiositive and negative
angles of attack.

The shape of each curve and placement alongotles are altered as a result of two fundamental
changes when a control surface is deflected. By deflecting a control stinlacamber line and chord

line are altered. This is illustratedrigure27 andFigure28, respectively. The change in profile camber

is illustrated inFigure27, where it is evident that a downward deflection of the control surface increases
the camber. The increased camber increasamtféicient oflift in the prestall regime but also acts to

lower the stall angle. Both of these points are demonstratéidune26 for all positive control surface
deflections. A negative deflection of the control surface would create a profile with inverse camber,
resulting in lower coefficient values, as is evidenFigure26. Only marginal change to the positive

stall angle of attack can be observedrigure 26 for negative control surface deflectiomdgure 28
illustrates the change in effective chord line. A positive control surface deflection is seen to increase
the angle of the chord line relative to the horizontal. This increase in chord line angle increases the
effective angle of attack of the entire ptefiresulting in higher coefficientalues at lower angles of
attack(both in lift and drag) This is evident irFigure26 in the prestall regime for both positive and
negative angles of attack. With an alteration to the effective angle of attack of the profile, tlif¢ zero
angle of attack and twaround angle of attack can be expected to change. The change in angle is
expected to be equal to the difference between the original chord line and the effective chord line
resulting from control surface deflection. A negative control surface deflection will have the opposite

effect, decreasing the effective angle of attack efitofile.

Thecoefficient of drag is presented in the middle pldtigure26. Similar to the coefficient of lift, the
coefficient of drag sees both vertical shift, horizontal shigtavall aschanges in curve shape with

control surface deflections. In the gtll regime larger coefficient of drag values are seen when
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compared to the original profile. This is expected as the lift induced drag increases for increasing control
surface deflection, in the psgall regime. The angle at which the maximum value for thestale
coefficient of drag occurs corresponds to thgle at which maximum lift occurs, for both positive and
negative control surface deflections. The angle of attack at which the maximusigilafiagoccurs
corresponds to the angle of attack at which the coefficient of lift is zero in thetpthsegme. The

peak values of the coefficient of drag in the giatl regime are not identical for positive and negative
angles of attack, meaning the curve is no longer symmetrical about the minimum drag angle. This
asymmetry is due to the differences in toefficient of lift values for positive and negative angles of

attack, which is a result of the addition of camber with control surface deflection.

The coefficient ofguarter chordpitching moment is shown in the bottom piotFigure 26. Notable
differences are observed in the-stall regime for both forward and reverse flow. The pitching moment
values in the posdtall regime illustrate similar values for all cases. The large differences that exist in
the prestall regime are likelyuk to the increase in lift and drag as a result of control surface deflections.
These increased force magnitudes create a larger pitching moment effect about the quarter chord of the
profile, as a result of shifts in the aerodynamic centre.

Flaps Up - Camber Flaps Down - Camber

Camber Line Camber Line

Figure27: Change in camber for control surface deflecfidi
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New Chord Line
Chord Line

Relative Wind >>> Relative Wind >>>
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Figure28: Change in effective chord line and angle of attack for control surface deflgtijon
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1.3.4.3.NASA Fuselage Wind Tunnel Test Data

Airfoil profiles are used on all aircraftvith manyof the samerofiles being used across a great deal of
aircraft This makes it easy for an aircraft designer or arsllgsibtain the necessary data to analyse a
wing. Obtainingaerodynamic data for a fuselage is far more challenging as there is no standardised set
of fuselage profiles available. This is particularly true when searching for high angle of attack data.
Fuselage designs vary between manufactueseny with the samelass of aircraftFuselage designs

are not standardized like airfoilsh& best one can do is compare data to a similar fuselage shape and

size.

While most aerobatic aircrafiesigncompanies do not openly share any aerodynamic data specifically
pertaining to their fuselage, study was conducted by Pamptli] in which aerodynamic data was
presented for a fuselage of a general aviation aircraft not too dissimilar to that of an aerobatic aircraft.
An illustration of the fuselage assessed by Paidddlis provided inFigure29. Pamadcomparesiata
obtained from static wintlinneltestingto data obtained from a semmpirical method derived by
Jorgense2]. The coefficients of lift, drag and pitching moméwoim Pamadis calculations and wind

tunnel test data are presentedrigure 30.

The calculated coefficient data presented by Pafdddliappears to predict higher values for each of
the coefficients studied. Given that the calculations are performed using-ars@imical method, the

overprediction of coefficients may be as a result of the sempirical factors required.
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Figure29: Geometry of the fuselage analysed by Pari@di
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Figure30: Coefficient of lift data for a general aviation aircraft fuselage presented by Pitjadi

Coefficient of Lift

The coefficient of liftis presented ifigure30for a general aviation fuselageesults are presented for

static windtunnel test data of the fuselage as well as for calculated values. Both sets of results follow a
very similar trend, however, the calculated coefficient of lift dams to overpredict when compared

to the windtunnel test results and peaks approximabdlgooner than the wintlnnel test datarhe

shape of theurve (for both sets of data) appears almost sinusoidal, albeit skewed to the right, with the
maximum value of@® at ¢ Tt fdr the windtunnel test datdJnlike the coefficient of lift for airfoils

there is no stakiroundp vtd ¢ 1T The increasing lift value as angle of attack increasesd suggest

that the lift force generated by the fuselage has a far greater impact on the overall forces acting on the
aircraft at higher angles of attadkis also likely that the aerodynamic centre of the fuselage will shift

as angle of attack increases, meaning that the moments acting on the aircraft will also be moralinfluent
at higher angles of attack. Depending on the location of the aerodynamic centre of the fuselage in
relation to the centre of gravity, the increasing forces and potentially increasing moments may have a
large influence on the ability to recover from lhigngles of attack after aerobatic manoeuvres are
performed.
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While not explicitly stated by Pamapii1], it would appear that the coefficient of lift data has been
normalsed with respected to the largest fuselage esessional areaNormalising this data with the
wing reference area will result in far lower valdkban those presented Bamadi41]. These values
can be obtained by multiplying the coefficient of Ilift data ifigure 30 by

. While the fuselage does act to provide a rb®e&n restoring

moment, the values of the coefficient of lift are likely to be smaller than those created by lifting surfaces
(the wing and horizontal stalséir). As such, the fuselage is unlikely to be able to overcome any
moments produced by the wing or horizontal stadnilat lower angles of attack. Should the wing and
horizontal stabiker surfaces be in a deep stall scenario, then the difference in values are likely to be

closer.

Coefficient of Drag

Coefficient of drag values are presented-igure 30 for static windtunnel test datand calculated

values The data follows a similar trend taattof an airfoil profile, taking a somewhat sinusoidal shape.

The calculated data matches very well with the test data @po, &fter which the calculated data
overpredicts the coefficient of draghe coefficient of drag, for the wirAdinnel test data, remains
reasonably lowat a value of 0.0065 afrt &nd increases only marginally to an angle af After¢ 1t J

the coefficient of lift rapidly increases to a value of 0.6@ at From¢ v td w Ttthe coefficient of dag

remairs approximately constan®rior to stall thevalues of the coefficient of drag of the fuselage have

a relatively minor influence on the forces and moments present on the aircraft. Howevstalp ts¢

rapid increase in drag and shift of the aerodynamic centre of the fuselage create larger forces and
potentially largemoments on the airframBependingon the location of the aerodynamic centre of the
fuselage in relation to the centre of gravity, the moments maxtbemely influential in the ability of

an aircraft to recover from a high angleattick scenario during or after an aerobatic manoeOvree

again, more representative values for the coefficient of drag can be obtained by multiplying the values

presented ifrigure30 by

Coefficient of Pitching Moment

Coefficientof pitching momentata is providedn Figure 30 for wind-tunnel test data and calculated
values. The basic stability trend is captured by the calculated data; that is, the static instability up until
o tdnd subsequent stability are predicted. Significant differences in magnitude are seen to exist
between the calculated data and the winmthel test data. The calculated data provides a positive

moment untikp 17 While the windtunnel data provides positive values only up until. The calculated
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data provide a very large ovestimation of the coefficient of pitching moment, more so than either the
lift or drag. Pamadj41] has defined a positive moment as napeor pitch up. Assessing the wind
tunnel test data, the coefficient of pitching moment of the fuselage has-aptselency up untid v, J
after which the fuselage acts to create a +tlmsen or restoring moment. The values of the coefficient
of moment are smaller than either the coefficients of lift or drag. The maximum destglnioment
created by the fuselage occurs at arayrmmat a value of 0.06. The coefficient of pitching moment rises
from a value of 0.05tat 3o the maximum and then decreases tod® atBeyondo v the coefficient

of pitching moment decreases to a valueDa325 atw 1tid an almost linear fashion. The coefficient of
pitching moment does not show values in the-gtedl region that would suggest a very large
contribution to the overall pitching moment of the aircr&eyond stall, the ever increasing,
destabilsing, pitching moment with increasing angle of attack suggest that the fuselage could have a
great influence on the ability of tlaércraft to reach a stable flight orientation after high angles of attacks
are attained.

A more representative set of values for the coefficient of pitching moemnt can be obtained by
multiplying the values presented in Figure 30 by

z

. It should also be noted that the trend

presented ifrigure30 may be different for a fuselage with a difference area distribution and centre of
gravity location. While it is unlikely that the fuselage and centre of gravity of location of an aerobatic
aircraft will be very different to the fuselage presented by Paf@a@Hithe values and croswer point

on the x axis may be different.

1.3.4.4.Uniform Pitc h Rate of an Axisymmetric Body

A series of tests were conducted by SmtB] in which the effect of a uniform pitching motion on a
slender axisymmetric body, undergoiadarge excursion in angle of attack, was investigated. Force
and moment measurements were obtainethibbody over a range dfee-streamReynolds numbers
fromu p mtop8& p mwhile varying the angle of attack from lo w mg@itch rates between &

and¢ Y fs.Jrhe data preseatl shows coefficients that are very high compared to any data previously
presented. This difference is due to the reference area considered. The body pressmiitiol[#$]

was normalised by the largest cr@esxtional arean this casdhe areas comparatively small. The

important aspects of this section are the trends presented, rather than the numerical values.

The results fostaticcoefficients of normal forcat three values of fregtream Reynolds humbare
presented ifrigure31. The data presented kigure31 shows that a larger coefficient of normal force
exists for2 v p 1than for eitheR Y p morp& p T This suggests that a lower Reynolds

number provides a greater coefficient of normal foildee reasoning behind these findings is due to
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the boundary layesize over the bodgndthe pressure recovery preserdar the rear of the bodfar

different Reynolds numbers.

Smith[43] states that the aerodynamic loads developed on an inclined body of revolution are strongly
dependent upon the separation of the boundary layer fluid which feeds into regions of concentrated
vorticity. Furthermore, the boundary layer thickness is inversely proportional to the square root of the
Reynolds number3]. Thus, increasing the Reynolds number decreases the boundary layer thickness
at a given position. The tendency toward separation decreases with a thinner boundary layer. Therefore,
the point of separation on a body moves further rearwdéldincreasing Reynolds number, so long as

the flow remains laming#@3]. As the point of separation moves further rearward, the form drag (the
normal force) is decreased as a consequence of greater pressure recovery on the rear of the body.

The coefficient of normal forcéor the two larger Reynolds numbers are very similar, perhaps
suggesting that the point of separation has moved a negligible amount further aft on the body for the

increase in Reynolds numbds].
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The coefficient of normal force presentedFigure 31 increases smoothly with increasing angle of
attack frommt do approximately 1T Fromu T11td @ Ttthere is an apparent stall and ensuing recovery.
Beyond the stalled region there is a loss of normal fdogith [43] attributed the existence of the
inflection in the coefficient of normal force to flow unsteadiness during a transition from a flow
dominated by the axial component to a flow in which the crossflow component dominates. For tractor
configuration aerobatidraraft, the influence of propeller slipstream may mitigate this transition as the
slipstream will add to the axial component of the floddditionally, the smooth curves for the
coefficients of lift and drag obtained Bamadi[41] in 81.3.4.3suggest that the inflection seen by
slender cylinders may not be applicable to fuselages for general aviation aircraft configuféi#ons.
same basic trend expectedThe coefficient of normal forcghouldincrease to a turning point around

v Te)) Ti(depending on the geometry), beyond which the coefficient of normalviarglel decrease.
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Figure32 Coefficient of normal force variation with angle of attack for various pitch edtes
g p Yt [43]

The coefficient ofnormal forcefor various pitch rates at a Reynolds numberRof ¢ p mis
presented irFigure 32. It is evidentthat for pitch rates of aroungl 7d and lower the coefficient of
normal force is not noticeably dissimilar to the static data, at least up until approximatebgyond
which the differencesufficienty indicates some pitch rate dependence. At higher angular velocities,

specifically fromt @& top Y&p &, an increasing coefficient magnitude, at any given angle of attack
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aboveg ttahd a shift of the angle at which the inflection occurs can be observed. At the largest angular
velocity ¢ Y@ & a trend reversal can be observed, however, given the incredibly high angular
velocity thisirregularitywill not be discussed any further as such high pitch rates are not achievable by
aerobatic aircrafttor angles up tq mtthe coefficient of normal force is largely identical for angular

velocities up untito @& £&.
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Figure33: Coefficientof normal force variation with angle of
attack for various pitch ratesat v p 1t [43]

The coefficient of normal force variation for various pitch rates at a Reynolds nuntherad p 1

is presented ifrigure33. At this Reynolds number the pitch rate appears to have very little influence

on the normal force. This result indicates that ¥heations in the coefficient of normal force due to

pitch rate are related to the Reynolds number and that variations appear to be minimal at lower Reynolds

numbers.
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During a tumble manoeuvre the aircraft is brought to a near zero forward velocity, implying that the
Reynolds numbers seen by the fuselage would be relatively low. These low Reynolds numbers, coupled
with the propeller slipstreams contribution to the aftal along the fuselage, would suggest that the
dynamic effects due to pitch rate would likely not cause a large variation in the static coefesents

on the fuselage of an aerobatic aircrBitring the entry phase to a tumble manoeuvre the airoft

have a sufficiently high Reynolds number such that the effects of pitch rate may influence the
coefficientsof the fuselage. However, during this, higher speed, entry phase the angle of attack it
expected to be arourded 11 &n angle of attack range in which the pitch rate is expected to have little

influence, as illustrated Hyigure32.

1.3.4.5.NASA Propeller Wind Tunnel Test Data

An investigation into the performance of three propellers was conductéddgy [44] in the 1960s.

The performancef the three propellers was measuredtifoust axisangles of attack  from 11 3o

Y v, blade pitch angles at 75% blade radius from 1t 3o T 1tahd included the measurement of in

plane forces and out of plane momeftse propellers differed widely in planform and were all selected

to simulate the operating condition anticipated for VTOL/STOL aircraft in thedtikéanding and
transition regimePropeller 1 was of conventional design; propeller 2 was designed to produce large
normal forces, with reduced shaft moments; and propeller 3 was designed with an articulated (flapping
out-of-plane only) propeller designed to eliminatedfsmoments. The physical characteristics of these
propellers can be found in Yagdg®4]. While the operating regime of an aerobatic aircraft and a
VTOL/STOL aircraft are largely dissimilah& operatingconditionsand regime for the propellers of a
VTOL/STOL aircraftare ideal for predicting forces and moments present on the progeilag a

tumble manoeuvteas thethrust axis angles of attack aadvance ratiogthe ratio of the frestream

fluid speed to the propeller tip spedal within the same regigrihat being very high angles of attack

and very low advance ratiddf the three propellers tested ¥siggy[44], the shape of propeller 1 most
closely resembles that of the Extra 330SC propeller. It is also the propeller most suited to represent a

conventional aircraft, given that it is stated to be of conventional design.

In assessing propeller coefficients of force and moment at high angles of thgtadkfinition for
advance ratigs required The advance ratia) should be modeled to include the angle of attack effects
on the freestream component. This can be achieved by considering Eq(Efowherew is the free
stream velocity, is the angle of attack (assumed to be the same as the thrust axis angle otatack),
the rotation speed in revolutions per second@iglthe diameter of the propell@he apostrophe next

to thevterm in Equatior{15) indicates the modified advance ratio.
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The results of the investigation revealed that, for all three propellers, similar variations in the forces and
momentswere presentThis was true for a range tirust axis inclinatioranglesand advance rat

The thrusiand power were nearly constant, withplaneforcesand outof-plane moments increasing
approximately linearly over lrge range of thrusixis angle of attack (for constant blade angles and
effective advance ratiospeveral other interesting conclusions were also drawn from the test data.
Firstly, the slopes of the curye®r all force and moment components measuiecreased with
increasing angle of attack. Second, the slopes of components idaréthsaisk loading (increasirig,

the blade pitch angle) for all components except for the pitching moment, which iddiease @ J

and then gradually decreasd hird, moderate changes in slopgreobserved up to values of thrust

axis angle of attack af v, after which changesccurredrapidy. These changes in slopecuredmore

rapidy at higher angles of modified advance ratio

The data presented by Yagg] was directed towarinore heavily loaded, higher solidity propellers.
Experimental data fonore lightly loadedpwer solidity propelledatahas beernprovided in McLemore

[45]. Although Yaggy[44] and McLemord45] tested very different propellers, the data provided by
both papers shows almost identical trends across all measured coeffmierdmparable modified
advance ratiogeeYaggy [44] tested far lower modified advance ratios, going as low asm® and

0 T in some cases. The highest modified advance ratios tested by Yétjgwere 0 p&.
McLemore[45] testedto much highemodified advance ratigggoing as high a8 ¢, and going as

low asb  T&. An interesting finding fronMcLemore[45] (not presented byaggy[44]) is that the

static thrust results indicate that the blade angle for the maxfigune of merit(ratio of the induced
Power divided by power available) slightly greater than @ Jfor all tested angles of attack. The
blade angle for maximum efficiency in forward flight at and near zero angle of atfack ip 1 Jhis

result implies that lower blade pitch angles are required for slower flight, thus inferring that a lower
blade pitch would likely be of great benefit during a tumble manoeuvre. Given the differences in size
between an aerobatic aircraft propelled anVTOL/STOL propéeér it is likely that blade pitch angles

slightly higher thah dvould be requiredbr anaerobatic aircraft performing a tumble manoeuvre

Figure 34 presents the coefficients of thrust and power for propellerMagfyy [44] at a blade pitch

angle off p ¢ While Yaggy[44] presents data for many other blade pitch angles, the blade pitch
anglewas selected based on the findingMoet.emore[45] for the ideal blade pitch angles required for

very low modified advance ratioBigure 34 illustrates relatively constant coefficients of thrust and
power for a large range of angles of attack, at a variety of modified advance ratios. For each modified
advance ratio, there is an angle of attack at which both the coefficients of thrust amdnooséase,

with the inflection point occurring at higher angles for lower modified advance ratiesmplications
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of the constant portions of the curve illustrate that a pilot cannot generate more thrust to aid in an
unfavourable situation. While the force is predictable and constant, higher angles of attack do not
provide the pilot with any benefits while performiagrobatics.
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Figure34: NACA TN D318 propeller 1 coefficient of thrust and powerifor p ¢[44]

The coefficient of normal force at various angles of attack, for a blade pitch ahgle pfid plotted

in Figure35, for various modified advance ratios. The data presents results obtained byA4dgy
propeller 1. The coefficient of normal force increases in a linear manner for all modified advance ratios
until | T u. The angle of attack at which the coefficient of normal force changes gradient and no
longer follows a linear trend increases for decreasing modified advance ratio. This then means that the
linear trend continues to much steeper angles of attack therglmvigeestream velocity component.

As such, it is likely that during a tumble manoeuvre the propeller of an aerobatic aircraft is likely to
experience linear changes in the coefficient of normal force throughout the manoeuvre. At lower
modified adrance ratios there is also a much smaller change in the coefficient of normal force since the
angle of attack increases when compared to higher modified advance ratios. Higher modified advance
ratios produce higher coefficients of normal force, particplarhigher angles of attack. The difference

in coefficient of normal force between the various modified advance ratios increases with increasing

angle of attack. The coefficient of normal force is largely identical and relatively small for all modified
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advance ratios up until an angle of attagk of p v. This pointillustrates why the coefficient of normal

force (from the propeller) is generally not considered for general aircraft performance calculations.
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Figure35: NACA TN D318 propeller 1 coefficierdf normal forcéf o r  [44]1 6 A

Figure36 shows the coefficient of pitching moment at various angles of attack, for a blade pitch angle
of | p @and for various modified advance ratios for data obtained by Ygigdyor propeller 1.
Similarly, to the coefficient of normal force, the coefficient of pitching moment illustrates a linear trend
to very high angles of attack, albeit with seemingly steeper gradients than the coefficient of normal
force. While the gradienteepness may be higher for the coefficient of pitching moment, the coefficient
values are lower than those of the coefficient of normal force, particularly at higher angles of attack.
Similar trends are observed for the coefficient of pitching momentrapaed to the coefficient of
normal forceThat is: he increasingly larger difference in coefficient values between different modified
advance ratios for increasing angle of attack, the similarity in coefficient magnitude for various
modified advance ratios angles of attack up until p v ahd the changes in gradient at higher angles

of attack.
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1.3.5. Airfoil Dynamic Effects

When a wing oanairfoil approaches the stall angle at a significant rate such as might be encountered
with a sudden pullip of the aircraft, the stall angle of attack and the maximum coefficient of lift are
increased as compared to the static (steady state) flow4&s®hen dynamic changes in angle of
attack occur for the reverse case the lift does not revert to the value encountered at the lower angles
seen for the forward case but instead falls below these values. This results in coeffiditriteat are

below the values seen for the steadyestase and causes a hystertsip. This is illustrated irFigure

37.

Theincrease irdynamic lifto roveéshoabis causedby a delay of the adverse pressure gradient, which
allows the airfoil to support a greater lift than during a steady state case. The oscillating airfoil derives
lift from the frequency induced normal velocity and the effects of the change in the ragleobfin
attack[46]. The effect of the frequency induced normal velocity is to essentially increase the section
camber a$ is increasd and a corresponding decreased as reduced. Consequently, the rate of
change of angle of attagk, effectively increases and decreases the angle of attack when compared to

the steady state caks]. A certain amount of time is required for the boundary layer to buil@hip
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results in a delayeskeparation and the airfoil responds to the dynamic angle of attack change without

stall. This also contributes to the lift overshta].

The combination opitch rate | and| effects influence the shape of the hysteresis loop and is a
function of the reduced frequenc®) The reduced frequency is defined by Equaiip6) and is

essentially the measure of the rate of change of oscillation with respect to the free stream4@]ocity

Q O17w (16)
Where:
1 1 isthe oscillation frequendyad/s]
T Gis the mean aerodynamic chdn]
1 is the free stream velocifyn/s]
2.0_ ] ' ) 1
CN ~ CL £ = 16.4 H,
k = 062 /)
15f
10F
/ / STATIC DATA
//C_/f = 94.3
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OsL aAx = 5.65 _
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Figure37: Frequency effect on hysteresis loop for oscillation aiffd]
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The maximum coefficient of lift overshoo$-0 due to the dynamic condition at which it occurs

3 is a function of the section shape, Reynolds number, type of stall and reduced frequency. Test
data presented i@onner[47] illustrates that for a given level of reduced frequency, the maximum
dynamic coefficient of lift overshoot reduces with increasing cambeder static condition$

changes with Reynolds number and Mach numbéite the lift overshoot is not affectedhis is shown

in Figure38.

Wind tunnel test data from Anderspt8] illustrates that the maximum coefficient of lift values for the
NACA 65-216 airfoil should be between 1.2 and 1.4 depending on the surface roughness and Reynolds
number. Observing the maximum lift overshoot giverfFigure 38 for the NACA 65216 airfolil it

would appear that the dynamic overshoot would ke 1t ®f the maximum value for the coefficient

of lift for lower reduced frequency valudsor higher reduced frequeneglues the dynamic overshoot

is ¢ 1 lof the maximum value for the coefficient of li@imilar trends can be seen in refererjd&3,

[50] and [51] for various airfoil profiles and reduced frequenci@s. additional findingseen in

reference$49], [50] and[51] is that the overshoot stall angle appears to range|fronv J p 1T J

/.O'_ ' 1 ' N | . -
4 L
s M= .38 R =9 x 108 (32,a)
8t X M= .4 R=.2x 10° (32.a) _
' A M .2 R= 4 x 108 6(32,g)
O M= .43 R = 2.8 to 5.7 x 10°(32,£)
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.
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Figure38: Lift increase due to dynamic change of angle of atfé6k
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The basic shape of the dynamic lift curve throtigistall regionis dependent on the type of staf

an identical manner to airfoils operating at steady state conditions. This is illustrategpliia 39.

Trailing edge stall wilkhustend to yield a more rounded stall shape than leading edge stall. The type

of motion and reduced frequency affect the stall and it appears that the stall becomes sharper as the
reduced frequency increases.

Dynamic effects on airfoils create lift overshoot and hysteresis curves. The lift overshoot is a function
of the pitch rate velocity and mean aerodynamic chord while the hysteresis curve depends on the airfoil
shape reduced frequency and initial anglettafck range of the test section. The coefficient of drag will

see an increase related to the increase in the coefficient of lift. The lift induced drag will increase with
the lift overshoot.

=% - .0096

4/ ) ___‘_—_'_-_C'(‘. °

1 1 1

0 y 5 2 6 20 24 28

Figure39: lift coefficient and angle of attack overshoot from static stall due to dynamic ¢#6¢!
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1.3.6. Inertial Data

The moment of inertia of a body the resistancef a bodyto angular acceleration. The moments of
inertia are the rotational equivalent of mass for linear m¢&@h An aircraft has three principle axes
about whichit rotates. These three axes (x, y and z) can be sdagure22. Moments of inertia of
aircraft are required so that the dynamic performance (or flying qualities) of the aircraft can be studied
[53]. The moments of inertia are requiried the analysis of a tumble manoeuvre as they will define

how quickly and easily the aircraft will rotate.

For any conventional aircraft, the vehicle is symmetric about the XZ plane. As such the moments of

inertia that are required ar® h'O h'0 ®¢ 0. The tumble maneovure iassumed to ba purely

longitudinal manoeuvrandonly the’O term is required.

Figure40presents a collection of pitch inertia valu& againsthe gross weight of the aircrafOw

for a series of single engine, tractor configuration aircfidfe thirtytwo unnamed\NASA aircraft of

fixed wing arrangement witthigh, mid and low wing configurationsere investigatedeach of the
aircraft had their respective inertial values obtained experimentally using the pendulum method. The
aircraft listed in the repodo not completely represent a modern aerobatic airbesfausehe report

was published in the 1940%he results provide a baseline from which inertial estimates can be
compared. Should the reader require further details of these ainenaitdn be found in Gracgy4].

The Cessna aircraft data can be found in Rodldih 'O , 'O and"O values were not presented as

these inertial terms are not required for a tumble manoeuvre, as modelled in this report.

FromFigure4O0it is clear that the pitch inertia dieaircraft increases with increasing gross weight. A
somewhat linear trend is evident, with the exception of the heaviest aircraft. Given the maximum take
off weight for the Extra 330SC in the aerobatic configuration giveFainle 1, the pitch moment of

inertia is expected to be no more tf@n p mhky.n?.
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Figure4(: Collection of O values for various single engipeopeller driveraircraft

A preliminary method was generated by LanH&8] in which the inertial values of an aircraft could
be predicted, given a detailed mass distribution and overall geometry of the aircraft. Results from the

use of this methodompared taneasured inertial values are provided'able7 for an assortment of
aircraft types. It is apparent that the method generated by LgBBaim not completely accurat&he
results generated with the use of this method are acceptably close to the actual inertial values in each of

the requirednertial directions, with the largest difference being 11.4%@oiTable 7 also illustrates

that this method gives reasonable results for a different aircraft sizes, shapes and configlinagions.

method canhereforebe applied to any aircrafthelimiting factor to this method is that a very detailed
breakdown of various component masses and locations must be known to produce feasible results. The

masses and locations of all aircraft components may not always be readily available.
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Table7: Summary of inertias of various aircrgs]

Moments of Inertia [Ib-in?]

Roll k Pitch L Yaw kK

Aircraft Configuration
g Actual | Calculated | Actual | Calculated| Actual | Calculated

Operating Empty| g7 g 129.0 747.2 762.2 822.3 835.6

Boeing F Weight
15A Air Superiority
Takeoff Weight 166.5 190.8 824.0 829.2 946.0 951.8
Lockheed Ope{;v““e"i‘gh'fmpty 57909 | 54246 | 101486| 98853 | 146944 | 140694
Martin —=
Basic Flight
C-5A Design Max Fuel 170867 158941 124744 116564 279748 266755
Boei Empty Weight 168 203 413 356 580 543
oeing Ferry Mission
A-10 Gross Weight 293 279 604 608 817 891
Boein Empty Weight | 26011 23270 22551 19380 48562 42216
9 Design Gross
B-52G W%ight 69163 64142 39520 37350 108683 92696
Average Error (%) 114 5.7 6.8

1.3.7. MassModelling

Weight methodologies are classified into thregin categories: (1) Empirical, (2) Analytical and (3)
Semianalytical[56]. Empirical methods are used to genefast and accurate empty weigl@ @),
maximum take-off weight 0 "YU w and weightsfor different aircraft configurations. Analytical
methods are generally more accurate than empirical methods but may require far more detailed
information. Semianalytical method$end to be more accurate and require far less information than
analytical methodgs6].

Generally, the) "YU @O w and weights of different aircraft configurations are supplied by aircraft
manufacturers. For most performance predictions knowing these weights is suffioienatt inertial

values are required for the analysisyanoeuvres involving angular rates. Most manufacturers do not
supplyany inertial data and as such, the aircraft analyst is left to predict these quantities. Predictions of
aircraft inertia require component masses and their corresponding centroids from somee efazs.

Some manufacturers provide detailed weights and locations of smaller components contained within
the airframe Aircraft manufacturer often do notspecify the weight of structural and control
components such as the wing, fuselage, control syste/etght estimation methods are required to

predict the mass of these components as well as their centroids.

Several methods exist to estimate the weight of an aircraft and its compdrentomplexity and
accuracy of these methods vary depending on the type and shape of aircraft in ¢béktidhe
simplest weight estimation methods are generally intended for initial estimation only during the design
phase and will onlgenerate an approximate va[6&]. The complex methods aegpected to benore

accurateThe methods requirgpecific details about the geometry and other paramé@rs
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It is more appropriatéo usemultiple weight estimation methed Some of the more famous and
accepted methods includeethods from TorenbeeK58], Raymer[59] and Roskam[55] as well as

methods developed by aviation companies and operators such as the Cessna method and the United
States Airforce (USAF) methods, both of which can be found in RoEkan
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Figure4l: Structure component masses for various general aviation single engine propeller drive
[55]

The masses of the main structural components for various general aviation, single engine propeller
driven aircraftare presented irFigure 41. While the aircraft presented are by no means aerobatic
competition aircraft, the aircraft are similar in size and configuration to aerobatic aircraft. The structural
masse®f these aircraft are likely to be similar to those of an aerobatic aircraft and should provide an
indication of the expected masses of aerobatic aircraft. The aerobatic aircraft component masses may
be slightly higher than those of the aircraft presemdeigure4l as aerobatic aircraft are expected to
experience higher load factofsrom Figure41lit is evident that the two heaviest groups of structure
consist of the wing and the fuselage followed by the landing gear. The nacelle and empennage are

groups that aréighter than theother structural group#n average of the component maskesthe
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aircraft given inFigure 41 is presented iMable 8. These values can be used as a reference when

estimating the structural component masses of an aerobatic aircraft.

Table8: Average structural component masses for a general aviation, single engine, propeller driven

aircraft
Mass Item AverageMass [kg]
Wing Group 120
Empennage Group 30
Fuselage Group 145
Nacelle Group 16
Landing Gear Group 65

1.3.8. Aircraft Energy

Thetime-specificenergy state of an aircragtdetermined by the total amount and distribution of energy
stored as altitude and airspeed. The frame of referssext by the pilotor managing the energy state

during flightis aircraftcentric. It is a function of the indicated altitude and indicated airspeed and not
height above ground or groundspeed. Changes in indicated altitude and airspeed are attained through
forces resulting from the direct manipulation of the conwbtbe aircrafby the pilot Gains in aircraft

energy can be attained from the force of the engine thifsand losses in aircraft energy from
aerodynamic dragO . The difference between tli@cein and out "¥O is the net change. This net

change determines whether the total mechanical energy increase, decreases or remainfbihe same

Since aircraft energy is gained from the engine thrust and lost through aerodynamic drag, energy flows
continuously into and out of the aircraft while in flight. The rate of change of energy, usually measured
as Specific Excess PowéBEP)andis a direct function of the differeabetweenspecificthrust and
dragpower. The Specific Excess Power is given as the thrust minus the drag multiplied by the aircraft

velocity (airspeed) all divided by the aircraft weight. This is illustrated in Equéitign5].

YOO Y 0w (17)
®

The thrust and drag forces multiplied by the veloci§uandO w are the thrust power and drag power
respectiely. Dividing either of these two quantities by the mass of the aircraft results irdifie sp
power.A fundamental relationship exists between changes in the total esfehgyaircraft thatesuls

from the net energy flow and changes in the energy stored as altitude and airspeed. This energy

relationship can be summarised through the aircraft energy balance equationFigere4?.

61



Energy gained Energy lost Change in

from thrust Y through drag O potential energy
\ Energy In Energy Out / \Altitude Change J

N N

ANet Energ iChange in S

Figure42: The energy balance equatigij

The left hand side of the energy balance equation represents #reengy flow of the aircraft, while

the right hand side reflects matching changes to the energy storage. A change in total energy resulting
from the difference between thrust and drag on the left hand side of theea@hatys matches the
change in total energy redistribution over altitude and airspeed on the right hand side. The rate of energy
change varies during flight, becoming postive, negative or zero. Both sides of the energy balance
equation are inexorably baleed regardless of whether the airgais accelerating, decelerating,

climbing, descending or maintaining constant altitude and air§pked

The pilot controls the change in total energy on the left hand side of the energy balance equation, as
well as the distribution of any changes in energy over altitude and airspeed on the right hand side. How

the pilot coordinates the throttle and elevatmrachieve desired altitudes and airspeeds as well as
avoiding energy fAcriseso is at the core of ener

performances which typically offer far less altitude with which the pilot can navigate.

A longitudinal manoeuvre is the result of an imbalance of thrust and drag, which results in either a
linear acceleration or a steady rate of climb or in a combination of both acceleration and climb, in the
direction of flight[31]. The accelerations that result from rates of pitch or turn are not directly involved,
though may produce increases in the drag force. The increase in drag will have an indirect influence on

thelongitudinal force balance.

By expressing the gradient of a climb in terms of the true rate of climb and true airspeed, the longitudinal
equation of motion for manoeuvring flight (as defined by Eshi@hj), is givenby Equation(18) [31].

(18)

£
Q| o
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h:| 8.
[@)
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Where:

"Yis the thrust forcéN]

‘Ois the overall drag of the aircraffl]
wis airspeedm/s]

® is the aircraft weighfiN]

"Ois the geopotential heigfm]

"Qis gravitational acceleratidm/s?]

A number of energy exchanges can take place during flight in which altitude and airspeectased
decreasedr remain unchangedhe energy exchangeabat take place in level flight and a clinalbe
presented irTable 9. These two scenarios depict energy transfers that would typically be seen in
conventional flight. Twaenergy exchanges taking place duraxtremeflight scenarios are illustrated

in Table10.

Level Flight

In level flight altitude $ neither gained not lost. Only airspeed is affected by a force imbalance. When
the thrust exceeds the dragy 'O 1 the total mechanical energy of the aircraft increases. This
surplus in energy is stored as airspeed. When the drag exceeds the"thri@Bt Tt the aircraft
remains at the same altitude but loses airspeed. When energy gained equals that ©@st 1t all

thrust is spent on drag. The total amount of mechanical energy and its distribution over altitude and

airspeedemains unchanged.
Climb

In climb both altitude and airspeed can be altered. If the thrust exceeds thérdr&y 1t the total

increase in mechanical energy can be stored as either altitude or airspeed or a combination of the two.
Surplus energy can be used to gain altitude while maintaining or increasing airspeed. If the total
mechanical energy of the aircraft decrsasey O 1t stored energy must be consumed. This
situation results in a descent and allows the aircraft to maintain constant airspeed while losing altitude.
If the thrust force is set to match the drag forcé O 1 through a climb the total mechanical
energy remains the same. The distribution of energy over altitude and airspeed has altered. Altitude has
been gained at the expense of airspeed. To maintain this scenario the thrust force must be adjusted to
match thedrag force as airspeed decreafesing a climb o descent, a component of the aircraft mass

acts in the direction of either the drag force or the thrust force. This is illustrated by ith€@¢&

component inrable9.for a climb.
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High Angle of Attack (Tumble Scenario)

For a high angle of attack manoeuvre taking place in the horizontal pldpene scenario ifeasible

Thrust is significanthputweighed byhe drag force™yY 'OL 11 .Such an extreme scenario is typically
seen in the tumble manoeuvre. Energy from the propeller is used to gerterastforceand propeller
slipstream. The energy from the propeller slipstream is imparted to the horizontal stabiliseinwhich
turncauses a pitch rate. The pitch rate results in lairgeaft pitch angleandangles of attackhanges

These large anglegenerate large drag forcéEhemass forcesnay also become large aadt in the

drag directiorshould the flight path angle be sufficignlarge The large drag force ressiltegative

"Y'O alues. Stored energy is consumasl the added energy from the thrust is now acting to rotate the
aircraftandagta s t h e ®hly afcomponénoaf theethrust acts in the thrust direclibe.rate

what which stred energy is consumed is doneas@ rapid rate. Initially airspeed is consumed without
much change in altitudereaing a large deceleration. Onogost of theairspeed has depleteshergy

is taken from the altitude stores. This results in a loss of altitude to regain airspeed. A more powerful
engine is able to generate more energy and will aid in slowing the consumption of energy from the
mechanical stores. In this sittion the lift force is insufficient to keep the aircraft flying. This means
altitude cannot be gained and energy gains must be converted to aifdfieddhplies that the pilot

has little option but to lose altitude to gain airspddte minimum time to recover mechanical energy

can be achieved by maxismg the acceleration. This is achieved in a vertical dilere the mass

vector acts in the same direction as the thrust
Vertical Dive

In a verticaldive altitude is lost and airspeed gain@&tie orientation of the aircraft— ¢ x jindeans

that the aircraftnassacts in the same direction as the thriidie forces acting in the thrust direction
greatly outweigh the dragY ‘Ol T1t. This is particularly true at lower airspeeds. In the extreme case
where the aircraft istaan airspeedf mm/sthe aircraft has maximum acceleratihen entering a

vertical dive. At zero airspeed’O 0 Tt but builds as the aircraft accelerates. Stored potential energy
(altitude) is converted into kinetic energy (airspeed) during the dive. Additional energy is added by the
thrust and mass of the aircraft as speed builds. At some point during the diggetteny of the aircraft

must be altered and a pull up manoeuvre must be performed. This can be accomplished once a sufficient
guantity of energy has beengaiired (enough airspeed). The excess energy from the thrust force along

with airspeed can be convertiedaltitude. Energy management is crucial in this scenario
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Table9: Energy exchanges in conventional flight

Net Energy Change Change in Stored Energy
d

Energy Exchange Example Resulting Aircraft Condition

4 r Altitude Airspeed
L1 No change Increase Acceleration at constant altitude
T No change| Decrease Deceleration at constant altitude
T No change| No change Constant airspeed and altitude
T Increase No change Climb at constant speed
T Decrease | No change Descent at constant speed
11 Increase Decrease Decelerating climb

Climb



Table10: Energy exchanges in extreme flight

Energy Exchange Example Net EnJergy Change Change in Stored Energy Resulting Aircraft Condition
AT Altitude Airspeed
Con_stant/ Large Large deceleration with minimal altitude
Lm Slight d :
, ecrease gains
increase
] Decrease Increase Accelerating descent
Vertical Dive
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SEPChart

A SEPchart provides an energy envelope within which an aircraft is safe to fly. An exampBESf a
chart is provided irrigure43. The SEPchart may be used to determine how much additional energy
an aircraft carries at various altitudes and airspeeds. It may be used to determine the energy requirements

when performing a manoeuvre that involves alterations in altitude or airspeed.

40

10

40 50 60 70 80 90 100 110 120 130 140 150 160 170
Speed [KCAS]

Figure43: SEPchart example

1.4.0Objectives

The research objectives dace

1. Synthesse a malel, incorporating all the postall and dynamic aerodynamic coefficients, to
understand aircraft displacements, velocities and accelerations, before, during and after a
tumble manoeuvre.

2. Determine safe operatirentry and exiheights for pilots performing tumble manoeuvres so

that an aircraft can recover from the manoeuvre.
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1.5.Dissertation Outline

This dissertatiorconsists okix chaptersEach chapter providesformation that is used in subsequent
chapters

Chapter oresentyvarious models for calculating tineass, inertial and aerodynanmput data

Chapter Jresents the input datgeneratedor the Extra 330SQusingthe models provided in chapter
2. A technical review of the dataoutlined comparinghe generatediata toany publishedesults
found in open literatureThis was performedsa meansof validation where possible.

Chapter 4 outlines the methodology employed in the generation of the tumble Bopaslons for
forces and moments at high angles of ataehllustratedalong with the resulting load factors in the
velocity and body axe#\ mathematical modés$ presented thaiutlines the steps and equations

required to solve a complete tumble manoeuvre.

Chapter 5 presents the tumble model results and finditaggous performance parameters of the
manoeuvrare provided. Thedaclude aircraft displacemenidlight path), velocities accelerations

forces and moment&ailed tumble manoeuvratemptsare presented and the shortcomings of the
attempts are highlighted and briefly discussed. A minimised risk tumble manoeuvre is explained and
the parameter adjustments required to complete this scenario are highlighted. A comparison of

successful manoeuvrésvideo footages outlinedas a means of validation.

Chapter 6 concludes the findings presented indissertatiorandprovides a list of recommendations

for future work that may be useful in expandthgwork developed within thidissertation
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2. MODELLING

2.1.Introduction

This section can essentially be thought of as somewhat of an extension of the literatureTi@giew
chapter provides detailed explanations and formulations of models that were used to generate the
necessary input dataquiredfor modelinga tumble maneuvre. The chapter begins by sumraiaig a

variety of mass estimation models for general aviation aircraft obtained from R{s&KaNext an

inertial estimation model developed by Lanh®] is outlined along with the necessary mass inputs
Aerodynamic models are then addressed starting with lifting surfaces (such as the wing and empennage
surfaces). A serrempirical method was created by Spgé&@ that provides coefficient data for a lifting
surface for infinite or finite aspect ratios. For fuselage aerodynamic data, a method established by
Jorgensef2] is presented with an explanation on the extension of the method to lower Mach numbers,
as the Jorgensdni2] method isonly validated from Mach number of 0.6 upwards. Finally, a method

for predicting the aerodynamics of the propeller is explained. In the absence of an acceptably accurate

formulation, coefficient data presented by Yaddy] in 81.3.4.4wasusedfor the propeller

2.2.MassEstimation Models

Aircraft componentassess well as the distribution of the massesageired to accurately determine
inertial valuesand general aircrafperformance. The overathasgs of most aircraft are readily
available;however, themassesf the individual aircraft components are generally not given. The
masse of majorcomponentgroups as well as some smaller individual components will need to be

obtained or estimated.

Methods formassestimations of major aircraft component groups were collected and published by

Roskam[55]. The major component groups thareinvestigated are as follows:

1. Structural weight
2. Power plant weight

3. Fixed equipment weight

The mass estimation methods provided by Rog&hinclude the Cessna method, the USAF method
and the Torenbeek methdthe mass estinian equations for the three main component groups as well
as subcomponents within each grdigp each of the three methods are providedg22.1-2.2.3

Equations for each of the methods are providethinle11, Table1l2 andTablel13.
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2.2.1. Structural Mass
The structuraimassgroup consists of subgroups which make up the entire aircraft structure. These
groups are:

The wingmass 0

a
b. The empennag®ass0

e

The fuselagenass 0
d. The nacellenass®

e. The landing geamass 0

The total structurainasss the sum of all the subgroups: 0 0 0 © 0

a. Wing Mass

The Cessna, USAF and Torenbee&hmods for estimating the wing mass are provided by Equations
(20), (34) and(46) respectively.

Based on the recommended applicability of each method, the Cessnha method would be the least
appropriate, as it is for low performance aircraft (whereas aerobatic aircraft are high performance). For
the Cessna method, the wing mass includes: the wingtip$aising, control surfaces, fuel tanks, wing
fuselage spar carry through and sweep angle. The USAF and Torenbeek methods only calculate the

mass of the wing structure and as such, the Cessna method is expected to provide a larger mass estimate.
b. EmpennageMass

The empennagmasswill be subdivided intowo furthercategories: the horizontal talass) and

the vertical taiimass) .

The Cessna method provides mass estimates footizontal tail and the vertical tail Equationg21)
and(22) respectively The USAF methods provides horizontal tail and vertical tail mass estithates
aregiven byEquationg35) and(36), respectively The Torenbeek methods provides a mass estimate
for the entire empennage and is given by Equgd@n The Torenbeek method does not separate the

horizontal and vertical tails into separate mass equations.

It is expected that the Cessna method will yield the least accurate results based on the recommended
applicability of Equationg21) and(22). The Torenbeek method is not as useful as the Cessna and
USAF methods because it does not provide the masses of the horizontal and vertical tail surfaces
independently. It should also be noted that the sweep angle of the horizontal tail is not incarged in

of the methods. This may lead to an underestimation of the horizontal tail mass from all methods.
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C. Fuselage Weight

The equations for estimating the fuselaggsses are provided by Equati¢2®) and(24) for the Cessna
method. These two equations are for a higihg and lowwing configuration respectively. Equation
(37) provides a rass estimate for the fuselage for the USAF method while Equ@®mprovides the

Torenbeek mass estimate for the fuselage.

The equation for theCessna metho@oth highwing and lowwing) is based on the number of
passengers present in the aircr@fhcean aerobatic aircraft is usually occupied by a single person (the
pilot), the Cessna method is expected to underestimate the mass of the fldedalyecolaimass
estimation[61], provided by Equationfl19), was includedas a additionalmethod of analysis for the
fuselagemass given the expected shortcomings of the Cessna mefihedNicoli mass estimation is
applicable toight aircraft

0 mixogpow® at o & & ° (19

d. Nacelle Weight

The estimation of the nacellmassis providedfor a propeller driven aircraftThe structuraimass

associated with the external ducts and or cowls of the emagidéhe massof the engine mounting
trusses are all included in the formul@&e Cessna and Torenbeek methodsnfarelle mass are
provided by Equation@5) and(49) respectivelyThe USAF methodccountdor the nacelle mass in

the powerplant mass estimate.

TheTorenbeek masastimation given by Ejuation(49), includes the entire engine section forward of
the fuselage.

e. Landing Gear Mass

The Cessna methods provideass estimations for thmaingearand nose gear iBquationg26) and
(27) respectivelyThe USAF method provides a mass estimation of the landing geauation(39).

Torenbeek does not provide a method for estimating the mass of the landing gear

71



2.2.2. Powerplant Mass
The aircraft powerplanhass0  , will be assumed to consist of the following subgroups:

a. Engines,b : this is inclusive of the engine, exhaust, cooling, supercharger (if present) and
lubrication system
b. Air induction system( : this includes the inlet ducts (other than nacelles), ramps, spikes and

associated controls

C. Propeller )
d. Fuel system{
e. Propulsion systemyy : this includes engine controls, starting systems, propeller controls and

provisions for engine installation.

The total powerplant weight will be a sum of all the subsystéms, 0 0 0 0

o

It should be noted that Roskd®b] has strongly recommended that actugssdata from engine

manufacturersbe obtained for this group if it is readily available.

a. Engine Mass

Mass estimations for the engine are provided by Equaf&8)s(40) and(51) for the Cessna, USAF

and Torenbeek methods respectivétpr the Cessna method, all engine accessories are included,
however, the engine oil is not.

b. Air Induction Mass

The Torenbeek method for the mass estimation of the air induction system is provided by Equation
(52). The Cessnand USA- methods include the mass of the air induction systeginecalculations.

C. Propeller Mass

The mass of the propeller is provided by Equais) for the Torenbeek method. The Cessrethod

does not provide a mass estimate for the propeller while &#d- methodncludes the propeller mass

in the engine mass equatidh is recommendethat propeller manufacturer datee usedwherever
possible. Propeller data for aircraft are generally readily available and gsasuclrestigation into
methods other than the Torenbeek method will not be done. FBkiitee330SC data on the propeller
weight as well as all system weights associated with the propellpraieedin the pilots operating
handbook.

d. Fuel SystemMass

Equationq31), (43) and(54) provide mass estimatiefior the fuel system for the CesstiSAF and

Torenbeek methods, respectively.

72



e. Propulsion SystemMass

It is recommended that actual data be used.

2.2.3. Fixed Equipment Mass

The fixed equipment that is carried on aircraft easignificantly depending on the aircraft type and
mission. For aerobatic aircraft a list of the fixed equipnmesissesnd locatios can be obtained from
the pilots operating handbook (POH). Some information is not included. Twothatadll require a

mass estimation have been identified:

a. Flight control systemi
b. Electrical system0
a. Flight Control System Mass

The Cessha, USAF and Torenbeek methods for the estimation of the flight control systems are provide
by Equationg32), (44) and(55), respectivelyThe formulae given seem to be somewhat similar and

are expected to yield similar results.

b. Electrical SystemMass

Equations(33), (45) and (56) provide the mass estimat®of the electrical system for the Cessna,
USAF and Torenbeek methods respectivélye Cessna methagstimateghe massof the electrical

system as a function of the maximum taken#iss.The USAF methogbredictsthe electrical system
massas a function of the fuel system and instrumentati@ssesThe method given by Torenbeek

gives themassof the hydraulic and pneumatic system as well as the electrical system as a function of
the aircraft empty weight. The three methods given take different approadstisnating thenassof

the electrical system and as such may yield very different results.
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Table11: Cessna methathass estimation equations

Group Applicability Component | Subcomponent Equation qulilitlon Notes
. . . “ . « Cantil d
Wing - ©w TETeRT Y8 (8 o8 (20) a\r,'v'ir?gsre
_ _ op P & Y8 58
Horizontal Tail —g (21
v o
Empennage pH @ 8 Y8 58
Vertical Tail p @O & AlvO 8 (22
8t 1 8 )8 b Low Wi
Structural ede (23) %ﬁcralfrt]g
DT
Fuselage - q 8 o
. . o igh wing
. P @ ° K a® 6 °® (24) aircraft
1 Small, relatively
low performance Nacelle w L (25
T o G Thts Main Gear . . 8 . 8
f  Unpressurised Landing el T Tl O % a (26)
fuselages Gear Nose Gear ¢8 mipw THIMTATTE g ° (27)
Engine - w 0D (28
Air . .
; | Induction Included inw calculations (29
owerplant Propeller 670 (30)
) w Internal fuel
Fuel System w ™ — (31 systems (no
v tiptanks):
Flight
Fixed SControl () 8L p @Y (32
Equipment yste_ms
i Mechanical Electrical o 8 m 33 2 sets of flight
controls System C® controls
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Table12: USAF methodnass estimation equations
Group Applicability Component | Subcomponent Equation EqKIz;tlon Notes
. ) © 6 ® 8 ’ Y 8 p _ ’ o @ :
Wing - ®  o@T Y o AT o . z% P oin (34)
, G 8 oy 8g ¢ o 8°
Horizontal Tail | ® P ¢ M@ We—— pmm pm o (35)
Empenna -
P g , w & 8 v 8§ &°
Vertical Tail | © ©@® MYe—m— o (36)
Structural
W
Fuselage - @t ® a’® o 0 ¢ ° ° (37)
Cum p T p T p T pPTIT
f L@ght,f?tility Nacelle Included in powerplant weight (39
aircra ,
f Speeds up unti L%ned;r;g 0 mua® wi g ° (39)
o T hkts -
Engine - O 0 W CB; XD 0 (40)
Alr Includedé>  calculation (41)
Induction
Powerplant Propeller Includedw  calculation (42
. 8 8 8
. W p v g
Fuel System ® 8 w - — 08y 8 (43
V] p Qeo
Flight
_ Control ®  p8oap ® (44)
F|?<ed Systems
Equipment Electrical ' N & 8 Unpowered
w 1 c (pi (45) ﬂlght
System p LT controls
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Table13: Torenbeek methoghassestimation equations

o Compon : Equati
Group Applicability ent Subcomponent Equation on No. Notes
. . 8 (p&A |’XQ 8 . .
Wlng - ® WITPA L AI(DXQ p 5 I3 8 5o wA'I'xQ (46)
Empenna : 8 Conventional tail
ge w T8I T Y v (47) configurations
@
Structural Fuselage - ® T® 'Y ® %6 (48)
¥ Nacelle in
Nacelle w ¢dL (49 fuselage nose
Landin
§ Light transport Gearg N/A (50
aircraft X : -
1 & pco gy ENYNe @ b © T D (51)
: : = 8
T w q L kts Indﬁlc:tion & ) P81 & 8 U_ (52) Single propeller
Powerplant V) . drlve_n, piston
Propeller ) 0 68 00 08 (53 aircraft
Fuel ‘ ® °
System R T 4
Flight .
Fixed Control w ] (59 Unpowered,
Equipment Systems unduplicated flight
quip Electrical 8 " controls
System () w T X0 (56)

76




2.3.Inertia Estimation Model
An inertial estimatiormethod generated by LanhdB8] presents a somewhat rudimentapproactfor
calculating the inertial values of various aircraft components as well as the overall aircraft iAdrtias.

equations and concepts developed within this section are obtained from L&3ham
The method is split into three main steps:

1. First the aircraftnassmust be allocated to six separate groups:

a. Wing group

b. Horizontal tail group
c. Vertical tail group
d. Fuselage group

e. Propulsion group
f. Additional items

The allocation of massinvolves distributing the subsystems throughout the aircraft without
identifying the actual location of each individual comporjg8}. It should also be noted that this

approach iperformedusingan A hi st ori cal 0 or.0Chrediecnsemayeeed desi g
to be made for desigronfigurationswith unusual concepts or mass distributions.

2. The moment of inertia of each grough&ncalculatedabout its own centroidndtransferredo a
set of remote axes
3. The centre of gravity of the aircraft is determiraadl he inertias are then summed and translated

back to the aircraft centre of gravity.
Some items which require further discussion are:

1. Fuel systeni This item is distributed between the fuselage and wing group according to the fraction
of fuel masscontained in each group

2. Control Surface$ This issummarisedn Tablel14.
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Tablel4: Surface control weight allocati¢&3]

Fraction of Total Surface Control Weight

Configuration . Horizontal | Vertical Fuselage Fuselage
Code wing | i Tail Cockpit | Distribution
W,H,V*

0,0,0 0.532 0.128 0.124 0.038 0.178
0,0,1 0.457 0.110 0.247 0.033 0.153
0,1,0 0.464 0.239 0.108 0.034 0.155
0,11 0.406 0.209 0.220 0.029 0.136
1,0,0 0.608 0.108 0.103 0.032 0.149
1,1,0 0.541 0.205 0.092 0.029 0.133
1,0,1 0.534 0.094 0.213 0.028 0.131
1,1,1 0.482 0.182 0.192 0.026 0.118

*W = Wing 0 = fixed 1 = variable sweep

H = Horizontal Tail 0 = elevator type 1 = all moveable type

V = Vertical Tail 0 = rudder type 1 = all moveable type

3. Trapped Fuel This is distributed between the wing group and the fuselage according to the fraction
of fuel masscontained within each group

4. Air induction systemi If the engines are buried within the fuselage, iessis added to the
fuselage group. If the engines are poddednthsss added to the engine graup

5. Wing Structurd Massshould be added to the wing group if there is a wargy-through structure

Group Inertias:

Before the centroidal inertia’&§) of each group can be calculated and then imposed on the remote set of
axes, locations of components and geometric data must be kAdwdata must be referenced in
accordance with the chosen set of axes illustratédginre 44. These axes are not set and can be varied

To simplify the calculation of the inertia the Z axis has beeatdbe nose of the aircraft.

78



Z axis Z axis

Plane of symmetr

Figure44: Reference aas for inertial calculations

2.3.1. Inertias of Surfaces
Surfaces include the wing, the horizorgtdbiliser and the verticastabiliser groups. To define the shape

of the surface the normal planformith only one side of the wing and horizontal tail due to symmetry) is
used. The equations derived for the inertia of surfeesire the use & trapezoidal panel with the actual
thickness varying linearly from root to tip. Should the surface have an(adgelden step change in the
leading or trailing edge liner achange in thickness, the surface should thedideretisednto inner and

outer trapezoidal panels with the inertia cadtel separatelyor each section. It will be assumed that the
thickness is constant moving from leading edge to trailing edge and equal to the maximum for the section.

The moments of inertia for a surface are given by EquatEfs(58) and(59).

0 ® o OAd @O A . O OA WO, (57
O — 0 0 - o —
w T L L (0} T T
Dd . D . b GOA D .. .
(@] — 0 — WOA& - — OAfN OAf
® o S o S (58)
S o O OOA D L.
0 0 — wWwdAd - — OA¥W OAf
(0] o) T pu
0O O O (59

21t was found that an error existed in Equat{b#), the terms in the first square bracket all had the incorrecirsign

Lanham([53]. Equation(57) should readO o} —_—

6O - — — 5 - —
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0 is the mass of the surfafibs]
wis the span of the surfafia]
0 is the thickness of the root chdid]

0 is the thickness of the tip chojid]

¥ is the sweep angle of the trailing edge of the sulfideg]
¥ is the sweep angle of the leading edge of the sufiacg

1

1

1

1

f  is the root chord of the surfafia]

1

1

1 wis the volume of theurfaceand can be obtained using Equati66)

>

O OAM (60)

N Sa
(@}
>
(@}
§~
(@]

(@]

N ea

alga

A graphical representation of some of the surface inertia variables are illustr&tigdne45. The axes
presented ifrigure45follow the convention outlined iRigure44. Note that imperial units have been used
in thedefinition of the surface groumriables The choice of imperialnitwas made to keep with the umit

described in Lanhaf®3]. This allowed for a simpler comparison.

A A

Y P © / P O

Figure45: Surface inertia variable definitions
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It was assumed, in the derivation of Equati(#¥, (58) and(59), that all surfaces lie in planes parallel to
the XY plane of the remote axd® account foranydihedral Equation§) and(62) should be used

"Yi 6a OAI[O OOE+ (62)
"Yi 6 OOEF OAI-O (62

Where:
1 —is the dihedral anglgleg]

‘O is not affected by dihedral.

The required product of inerti&)) is given by Equatio(63)

= ~WW wWw . . . w . ~ A oA
(@] —0 OBE+—— —OAv — OAf¥ OAf
T o _ NLIJ o ) (63)
V) PPN VO] wWww . - W .. ~ ~
— 0 0 OBH+— —OA — OAN OAf
w T P

Equationg57) to (63) can be used toalculate the required inertias for the entire wing, horizontal tail or

vertical tail surfaces provided the total group is used.

If there is nowing carrythrough structurethe exposed wing should be used and the symbols should be
defined accordingly. Otherwise, a theoretical wing should be thsgdbasses through the fuselagé

horizontal and vertical tail surfaces should be defined with the exposed parameters.

To correctly define the general symbols used in all equations concerning surfaces, [38hhas

suggested the use ©ablel5for each separate surface.
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Tablel5: Surface symbol definitions for inertial calculatidf8]

Defined Symbol

General Symbol | Wing (No change| Inboard Surface Outboard Horizontal and
in thickness) Surface Vertical Surfaces
J ¥ ¥ ¥ ¥
4 ¥ ¥ ¥ ¥
+ @ A A @
1 @ @ @ o
4 0 0 0 0
< 0 0 0 0
. 0 0 0 0 R
° oY [AR% (AR oY
« W Pz WYz 0y o Przz
Y o orzzz o yzzz o yzzz o orzzz

*If O mand— Tisettheseterms=0
*|f @ Tmand— Tsetthese terms =0

*** Not required if — Tt

Before the surfac&s can be obtained from tfi®values, the centroids of the surfaces must be determined.
All longitudinal surface centroids car Hetermined using a method developed by DATC@Men that
theparameters c, b and are properly defined for each surfatbese parameters are illustratedrigure

45, The centroid in the X direction is given by Equat{éd), the spanwise centroid or centroid in the Y
direction is given by Equatiqi®5) and the verticatentreof gravity can be calculated using Equati(@6),

(67) or (68). The numerical values next to tieTd “¥ndd® "WYarametersre defined ifTable15.

6 Doy oy Y R o (69

Where:

& is the smallest of the following valuednO A Fod Ad &
0 is the intermediate value from the same list of values and
0 is the largest valugom the same list of values

0 T T f@r a wing surface

= = =4 =1

cC-

X X for a horizontal or vertical tail surface
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(65

Qlga
1 Ea
(@}
>
O
2

N Sa
Ql ga
O
b
O
Z
o

e &
o

6 Picd oo Y

All vertical centreof gravity distances are negligible for surfaces with Tthecause of the small thickness
of the surface when compared with the surface length and Bpasurfaces with dihedral the vertical
centre of gravity no longer lies in the XY pkand can be calculated with Equati¢®®), (67) or (68)

G QY (66)
GY oW B (67)
G o B (68)

An illustration of the surface centroid can be seeRigure46. The thickness of the surface shown in the
YZ axeshas been greatly exaggerated for illustrative purposes. As thecllistanced “Will only be

noticeable if the surface has adiifpedral (i.e. the surfaces is rotated around the X axis).

A

A

P W

P W

Figure46:. Surface centroid
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With the centroids on the surface known, @linertias can be translated to the centroid and subsequently

to the remote axe&or wings(with changsin thicknesy, horizontal and vertical tagurfacestheinertial

values “Oare calculated by Equatio(89)-(72).

) ) 0 O 0O 0 Y O 0 0¥ Of (69
) ) - 0O 0O O 0o oYy (70
) O 0o O 0o % OOy oW (71)
) O VOYOY 0O O 0¥ o (72

2.3.2. Inertias of the Fuselage

The fuselagenassis divided into four main areas:

1
T
T
1

Structure
Distributed contents
Volume of mass

Point masses

2.3.2.1.Structure

The structuramassof the fuselage should include any wing cathgough structure (if it has not already

been added to the wing group) as well as air induction installatass(if any engines are buried within

the fuselage). Thimassis assumed to be distributed between a conical nose shell, aemgeh right

cylindrical sheff and a tail conical shell, as illustratedRigure47. The conical shell is neglected if the

engine installation is buried. The fuselage structure is distributed accéodeach geometric shape in

proportion to the surface area of the shape— @wé £ i 0.0¢& 0

3 An openended righicylindical shell is a hollow cylindricadurfacethat is open on either end (uncapped). The ends
of the shell are cut at right angles to the longitudinal axis ofyheder.

84



_ —

Figure47: Fuselagestructural definitions for inertial calculatiofts3]

The moments of inertia in the X,Y and Z directions for the fuselage structure are given by Edd8&tjons

(74) and(75) respectively and the product of inertia is given by Equdfiéh

Y
) < 0 Q) 0 0 (73
) ;u W b & UT b b & UF b % aa o cd gaao f—jaao b & (74)
) O 0 ® (75)
o . a .. . . «
y 0 -a b a — 06 a a — (76)
T C T

Where:
1 'Y is the radius of thepenended rightcylindrical shell[in]

@ is the perpendicular distance from the remote axes XY plane to the fusetdagne [in]
0 is the total fuselage structural mfi&s)

a is the length of the conical nose sHl]

= =4 =4 =

a is the length of thepenended rightcylindrical shell[in]
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1 & is the length of the tail conical shé]

O R andd are the distributed masses of tmmical nose shell, the opemded rightcylindrical
shell and the tail conical shell respectivdlys . They ae given by Equation&7), (78) and(79),
respectively

f "YRY and"Y are the surface areas of tt@nical nose shell, the opemded rightcylindrical shell
and the tail conical shell respectivelf and are given by Equatior(80), (81) and (82),
respectively

"YO

YO
Y—YY (78)

YO
YiYY (79)
Y O“YY a (80)
3 ¢ (81
3 “YY «a (82

2.3.2.2 Distributed Contents

This section consists of four main items:
Electrical system

Instruments and navigation

Hydraulics

o o o

Surface controls

These items are assumed torardomly spread throughout the fuselagem the cockpit to the leading

edge of the horizontal tail in the shape obgenendedright-cylindrical shell.

The moments of inertia about the remote axes of the distributed content are given by E(RRHEES.
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) 0Y 0 @ (83

) UT % %mw 5Y®, D gmw EYD, 6YDs 0 & (84
) 0 b0 6 (85)
) - O 6YOg ® (86)

Where
1 0 consists offarious masssincluding:
o0 Themassof the surface controls allocated to the fuselage group
0 Themassof the electrical systems allocated to the fuselage group
o themassof the hydraulic systems allocated to the fuselage group
0 30% of themas of instruments and navigation allocated to the fuselage dHosip
If the masses and locations are any of these components are explicitly known, then they may be
omitted from the distributed contents inertial calculations and may be calculated separately as point
masses.
'Y is the radius of distributed contents assumgeirended rightcylindrical shell[in]
® is the same definition as ir28.2
9 XS4is the perpendicular distance from the YZ plane of the remote axes to the leading edge of the
surface root chorfin]

1 O 'Y® g isthe perpendicular distance from the YZ plane of the remas @ the crewentreof

gravity[in]

2.3.2.3.Volumes of Mass

This sectionconsists of items suchs:
a. Fuel system within the fuselage
b. Avionics bay

c. Furnishings

Due to the variability of these items a decision must be made as to whether these items are used as volumes
or point masses. Either a cylindrical shell or a solid rectangular shape can bshogkedvolumes be

chosen.
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The inertial values for volumes of mass, about the remote axes, can be obtained with E(@R+{005
for a cylindrical shells and equatiof®l)-(94) for a rectangular solids.

Cylindrical Shell:

00 Y 0B (87
o —v 2a b e o (89)
< 9
o —v Pa b oa (89)
< ¢
0 b b 6 (90)

Where:

1 0 isthe mass of the volunjibs]
'Y s the radius of the cylindrical shéih?]
a is the length of the cylindrical shé¢ih]

= =4 =1

@ is the perpendicular distance from the XY plane of the remote axes teritrdine of the
cylindrical shell[in]
1 & is the perpendicular distance from the YZ plane of the remote axes terbre of the

cylindrical shell[in]

Rectangular Solid:

(0] e cY cY 0 ® (91
0 24 <Y b oo O (92)
P
0 2 & v b o (93)
pC
0 b B 0 (94)
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Where:
1 Y isthe height/width of the rectangular sdjia]

1 & isthe length of the rectangular sdliil]

2.3.2.4.Point Masses

For the calculation of inertias, point massexeconsidered separately. For the rd® inertia the total
massof the point mas=s was distributed between a solid cone and a solid right circular cylinder. All
collective point masses located within the nose or tail cone of the airivanegut in the solid cone and
all point masses in the centre section of the airframe are put in the right circular cyralel’Owere
lumped at some average location.

The inertial values for point masses, about the remote axes, within the fuselage are given by E@ffations
(998).

o b 0o o tio —v Zoov b b o (95)
c p Tt

0 0 B & (96)

o b e O 97)

0 b B (99)

Where:
1 0 isthe mass of one point mgiss]
0 is thetotalmass of thgoint masss in the fuselageentresection[lbs]
0 is the totaimass of thgpoint masses in the nose and tail cone secfibsk
'Y is the radius of theght circular cylindefin]
® is the same definition as ir28.2
@ s the perpendicular distance from the YZ plane of the remote axes to the poifininass

@ is the perpendicular distance from the XZ plane of the remote axes to the poifininass

=A =4 =4 =4 4 -4 =4

@ is the perpendicular distance from the XY plane of the remote axes to the poifininass
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2.3.3. Inertias of the Propulsive Unit
The totalmassof this group is divided by the number of engines installed on the aircraft. Thisnmgse

of each individual engine as well as its accessories.

If the “Cs of the engine(s) on the aircraft are not known, they can be estimated by making use of a solid

cylinder.

The inertial values dheengine, about the remote axisgiven by Equation9)-(102) for anapproximate
valueof “O. If the values of eacl® are known Equationd 03)-(106) maybe used

L approximated:

0 : O W (99
0 U oy & 0 & @ (100
XS
0 gy & b @b @b (101
XS
0 0 AOAO (102
E known:
O 0O 0 O (103
O 0 0O M & (104
O 0 0 M W (105
0O 0 O IOAD0 (106)
Where:

1 0 isthe total propulsive group mass divided by the number of enfdfisés

1 Y isthe average nacelle radius (for buried engines use the radius of the pnjjine)
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& Ois the perpendicular distance from the YZ plane of the remote axes to the esfireof

gravity [in]

& Ois the perpendicular distance from the XZ plane of the remote axes to the esfireof
gravity[in]

& Ois the perpendicular distance from the XY plane of the remote axes to the eegirenf

gravity[in]
f "OHO KO andO are the known inertial values of the propulsive unit

2.3.4. Inertias of Internal Fuel
The fuel is split into two main groups:

1 Wing fuel tanks

1 Fuselage fuel tanks

Wing Fuel Tanks
The internal fuel present in the wings is defined in the same manner as the surfaces because of the wing

fuel tank being a similar shape to the wing surface. It will be assumed that the wing tank is full and has a
constant density.

The "O equations for surfaces 28.1) can be used for the fuel tanks whére(the density of fuel) is

substituted for— .

Thus the inertial values of fuel tanks within the wing are given by Equafit®ig-(110).

. O O O
O ¢w” o0 — —0wWwed o wa 0 © - —00e 0wae (207
o T T U
. O .o ® GO R ® ...
O Cw”"o — Wwowe - — 0w 0w
o q o XS (108)
< TR ¢ N (Yo I 41 ® .
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The variables used in Equatiofi®7)-(110 are defined as pel8.1, however, the variables are now sized

for the surface fuel tank instead of the entire surface.

Equation(110) is only relevant if the aircraft hasmydihedral. If there is dihedral then Equati¢h&1) and
(112 should be used in place of Equati¢h68 and(109) respectively.

425)% OAT-© 00EL (111

(112

425)% 0O0O0OE+ OAT-O

‘O is not affected by dihedral. Equatiofi®7)-(112 can be used to calculate the té@or the total wing

fuel (both the right and left wing).
Once again, as was the case for surfac23(8, the centroid of the fuel tank must be determined. The
centroid is assumed to be approximately at the centre of volume of the tank. The centroids for the fuel tank

are given by Equationd13-(115).

@ O OO0 o | .
OP =~ 0 — —— — O HHD
W C C ¢ (113
O 0 — — 0w 0wl
T o] U]
@ O @ O @
OP — 0 - —0wWa o0we 0 0 — —0Wa owe (114
W ¢ O o T
N OPl Qe (115

The variables used in Equatioftsl3-(115) are defined as per28.1 The variablesvere sized for the

surface fuel tank instead of the entire surface.
The"Oinertial values of the fuel tank can now be translated to olanalues. This is achieveaking

Equationg116)-(119.
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Where:

1 0 isthe mass of the fuel in both wing fuel tafiks]

1 &'Pis thedistance from the wing fuel tank leading edge at the most inboard tank chord to the
longitudinal tankcentreof gravity[in]

1 & "Qis the perpendicular distance from the YZ plane of the renxete ta the leading edge of the
wing fuel tank at the most inboard chord

1 & 'Pis the distance from the wing fuel tank most inboard tank chord to the spanwise ritnelf
gravity [in]

1 & "Qis the perpendicular distance from the XZ plane of the renxete ta the leading edge of the
wing fuel tank at the most inboard chdiml

1 & " the perpendicular distance from the XY plane of the remote axes to the wing fuel tank at the
most inboard chorfin]

1 &'Qis the perpendicular distance from the XY plane of the win tank root chord to the vertical
centreof gravity [in]. This variable is only required if the wing has either anhedral or dihedral

& 'PO B4

If there is more than one set of fuel tanks present in the wing, the procedutse repeated for each

subsequent set of fuel tanks.

Fuselage Fuel Tanks

The internal fuel within the fuselage is assumed to be in the shape of a solid right ciindlee. inertial
calculationdgt was assumed th#lhe aircraft only undergoes short period rolling motidrse fuelwould

not experienceany appreciabl&@ateralmotion. The inertia in roll of the fuel about its own axis is therefore
assumed to be zero. The inertial values of the internal fuel within the fuselage about the remote axes are
given by Equation§120)-(123).
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Where:
1 0 isthe mass of fuel in the fuselafjes]
1 & is the longitudinal length of the fuselage tdimk
1 & is the perpendicular distance from the YZ plane of the remote axes to the fuselaggnteank
of gravity[in]
1 & isthe perpendicular distance from the ZZ plane of the remote axes to the fuselagmtenk

of gravity[in]

2.3.5. Inertias of Payload

The inertial values of the payload are estimated to be in the shape of a solid rectangular mass, or a series of
masses as was the case for the volumes of mass in the fuselage. The inertial values of payload within the
fuselage are given by Equatiofif4)-(127).

0 < Q Q 0 & (1249

o —a 0 0 © (125
XS

0 ”—c a o b 6 (126

0 0D OO (127)

Where:

T 0 isthemass of the paylodtbs]
1 Q isthe width and height of the rectangular payload rfiaks
1 & isthe length of the rectangular payload n{ags
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1 & isthe perpendicular distance from the YZ plane of the remote axesderttneof gravity of
the rectangular payload mdsy

1 & isthe perpendicular distance from the XZ plane of the remote axesderttneof gravity of
the rectangular payload mdsy

1 & is the perpendicular distance from the XY plane of the remote axesderttieof gravity of

the rectangular payload mdsyg

2.3.6. Total Aircraft Inertias

To obtainthe total inertia of the entire aircraft about the remote,adkegroups are summed together to
achieve a complete inertia in each inertial directiomtranslate the inertial values about the remote axes
back to the centre of gravity of the aircraft, the centre of gravity location must first be calculated. This can
be done through the use of Equati¢ha8-(130).

o 0% (128
w

W T (129

g oo (130
w

Whered andd are the distances to the item or group centiid. assumed to be zero due to symmetry.

10 should equal the total aircraftass Themassesnd distances to the remote axes should be known for

all items and groups except for the fuselage structure longitudinal distances. These distances can be
determined with Equation(d31)-(133).

6o b 24 (13

o
66 b @ ga (132
66 boa @ Sa (133

Finally, the translation of the total aircraft inertias from the remote axes to the aircraft centre of gravity can
be done with the use of Equatiqig84)-(137).
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2.4 Aerodynamics

2.4.1. Lifting Surfaces Models

Airfoils are used as lifting surfaces as they provide very high lift to drag ratios when compared to other
shapes. A large quantity of data on the coefficient of lift, drag and quarter chord pitching moment has been
complied by I. H. Abbott and A. E Von [Bahoff [62] for NACA (National Advisory Committee for
Aeronautics) airfoils. This theory and data only applies to relatively small angles of attack (up to
approximately; 1. Fora tumble manoeuvrgoststall aerodynamic data is required to capture the forces

acting on the aircraft.

A method developeldy Sperg60] was used to obtain piall and posstall aerodynamic data for airfoils

of various camber profiles and for wings with various aspect ratios. The method was developed using an
empirical approach where test data for a large variety of aiM@sused to model a set of algebraic
equations. These equations were creasdagthe best fit of the test data rather than aerodynamic theory.
Thereason being thaterodynamic theorgndconventional aerodynamic models break down near and after
stall [60]. Conventional aerodynamic theories do not extend beyond the lineatalpregion Modelling
poststall, nonlinear data is most simply done empirically, should the relevant resources be available. The
method developed by Spef@0] was created such that the effects of thickness and aspectveato
included as dependent variablét should also be noted that the test data acquired was for static.testing

Dynamic effects were not included.

The Spera[60] method for obtaining pretall and posstall aerodynamic data is provided i2.4.1.1and
§2.4.1 2respectively.The methocdcombinestwo modelstogethey one capturing the pr&tall regime and

the other the posdtall regimeThis is illustrated irFigure48, where the pratall and posstall models are
used to predict the aerodynamic coefficients of (a) lift and (b) drag for a NACA 4418 airfoil. Teelpre
and poststall models overlapne anotheand it is at this point where the two models are joined together.
Various key model positional points are also outline&igure48. Further discussion on these points is
outlined in 8.4.1.1and 8.4.1.2
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Figure48 AERODAS model for (a) the coefficient bft (b) the coefficient of drag

2.4.1.1.Pre-Stall Coefficientsof Lift and Drag

Reference values of aerodynamic coefficients are usually given for irgjpdtaairfoils, meaning airfoils

with no tip flow effects Data for hfinite-spanairfoils must be modified before it can be applied to finite
spanwings. This is done on the basis of the aspect ratity. The aspect ratio of aairfoil is defined as

the ratio of its span length to its representative chord whdtha fixed wing aircraft, wingspan is equal to

the total aerodynamic length of two wings. In the case of a tapered fixed wing, the representative chord is

the average chord, so that the aspect ratio of a fixed wing aircraft is equal to its total aciogiardorm
area (or referere area) divided by the square of its span.

Corrections for aspect ratio of finite wing sections must be deterrbefede detailing the development of
the equations for postall coefficients ofift and drag Inputdata required from infinite aspect ratio airfoils

is definedbelowandis illustrated inFigure49. Parameters for infinite aspect ratio are designated by prime
notation.The data presented Figure49 was generated using XFOIL softwdfs8], which uses a high

order panel method and a fullpupled viscous/inviscid interaction method. The use of this method
explains the slight undulations seerfFigure49.
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The formulae to correct for aspect rapoovidedby Sperd60], are given byEquationg(138) to (144):

1 p®OP DY (139
6@ 6@ MuWp DHY? (139
b6 06 p@oP DY? (140

. v
= 141
¥ S rep DY i
b6 06 pROP DYS? (142
K0) ) e YaTe 20 8 (143
6p  bp X ® (149

Where:

1 0 P dprestall coefficientof lift for infinite aspect ratid-]
1 | @ angle of attack for infinite aspect ratio for a coefficieflift of 6 p fileg]

1 6 '@ é&pre-stall coefficientof dragfor infinite aspect ratio at a coefficieot lift of 6 p B]

The effects of aspect ratio on the coefficient of lift and coefficient of drag are illustrated by examples in

Figure50. These figures were produced by making use of Equati8s to (144).
Pre-Stall Lift and Drag

With the corrections for aspect ratio accounted for, the equations for ttafddt and drag coefficients
can be developedll equations pertaining to the coefficients of lift and drag can be foudhbie16 and
Table 17 respectively.The coefficientof lift in the prestall regimecan be determined usirigquations
(145 and(146). The coefficient of drag in the pstall regime is given by Equatio(t58 and(159).

Additional values are required to determine the coefficient of lift and drag in thetghreegime are:

1 RCL1- the reduction from the extension of the linear segment of the lift cut@e@.xand is given
by Equation(147)
1 N1-the exponent defining the shape of the lift curvA@L lnaxand is given by equatiqii48
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1 M -an exponent that can be determined by curve fitting equiit®) to test data in a graph of the
lift to drag ratio versus the angle of attack. A valudle® can be used as a good first approximation

for most airfoilsin the absence of specific data

—CIl, AR=BCIL,AR=6 ——Cd, AR=-b-Cd, AR=6

- 0.18

15

0.14 —

Cd-

012 o

Coefficient of lift, Cl []
Coefficient of dra

Angle of attack|J[deg]

Figure50: Effects of aspect ratio dhe pre-stall coefficient of lift 6 and drag 0

2.4.1.2 PostStall Coefficientsof Lift and Drag

To determine the coefficients of lift and drag in the gstatl regime, the maximum pestall coefficient

of lift 6 @& & aand coefficient of dragd ‘@Qa & amust first be defined. These two maximuane given

by Equationg149 and(160) respectively Terms'@h@ are empirical functionbased on the thickness
to-chord ratio 6fc and are given by Equatiofis50) and(161) respectively Terms'@RQ@ are empirical
functionsbased on aspect ratio 'Y and are given by Equatio(51) and(162) respectivelyThe empirical
functiors were developed to give the best fit of the model calculations to two different types of test data,

which included several sources. These sources are given on padgepk3d60].
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PostStall Lift

Using the coefficient of maximum liffiven by Equatioi1l49), the coefficient of lift in the posttall regime
can be defined using Equatiofi$?2), (153 and(154).

Additional values are required to determine the coefficient of lift in thegtalitregimeare

1 RCL2- the reduction from the extension of the linear segment of the lift cur@ 2. and is
given by equatiofi1l55).
1 N2-the exponent defining the shape of the lift curv€la2naxand is given by equatiaii56).

Poststall lift behavior at negative angles of attack is assurmg®&perd60]) to be antisymmetric about

| 0T, such that the post stall lift at negative angles of attack is defined by Eqi&ipn

PostStall Drag

The coefficient of drag in the pestall regime can be defined using Equati@id and(164), usingthe
coefficient of maximum drag from Equati¢h60). At negative angles of attack, the pssll coefficient

of drag is assumelthy Sperd60]) to be symmetrical about 61and is given by Equatiofi65).
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Table16: Equations for calculating the coefficient of lift of a lifting body at alingleg60]

Region Equation Region of Applicability qulil?;uon Notes
- . . . | Om .
0 | " ( 'Y! ) v N n | om 14
6P "pOl om Op)oopu = (149
v . oz o OTC | «
PreStall op YO om Yop 56@ on - om (146
Yo "PpOOo o Om O P (147
. o)
14
0p p oD (148
I VN The| value at whichd @& & @ccurs may be
0 Qa 0o P GwIQ oY | TP (149 changed depending on the airfoil
N N Empirical functionbased orthickness to chord ratio
@ pd wpst  ofo (150 67(%
@ TULU TW R oY (151 Empirical functionbased oraspect ratio 'Y
og m T | oo (152
6@ TroQ W ‘Y6@% 06 | wgJ (153
Post w¢ 004
Stall
6@ m™Wod ¢ ‘Yéq')#,c,‘ | wd (159
wg 00Q
YO TroQod w¢ O @aww (155
. 0 @qa ww
15
V¢ P 5% (156)
0 | 6@ | ¢qom L (157)
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Tablel7: Equations for calculating the coefficientaragof a lifting body at all angleq60]

Region Equation Use limits Equ['on Notes
M is an exponent that can be determir
by curve fitting equatior(158) to test
. em data in a graph of the lift to drag rat
6@ 6@ 6@ 6 ————— com 00 | O06©® (158 versus the angle of attack. value of
00 om M=2 can be used as a good fil
Pre Stall AR o2
approximation for most airfoilén the
absence of specific data
- ¢OTT 0 0 ® or
0@ T | 56 ® (159
6'Qa W @ IO I@ 6'Y | wmd (160
B @ RN @ vTH 8 (161) Empirical functionbased on thickness
< d to chord ratio ofw
o S .- Empirical functionbased oraspect
Post Q@ T™®C T8 @0On edfd Y8 (162 P il v P
Stall o T T
5@ COTT 00 ® | 001® (163
RV (R ¢ Y Y
6@ 6QadOd 8QMDSE P OU VeE———quT | 00©® (164
6@ 6@ | ¢gom | com 00® (169
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2.4.1.3.Coefficient of Lift and Drag Corrections for Elevator Deflection

The method developed I8perg60] assumes that no control surfaces are deflected on the wing. During a
tumble manoeuvre elevator deflection is required to pitch the air@@itections to the coefficients of lift

and drador elevator deflections can be performed using Equafibé® and(167) respectively{64].

30 ") ]

(166

< | -< 8'1| e

30 pd OE| (167)

1 & is the lift curve slope of the elevafaleg?]

1 1 isthe deflection angle of the elevafdeg]

1 & is the lift curve slope of the trim tddeg?]
11 is the deflection angle of the tfdeg]

& isthe span of the tdm]

f @ is the span of the horizontal tfih]

1 | isthe angle of attack of the horizontal {diég]
1 "Y isthe area of the elevatjyn?]

1

"Y is the horizontal tail reference ar@a?]

In addition to the corrections made for elevator deflectiongtiedficients oflift, dragand quarter chord
coefficient of pitching momentan be correed for the aspect ratio of the horizontal tail. This can be
achieved with the use of Equatioi$8), (169 and(170 , obtained from Seli§39].

o) 6p Op @ (168)
o) 6 p Op @ (169
6 . 6 ,p Up @ (170
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Where:

1 0 is a cosine weighting function and is expressed by Equéitit)

'@ is ascaling factor and is provided by Equatibnl)

@ 6 TR (171)

o ATO — - (172

The term0  in Equation(171) is a modification to the coefficient of drag|at w 1 Accounting for
aspect ratio and can be obtained through the use of EqETi®n  and| define theangle of attack

range over which the correction appliegeringto zero at the ends.

6 c&p ™ pp A@Bp YO 'Y (173

While these corrections are based onubhrecbefficient of drag value they are applicable to the coefficient
of lift as the relationship 76  pX0 & £holds true at all angles of attack (see [8él). The moment in
the poststall regime is driven largely by the drag acting onuthe ehordlocation ¢he centre of pressure)

andis also applableto the coefficient of moment.

2.4.1.4 Coefficient of Quarter Chord Pitching Moment

The centre of pressure is the point on a body about which the aerodynamic moment is zero. The coefficients
of lift and drag described are calculated at the aerodyneamiceof the airfoil, which is the chordwise
position at which the coefficient of pitching moment foraarioil does not vary with varying lift (in the
pre-stall regime). Fotow thicknesssymmetrical profiles the aerodynamic centre and centre of pressure
are located at the same chordwise positian.thicker symmetrical sections and umsyetricalairfoils,

the aerodynamic centre and centre of pressure do not coiAcidalditional moment will be required to

obtain the total moment acting on the wing. The additional moment term will be determined at the quarter

chord position on the chord of théfoil.
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Sperd60] does not provide a method for determining the coefficient of quarter chord pitching moment and
as such another reference should be used. Lindef@gjrgrovides a somewhat crude method of obtaining
the coefficient of quarter chord pitching moment by assuming that the airfoil is approximately elliptical in
shape. The coefficient of quarter chord pitching moment developed by Lindef@@jregs given by
Equation(174).

8 U TP — O (174

0 is the coefficient of normal force of the wing. The coefficient of normal force can be obtained using the
coefficients of lift and dragas shown by Equatiqd 75

6 O6A1O0 6 OFI (179

The moment coefficient for reversed flow is calculated as if the lift and drag forces ackapthnord

location, meaning that the coefficient of quarter chord pitching momantisymmetric about o1

107



2.4.2. Fuselage

An engineeringype method was developed by Jorgenp&] for computing the coefficients of
normakforce, axial forceand pitching moment for slender bodies of circular and noncircular-cross
sectiorsm, alone and with lifting surfacesThe methodincorporatesa semiempirical termthat
represents a viscous crossflaxlue accounting forthe potentiatheory crossflow.For bodies of
revolutionthe data generated by Jorgengdf] wasshownto agreewith measured results for free
stream Mach numbers from 0.6 to 2®hile these Mach numbers fall well outside the range of free
stream velocitieseen during a tumble manoeuvre thethod may be appliefibr any freestream
velocity intherangeat 0  ¢& The validation of this clairis justified byconsideringSelig[67]
andPamadi41]. The method developed by JorgenB&?j was used to develop data for the coefficients
of normal force axial forceand pitching momentand subsequently the coefficients of lift and drag),

for general aviation aircratt.

The data generated Belig[67] was compared to static test dgemerated bihrle [68] for a general
aviation aircraft. Bdt the generated coefficients and test data coefficients can be used for general
aviation aircraft at low speedtielow those presented by Jorgenge). The coefficients of normal and

axial forcewere used by Seli@7] to calculate the coefficients of lift and dr&&pmparisons of the data
generated by Seli§7] and the static test resultsBihrle [68] are provided irrigure51, Figure52and
Figure53for the coefficients of lift, drag and pitching moment respectively.

It is evident inFigure51 andFigure52 that the calculated coefficients of lift and dragreewith the

wind tunnel results at lower angles of attack ¢ 1 .JThe results deviate at higher angles of attack,
when compared tahe data predicted by Seli®7]. The coefficients of lift and dragre both
underpredictedThe coefficient of pitching moment results for the fuselage provided by [B&ligid

not match the wind tunnels results. The notable differences in results may have been due to a
ambiguougdefinition of the location of the coefficient of pitching moment given by Bif@&. The
location may not have been at tbentreof gravity of the modethat wasassumed by Seli§57].
Measurements obtained by Pampdi] indicated that the shape of the coefficient pitching moment
follows a very similar shape to that obtained by S} and the results published by Jorgeng.
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Results comparing predicted data and wind tunnel results from Ppthhdre provided irFigure54

for the coefficients of lift, drag and pitching moment. The predicted vdtwebe coefficient of lift
providad in Figure 54 illustrate good correlationvith experimental data for low angles of attack
| ¢ 1 Jand very high angles of attack x mJFor¢ 1 J| X Ttthere appears to bena
overpredictiorin thecalculatectoefficient of lift when compared to tleeasuredata The coefficient

of drag, shown irFigure 54 shows good agreemewnith static test data up to high angles ¢ 1 .J
The calculatediata overpredicts the coefficient of dradne predictionof the coefficient of pitching
moment given irfFigure54 captures the basic stability trend of the test.daitdic instabilityis evident

up until | o 1 dnd subsequent stability thereaft®ifferences in magnitudes are notethe
coefficient of pitching moment is overpredidt This is to be expected as the coefficients of lift and

drag were ov@redicted

Despite the overpredictions of both SgB3] and Pamadi41], the data isvithin an acceptable range

of agreement with test datdihe Jorgensen methdd2] provides acceptably accurate data for the
estimation of fuselage aerodynamic coefficients, even at lowesfream velocities. With the absence

of any better prediction models and the inability to perform wind tunnel testing, the Jorgensen method

[42] will be used to estimate the coefficients of the Extra 330 fuselage.
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The equations developed by Jorgensen built on work developed by Allen and Munk and incorporated a
potentiatflow solution for bodies of revolution combined with a viscous crossflow solution. These
solutions could be used to derive #tmefficient of normal force and pitching moment for bodies of
revolution with largely constant cressctional arealorgensefd2] further generatiedthese equations

by introducing an additionahtio term in both the potential and viscous crossflow components. The
ratio relates the local coefficient of normal force per unit length (for the desiredsesmnal shape)

to the similar coefficient of normal force for the equivalent circular shape hélvingame cross
sectional area.

For the general case of a slender hodith crosssectional shape vation along the length, the
coefficients ofnormal force axial forceand pitching moment can be obtained froqu&tions(176),
(177 and(178) respectively.

i QAT |0¢
)

Q5 . -8 OE(
!_\an—
QW o]

° 6 i Qw 17
5 5 (178

111



Where:

=

| is the angle of attadkleq]

=

0 is the reference ardan? (in the formulation of these equations the reference area was
typically taken as the largest fuselage cresstional area)

0 s the crosdlow drag coefficient{]

—isthe drag proportionality factgwhich accounts for 3 dimensional effedtg)

0 is the fuselage ardm?

=A = =4 =4

— is the ratio of the local normébrce coefficient per unit lengtty , for the desired

crosssectional shape to the similar coefficiént for the equivalent circular shape having the

same crossectional area]. This value for an elliptical crossection,can be obtainedsing
the slender body line provided Figure55. Wheredanddare the serimajor and seraiminor

lengths, respectively.

T — is the ratio o6 tod at each stationy and is assumed to be given by Newtonian

impact theory {]. This value for an elliptical crossection,can be obtained using the
Newtonian impact theory line provided Figure55. Wheredand®are the seminajor and

semiminor lengths, respectively.

o) ATO mJ| wnld
. o 2 a7?
0 AJI O wt | puyrmd

Where

1 6  jsthe coefficient of axial force at 1t J-]

1T 0O i the coefficient of axial force at p @ 7§-J

The AT O term is merely the ratio of the dynamic pressure in the axial direction to the dynamic
pressure in the fregtream directionJorgense42] suggests thdh general, it can be shown that for
values of well removed from 1T &nd| p Y mthéprecise prediction of the coefficient of axial
force is not necessary in obtaining accurate values of both the coefficients of lift and drag. Equation

(177) can be useds a rough engineering estiméiethe coefficient of axial force
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Where:

1 &is the reference lengfim]

1 o is theaxial distance from the nose to the pitching moment cetfiteecentre of gravityn
this case)m]

——Slender Body ——Newtonian

Cn/Cny[-]
w IN

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5 55 6
a/b []

Figure55: Cn/Qng ratios for slender body and Newtonibmpact thery for an elliptical crossection
[42]
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The coefficients of lift and drag of the fuselage can be obtained using the coefficients of normal and
axial force. The coefficient of lift is provided by Equati@v9, while the coefficient of drag can be
obtained using Equatigii80).

6 6 A0 6 OF1 (179

6 6 OFET 6 AllO (180

The aerodynamic centre on the fuselage body can be obtained using EqLafjorigure 56
illustrated the positive conventions for forces and moment arms in the derivation of E¢L@tion

5 - 5 (18)

oy

Figure56: Fuselage positive force and moment convention usdadigenseip4?2]
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2.4.3. Propeller
2.4.3.1.Propeller Thrust

Aerobatic aircrafare generally power by internal combustion engines which turn propellers to generate
thrust.The propeller thrust can be obtained using Equdfi88) and can be found in referen@&]. It
should be noted that Equati¢tB82) is applicable for finite airspeeds and cannot be used to accurately

predict the static thrust.

v (182

Where:

1 - isthe propeller efficiencf]
0 isthe powefhorsepower]

1 is the airspeefin/s]

Propeller diagrams can beadto determine the efficiency afpropeller The coefficient of powerd
and advance ratia) are required to determine the propeller efficieney . The coefficient of power

may be obtained using Equati(83 while the advance ratio can be calculated using EquétiA).

° T0o "zo (183

£ 0 (184

Where:

"O0is the engine powdhorsepower]

" ,is the density correction for altitudleg/m?q]

1

1

1 ¢ is the propeller rotational spefgs]
1 Ois the diameter of the propellgn]
1

wis the free stream velocifyn/s]
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Equation(182) can ke used to determine the propeller thrust for in flight conditidimsdetermine the
static thrust of a propellétquation(185), presented by Roskaf#0] ,can be used.

4 “YOU
Y COTNMTEA —S—— (189
0 (VO]

Where:

f  "Y'Ots the shaft horsepowgtorsepower]

1 — is aratio of the propeller coefficient of thrust to the coefficient of poweny#fue of this

ratio isobtained using static propeller chait§)
1 0 is the rotational velocity of the propellgPM)]
1 Ois the propeller diametéit]

It is important to nad that the propeller diameter must be ugednits offt, as the constant value
o0 ¢ T TirmEquation(185 has been determined for the use of imperial ufiite propeller charts
required for determining the value 6f can l®obtainedn Appendix C of Roskar{v0]. An example

is illustrated inFigure57. It should be noted that this is a generic chart and is not specific to the Extra

el Db Ly L LV VL B BV LY Bl T oteks
T HAMILTON STANDARD PROPELLER EFFICIENCY CHART i

! 1
OR bt
4. 3DLADED, 100 !AC" IVITY FACTOR, 700 INTEGRATED DESIGN €y, PROPELLER

s : ey | q i
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i i 11 1 EE R P EL L E R 5 J
T T + : o i T
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i Lt 1)

14

Figure57: Hamilton standard propeller efficiency chart for a 3 bladed propeller with
activity factor of 100 and an integrated desigrof 0.7
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330SC. The charis, however, stillapplicable in predicting the static thrust for the Extra 330SC.
Propeller charts for the Extra 330SC aircraft are not available in the public domain.

2.4.3.2.Coefficient of Normal Force and Pitching Moment

There is arabsence ohccuratenumerical model for predicting the coefficiefts a propeller at high

angles of attack and very low advance rafide coefficientdata provided by Yaggy4] will be used

as the propeller input data for the Extra 330 propeitgngmodified advance ratio§-he forces and
moments of the Extra 330 propeller can be obtainesubgtituting the propeller diametéd and the
operating revolutions per secorid of the Extra 330 propeller into Equatidid86) and(187) to obtain

the normal force and pitching moment, respectivélye propeller thrust and power need not be
obtained using the data from Yagp4] as it was shown in183.4.4that the thrust coefficient and
power coefficient (at the given advance ratio) remain almost constant for changes in angle of attack (for
the angles of attack expected during a tumble manoeuvre). The side force and torque will not be
included as thislissertatioris limited to longitudinal forces and moments oriiie yawing moments

are assumed negligible in the absence of any sideslip.

6 87 ¢ 0 (186)

b 6" 20 (187)

2.4.3.3.Propeller Slipstream

A formulation for the propeller slipstream is developed by RosKkédh In generating an expression

for the propeller slipstreana number of assumptions were made by Roskam. The flow through the
propeller disk was assumed to ileompressibleand irrotational. The physical propeller disk was
replaced by a thitwas assumedttowcansish of andnifimteknundber of blades and to
be uniformly loaded. The inflow and outflow were also assumed to be unifagore 58 illustrates

this idealised situatiotJsing these assumptions and the situation depictéigime58 Roskam arrived

at an expression for the induced velocity or propeller slipstream, shown by Eq@&8pn

o o v (189
3 q
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1 wis the flight velocitym/s]
1 "Yis the thrusiN]
1 0 is the propeller disk arden?]
1 7 is the air densitykg/m?
Actuator disk
Streamtube v
— l
A et e _
) w U w U
> > '
/
Streamtube _
Streamtube Slipstream
p C
T o

Figure58: Streamtube through a thin propeller dis@]

Equation(188 may be used to obtain the propeller slipstream velocity downstream of the propeller
disc. It will be assumed that the horizontal tail is sufficiently close to the propeller for the slipstream

velocity to not have decayed by a significant amount.
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3. REVIEW OF TECHNICAL INPUT DATA

3.1l.Introduction

The input data that as generatedor modelling the tumble model is discussed in this section. A
comparison to published data is also presefatiedach set of input dats a means of validatiomest
data for tle tumblemanoeuvre is not available within the public domain.

Mass estimations for the Extra 330SC structure are presdntzital data was generated using the
mass data.The overall mass and centre of gravity locatioese compared talatapresented in the
Extra 330S(Pilot Operating Handboo{POH)[13] as a means of validating the mass estimates. The

inertial data was compared to the values presentejire40in §81.3.6

Aerodynamiccoefficients of lift and drag together with quarter chord coefficients of pitching moment
were generated for an infinite aspect rafibis datawas compared tdIASA test data providetly
Critzos[38]. Considerations for propeller slipstream were considered by dividéwyihg into an inner

wing section (exposed to the propeller slipstream) and an outer wing section (exposed to the free
stream).Corrections were made to the inner and outer wing sections for aspect ratio and propeller

slipstream effects.

Fuselageaerodynamiccoefficientsof lift, drag and pitching momemrere generatedThe data was

compared to data published by Pan{4di.

Horizontal stabiliser coefficients of lift and drag along with the quarter chord coefficient of pitching
moment were generated. Corrections for aspect ratio and elevator deflection were applied to the

coefficients.

Propeller thrust and slipstream data waenerated for the Extra 330SC engine and propeller
specifications as provided by the PQtB]. The coefficient of normal force of the propeller was

obtained by utiking data provided byaggy[44].

3.2.Massand Inertia Data

3.2.1. Mass Data

Mass estimations were calculated using the methodolagimed in 82.2 Where possible, data
provided by Extra AircrafCompanyfor the Extra 330S@vas used in place of estimated dais this
reduced theincertainty A great deal of mass data pertaining to the powerplant and the fixed equipment
onboard the aircraft is provided by the Extra Aircraft Company in the R@HThe mass groufor

which little to no informationwasavailable was the structural grouss such mass estimates of the
relevant components contained within the structural group are providdahle 18. For each
component within the structural group, an average of the three ro&bmbwas taken. Mass estimates

that provided results that wetfeought to be an overestimation or an underestimatene omitted. The
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result from the Nica mass estimatiomethod for the fuselage is also presentedahle 18. While

most variables requirao further explanation, one item which warrants further discussion is the
fuselage. The length of the fuselage required for mass estimates was spetiiedrgsvhich is some

way off thep@® yn aircraftlength specified immable3. While the rear end of the aircraft is evidently
allocated to thevertical stabilser, an indiscernible loss in length of the fuselage section is at the very
front of the aircraft. Théuselagestructue does not end at the front of the aircraft as the body work
may suggest but rather p& @n behind the frontmost point of the aircraft. This is due to the engine
(and relevant systems) taking up the space at the front of the aircraft. This is clearlyFSgareiso
andFigure60. In Figure59, with the front bodywork removed, it is evident that the fuselage structure
does not extend further than the engine mounting point. This point is further emphasizrdaes0

where the exposed fuselage structure (obtained from the Extra 330SC maintenancd fhjngal
illustrated. It is clear that the structure does not extend the complete length of the abfrara¢her
terminateslightly forward ofthe wing main spais such, the fuselagaructurewill have an effective
lengthoft® un. The mass of t hleetreatadssaoch thdt ieadts at thecvery foomt ofwi | |
the fuselage sections and will be assumed to incorporate the mounting structure to the engine along with
all affiliated parts.To account for fuselage body panels and additional components affiliated with the
mounting of the engine, the frontmost section of the fuselage will be extended towards the front of the
aircraft by an additional® om ( pAT the length of thesection in front of the fuselage tubular

structure). This will increase the effective fuselage structural lengt# tam in total.

Tablel8: Structural group mass estimations

Method Calculated Mass [kg]

Component | Subcomponent Notes
P P Cessna | USAF | Torenbeek | Other | Average
Wing 113.14 | 88.81 73.49 91.82
Horizontal Tail 17.09
Empennage Vertical Tail 22.43 737 25.44 24.95
Nicolai
method
Fuselage 66.88 82.96 74.59 74.81 oresented as
alternative
Nacelle 20.88 20.13 20.5
Landing Main Gear
Gear Nose/Tail Gear 26.68 26.68
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Figure60: Extra 330SC steel tubular fuselddé]
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The mass estimations for the wing are markedly different from one andiheCessna method
estimaesp kg more for the wing mass than the USAF methidtk USAF estimates a wing mass of

p kg more than the Torenbeek method. The methods aautllfferent inputs to generate the mass
estimates and it may not be completely unexpected that the various methods provide diffatent
given that theving was designedpecifically for aerobatic flightAerobatic aircraft wings are gendyal
shorter than most general aviation airgreperience far higher loads and experience higher loads far
more frequentlyWing mass datgresented irFigure 41 was normalised with respect to the wing
reference area to obtain a better understand of the expected wingThwsging mass per unit of
reference ared) T'Y  for various general aviation aircraft is providedrigure61. The first seven
aircraft listed inFigure 61 show a wing mass per unit of reference area of betwpaekg/m? and
X kg/m?, with the last three providing much higher values of betwdekg/m? andp ® kg/n?. It was
expected that the Extra 330SC should have a wing mass per unit of reference area closer to the last three
aircraft presented iRigure61 as these aircraft have a wilaading similar to that of the Extra 330SC.
The Extra 330S@vas expected thave a wing mass per unit of reference area of betoseky/m?
and p ® kg/m? and possibly higher due to the loads aerobatic aircraft wings are exposed to. The
Torenbeek method provides aptimisticO 7Y of x& dag/m? The Cessna and Torenbeek methods
provide valuesdd 7Y p @ &kg/mPandd TY w8t kg/n? respectivelyTaking an average
of the mass estimates provides a mass @ &g andd 1Y uw® ¢kg/n?. This valuecompares

well with published dataA wing mass ofv @ ¢g wasused.

The mass estimates for the empennage and nageleapproximately identical for the various
methods. The fuselage mass estimates illustrate a similar issue to that of the wing mass estimates. An
average of the fuselage massess usedwith a similar argument to that of the wing driving this

decision.
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Figure61: Mass per unit of wing area of various general aviation single engine propeller driven ai

The published emptymassof the Extra 330SC is wkg [13]. A summation of the estimated structural

mass components witll available mass data (including all avionics, engine and affiliated components,
sensors, etc) provided a mas® b & kg. Given that the published mass data is completely knitnven

only discrepancy possible was the structural component mass estimations. It was found that an increase
of p v Pf themass of the wing, fuselage and empennage groups provided a vergpposemation

of theemptymassatv ya@pkg. The landing gear mass was not increased as the landingiesafsot

expected to be any higher than conventional general aviation aircraft. The increases in structural mass

for the various components can be seefaible19. The results see the wing mass increase to

p & dag and increasing 1Y p & d¢kg/m?, which is on the higher end of the published data.

A comparison of the Extra 330SC structural masses is presentédure 62, together with the
structural component masses fréigure4l. It is evident that the structure of Extra 330SC is lighter

than the other general aviation aircraft presented. This is to be expected as the Extra 330SC has a short
wingspan and length, with a shorter landing g&aro very noticeably lighter areas are the fuselage

and landing gear. The gear is expected to be far light given that the Extra 3330SC is a tail dragger and
has a very small rear gear set when compared to the other aircraft presented. The main gear is also

significantly different in design to the other aircraft presented. It comprises of a fibreglass spring as
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Table19: Structural component mass estimate corrections

Additional Mass

Original Mass New Component Mass

Component 4 P Original
P Estimate [kq] ( Mass) [kg] [ka]
Wing 91.82 13.77 105.59
Horizontal Tail 17.09 1.11 8.48
Vertical Tail 7.37 4.58 21.67
Fuselagand 95.31 14.3 109.61
Nacelle
211.59 33.76 245.35

compared to a fubuspensionekign forall other aircraft providedrhe lighter geamayalsobedue to

the experience levels required to fly aerobatic type aircraft. Generally aerobatic aircraft are flown by
more skilled and experienced pilots that are capable of precision.fljingmears that lighter and

shorter gear may be used as landings are expected to be adhedteselage mass deficit of the Extra
330SC when compared to the other listed aircraft is also not completely unexpected as the Extra 330SC
seatsa sirgle occupant, wheas the other aircraft provided seat between 2 and 4 occupants. Being an
aerobatic aircraft, the Extra 330SC is also not expected to carry any additional mass such as baggage,
whereaghe other aircraft aresome listed aircraft have a higéing configuration, meaning that the
fuselage structure will need to be stronger and heavier in the case of a roll over, further increasing the

fuselage mass.

A more informative comparation of the various mass components can be done by finding the ratio of
each component mass to the overall structural mass. This is illustrdEgpiie63. The ratios of the

wing and empennage mass to the overall structural mass seems to be fairly consistent across all aircraft
illustrated inFigure63 (including the Extra 330SC). The exception is the Bee8b @here it is likely

that part of the fuselage group was included in the wing structure of the B@&&ckii®e wing carry

through given that the fuselage group of the Bee8b 8 far less than any other aircraft provided. The
fuselage of the Extra 330SC seems to show a smaller ratio of the overall mass than any other aircraft
shown (excluding the Beech35 forthe previously statedeasonls Once again this is to be expected

given the passenger number and cargo requirements of the fuselage. The nacelle group ratio shows the
Extra 330SC with a far greater portion than the other aircraft provided. This can be justifiexbat@ae

aircraft have far more powerful engines than most general aviation aircraft and thus require stronger

and heavier mounting structure.
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Furtherjustification of the mass estimates of the Extra 330SC is provideidime64, where the mass

per unit length is provided and the mass per unit of wingspan (width) is proVidedxtra 330SC is

seen to have a mass per unit length close to the lower end of the values illustrated for the given
generation aviation aircrafthe mass per unit lengthlls within the range of valuehisillustrates

that the structural mass per unit of length of the aircraft is within redenmass per unit length of

the Rockwell 112TCA and Cessna 210J are likely higher thaathige aircraft providediue to both

aircraft having a much larger and heavier engine than the other aircraft l[§tednass per unit
wingspanshows the Extra 330SC tending towards the higher values presented for the given general
aviation aircraft. The value obtained for therobaticExtra 330SC is well within the range of values

and is likely correctly placed towards the upper end of the values presBetgulte the various
differences, the Extra 330SC is not overly dissimilar to the general aviation aircraft granaiehus,

the mass estimates for the structure of the Extra 320&ceptable
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Figure64: Comparison of mass per unit lengtid per unit spaaf variousgeneral aviation single engi
propeller driven aircraft and the Extra 330SC
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With the unknown mass components estimated, a complete list of the masses of the Extrav&30SC
completedandcan be seen ifiable20. The summation of all the componsiebntained withirTable20

provides the maximum takaff mass of the aircrafiThe shortfall of p& dkg of structural mass estimates

was carried over to the maximum tadi mass, provithg a mass ofp @&p gkg. It should be noted that the
landing gear mass @f @ kg presented iTable20is the mass estimated frofiable 18 less the masses

of the main wheels, the main tyres, the front brake assembly and the front brake cylinder. Thus, the term
il andi n dablg2dessentially refers to the fibreglass spring.

Table20: Complete list of Extra 330SC component masses

Mass Actual (A) or % Total
Item [ka] Estimati(orz () | Weight | ©roup
Wing 105.59 E 12.16 Wing
Horizontal Tall 21.67 E 2.50 Empennage
Vertical Tall 8.48 E 0.98
Fuselage 86.03 E 9.91 Fuselage +
Nacelle 23.58 E 2.72 Nacelle
Engine (AEIOG580-B1A) 191.80 A 22.09
Inverted oil pickup; VAG2/6 0.31 A 0.04
Governor 1.10 A 0.13
Alternator SD8 (14V, 8 Amps) 1.32 A 0.15 Engine and
Single Oil Cooler Rear, 8000353 1.65 A 0.19 S
_ ystems
Fuel Injector 3.90 A 0.45
Starter 4.63 A 0.53
Engine Oil 1.20 A 0.14
Engine Electrics 0.50 E 0.06
Acro Tank 6.50 A 0.75
FrontCentreTank 38.90 A 4.48
RearCentreTank 29.50 A 3.40 Fuel
SmokeTank 19.60 A 2.26
Wing Tanks 86.40 A 9.95
Propeller, MT\t9-B-C/C 19825 (3 Blade)| 30.50 A 3.51
Spinner, P810-2 0.80 A 0.09
Exhaust System "6 in 1" (incl. Silencer)]  8.48 A 0.98
Battery 10.52 A 1.21
Oil Temp. Probe 0.08 A 0.01 .
Oil Press. Sender 0.12 A 0.01 MP;’S'QLS
Fuel Qty Probe Front Centre Tank 0.184 A 0.02
Fuel Qty Probe Rear Centre Tank 0.184 A 0.02
Fuel Qty Probe Wing Tank 0.12 A 0.01
Altimeter 2 0.61 A 0.07
Main Wheel Tyre L 2.447 A 0.28
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Mass Actual (A) or % Total

Item lkg] | Estimation (E) | Weight | CUP
Main Wheel Tyre R 2.447 A 0.28
Wheel Fairing L 1.50 A 0.17
Wheel Fairing R 1.50 A 0.17
Bottom Fuselage Cover (Belly Fairing) 5.20 A 0.60
Instrument Panel 0.40 A 0.05
Single Pump Smoke System 4,591 A 0.53
Safety Belt Assembly (Seat Belts w. sin
ratch)ét, shoulder ha>r/n(ess and crotch stfJ 3.30 A 0.38
Throttle Control 0.42 A 0.05
Single Oil Cooler Rear 1.65 A 0.19
Additional Oil Cooler System 2.00 A 0.23
Landing Gear 11.84 E 1.36
Electric Actuator Pedal Adjust. 3.25 A 0.37 Point

Magneto L/H 2.30 A 0.26 Masses
Magneto R/H 2.00 A 0.23
Shock Mounts L1 0.425 A 0.05
Shock Mounts L2 0.425 A 0.05
Shock Mounts R1 0.425 A 0.05
Shock Mounts R2 0.425 A 0.05
Main Wheel L 4.00 A 0.46
Main Wheel R 4.00 A 0.46
Brake Assy 1.40 A 0.16
Brake Cyl., front 0.55 A 0.06
Tail Wheel 5" 5.50 A 0.63
Seat Rear Standard 2.70 A 0.31
Canopy 10.00 A 1.15
Pilot + Parachute 99.00 A 11.40

TOTAL MASS [kg] 868.28

The single largest contributor to the total mass is the engine, contriluiigw bof the total mass,

followed by the wingp @ ¢ Pand then the pilot and parachupe@ 11 Fassuming a pilot and parachute

mass ot kg . A visual representation of the contributions of each group can be deiguia65. While

the landing gear and affiliated components have been grouped in the point masses (as pefiisp POH
Table20, the main landing gear and its components have been separated out of the point masses to better
understand the mass contribution of the landing gear system and structural system. The largest contributing

group to the aircraft mass is the engine and systgoup with a contribution of arourrdt PThe entire
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structural group, consisting of the wing, fuselage, empennage and landing gear contributes just under one
third of the mass a p b

Other
0.01

Point Masses
0.23

0.038

Engine and
Systems
0.24

Figure65: Extra 330SC component mgssrtions for maximum takeff mass

Themass centroitbcatiors in the X andZ direction for each componewere determinedsing the mass
componentsThesanass centroid of the various components can be fourahile21. The surface controls

and electrical components within the fuselage were combined in a distributed fuselage masEhgroup
avionicscomponentwas placed in a fuselage volumes grotipe fuselage structure and nacelle were
combined in a singl e dhemngnpanentmbking up thenendine arfd systenisage . 0
group were placed ipnpbpubssiomgloe Thesepchanmged fer e
calculations in 8.2.2 The values of the X and Z distances are measured relative to the front most part of

the aircraft(the nose of the propeller spinnand follow the conventions outlined Figure44.

All component masses provided within the PQB] were accompanied bydistance (in the X direction)
givenrelative to the firewall of the aircraft. These distances were then determined rel#tivagex point
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of the aircraft spinneMWhile the POH13] did provide distances in the X direction, no values were provided

for the Z direction. As such, each of the Z values presentédble2lwer e esti mated and t
estimatedodo col umn i s o nCentroifiscthrat wera éstineted wene alltolitagnedX d i r
using the methodsutlined in 8.3.

Table2l: Extra 330SC mass component centroids

Item Mass [kg] | X[m] Z[m] é Ct?rl:]egti(?rz 8;)

Wing 105.59 2.323 | 1.088 E

Fuselage 109.61 2.814 | 1.100 E

Horizontal Tall 21.67 5.983 | 1.501 E

Vertical Tail 8.48 6.280 | 1.900 E

Propulsion 206.41 0.75 | 1.130 A

Acro Tank 6.50 1.802 | 0.870 A

FrontCentreTank 38.90 1.782 | 1.000 A

RearCentreTank 29.50 2.230 | 1.000 A

Smoke Tank 19.60 2.210 | 0.870 A

Wing Tanks 86.40 1.846 | 1.088 A

Propeller MTV-9-B-C/C 19825 (3 Blade) 30.50 0.395 | 1.219 A

Spinner, P810-2 0.80 0.345 | 1.219 A

Exhaust System "6 in 1" (incl. Silencer) 8.48 1.155 | 0.827 A

Battery 10.52 1.720 | 1.130 A

Oil Temp. Probe 0.08 1.435 | 1.000 A

Oil Press. Sender 0.12 1.585 | 1.219 A

Fuel Qty Probe Front Centre Tank 0.18 1.765 | 1.088 A

Fuel Qty Probe Rear Centre Tank 0.18 2.245 | 1.088 A

Fuel Qty Probe Wing Tank 0.12 1.825 | 1.088 A

Altimeter 2 0.61 2.825 | 1.400 A

Main Wheel Tyre L 2.45 1.655 | 0.174 A

Main Wheel Tyre R 2.45 1.655 | 0.174 A

Wheel Fairing L 1.50 1.705 | 0.240 A

Wheel Fairing R 1.50 1.705 | 0.240 A

Bottom Fuselage Cover (Belly Fairing) 5.20 2.107 | 0.910 A

Instrument Panel 0.40 2.845 | 1.400 A

Single Pump Smoke System 4.59 2.15 | 0.783 A

Safety Belt Assembly (SeBelts w. single 3.30 3495 | 1088 A
ratchet, shoulder harness and crotch straj

Throttle Control 0.42 1.595 | 1.310 A

Single Oil Cooler Rear 1.65 1.325 | 1.040 A
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Actual (A) or

Item Mass [kg] | X[m] Z[m] Estimation (E)
Additional Oil Cooler System 2.00 0.745 | 1.040 A
Landing Gear 11.84 1.845 | 0.522 A
Electric Actuator Pedal Adjust. 3.25 3.150 | 0.000 A
Magneto L/H 2.30 1.395 | 1.090 A
Magneto R/H 2.00 1.395 | 1.090 A
Shock Mounts L1 0.43 1.255 | 0.805 A
Shock Mounts L2 0.43 1.255 | 0.805 A
Shock Mounts R1 0.43 1.255 | 0.805 A
Shock Mounts R2 0.43 1.255 | 0.805 A
Main Wheel L 4.00 1.719 | 0.174 A
Main Wheel R 4.00 1.719 | 0.174 A
Brake Assy 1.40 1.719 | 0.174 A
Brake Cyl., front 0.55 1.719 | 0.174 A
Tail Wheel 5" 5.50 6.505 | 0.957 A
Seat Rear Standard 2.70 3.635 | 1.044 A
Canopy 10.00 3.375 | 1.610 A
Pilot + Parachute 99.00 3.445 | 1.000 A

Using the values provided ifable 21, centreof gravity locations were obtained for different mass
configurations. The various mass configurations that were considezealchosen such that they aligned

with the samplecentreof gravity locations provided in thExtra 330SCPOH [13]. Centreof gravity
locations for various mass configurations were obtained and compared with the values provided in the POH
[13], as seen ifrigure66. This comparison ofnass and correspondiegntreof gravity locations serge

as a form of verificatiofior the mass componeestimatesand correspondingasscentroid estimations.

The estimated mass and centre of gravity locatisese overlayed on the mass and centre of gravity
locations provided by thextra 330S@OH[13]. This is shown irfFigure66. The calculated forward centre

of gravity locations are indicated by the blue dots while the aft centre of gravity calculations are shown by
the orange dots. The changes in mass and centre of gravity losati@obtained byaddingvarious mass
componentgndusing thecertre of gravity locationsbothprovided inTable22. Usingthe empty mass of

the aircraft, the pilot and then fuel masses for the different fuel tanks were @ddesponding moment

arms were used to calculate the centre of gravity for each additionatomagenent. Alpoints onFigure

66 were compared with those given in the Extra 330SC PI3H with the exception odtep 6. This step

was omitted as the additional mass providedrable 22 did not correspond with the mass increase
presented ifrigure66. The estimate results show a good correlation with the data provided by the Extra
aircraft companyThese resultsiay not necessarily mean that the component masses and mass distributions

are entirely correciThe correlation should suggest that the overall mass distribution of the airtikadyis
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near those of the actual aircrafhe results show a mass that is slightly less than the values provided by
the Extra 330SC POH.3]. This mass deficit is equal to the missp§ &g of structural mass.

Using the comparisons and conclusions drawn from mass and centre of gravity estimates provided
throughout this sectip the mas estimates and corresponding centroid locations are acceptably défined.

layout of the centroid locations of the structural greomponents and enging provided inFigure 67

along with the empty magentre of gravityEx c | udi ng t he empty mass symbol
present orFigure 67 indicates the mass of each component relative to the other listed components. The
larger the bubble the larger the mass of the component compared to the other conmpewvident that

the wing and engine bring the mass of the aircraft forward and counteract the rearward mass shifts of the

fuselage, vertical stabéltr and horizontal stabir.

While most component massa® fixed some masses such as the pilot (and parachute), the fuel tanks and
the smoke tanks may be altered. Various combinaganh asilot (and parachute) massd pilot seat
locations as well aliel mass can be obtained, along with various centre of gravity locations to provide a
massagainst theentre of gravity envelope. This envelope is illustrateBligure68. The values op& m
andp&min brackets of the legend indicate the pilot seat localibe.extremities of the mass and centre

of gravity combinations have been used to create the boundaries of the envelope. The cases that form the
boundary of the envelope will also serve as the test matrix to compare tumble manoeuvres for various mass
and catre of gravity locationdnertial values for the mass and centre of gravity combinations will also be

included.
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Table22: Extra 330 loading weights and moment arms for centre of gravity calcultins

Pilot & Parachute Fuel in Acro Fuel in Rear C. Fuel in front C. Oil in Smoke Fuel In Wing
Position Tank = Tank( = Tank u Tank u Tank n
on Figure
06 Mass | Moment Mass | Moment | Mass | Moment | Mass | Moment | Mass | Moment | Mass | Moment
[kg] Arm [cm] [ko] Arm [cm] [ko] Arm [cm] [ka] Arm [cm] [ka] Arm [cm] [kg] Arm [cm]
1 69 170/190 - 25.8 - - - - - - -
2 69 170/190 6.5 25.8 - - - - - - -
3 69 170/190 6.5 25.8 29.5 68.5 - - - - - -
4 69 170/190 6.5 25.8 29.5 68.5 38.9 23.7 - - - -
5 69 170/190 6.5 25.8 29.5 68.5 38.9 23.7 19.6 66.5 - -
6 69 170/190 6.5 25.8 29.5 68.5 38.9 23.7 19.6 66.5 86.4 33
7 99 170/190 - - - - - - - - - -
8 99 170/190 6.5 25.8 - - - - - - - -
9 99 170/190 6.5 25.8 29.5 68.5 - - - - - -
10 99 170/190 6.5 25.8 29.5 68.5 38.9 23.7 - - - -
11 99 170/190 6.5 25.8 29.5 68.5 38.9 23.7 19.6 66.5 - -
12 99 170/190 6.5 25.8 29.5 68.5 38.9 23.7 19.6 66.5 86.4 33
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Centre of Gravitv Items (X. Y. Z) Location

® Wing (2.41, 1.68,1.05)

® Fuselage (2.81.00, 1.25)

® Horizontal Stabiker (5.88, 0.53, 1.48)
Vertical Stabilser (5.99,0.00, 1.84)

® Engine(0.76 0.00, 1.13)

4 EmptyMassC.G (2.170.00, 1.08)

The Abubbled size indic
component in relation to the other mass componen

Figure67: Extra 330SC main component centre of gravity locations and empty mass centre of gravity location
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Figure68: Mass vs centre of gravity envelope
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3.2.2. Inertial Data

Using the mass araéntroid data generated for the Extra 330SQ3i2.3, inertialvalueswereobtained
utilising the equations provided ir2$. In addition to data obtained from tBxtra 330SC POHiL3]
various input variables required for each inertial group were obt#imedghmeasurmentoff the 3

view as well as various component images provided in the Extra 330SC maintenance[idnual

The input variables for the inertial calculations of the lifting surfaces are preserftadl@?3. The
span, @, root thickness,d and root chord, of the varioudifting surfacesvere measured from

the point at which the lifting surface attaches to the fusel@ige vertical stabilser was modelled by
setting the dihedral anglete  w 1t [t should also be noted that the values provided for the wing and

horizontal stabiker were calculatedor a single wing and horizontal stabdi surface.
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Table23: Lifting surface inertial estimation input variables

ltem Wing Horizontal Stabiliser | Vertical Stabili ser
@ [deg] 4.00 8.00 22.50
@ [deg] -10.00 -6.50 -16.50
4 [m] 3.32 1.22 1.22
Lm] 1.66 0.96 1.39
4[m] 0.27 0.09 0.22
<[m] 0.10 0.06 0.09
L+ [m] 170 5.45 5.35
L] [m]  1.00 1.48 1.40
Ly [m | 044 0.00 0.00
P [deg] 2.50 0.00 90.00
- [m3] 0.79 0.07 0.19
1 [kg] | 105.59 17.09 7.37

The variablegequiredfor inertial modelling of the fuselage are presentedable 24. The input
variables presenteatefor the structual group the distributed contents groapd the avionics group.

The structural group and distributed contents group have been combined as these two groaps share
number ofvariables.The point mass group has not been included as all necessary information for the
point mass inertial calculatiomss already been definedTable2l

Onceagainthe fuselage variables require some explanaéissome variables have not been measured
exactly as they appearinthevitw. The | ength of what i s defined as:s
in 82.3.2.1has been set to a valuerom8The reasoning behind this decision stems from the argument
made in§3.2.1 where the front section of the aircraft is occupied by engine and affiliated systems only
and notby fuselage structurelhe inertial estimates of the fuselageremade usingan operended

right cylindrical shell and a tail conical shélhe length of the fuselage structural graogals T & ynm

with the structure being split into two sections. The first sectiorofteeended right cylindrical shell)

hasa length oio@ gn and the second section (the tail section conical shelf length ofri@o gn. The

radius ofopenended right shell and base of the conical sivelleset tor® ¢n. These values were
determined by overlaying the open ended right cylindrical shell and the conical shell on the structural
illustratiors. The shapes were sized to match the area of the structure with the shapes. An approximation
was required as the opended right cylindrical shell does not taper, unlike the fuselage. The conical
shell also does not follow the profile of the side viewhef rear end of the structure. To accommodate
these issues, the shapes were overlayed sucthéeta lost to tagevas accounted for by having a
smaller shape radius at sections where the fuselage structure did not taper. This is illugtigted in

69. Note that the opeanded right cylindrical shell extends slightly beyond the front of the structure

as discussed i83.2.1
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Table24: Fuselagenertial estimation input variables

Fuselage

Item Value

n [m] 0
m[m] 3.82
m[m] 0.96
Structure =| [ 052

and

Distributed vy [m] 1.26
Contents T v[kd] 74.81
F9 44 (M 3.45
L [m] 251
L5 40ml 5.45
T o« [kd] 6.23
o [m] 0.61
Avionics m [m] 0.15
£ [m] 2.92
4 [m] 1.20

Bottom View

Side View

e

Figure69: Fuselage inertia estimation shamproximations
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The propulsive group input variables for inertial calculations are providédale25. The propulsive

group was modelled as a solid cylinder. A single engine is presented on the Extra 330SC and is situated
in the nose of the aircrafthe length and radius of the cylinder wapproximatedisingdata provided

by the engine manufacture (Lycoming).

Table25: Propulsion group inertial estimation input variables

Propulsion

Item Value

4 o[m] 0.41
m_[m] 1.00

L |} [m] 0.75

< || [m] 0.00

L [m] 0.00

L [m] 0.00

L | [m] 1.09

L | [m] 0.00

No. of Engines 1

T = (Per Engine) [kg] 206.41

The input variables for estimation of the inertial values of the fuel contained within the fuselage are
presented iTable26. The fuel in each tankas assumed to be in the shape of a rectangular prisen.
volumetric shapef the fuselage fuel tankasdetermineddy inspecting the drawings provided in the
Maintenance Manual of the Ext880SC[71]. An image of each fuel tank contained within the fuselage

is illustrated inFigure 70. It was assumed that thenereno components contained within the tanks
and as such, the fuel was assumed to take the shape of its cofitainerass and density of the fuel

for the engine fuel and smoke fuel was provided by the Extra aircraft corporation in thEL8JOH

These values were used to estimate the dimensions of the various fuel tanks.

Table26: Fuselage fuel inertial estimation input variables

Value

Item Acro Front Center Rear Center Smoke
Tank Tank Tank Tank

T mmkal 6.50 38.90 29.50 19.60
I g[m] 0.31 0.30 0.22 0.23

z [kg/m?] | 722.22 722.22 722.22 850.00
< [m] 1.80 1.78 2.23 2.21
AL m] 0.87 1.00 1.00 0.87
o [m] 0.17 0.60 0.60 0.45
fim] 0.17 0.30 0.30 0.23
m[m] 0.31 0.30 0.22 0.23
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Figure70: Extra 330SC fuselage and wing fuel tanks

Input variables for the inertial estimations of fuel contained within the Extra 330SC wings are presented
in Table27. The wing fuel tanks take the same shape as the leading edge of the wing. This can be seen
in Figure 70. The variables for the wing fuaresimilar to those of the wing. The spa® , and the

chord &, of the tanks are shortened as the wing fuel tanks only stretcli> of thelength of each
wingand ¢ d> of the wingchord. Thewing fuel tanks do not extend over the entire span of the wing

andterminate inboard of the wing tip.
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Table27: Wing fuel inertial estimation input variables

Wing Tanks
Iltem Value
@ [deq] 4.00
@ [deg] 0.00
4 [m] 1.50
2H[m] 0.41
4[m] 0.27
<m] 0.17
L5 [m] 1.70
A5 [m] 1.00
L5 [m] 0.50
P [deq] 2.50
L [m] 1.87
AL m] 1.38
Z [kg/m?] 722.22
o [m3 4.18

7omka] 9524

Using the data provided ihable 23-Table 27, the inertia of each maigroup was determined. The
inertial estimations for the main component groups of the Extra 3a08@ximum takeff massare
provided inTable28. The pilot and parachute mass were seb tig. The inertial values of the lifting
surface group and the propulsion growpuld remain unchanged throughout flight and through
configuration changes. The fuselage structural, distributed contents and avionicsvgoalgalso
remainunchangedThe point mass groupouldchange depending on the massl positiorof the pilot.
The fuel group inertial valuewould change throughout flightvith fuel burn anddepend on the
configuration chose For instance, if the aerobatic configuration is chosen, the airgaftd fly

without any fuel in the wing tanks

Figure 71 illustrates the inertial contributions of each component group for (a) empty mass, (b) an
aerobatic configuration (in which the front, rear, aerobatic and smokeviankd befilled to capacity)

and (c) the maximum takeff massin Sl units kg.n? . The pitch and yaw inertiasO and"O are
evidently higher than the roll inerti&O . This is plausible given that the Extra 330SC can achieve roll
rates of up ta ¢ Jts[73]. The pitch and yaw rates observed from video footage (no published values
for pitch and yaw rates were availahlaje noticeably slower. This is likely due (in part) to higher
inertial values in the pitch and yaw directionse®dditionof aw dig pilot and parachutat the most
rearward seating position increases the fuselage contribution to the pitch and yaw inertias by a
considerablemount. This is not unexpected as the pilot is located a fair distéincethe centre of

gravity of the aircraft. A lighter pilot should allow for greater pitch and yaw rates, but perhaps not by a

significant amount.
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It hasbeen assumed that the tumble manoeuvre is purely in the longitudinal plane and as such, the only
significant inertial value is the pitch inerti® . Given the importance of this inertial value in particular,

the pitch inertia has been plotted togethefigure 71 for three configurationabout the remote axes

It is interesting to note is that the fuel in the wings does not impact the pitch inertia of the aircraft
significantly. This can be seen by comparing the pitch inertia of the aerobatic configuration and
maximum takeoff mass configuration. This result seefeasibleas the wing fuel is located very close

to the centre of gravity of the aircraft and as such should not influence the pitch characteristics

significantly.
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Table28: Inertial estimation of the Extra 330SC in the maximum-akenass configuration

Lifting Surface Fuselage Propulsion Fuel Tanks
Inertia Enai
Comppnent Win Horizontal | Vertical Structure Distributed Avionics Point ggrglge Acro Front Rear Wing Smoke
[lbs.in? 9 | stabiliser | Stabiliser Contents Masses Tank Tank Tanks Tank
Systems
kO] 8.45E+05| 2.36E+04 | 7.45E+03 | 5 66E+05| 3.13E+04 | 3.20E+04| 8.12E+05| 8.97E+05 | 1.692E+04| 1.38E+05| 1.05E+05| 3.99E+05| 1.69E+04
o 2.68E+05| 1.72E+04 | 1.57E+04 | 2 03E+06| 1.49E+05 | 2.13E+05| 7.06E+06| 1.32E+06 | 8 916E+04| 5.60E+05| 6.04E+05| 3.69E+04| 3 79E+05
kO] 1.11E+06| 4.07E+04 | 2.32E+04| 1.63E+06| 1.27E+05 | 1.82E+05| 6.32E+06| 4.85E+05 | 7.235E+04| 4.24E+05| 5.03E+05| 3.95E+05| 3 28E+05
True™© 8.45E+05| 2.36E+04 | 7.45E+03 3.59E+05
True™O 3.16E+05| 1.72E+04 | 2.32E+04 N/A N/A N/A 5.41E+04 N/A
True™© 1.12E+06| 4.07E+04 | 1.57E+04 3.97E+05
‘0 1.71E+06| 1.51E+05 | 8.79E+04| 5 66E+05| 3.13E+04 | 3.20E+04| 8.12E+05| 8.97E+05 | 1.69E+04 | 1.38E+05| 1.05E+05| 6.49E+05| 1 69E+04
‘0 2.53E+06| 2.15E+06 | 9.98E+05| 2 02E+06| 1.49E+05 | 2.13E+05| 7.06E+06| 1.32E+06 | 8.92E+04 | 5.60E+05| 6.04E+05| 7.54E+05| 3. 79E+05
K] 3.40E+06| 2.05E+06 | 9.10E+05| 1.63E+06| 1.27E+05 | 1.82E+05| 6.32E+06| 4.85E+05 | 7.24E+04 | 4.24E+05| 5.03E+05| 1.07E+06| 3 28E+05
Group'0 1.95E+06 156E+06 8.97E+05 29%2(55;%?5?%:12[\:\{'&%??;;15
Group’0 5.68E+06 1.03E+07 1.32E+06 12628;’6%?'V\\’/\i’t'ml‘j‘{'rv‘v?ntg?'a‘ﬁlfs
Group'o 6.36E+06 8.94E+06 4.85E+05 12'3%0;’6%?'V\\’/\i’t':]r;l‘j‘{'cvgi’ntg{‘aknské
Total 'O 5.33E+06
TotalO© 1.97E+07
Total 'O 1.82E+07
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Figure71: Extra330SC inertial component contributions for (a) empty mass (b) aerobatic mass and (c) maximum takebffutntmsremote axes
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Figure72 Extra 330SC pitch inertidO estimations for various aircraft configuraticaitsout the remot
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To validate the numbers presented @ble28, the overall pitch inerdi “O values of the Extra 330S&ere
compared to the values presente#figure40from §1.3.6 This comparison is presentedrigure73. The
estimated inertial value for the aircraft empty mass appears to correspond quite well with data presented
for other aircraft irthe samemass range. The aerobatic and maximum-tdkeonfigurationpitch inertia
estimationsare a fair amount lower than published data for aircraft of a similar mass. This result does not
appear to be incorrect as aerobatic aircraft are designed to be very manoeuvrable and as such are expected
to have lower inertial values. Aerobatic aircraftisas the Extra 330SC are also far more modern than the
aircraft listed inFigure73 and as sugtshouldhave composite materiadcorporated into the desigmhis

then implies that the aircraft may have lighter components throughout the airframe, |leéalirey itoertial
values.The Extra 330SC is also a shorter aircraft than those providéidune 73. This shouldresultin
thelongitudinalmass distributiofeingdistributed nearetio the C.G than the other aircraft listed

While the empty mass has provided some insight in validagguerimentatest valuesised within the
modelling of a tumble manoeuvreould consist of pitch inertias that fall within the values between the
aerobatic and maximum takdf mass configurations. While there is a difference in mass between these

145



two configurations, there is not a significantly large difference in the inertial values. This would suggest
that thepitchinertia of the aircraftloes not changggnificantly during an aerobatic display sequence. This

is a favorable outcome for an aerobatic aircraft as the control characteristics of the airframe remain
consistent throughout an aerobatic display sequence. The same logic should apply to fueddaking

during a display, considering tipeoximity of the fuel tanks to the centre of grawvitf the aircraft.

Beech N-35
Cessna 172M
® Cessna R182

Cessna 150M
Cessna 177A
Cessna 210K

® NASA Data
¢ Extra 330SC Aerobatic Mass

x Extra 330SC Empty Mass
& Extra 330SC Maximum Take-off Mass
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10000

8000
L L)
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1, [kg.n"?]

4000

2

2000
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1500 2500 3000

Gross mass [kg]

0 500 1000 2000

Figure73: Comparison ofylvalues for various single engine propeller driven aircraft and the Ex
330SCabout the centre of gravity
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3.2.3. Test Matrix

Using the envelope created fiigure 68 the mass values were used to obtain corresponding inertia and
centre of gravity values. These values are presentédhte 29 and will serve as the test matrix dafa.
tumble manoeuvre will be assessed for each of the cases presérabteRD at various manoeuvre entry

velocities.
Table29: Test matrix for various aircraft configurations
Case Number Mass[kg] Lk gAm e [M]
1 690.53 981.99 2.168
2 742.88 975.26 2.170
3 781.78 1040.5 2.151
4 781.78 990.25 2.125
5 759.78 961.76 2.093
6 730.28 979.41 2.087
7 668.53 929.83 2.103
8 668.53 961.30 2.126

3.3.Aerodynamic Data
Using the methods outlined iR &8 aerodynamic data was generated for the wing, horizontal seabili
fuselage and propeller

3.3.1. Lifting Surface Infinite Aspect Ratio Coefficients

The AERODAS model60] and Lindenburg mod¢66] allow for the generation of aerodynamic data for
any aspect ratid_iteratureon high angle of attack aerodynamitses not exist within the public domain
for a finite ratio wingthe size anghlanformof those seen on aerobatic aircréftrodynamic coefficient
datafrom wind tunnel testingxisisfor symmetrical profiles of infinite aspect ratio with thicknesshord
ratios of between 12% and 15%hecoefficients obtained from the Spera metf@@] and the Lindenburg
method[66] were compared tavind tunnel test datalhis comparisorprovidedthe validation of the
generatedaerodynamic coefficientprior to any additional corrections thatre made foraspect ratio,

blown air effects or dynamics.

The Extra 330S@ing makes use a of MA 14.9 S profile at the root and a MA 12 S profile at the tip. While
the aerodynamic data for these profiles was not readily available, the airfoil propereéepected to be
similar to the NACA0015 and NACA001Both sets of profiles are symmetrical and have the same
thicknessto-chord ratios. While itvasnot clear as to the position along the chord at which the maximum
thicknessto-chord occurs, itwas assumed that the two sets of profileere similar enough to be

comparableThe coefficients of lift and drag in the ps&all regime are similar enough file NACA0015
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and NACAO0012 thathe values of a single profitanbe used. The comparison of the coefficients of lift

and drag between theo profiles is presented iRigure74.
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Figure74: Comparison of the coefficients of lift and drag for the NACA0012 and NACAOQ0O015 air
profiles[74]

With the selection of the NACAOO X ofile for the Extra 330SC, aerodynamic coefficients were generated
for an infinite aspect ratio and compared to wind tunnel test data poblyudASA for the same profile.

The test data can be seen in$4.1 A plot of the coefficient of liffor both the generated data and wind
tunnel test data can be seerfrigure75. The data shows good correlation across the entire angle of attack
range, capturing the changes in gradient and axis intercepts while showing little deviation from the test
data. A slight mismatch in the data occurs wlewr 1T J o0 T LThe test data appears to have lower
(less negative) values than the predicted data. The predictevamtairrored and negativabout the

1t Jo @ tadgle of attack. This assumption seghfogical given that the airfoil is symmetricalhe lift
valueswhen the airfoil is pitched downwardsreexpected to be identical in magnitumethe lift values
when the airfoil is pitched upwardghis notion does appear to hold true for the values obtained from the
wind tunnel test data when the trailing edge is the fnoost section. The lift values appear to be mirrored
and negative about the Y Tadgle of attack line. It is unclear as to why this dipancy exists when the
airfoil profile is pitched downwardst is thought thastall effects mayaveinfluencedthe results as the

inconsistencies occur near the stall point.
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Figure75. Comparison of the coefficient of lift for estimated res(it®duced using the AERODAS
model[60]) and wind tunnel test data for a NACA0012 fromd o ¢ tadgle of attack

The coefficient of drag for thgenerated data and wind tunnel test data is presenkéguire76. The two

sets of data show very good correlation throughout the angle of attack range with only minor differences
being notedThe changein gradient that occur between the different regions are adequately captured by
the data generated using the AERODAS motile peak values and angle of attack at which these peaks
occur are accurately captured by the generated data. The peak values for both the coefficients of lift and

drag are preset and warrant some additional disooiss

The angle at which the maximum coefficients of lift and dregurin the poststall regime and the angle
at which zero lift occurred in the pestall regime were giveby Sperg60] without much explanation.
However, given that the values obtained in the modelling develmp8gerd60] werebased on empirical
data, itwasassumed that the angles of the maximum-ptast coefficients and the angle of zero lift in the

poststall regimewereobtained from this same empirical da&pera[60] provides the reader with mean
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deviation of the model developed from test data, as well as mean deviations for other existing models from
the same test datéhe data for a largeumber of airfoilsof differentaspect ratiosndthicknessto-chord

ratios was provided.The results of the model developbg Spera[60] provided accuracywhich is
equivalent or bettahan comparable models, particularly for finite length airfoil data. The mean deviations
also illustrate that the model developkey Spera[60] predicts maximum positall coefficients with
acceptable accuracy for a wide range of airfoils and airfoil conditions. Based on this information, the angle
given for the maximum coefficients of lift and drag and the angle of zero lift in thestadistegime were

deemed acceptable.

—— Aerodynamic Coefficient Estimation ® NACA Test Data
2.5

Coefficient of drag, ¢[-]
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Figure76: Comparison of the coefficient dfagfor estimated results (produced using the AEROD.
model[60]) and wind tunnel test data for a NACA0012 frond ¢ ¢ radgle of attack
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The coefficient of quarter chord pitching moment for the generated data and wind tunnel test data are
presented ifrigure77 for the NACAQ0012 airfoil. The two sets of results do not show good correlation in
the prestall and transition regions for both forward (leading edge into the wind) and backward (trailing
edge into the wind) orientations of the airfoil. While the ggidt regime does provide a better correlation

of the data, the results do not match as well as the coefficients of lift andrtieaghethod developed by
Lindenburg[54] is far lessdeveloped than the Spera metj6d] as elliptical data is used rather than
empirical airfoil datalt is more of an approximatiom the absence of any other methods the Lindenburg
methodwasused.

During a tumble manoeuvre tlamgle of attack is not egged toreach p L TrThis is illustrated in
Figure7in 81.1.1 At no point during the tumble manoeuvre does the aircraft reach a pitch angle of greater
thanw 1t Thus the deficiencies of the model in predictionsfoo v J ¢ p 18Rould not hamper the
overall modeling of the manoeuvigheinaccurate modelling of the coefficient framJ | ¢ mtshould

be correctedThis can be achieved by using test data in place of generated data in this angle range.

—— Aerodynamic Coefficient Estimation ~® NACA Test Data
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Figure77. Comparison of the coefficient gliarter chord pitching momefdr estimated results
(produced using theindenburg modeJ65] )and wind tunnel test data for a NACAO0O012 froimd ¢ @ 1
angle of attack
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3.3.2. Inner Wing Aerodynamic Coefficients

While the wing is one complete surfatés exposed to two separdtews, bothwith differencesn angle
andvelocity. The inner wing surface is expos@dhe propeller slipstreamnd at times combination of

the propeller slipstream as well as the fsr@am velocityThe outer wing section is exposed to thefree
stream velocity onlyThe rotational rates experienced during a tumtdsult inan additional velocity
component This rotational velocity component is expected to be small compared te#stréam and
propeller slipstream velocities. While the rotational rate may be high the moment arm is small enough that
the rotational velocity component is smalheTclose proximity of the aerodynamic centre of the wing to

the centre of gravityesults in a small moment arithis does ndatnply that dynamic effectsanbe ignored.

In splitting thewing intoinner and outer sections, the wing amegspanand aspect ratio may no longer
be usedEach wing section wilthereforehavespecificwing area, effective span and aspect ratio. The inner
wing sectionwasextenadto the edgsof the propeller slipstread t Wb veas assumed that the propeller
slipstreandid not contract. Thé t u b e 6 wdulddethe same diameter as the propellereality, this
may not be the cas@&he short distance from the propeller to the wing of the aironafinsthat the
contraction effects over this distance would be negligibhe span of the inner wing section will thus be
twice that of the propeller radius, giving an inmémgsparof @ ¢ m. The reference area and aspect ratio

were calculated a¥ o® gqn?andd’Y  p&, respectivelyThe remainingvingspanwasallocated to

the outer wing section. A comparison\@rious specificationfor the inner and outer wing sectioiss
provided inTable30. These valuesvereused as the input values in generating the various aerodynamic

coefficients for both the inner and outer wing sections.

Table30: Inner and outer wing specifications

Inner Wing Section | Outer Wing Section

Specification Value Value Units
Airfoil 00 OTOTT P ¢ 0 0 OTOTT P C -

= T T deg

= 46 p B 1 p ®fp 1 deg
Fd O&e P& o X P& o X -
i & T phud p T phud p pTJ
Fr T8t TThpst p T T8t TThpst p T -

= F 0 ptpm ptpm deg
Fr OFe T8 TSt p T8 TS p -
C Lvd m
=1 P& ®Q -
1. > 0B ¢ @ m?
Moy 0.102 0.102 p7J
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The effects of aspect ration the static aerodynamic coefficiem®re introducedusing the method
provided by Sperf60] and Lindenburd66]. Includingthe effectsdue torotationaldynamicsvasagreater
challenge particularly at low airspeed®ublished data and methods used to predict dynamic coefficients
usually donot consider the effects of a finite wing aadly consider®scillations. An additionalshortfall

in the literature is the lack of dafar the coefficients of drag and pitching momebetermining the
completeeffects of dynamics on the aerodynamic coefficients of the wamgbeyond the scope of this
dissertationWhile afully validateddynamicmodelwasnot produce, the effects due to dynamiggere
crudelyincluded by increasing the maximum coefficient of lift and drag and delaying the stall point of the
coefficient of lift. Hysteresis in the lift curvevasnot considered abeaircraft only pitclesupwards during

a tumble Based on the discussions presentedliB.§ the static aerodynamic coefficient of lift values will

be multiplied by 1.2The stall angle for the coefficient of liftasincreased by JThe static coefficient of
drag values (corrected for aspect rati@re multiplied by 1.3. A value of 1.3 was used instead of 1.2 to
factor in interference effects from the wifgselage joint. This valugasan assumption and was based on
an evaluation of the model resuliBhe coefficient of pitching momemwas calculated based on the
coefficient of normal force whiclwascorrected for dynamic effectsased on the coefficient of lift and
drag. The coefficient of pitchingnomentillustratesthe changes that have been included in the coefficients

of lift and drag by increasing the pitching moment values across all angles of attack.

The coefficientsof lift, drag and quarter chord pitching moment are presentE@yime 78, Figure79 and
Figure80respectively. For each coefficient, three cases are presented: the coefficients for an infinite aspect
ratio (obtained from wind tunnel test dat#)e coefficients for a finite wing without any considerafion
dynamic effects and coefficients for a finite wing with considerégtolynamic effectsWhile the angles

of attack experienced during a tumble manoeuvre are expected to be within the bougds df

w 11 he aerodynamic coefficients corrected for aspect ratio and with dynamic considerations have been

provided across the entire angle of attack range ) 11 J p Y mtfdr completeness.

No additional smoothing was implementedthe data irFigure78. This was because the curve presented
for the coefficient of lift (corrected for aspect ratio and with dynasoitsiderations) is already smooth and

cannot be smoothed much further.
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Angle of attacklJ[deg]

Figure78: Coefficient of lift for an infinite aspect ratio wing, an aspect ratio of 1.2 with and with
dynamic effects

It is evident inFigure78 that the influence of the very low aspect ratio removes the first stall point of the
wing andlowers thelift values at all angles of attack up untily) v. The wingtheneffectively has only a
single stall point at arourm 1t Jhe slope of the lift curve slope is shallower for the low aspect ratio wing
in the prestall regime. The consideration given to dynamic effects incsehsecoefficient of lift values
such that the new curve is similar to the infinite aspect ratio curve in thetphsegime. This finding was
purely coincidental.
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Figure79: Coefficient ofdragfor an infinite aspect ratio wing, an aspect ratio of 1.2 with and with
dynamic effects

The coefficient of drags presented ifrigure79. A reduction in the magnitude of the coefficiefidrag is
shownfor the low aspect ratio wingithout dynamic considerationSubsequentlythis reduction is seen

for the curve where dynamic effects were consideaiibit to a lesser exterithe most notable difference

in the shape of the curve corrected for aspect ratio from that of infinite aspect ratio is indtadl pegime.

The curve that is corrected for aspect ratio appears to produce higher values of drag throughestzthe pre
regime. This might be attributedtothes t ubbi ness & of tthrey resultroger a mudhe r e
larger section of the wing given the small aspect ratio. The curve for a finite wing also does not show the
same sudden change in slope wiransitioningfrom the prestall to the posstall regime. This iprobably

due to thegentlestall of the lift coefficient for the finite wing.
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Figure80: Coefficient ofquarter chord pitching momefur an infinite aspect ratio wing, an aspect r:
of 1.2 with and without dynamic effects

The coefficient of quarter chord pitching moménpresented irFigure 80. As discussed in33, the
method provided in Lindenburi$6] is an approximation andoes not apture the finer details of the
pitching moment curve. This is evident for the coefficient values presented in thalbregime where
the coefficient of quarter chord pitching moment is far gnghtin it should be. The curve that is corrected
for aspect ratio and considetgnamiceffects crosses the infinite aspect ratio curye atp v. Jhe curve
that is correct for aspect ratio and that considers dynamic effectsheseata provided for an infinite
aspect ratidor all angles less thap v. Coefficient valuedor angles greater thgm v usedthe data as
presented ifrigure80.
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3.3.3. Outer Wing Aerodynamic Coefficients

The outer wing section is outside of the influence of the propeller slipstiéenspecifications of the outer

wing section are shown ifable30. The considerations made for dynamic effects for the inner wing section
werealso applied to the outer wing sections. That is, the coefficient of lift, once corrected for aspect ratio,
wasmultiplied by 1.2 and the stall angle shiftedbyThe coefficient of drag was multiplied by a value of

1.2 instead of the 1.3 multiplier used for the inner wing seetsaifie outer wing section is not expected to
see any interference from the fuselalge correctionsveremade to smooth out the data as the outer wing
sections are not influenced by the propeller slipstream.

The coefficients of lift, drag and quarter chord pitching moment are providegyure 81, Figure82 and
Figure83respectively. Once again curves are provided for an infinite aspect ratio profile, a wing corrected

for aspect ratio and a wing correct for aspect ratio and including considerations for dynamic effects.

The predicted coefficient of liftor the outer wing sectionis provided inFigure81. The correction for

aspect ratio redusg¢he peak value of lift both in the pstall and posstall regimesAt this aspect ratio a

lift recovery is not seen in the pesthll regime but rather a further reduction in iftpostponedThe
consideration for dynamic effedtscreasedhe initial peak to a value close to that of the infinite aspect ratio
profile albeit at a higher stall angle. The values present on the curve for the outer wing sections are higher
than those present for the inner wing section due to the higher admedcdsaheouter wing sections are

not influenced by the propeller slipstream no additional smoothasglone to the curve.

The coefficient of drag for the outer wing section is provideBigure82. The curves illustrate the same
characteristics discussed for the inner wsagtion The magnitude of the coefficient is different due to the
different aspect ratidlhe transition from the prstall to the posstall regime is sharper for the outer wing
section than it is for the inner wing section. This difference can be attributed to the difference in the first
stall present in the coefficient of lift figures. Thelkfor the outer wing section is far steeper than that of
the inner wing section, resinly in a larger change in the liftduced drag.

The coefficient of quarter chord pitching morhésilows a similar trend to that of the inner wing section.
This is shown irFigure83. The most notable difference is in the region wherdl@ive transitions from the
pre-stall to the posstall regime. The change at this point is far smoother for the inner wing section than it
is for the outer wing section. This difference is due to the type of stall seen in the coefficient of lift for each

wing ction.
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Figure81: Coefficient of lift for an infinite aspect ratio wing, an aspect ratid.e6 with and without
dynamic effects
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Figure82 Coefficient of drag for an infinitaspect ratio wing, an aspect ratio of 4.66 with and witf
dynamic effects
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Figure83: Coefficient of quarter chord pitching moment for an infinite aspect ratio wing, an aspet
of 4.66 with and without dynamic effects

3.3.4. Fuselage AerodynamidcCoefficients

The aerodynamic coefficients for the fuselagere generated using fuselage geomebtained from an
aircraft 3view. While crosssectional areas are not available for the Extra 330SC, the fusetzse
sectional geometryere approximated using theBew provided in the POHIL3]. The fuselage cross
sections were approximated @lliptical sections. The semmajor and semminor lengths that make up
each ellipse were measuraidvarious stationas half of the width of the fuselage top and side views. These
measurements are illustratedrigure 84. Themeasurementf represents the half widths measucétl

the top view, while theneasuremenf hrepresents the halfeighs measured off the side viewWwhe

lengthwise distributions of the variablegd and & are provided irFigure8s.

The distribution of &> and @ were used to obtaithe crosssectional aredlistributionof the fuselage.
The resulting distribution of the fuselage area was then used to find a distribution of thefradiugalent
circular sections along the fusela@mth distributionshave beerplotted inFigure 86. It is evidentthat a
very large portion of the fuselage arelocatedat the front of the Extra 330SC. Thidiscause¢he engine

is located at the front of the fuseladdis forward bias in fuselage areesults inthe aerodynamic centre
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of the fuselag®einglocated tirtherforward, near the centre of mass of the aircilditsminimisespitching
moment effects of the fuselage

Figure84: Fuselage width and height measurements at various lengthwise station:
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Figure85: Lengthwisedistributions of variables a, b along the fuselage
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Figure86: Lengthwise distributions of the cressctional area and the resulting radius of equivale
circular sections

The distribution of the widtho-heightratio ¢ of the Extra 330SC fuselage provided inFigure87.

The distribution inFigure 87 was used to obtain the distribution bktratio of the local normaforce
coefficient per unit lengthd for an ellipticalcrosssectional shape to the similar coefficiedt  for

the equivalent circular shape having the same @estonal areal his applies tdoth slender body theory

as well as Newtonian impact theoRigure 87 indicates that the fuselage is wider than taller in the front
sections and then gradually transitions to having a larger height than width, at the cockpit and continues to

the rear of the fuselag€he distributions fotheslender body coefficient of normal force ratio &

andNewtonian coefficient of normal force raticy ¥ ratioare provided irFigure88.

The distributions fothe slender body coefficient of normal force raitdthe Newtonian coefficient of

normal force rati@re a function of the ratwidth-to-height ratio.Thewidth-to-height ratiodoes not have

any large bias in either width or heigittthe front of the fuselader the Extra 330SSThe differences in

the values othe slender body coefficient of normal force raimthe Newtonian coefficient of normal
force ratioare smallMoving rearward from the start of the fuselagekpit the height begins to outweigh
the width of the fuselage, implying that thdth-to-height ratiobecoms less than unity. For values of
width-to-height raip less than 1, the differences stender body coefficient of normal force raaod

Newtonian coefficient of normal force ratae minimal Given the larger height over width from the start
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of the cockpit, the values slender body coefficient of normal force ratind Newtonian coefficient of
normal force ratidor the Extra 330SC fuselageevery similarin magnitude This is illustrated irfFigure
88rearward of) cg m.
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Figure87: Lengthwise distribution of the fuselage widtitheightratio (a/b) for the Extra 330SC
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Figure88: Distribution of theslender body and Newtoniaoefficient of normal force ratifor the Extra
330SC
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Thecrossflow coefficientof drag 6 , required as input to Equatio(76) and(178 from §.4.2 was
obtained usingFigure 89. The lowspeed nature of the tumble manoeuvie @ would
indicate that a coefficient af p& would be applicable to cylinders of all sizes. While the chart does

not extend to a Mach number of near zero, the data towards zero can be extrapolated and the conclusion
thato p& is correct.

30
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Figure89: Drag coefficients of circular cylinders of various sizes as a function of Mach n{inaer

The drag proportionality factor required forEquationg176) and(178), was obtained through the use
of Figure90. The lengtio-diameter ratio of the cylinder in questiasrequiredto obtain a value fathe
drag proportionality factorThe datgpresentedn Figure 90 was generated fa constant crossectional
area. The fuselage of the Extra 330SC is constantly vaayidgn average diametgrastaken from the
distribution of the radius of an equivalent circular cylindkg(re86). The average diameter was calculated

to beO T 1. The length of the Extr@30SC fuselage was taken(as U® wmw, giving a
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length to diameter ratio af YO X8 ¢ Using this lengtkto-diameter ratio, a value ef 1@ v U

wasobtained
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Figure90: Ratio of the drag coefficient of a circular cylinder of finite length to that of a cylinder
infinite length,—, as a function of the lengt-diameter ratio’y  { it 1t 1{75]

An attempt was made to recreate the fuselage data providPdrbgdi[41] to ensure that the method
provided by Jorgensdd2] was correcthapplied While not all input data was clearly givesufficientdata
wasprovidedin the report to reproduce the curves for coefficients of lift, drag and pitching mohnaty
proportionality factor 00.85 providedjood correlatiofn results. This can be seerFigure91 andFigure

92, where thecoefficientsof lift and drag have been reproduced for the fusedadg The slight mismatch

in the curvsis thought tdbe as a result of an area distribution tkiasnot completely representative of the
one used byamadi[41]. An areadistributionwas approximated based on limited data. While an area
distribution is providedn Figure 21 ofPamadi[41], the values presented appear to be incorvduth
resutsin an incorrect distribution for the derivative of area with respect to lehigtiay be that the area
distribution that is provided was that of the scale test model instead of teedldlaircraftThe report also
states that an Oidealisedd rear f Ukeeesutgfemtheas us e

coefficients of lift and drag were acceptably close to conclude that the model presented by JpM8gnsen
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was being applied correctlyhe coefficient of pitching moment was also reprodutksing the geometry

and variables derived for the coefficients of lift and drag yielded a curve that had an identical shape to that
provided byPamadi41]. The magnitude of the two curves waarginallydifferent. The difference arose

as a result of the location of the centre of gravity. Using the centre of gravity location providachagti

[41] (wg pB an resulted in a curve that had a greater magnitude, than the curve provided
difference occurrettom| o fonward. Using a centre of gravity locatioruef  p& m provided very

good correlation betweethe two sets of result§he location about which the pitching moment was taken

is not explicitly stated byamadi[41] and a location may have been selected to match that of the wind
tunnel test datdt wasassumed that the curve was obtained about a location that is approxip@&taly

from the nose of the aircrafis with the coefficients of lift and dradhe slight differencem the coefficient

of pitching momenare likely due to an area distribution that is not identical to theaofadi41].
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Figure91: Fuselage coefficient dift, reproduced for data provided in Pamj@di|
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Figure92 Fuselage coefficient afrag reproduced for data provided in Pamjadi]
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Figure93: Fuselage coefficient gditching momentreproduced for data provided in Pamadi [37
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It is possible thathe changes in area along the fuselsggilt ina cylinder that has a greater lengph
diameter ratio than that predicted by simply taking the average diameter of theJboyBnserj42]
strongly recommends obtaining the valueshef drag proportionality fact@ndcrossflow coefficientof
dragthrough experimentatio®uch data is not available for the Extra 330SC geometry at the time of writing
and as such the valuefthe drag proportionality factor ardossflow coefficientof dragthat are discussed

in this sectiorwereused.

A summary of the input data for the estimation of the aerodynamic coefficients of the fuselage of the Extra

300SC is presented Trable31. The relevant figure for each input variable is provided.

Table31: Summary of fuselage aerodynamic coefficient input data

Input Variable Value/Figure Units
=||<> t% L8 wu m
=, T Wt m?
t ™ v -
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°q PR @ X m
|| =7- ° _
> Figure86 m
I Figure88 -
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— Figure88 -
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The predicted coefficient of lift for the Extra 330SC fuselage is plotteBigare 94 along with the
coefficient of lift presented by Pamddil]. The NASA GA aircraft fuselage coefficient of lift is presented

for calculated values using the method developed by Jorg@tigleand for static wind tunnel test data.

While each data set follows a similar trend the magnitudes show very large disparities. The calculated
NASA data and the estimated Extra 330SC coefficients follow a similar shape both peakingab. J

The wind tunnel test data peakg at ¢ Tt fdllowing a similar trendPamadi41] states that a constant

value ofslender body coefficient of normal force ratiop® wvasused. Aconstantvalue ofNewtonian
coefficient of normal force ratio ¢ appears to have be@sed buts not explicitly statedA potential
contributing factor to the difference in magnitudes could be due to the assumed shapes of each of the
fusel ages. The NASA GA crbssseatidnasigape wihen compared to thesmowea r e 6
elliptically shaped Extra 330SC. The elliptical cresgtion has a lowesrossflow coefficient of drag

value. While Pamad#1] did not clearly indicate the value tife crossflow coefficientof dragit would
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appear that a valdggher tharp@& wasused Increasing the assumed valuehad crossflow coefficientof
dragfor the Extra 330SC fuselagedovalue ofg provides a much closer match of the data.additional
contributing factor to the difference in valuesuld alsobe due to the area distributions between the two
fuselages. Thiuselagearea of the Extra 300SC is less than that of the NASA GA fusalagg the entire
length.Thisresuledin a lower coefficient of lift.

Notabledifferences areseen inFigure 94 between théwo sets ofcalculated valuesThe estimatedExtra
330SC values and the wind tunnel tdataillustrate agood correlatiorin magnitude up t@n angle of
attack of & v. The coefficient of lift of the fuselage fall datasetsis relatively small when compared to
those of the wingThesevalues arenot expected to influence the overall results significafithjs does not
imply that theforces can be omitted from calculatioRarticularly because the fuselage is constantly being
blown by propeller slipstream effects throughout a tumble manoeuvegqr&snce opropeller slipstream
implies that the angles of attack seen over the fuselage should be relatively low o 1 Junless a
strong headwind exist$he notedifferences irresults are likely due tdifferentcrossflow coefficiens

of dragand aresa. The coefficient of lift data estimated for the aircraft was deemed acceptable dee to t
relatively good correlation between static test data and estimated Extra 330SC fuselalgmgatéhthe
expected low angles of attack

NASA Test Data — Extra 330SC ——NASA Calculations
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Figure94: Comparison of the coefficient of lift for the Extra 330f6€elageand a NASA GA aircraft

fuselagepresented in Pamafiii]
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The coefficient of drag for varying angles of attack for the Extra 300SC fuselage is pigtieeid5. The
coefficient of drag values for a NASA GA aircraft providedPeimadi41] are also plottedCalculated and

wind tunnel test data were providéok the NASA GA aircraft. As with the coefficient of lift large
discrepaniesexist between the datar each fuselage. The same arguments made for the differences in the
coefficient of lift may be applied to the coefficient of dr&gnilar curves exist between the Extra 330SC
fuselage data and the calculated NASA datee differences in magnitudgedue to a lowecrossflow
coefficientof dragand a lower overall fuselage area for the Extra 33@S@btable difference doesxist
between calculated artdst data. The calculated NASA data follows the static test data more closely at
lower angles of attack thatie Extra 330SC. This is likely due to the differenceshim crossflow
coefficientof dragvalue andfuselagegeometry. Despite these differencdse values calculated for the

Extra 330SGvereusedas is for the same reasons as those provided for the coefficient of lift.

The magnitude of the coefficient of drag of the Extra 330SC fuselage is not dissimilar to those of the
coefficient of lift for angles of attack up until v 1T A key difference exists fasngles of attack v 1 J
where the coefficient of lift decreases while the coefficient of drag continues to increase. This illustrates a
shift in direction of the fuselage forces at higher angles of attack. The coefficient of drag of the Extra 330SC
fuselage, much like the coeffient of lift, has magnitudes lower than thatted wing and are not expected

to alter the results by a significant amaurtteir inclusion is still necessary.

NASA Test Data —— Extra 330SC ——NASA Calculations
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Figure95: Comparison of the coefficient dfagfor the Extra 330SC fuselage and a NASA GA airc
fuselagepresented in Pamafil]
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The coefficient of pitching momeiidr both Extra 330SC fuselagend theNASA GA fuselage presented

by Pamadi41], are given irFigure96. The coefficient of pitching momefdr the NASA GA fuselagés
presented for static wind tunnel test data and calculated Taaonly correlation in datean beseen
between the wind tunnel test data and the estimated Extra 330SC datanugngle of attack of o 11 J

This correlationis likely purely coincidentalThe coefficient of pitching moment is a function of the
distribution of the fuselage area and the location of the centre of gravity of the aircraft. The area distribution
determines where the aerodynamic centre of the fuselage forces is .|ddasetbcation relative to the
centre of gravity provides a pitching moment

The fuselage of the Extra 330Sllustrates aforward crosssectional aredias This bias results in a
difference in shapof the pitching moment curve wheompared to the NASA GA fuselagehe large

portion of area at the front of the Extra 330SC fuselage suggests that the aerodynamic centre of the fuselage
would be located near the front section of the fuselage. This results in a fuselage force that is forward of
the centre of gravity of the aircrafthe forward force createestabilisingnoseup moments across a large

angle of attack range. The different shape seen in the coefficient of pitching nfomiiet NASA GA

aircraft is due to a different area distribution and centre of gravity location with respect to the aerodynamic

centre of the fuselage.

The magnitude of the coefficient of pitching moment is small, witlEtktea 330SCuselage proviohg a

noseup moment untibn angle of attack of Y ¢. The small values seen kigure96 are due to the close
proximity of the aerodynamic centre of the fuselage and the centre of gravity. This feature may have been
intended by the aircraft manufacture to limit the effects of the fuselage in pitch throughout a wide range of
angles of attackThe position of the aerodynamic centre afuraction of the normalisedExtra 330SC
fuselage length is provided Figure97. It is clear that the aerodynamic centre offExéra 330SGuselage

is located near the front of the aircrafihe large areas seen on fhent and side view of the fuselage
suggest a forward bias in aerodynamic cemriile the area distribution of the side of the aircraft seems

to be split almost evenly about the half length of the fuselage, the top view provides a significant bias in

area towards the front of the fuselage.

Without anydirectly comparabléest data availabler the Extra 330S@he coefficient of pitching moment
curve provided irfFigure96 will be used in analysing a tumble manoeultrehould also be noted that the
coefficient of pitching moment wagwesentedor a single centre of gravity location. Since the centre of
gravityis changedor differentaircraft configuratios, the coefficient of pitching momentasrecalculated

for each aircraft configuratiorit is likely that the aerodynamic coefficients of the fuselage will have a

minor influence on the results and the disparities noted should not alter the results significantly.
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Figure96. Comparison of the coefficient of pitching moment for the Extra 330SC fuselage and a
GA aircraft fuselage
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Figure97: Extra 330SC fuselage aerodynamic centre as a functioorofalised fuselage length
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3.3.5. Horizontal Stabili ser Aerodynamic Coefficients

The coefficients of lift and drag for the horizonsshbiliserwere calculated using the method outlined in
§2.4.1and are presented Figure 98 for an infinite aspect ratidlest data for the coefficient of lift of a

NACAO0009 (infinite aspect rat)ois presented irfrigure 98 alongside the calculated valudhe values

presented iMable32 were used as the input values in generating the coefficients of lift and drag for the

Extra 330SC horizontadtabiliser From the test data, the estimated coefficient of lift shows acceptable

correlation with some minor overpredictions near the first and second stall points. An interesting feature of

the NACAOQO009 is that the secondefficient of liftpeak is higher than the first. This suggests that the shape

of the profile is tending towards that of a flat plate, while still retaining the traits of an airfoil profile. The

coefficient of drag follows a similar trend to those seer3ii3.8, with a high peak valuef ¢8t

Table32 Summary ohorizontalstabliseraerodynamic coefficient input data

Input Variable Value/Figure Units
Airfoil 0 0 OTOTT T W -
= 0 deg
= 46 [12, 12] deg
Fd O&e [0.8, 0.8] -
| 6 [0.1,0.1] 1/°
F [0.0055, 0.005] -
= F 0 13 deg
Fr D#e [0.009, 0.019] -
= 2.66 m?
= .4 3.32 -
1. 4 2.13 m?
1. 1.04 m?
Mooy 0.102 1/°
+ 0.60 -
+ 0.6 :
> o 0 deg
- -25 deg
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